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ABSTRACT

The potential of time-domain Raman spectroscopy in space exploration is discussed. This work is motivated by the emergence of

robust, space-qualified femtosecond lasers and by the fact that time-domain detection allows the design of very compact instru-

ments. As is shown, time-domain Raman spectroscopy gives access to the same fingerprint spectrum of minerals as conventional

Raman spectroscopy, while avoiding problems such as fluorescence or ambient light backgrounds.

1 | Introduction

Since its discovery in 1928 [1], Raman scattering has evolved
into one of the most powerful techniques to study the vibrational
spectrum of matter (e.g., [2]). The applications have evolved from
studying simple gases, liquids, and solids to analyzing biological
tissue and planetary materials. Photonic advancements have
led to ever more performant and robust instruments. Stand-off
Raman instruments are since 2021 operational on rovers on
Mars and are under development for operation on moons (e.g.,
[3, 4]). In this communication, we propose that the emergence
of compact, space-qualified femtosecond lasers [5] may enable
the detection of Raman-active fingerprints in space research
with particularly compact and better-suited instruments based
on time-domain Raman spectroscopy (TDRS) (for more details,
see Section S6).

In contrast to conventional frequency-domain Raman spec-
troscopy (FDRS), TDRS detects the modulation of the polar-
izability directly by transient, stroboscopic measurements of
changes in the linear or nonlinear optical properties (see, e.g.,
[6]). Prerequisite is that a coherent ensemble of the molecular

vibrations is prepared, or in other words, that the excited vibra-
tional modes are phase-locked. This can be achieved if appro-
priately short laser pulses are utilized. The pulse duration limits
the detectable spectral bandwidth in time-domain detection as
well as the signal strength towards higher frequencies via the
time-bandwidth product (TBP) [7]. Non phase-locked photons,
such as from fluorescence or ambient light, are not detected.

Meanwhile, the rapid progress of femtosecond lasers provides
pulse durations down to sub-10fs. This enables broadband
TDRS over a large part of the spectral range typically utilized
for fingerprinting minerals (see Figure 1). Of special interest for
space exploration are fiber lasers, as they can be designed to be
quite compact and have already been shown to be robust enough
to operate in space (e.g., [9]).

TDRS studies have been performed on gases, liquids, and sol-
ids, in transmission, reflection, or emission geometries, and
exceptional sensitivities to surface or interface properties have
been demonstrated [6]. In contrast, TDRS studies on plane-
tary materials are scarce, and there exists no published work
on rock-forming minerals, to our knowledge. Here, we show
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FIGURE1 | Evolution of pulse durations of solid-state laser systems since 1975 (adapted from [8]). The corresponding spectral bandwidth [7] in
time-domain detection is also shown. Ranges of selected relevant vibrational eigenfrequency classes in planetary materials are also displayed (Qz,

quartz; PO,, phosphates; SO,, sulfates; CO,, carbonates; Px, pyroxenes; Ol, olivine).

measurements of the vibrational fingerprints of two relevant
minerals (for details, see Section S7): quartz (the second-most
common Si-bearing mineral) and calcite (the most common car-
bonate) of the Earth's crust.

2 | Experimental

Both z-cut samples calcite and a-quartz were purchased from
Korth Crystals GmbH.

TDRS measurements were performed in transmission with
800-nm femtosecond pump and probe pulses with a dura-
tion of 34.4+1.3fs incident at normal (pump) and near nor-
mal (probe) incidence, at a repetition rate of 80 MHz. Pump
and probe beams were linearly polarized, in parallel to each
other. The pump and probe foci had diameters of 90 and 50 um
(FWHM), respectively. The pump pulse energy of 800 pJ en-
sured that the fluence stayed orders of magnitude below the
damage thresholds of quartz and calcite. The pump pulse-
trains were modulated at a frequency of 407 Hz. The detected
probe laser signal was then denoised via a lock-in amplifier set
to this reference frequency. For calcite, the transient changes
of polarization were detected, while for a-quartz, the tran-
sient changes in transmission were measured (see insets of
Figure 2). For more details on the experimental set-ups, see
Section S1.

FDRS measurements were performed utilizing a commercial
WITEC alpha-300 confocal microscope (for more details, see
Section S2). The wavelength of the Raman laser was 532.2nm,
intensity 3mW, and probe spot ~1.5um. The Stokes intensity
was detected in the backscattering geometry with polarization
filtering and with intensity calibration.

3 | Results and Discussion

Figure 2 shows a comparison of TDRS and FDRS measurements
on calcite and a-quartz. While there is an overall fair agreement,
the relative amplitudes of detected modes differ significantly in
the as-measured data. In the following, the current understand-
ings for the observed discrepancies shall be discussed (for more
details, see Section S4).

The TDRS signal (AS) is fundamentally proportional to the first-
order Raman tensor ( Z_é ) [12]:

The observed intensity of phonons in TDRS is furthermore
governed by the TBP, which for a Gaussian intensity profile
with frequencies w and a pulse duration of 7, takes the follow-
ing form [7]:

AS ~ e—(4m21/7,)"

For calcite, a fair agreement between FDRS and TDRS is found,
and the relative amplitudes in the Stokes intensity are well re-
produced when including the influence of the TBP (for more de-
tails, see Section S3).

The agreement between TDRS and FDRS of a-quartz with the
Stokes intensity is also fair. However, only five of the seven
modes observed in FDRS are detected. While the missing high
frequency E mode at 35 THz/1167cm™! can be explained by
the noise in the measurement, the absence of the E modes at
11.9THz/397cm™! and 21 THz/700cm™! cannot be explained by
the TBP alone. The relative amplitudes of the E and A| modes at
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FIGURE2 | TDRS measurements of changes in birefringence in calcite (left) and changes in transmitted intensity in a-quartz (right). The TDRS

signal and the respective measurement geometries are shown in the top panels. The Fourier transform (FT) of the time-domain signals is shown

in the bottom panels (red and blue). Note that the so-called coherent artefact [10] in the first 300fs is omitted and the signal was apodized by the

Hamming window [11] function before the FT. The Stokes intensities measured with a conventional FDRS instrument are also shown and the TDRS

signal corrected for the convolved TBP of pump and probe pulses is overlaid as a black line. Note that the incident and detected light in all measure-

ments were polarized in parallel (for more details see Sections S1, S2, S3, and S5).

3.8THz/127cm™'and 6.2 THz/207 cm~! with respect to the dom-
inant A| mode at 13.9THz/464cm™" are also underestimated.
Future work will focus on gaining a deeper understanding of
these discrepancies. It is interesting to note that the TDRS mea-
surements are in better agreement with FDRS measurements on
the a-cristobalite phase of quartz [13].

4 | Conclusions and Outlook

TDRS on minerals can be performed with comparatively weak
(sub-nJ) near-infrared femtosecond pulses. TDRS and FDRS
give comparable results. Differences of relative amplitudes be-
tween TDRS and FDRS are not fully understood. Development
of a breadboard-level instrument optimized for stand-off detec-
tion is in progress, as is research on photonic chip integration of
time-domain detection building blocks.
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ARTICLE INFO ABSTRACT

Keywords:

Fluorescence correlation spectroscopy (FCS)
and massively parallel FCS

mStayGold

Apparent brightness analysis

Glucocorticoid receptor

Homodimerization

Nucleocytoplasmic transport

More than 50 years after its inception, fluorescence correlation spectroscopy (FCS) remains a cornerstone
technique for quantitative characterization of the cellular dynamics of molecules and their concentration and
interactions in live cells. The enhanced green fluorescent protein (eGFP) has long been a preferred tag in live-cell
FCS, valued for its brightness, photostability and lack of posttranslational modifications. However, low eGFP
photostability limits measurement durations, posing challenges for studying dynamic cellular processes neces-
sitating longer measurement time. Recent advancements in fluorescent protein engineering have yielded
mStayGold and StayGold/E138D, two highly photostable monomeric GFP variants. In this study, we evaluate
their performance in live cells and utility for FCS by quantifying glucocorticoid receptor (GR) homodimerization
and nuclear import/export dynamics in live cells. Our study shows that both mStayGold and StayGold/E138D
exhibit twice the brightness of eGFP, significantly enhancing the signal-to-noise ratio (SNR). Using massively
parallel FCS (mpFCS) and two-foci cross-correlation to characterize the direction of GR nucleocytoplasmic
transport along the nuclear envelope, we also confirm that these proteins show significantly improved photo-
stability over eGFP.

1. Introduction noise ratio (SNR) [5] and enabling single-molecule sensitivity [6,71,

which is of utmost relevance for measurements in live cells [8]. Over the

Fluorescence correlation spectroscopy (FCS), first proposed in 1972
as a method to study translational motion of molecules and measure
chemical rate constants in a chemically reactive system at equilibrium
through fluorescence intensity fluctuations of the fluorescent reaction
product diffusing in and out of the focused laser beam [1], was
formalized in 1974 in a series of seminal papers that laid out its theo-
retical and experimental foundation [2-4]. In 1993, integration of FCS
with confocal microscopy revolutionized its potential for applications in
biomedical research by enabling precise measurements in femtoliter
volumes (in conventional confocal laser scanning microscopes the
observation volume is (0.2-1) x 10~1° ) vastly improving the signal-to-

following decades, innovations such as dual-colour fluorescence cross-
correlation spectroscopy (FCCS) [9,10], two-photon FCS [11], scan-
ning FCS [12], Forster resonance energy transfer FCS (FRET-FCS) [13],
stimulated emission depletion FCS in sub-diffraction focal volumes
(STED-FCS) [14], pin-hole array correlation imaging (PACI) [15], mul-
tipoint holographic FCS (MP-hFCS) [16], total-internal reflection FCS
(TIR-FCS) [17], single-plane illumination FCS (SPIM-FCS) [18], inverse
FCS (iFCS) [19], massively parallel FCS (mpFCS) [20-22], to name but a
few, have been developed. These developments extended the FCS-
toolbox and its applications for quantitative characterization of impor-
tant determinants of the Kkinetics of biochemical reactions: the
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concentration of biomolecules and their fast intracellular dynamics in
complex biological systems, i.e., in live ex vivo organs [23], small or-
ganisms [24] and biological fluids for prospective disease diagnosis
[25]. These endeavors build on the solid foundation laid by Prof. Rudolf
Rigler, whose contribution has been indispensable for growing the FCS
field, thereby advancing our understanding of molecular mechanisms
underlying basic biological processes, and detailed mechanisms of ac-
tion of approved [26] and prospective pharmacotherapeutics [27-29].

The application of FCS in biomedical studies is inseparable from the
development of fluorescent proteins (FPs), imperative tools for live-cell
fluorescence microscopy imaging and FCS. Their relevance is such that
in 2008, the Nobel Prize in Chemistry was awarded to three laureates for
their seminal work on discovering and developing the green fluorescent
protein (GFP) [30], on which the brighter and the more photostable
enhanced GFP (eGFP) is based.

FCS applications in biomedical research commonly rely on the use of
eGFP as a genetically fused fluorescence tag for proteins of interest in
live cells [31-35]. But FCS has also been used to characterize photo-
physical properties of fluorescent proteins [36-38], revealing their
proneness to photobleaching. To account for this shortcoming, mathe-
matical tools were developed to separate the fluorescence intensity
fluctuations arising due to translational molecular motion through the
observation volume element (OVE) from the steady decay in average
fluorescence intensity due to photobleaching, known as the photo-
bleaching correction [39-41]. While this correction method works well,
it relies on the use of so-called raw FCS data, i.e., photon counts, which
necessitates working with large file sizes and is time consuming. To
avoid difficulties arising due to fluorescent proteins’ photobleaching,
alternative labeling strategies using engineered proteins such as the
Halo and SNAP tags, are utilized to allow the use of photostable organic
dyes. However, this approach is experimentally more cumbersome as it
is necessary to establish the efficiency of organic dye labeling using the
Halo/SNAP tags. Otherwise, protein concentration and the extent of
protein-protein interactions (e.g., under homo- or heterodimerization)
will be underestimated.

Recently, Hirano et al. developed the photostable GFP dimer Stay-

Gold from Cytaeis uchidae [42]. StayGold is characterized by high pho-

s StayGold
tostability (¢ /2

live cells under wide-field illumination is about twenty-five (25) times
longer than that of eGFP (ti%" = 481 s), and of about 4-times higher

brightness compared to that of eGFP under same conditions [42]. Ando
et al. continued to construct the monomeric variant of StayGold, so
called mStayGold [43], which retains the high photostability and high
brightness of StayGold but is monomeric (molecular weight = 25.6
kDa). With the same aim, Ivorra-Molla et al. have developed the
monomeric form of StayGold with a single E138D point mutation
(StayGold/E138D) [44], and Zhang et al. developed the monomeric
form of StayGold called mBaojin [45]. These bright and photostable
GFPs allow for longer signal acquisition during FCS measurements,
improving the signal-to-noise-ratio (SNR) and making complicated FCS
data analysis redundant.

In this work, we have characterized two monomeric forms of Stay-
Gold, mStayGold and StayGold/E138D in live cells and assessed their
photostability and brightness, as indicators of suitability for FCS mea-
surements in conventional single-point FCS (spFCS) and massively
parallel FCS (mpFCS). We have further quantitatively characterized
ligand-stimulated homodimerization and nuclear import/export of the
glucocorticoid receptor (GR) genetically fused with mStayGold. GR is a
hormone-dependent transcription factor and a target for steroid phar-
macotherapeutics [32]. In unstimulated cells, the GR is localized in the
cytoplasm, bound into a large complex with other molecules. Upon
ligand binding, this complex dissociates and GRs translocate to the cell
nucleus [22], where they bind to the glucocorticoid response elements
(GREs) in the genomic DNA and exert gene expression regulation
function [46-49]. In parallel, ligand binding induces GR

=12,421 s: the time to reduce emission rate to half in
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homodimerization and heterodimerization with other transcription
factors for rewiring gene expression [50].

Our data clearly shows that increased brightnesses of mStayGold and
StayGold/E138D allow us to reduce the excitation intensity, achieving
the same SNR as when using eGFP, allowing at the same time longer
time series data acquisition. This, in turn, improves the precision of
autocorrelation curves’ fitting, as autocorrelation curves with less noise
are obtained.

2. Materials and methods
2.1. Chemical reagents

The GR-specific synthetic ligand dexamethasone (Dex) was pur-
chased from Sigma-Aldrich and used without any further purification. 2
mM stock solution of Dex was prepared by dissolving it in dimethyl
sulfoxide (DMSO). The stock solution was dispensed, and aliquots were
stored at —20 °C. For cell treatment, the stock solution was warmed to
room temperature and diluted to 500 nM using phenol red-free Fluo-
roBrite DMEM (Gibco) cell culture medium.

2.2. Plasmid DNAs

Plasmid DNAs encoding mStayGold (#212020; pcDNA3/mStayGold
(c4) = UtrCH) or StayGold/E138D (#211363; pcDNA3-10His-
mStayGold (E138D)), were purchased from Addgene. These plasmids
were used as templates in the polymerase chain reaction (PCR) to
amplify the DNA sequence of mStayGold and StayGold/E138D. The
Phusion® High-Fidelity PCR Master Mix with GC Buffer (Thermo Fisher
Scientific), a 2x master mix consisting of Phusion Hot Start II DNA
Polymerase, deoxynucleotides and optimized reaction buffer with
MgCl,, particularly useful for sequences with high GC content, was used
to ensure accurate DNA replication. PCR products were purified using
the QIAquick PCR purification kit (QIAGEN).

mStayGold for C1 vector

Forward primer: 5’-ATCCACCGGTCGCCACCATGGTGTCTACAGGC-
3.

Reverse primer: 5’-GAGCTCGAGATCTGAGTCCGGACAGGTGGGCC
TCCAG-3’.

StayGold/E138D.

Forward primer: 5’-ATCCACCGGTCGCCACCATGGCCAGCACGCCG-
3.

Reverse primer: 5’-GAGCTCGAGATCTGAGTCCGGAAAGATGAGC
TTCTAA-3’.

mStayGold for N1 vector.

Forward primer: 5- ATCCACCGGTCGCCACCATGGTGTCTACAGGC-

Reverse primer: 5-GTCGCGGCCGCTTTACAGGTGGGCCTCCAG-3’.

Tandem dimer of mStayGold.

Forward primer: 5’-GACGGTACCATGGTGTCTACAGGCG-3'.

Reverse primer: 5°-GCGACCGGTGGCAGGTGGGCCTCCAG-3'.

To swap the DNA sequences encoding eGFP in the peGFP-C1 and the
peGFP-GR-C1 plasmids with the sequences for mStayGold or StayGold/
E138D, the PCR-amplified sequences for mStayGold and StayGold/
E138D and the peGFP-C1 plasmid encoding eGFP in the C1 vector or the
peGFP-GR-C1 plasmid encoding eGFP-tagged full-length human gluco-
corticoid receptor a (GR) in the C1 vector [51], were digested using the
restriction enzymes Agel-HF (New England Biolabs (NEB)) and Xhol
(NEB) in the rCutSmart buffer (NEB) at 37 °C for 1 h. To minimize
annealing of DNA fragments, the plasmid DNAs were treated with Quick
CIP (NEB), followed by the purification using QIAquick nucleotide
removal kit (QIAGEN). The PCR-amplified sequences of mStayGold or
StayGold/E138D were inserted into the plasmid backbone DNAs (C1
vector or GR-C1 vector) and ligated using the Instant Sticky-end Ligase
Master Mix (NEB). The resulting constructs were verified using DNA
sequencing to ascertain that pmStayGold-C1 and pStayGold/E138D-C1
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contain mStayGold and StayGold/E138D, respectively in the C1 vector,
and that pmStayGold-GR-C1 is encoding both mStayGold and GR in the
C1 vector.

To construct the tandem dimer of mStayGold, eGFP in the peGFP-N1
plasmid was swapped with mStayGold using the procedure with Agel-HF
(NEB) and Notl (NEB). Another mStayGold was inserted into the
pmStayGold-N1 with Kpnl-HF (NEB) and Agel-HF (NEB).

2.3. Cell culture

HEK293 cells (American Type Culture Collection) were maintained
in a humidified atmosphere containing 5 % CO3 at 37 °C in Dulbecco’s
Modified Eagle Medium (DMEM; Gibco) supplemented with 10 % fetal
bovine serum (Gibco) and 1 % penicillin-streptomycin (100 U/ml of
penicillin and 100 pg/ml of streptomycin; Gibco). For FCS measure-
ments, the cells were seeded in Nunc Lab-Tek 8-well Chambered Cov-
erglass (Thermo Fisher Scientific) at the density of 2.0 x 10* cells/well
in 400 pl of cell culture medium.

24 h after seeding the cells in the 8-well chambered coverglass, the
cells were transfected with 100 ng of plasmid DNAs encoding: eGFP,
mStayGold, tandem dimer of eGFP [52] or mStayGold, StayGold/
E138D, eGFP-GR or mStayGold-GR, using 0.2 pl/well of Lipofectamin
2000 (Thermo Fisher Scientific). Following a 24 h’ transfection in a
humidified atmosphere containing 5 % CO; at 37 °C, the cell culture
medium was replaced with the phenol red-free medium FluoroBrite
DMEM (Gibco) for live-cell fluorescence microscopy imaging and FCS.

For GR activation, the 2 mM Dex stock solution was thawed at room
temperature, diluted to 500 nM using the phenol red-free FluoroBrite
DMEM (Gibco) medium and the cell culture medium was replaced.
Unless otherwise stated, Dex treatment lasted 30 min at 37 °C and 5 %
CO; in a humidified atmosphere. In control experiments, sham treat-
ment with the cell culture medium FluoroBrite DMEM (Gibco) was used.

2.4. Confocal laser scanning microscopy and fluorescence correlation
spectroscopy

Confocal Laser scanning microscopy (CLSM) imaging and FCS mea-
surements were performed at 25 °C using an LSM880 (Carl Zeiss) mi-
croscope system equipped with a 405 nm laser, 488 nm Ar-ion laser, and
a water immersion objective lens (C-Apochromat, 40x, 1.2 N.A., Corr,
Carl Zeiss), a gallium arsenide phosphide (GaAsP) detector and photo-
multiplier tube (PMT) detectors. eGFP, mStayGold or StayGold/E138D
were excited using the 488 nm laser line of the Ar-ion laser. The pinhole
size was adjusted to 1 Airy unit (34 pm). For fluorescence detection, the
GaAsP detector was used, and the wavelength range of 500-530 nm was
collected. FCS measurements were performed in a series of 10 consec-
utive recordings, each individual recording lasting 20 s. For fluorophore
brightness analysis as a function of excitation laser intensity, the
following values were tested: 0.07, 0.11, 0.15, 0.21, 0.26, 0.38, 0.72 and
1.45 pW at the objective lens, corresponding to: 0.05, 0.09, 0.11, 0.15,
0.2, 0.29, 0.54 and 1.1 kW-cm™2. For glucocorticoid receptor measure-
ments in live cells, laser intensity of 0.72 pW (0.54 kW~cm_2) was used.

For transfection efficiency analysis, transfected cells were stained
using the cell-permeable nuclear dye NucBlue™ Live ReadyProbes™
Reagent (Hoechst33342; Invitrogen). Hoechst33342 and eGFP, mStay-
Gold or StayGold/E138D were excited using the 405 nm laser and the
488 nm laser line of the Ar-ion laser, respectively. The pinhole size was
set to a maximum value (600 pm) to observe all fluorescence.
Hoechst33342 fluorescence was detected in the 419-500 nm range
using a PMT detector, and in the 500-550 nm range for eGFP, mStay-
Gold or StayGold/E138D using the GaAsP detector. To minimize the
signal crosstalk, the multi-track imaging mode was used.

2.5. FCS data analysis

FCS data were analyzed using the ZEN software (Carl Zeiss). Auto-
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correlation curves (ACCs) were generated by plotting as a function of the
lag time (7) the autocorrelation function (G(z)) calculated as:

{() o I(t+7))
(1)

where I(t) is the fluorescence intensity at time t.

The autocorrelation curves were analyzed by fitting, using for eGFP,
mStayGold or StayGold/E138D in live cells a one-component anomalous
diffusion model [21]:

G(r) = €Y

Fee n 1 1 1

1-F |°N°® v @
t 1*(%) 1+s%°<%>
(2)

A two-component free 3D diffusion model was used for eGFP-GR and
mStayGold-GR in the cytoplasm in untreated live cells (Eq. (3) withi =
2), whereas a three-component free 3D diffusion model (Eq. (3) withi=
3) was used for eGFP-GR or mStayGold-GR in the nucleus after treat-
ment with 500 nM Dex:

Nl

G(r) = G(oo) + [ 1+
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G(r) =G 1 — F; 2
(7) (c0) + |1+ 1-F, -N-; i e T+ = . a—
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In Eq. (2) and Eq. (3), F; is the average fraction of fluorescent mol-
ecules in the triplet state; 7, is the average relaxation time of the triplet
state; N is the average number of fluorescent molecules in the effective
volume element; F; is the relative molar fraction of the i-th component
(F; + F2 = 1 in the two-component free 3D diffusion model and F; + Fa
+ F3 =1 in three-component free 3D diffusion model); 7p ; is the average
diffusion time of the i-th component; S is the structure parameter (S = z/
w) which is the ratio of the axial (2) to lateral (w) radii of the effective
volume element; G(co) is the offset at infinite lag time. In Eq. (2), a is the
anomalous diffusion exponent that is a # 1 for translational motion
through complex/disordered systems and o = 1 for normal, Brownian
motion.

Since GRs bind in the cell nucleus to the genomic DNA, we have also
performed fitting analysis using the so-called binding models (for de-
tails, see Supplementary Information), a two-component free 3D diffu-
sion with one-component binding (Eq. (4)) and the one-component free
3D diffusion with two-component binding (Eq. (5)):
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(5)

where kp; and kg2 are rate constants determining the kinetics of GR
binding to the genomic DNA [53].

When fitting Eq. (4) or Eq. (5) to the experimental ACCs, diffusion
time of the first component (7p ;) was fixed to the value measured for
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eGFP-GR or mStayGold-GR in the cytoplasm before Dex treatment, since
this component originates from the free 3D diffusion of these molecules
in the cytoplasm/nucleus.

Values of the lateral (w) and axial (2) radii of the effective volume
element were determined in calibration measurements using the
ATTO0488 dye (Darro4ss = 400 pm?s~1) [54]:

w= \/ 4 ® DaTT0488 ® TD ATTO488 (6)

Z=weS 7
3 2

Vg =m2 o’ ez ®

where Darro4gs is the diffusion coefficient of ATTO488, and 7p aTT0488 is
the diffusion time of ATTO488. V. is the effective detection volume.
The diffusion coefficients were calculated from the corresponding
experimentally measured diffusion times and the lateral radius deter-
mined as described above (Eq. (6)).

The average number of eGFP, mStayGold, StayGold/E138D, eGFP-
GR and mStayGold-GR were obtained from the fitting analysis. To
compare the apparent brightnesses of eGFP, mStayGold and StayGold/
E138D and quantitatively characterize homodimerization of eGFP-GR
and mStayGold-GR, counts per second per molecule (CPM) were calcu-
lated as:
cpM, = & 9

N )
where i denotes eGFP, mStayGold, StayGold/E138D, eGFP-GR or
mStayGold-GR; I; is the average fluorescence intensity in counts per
second, and N; the number of molecules of the corresponding species
determined by fitting analysis.

We have furthermore calculated the fraction of monomer (F,) and
homodimer (Fy) from the relative molecular brightness (R) as follows
[55]:

CPM;

R = o, a0
4 — 2R

Fp=—— 11
3°R a1
R—-1

Fi—=—— 12

4=3 g (12)

where j denotes eGFP-GR or mStayGold-GR; k denotes eGFP or mStay-
Gold; CPM is the counts per second per molecule calculated using (Eq.
(9)). We confirmed that the brightness of homodimers is twice that of a
monomer, CPMqGrp gimer = 1.98 £ 0.08; and CPMugit coid dimer 1-97 £
0.15 (Fig. S1). The dissociation constant of GR homodimerization is
determined by using both linear regression analysis without and with
Deming method (Eq. (13)) and histogram analysis of the dissociation
constant of GR homodimerization in each single-cell data:

_ [
Kd,homo = m (13)
[Cn] =Fn e [C] a4
[Cd} = Fd L] [Cl] (15)

where Kghomo denotes the dissociation constant of eGFP-GR or
mStayGold-GR homodimers; [Ci,] and [Cq4] are the concentration of
monomeric and homodimeric eGFP-GR or mStayGold-GR, respectively;
[C1] is the concentration of eGFP-GR or mStayGold-GR obtained from
FCS measurements (with [ denoting eGFP-GR or mStayGold-GR).
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2.6. Massively parallel FCS integrated with fluorescence lifetime imaging
microscopy (mpFCS/FLIM)

The optical setup for mpFCS/FLIM is described in detail in our pre-
vious work [21]. Briefly, the instrument was built using an inverted epi-
fluorescence microscope Axio Observer D1 equipped with a C-Apo-
chromat 63x/1.2 W Corr objective lens (Carl Zeiss, Germany) and a
filter set (Filter Set 38 HE; Ex BP 470/40 nm, long pass dichoric mirror
with a cutoff wavelength of 495 nm, Em BP 525/50 nm) for eGFP,
mStayGold and StayGold/E138D. A direct current-modulated pico-
second 482 nm laser (Laser Diode Head LDH-D-C-485, PicoQuant,
Germany) was used as the excitation light source. The laser was driven
by a Picosecond Pulsed Diode Laser Driver (PDL 800-D), allowing
operation in either continuous wave (CW) mode or pulsed mode. A
Diffractive Optical Element (DOE; Holoeye, Germany) was used to
precisely create a spot-wise 16 x 16 illumination pattern that matches
centrally positioned 16 x 16 single-photon avalanche diodes (SPADs) on
the SPC3 camera with 64 x 32 circular SPADs (Micro Photon Devices
MPD, Italy). To enable fast sample localization, an 18.0 megapixel
digital single-lens reflex (DSLR) camera EOS 600D (pixel size of 18.5
pmz and pixel pitch of 4.3 pm; Canon Inc., Japan) was coupled to the
side port of the microscope opposite to the SPC3 camera, and the light
path between the two camera ports was manually switched.

2.7. mpFCS/FLIM data acquisition and analysis

For mpFCS measurements, 1,048,575 frames were acquired at a
temporal resolution of 20 ps/frame. Fluorescent molecules were excited
using 2.1 pW (1.43 kW-cm—2) laser power per spot (total 535 puW),
yielding 256 fluorescence intensity fluctuation traces recorded over
20.97 s. For mStayGold-GR measurements, 15 min after treatment with
500 nM Dex, the same number of frames was acquired at a temporal
resolution of 40 ps/frame, lasting 41.94 s.

The ACCs were calculated using our home-built dedicated mpFCS
software for fast auto- and cross-correlation analysis by parallel signal
processing using a graphic processing unit (GPU), allowing temporal
autocorrelation across all pixels in the image frame in 1 s and cross-
correlation between first- and second-order neighbor pixels in several
seconds [21]. Fitting analysis using the one-component anomalous diffu-
sion model (Eq. (2)), was performed for eGFP, StayGold/E138D and
mStayGold. To this aim, the Origin Data Analysis and Graphing software
(OriginLab) was used. Fitting analysis for mStayGold-GR was performed by
two-component free diffusion model (Eq. (3), i = 2) in the cytoplasm and
the three-component free diffusion model (Eq. (3), i = 3) in the nucleus.

For glucocorticoid receptor translocation analysis, we analyzed two-
foci cross-correlation curves (tfCCCs) as previously described [22]. A
schematic diagram on the tfCCC analysis is drawn in Fig. S2. In brief, the
Origin Data Analysis and Graphing software (OriginLab) was used to
compute the tfCCCs between foci in the cytoplasm and nucleus. To
reduce the calculation cost, the photon count data was integrated into 4
ms bins. Of note, the photobleaching correction before tfCCCs calcula-
tion was not needed in the case of mStayGold due to its remarkable
photostability!

The arbitrarily assigned as forward G¢"(r), reflecting molecular
transport from the cytoplasm to the cell nucleus, and the backward
G“(7), designating the cell nucleus to cytoplasm translocation tfCCCs
are defined as follows:

(I"(t)yeI°(t+ 1))
)« 0
ey QP4 7))
@O =T ye 10y

where I'(t) and I°(t) are time series of fluorescence intensity fluctuations
recorded in the selected pixels in the nucleus and cytoplasm,

G'(r) = (16)

a7
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respectively.
We further calculate the so-called subtracted tfCCC, G sp(7):

Gc,sub (T) = Gz’n(T) - G?C (T) (18)
to readily visualize the translocation direction as positive (nuclear
import) or negative peaks (nuclear export).

FLIM data acquisition and analysis were performed as previously
described [21,56]. In brief, the signal was acquired for 5 min to obtain
low-noise FLIM curves necessary to enable precise fitting analysis. By
fitting a one-component exponential decay function:

t—to
Tf >
to the FLIM curves using our dedicated mpFCS software, fluorescence
lifetime of eGFP, StayGold/E138D and mStayGold in live-HEK cells were
determined. In Eq. (19), I(t) denotes photon cunts at time t, I is the
offset due to background photon counts, A is the amplitude of the FLIM
curve, and Ty is the fluorescence lifetime of eGFP, StayGold/E138D or

mStayGold. In each cell, the fluorescence lifetime was calculated as an
average from 16 to 100 independent positions in the cell.

I(t) = Lost +Aexp< - 19)

3. Results

3.1. Monomeric StayGold variants are twice as bright as eGFP in live HEK
cells

To measure the brightness of the different GFP variants in live cells,

AP

StayGold (E138D)
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we transiently expressed eGFP, mStayGold or StayGold/E138D in live
HEK cells (Fig. 1A) and used conventional spFCS to measure their
brightness (Fig. 1B-D). Our unique mpFCS/FLIM system was used to
measure fluorescence lifetime (Fig. S3).

Temporal ACCs in live cells (Fig. 1B), reflecting the diffusion of the
investigated GFP variants, overlapped to a very large extent, suggesting
that their diffusion is similar. Fitting the one-component anomalous
diffusion model to these ACCs (Fig. S4), diffusion times and the average
number of molecules were determined, and the diffusion coefficients
(Fig. 1C) and CPMs, reflecting on apparent molecular brightness
(Fig. 1D) were calculated. As expected, diffusion coefficients and
anomalous diffusion exponents were not significantly different between
different GFP variants (Fig. 1C, S5A), whereas molecular brightness of
both monomeric StayGold variants was twice that of eGFP (Fig. 1D).
This may lead to the reduction of chi-square value per degree of freedom
in the fitting analysis (Fig. S5C).

Apparent molecular brightness measured for all three GFP variants
shows linear correlation with the excitation laser intensity at the
objective lens (Fig. 2A). Apparent molecular brightness of mStayGold
and StayGold/E138D relative to that of eGFP, i.e., relative molecular
brightness according to Eq. (10), is R = (2 &+ 0.07), and remains roughly
the same in the whole range of laser intensities tested (Fig. 2B), sug-
gesting that mStayGold and StayGold/E138D achieve the same signal-
to-noise ratio with half the laser power. Of note, while a downward
trend in relative molecular brightness as a function of excitation in-
tensity is apparent in Fig. 2B, the difference is not statistically significant
in the range of excitation intensities tested. However, if confirmed for
even higher excitation intensities, this downward trend may suggest that

mStayGold
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Fig. 1. The intracellular distribution and diffusion of monomeric StayGold variants are indistinguishable from those of eGFP, but they are twice as bright. (A)
Confocal Laser Scanning Microscopy (CLSM) images of HEK cells expressing eGFP (left), StayGold/E138D (middle) or mStayGold (right). White cross indicates the
position at which FCS measurement were performed. Scale bar: 10 pm. (B) Autocorrelation curves (ACCs) normalized to the same amplitude, G,(t) =1 at T = 10 ps,
reflecting the dynamics of eGFP (black), StayGold/E138D (red) and mStayGold (blue) in HEK cells. (C) Diffusion coefficients of eGFP (black), StayGold/E138D (red)
and mStayGold (blue) derived by fitting analysis. (D) Apparent molecular brightness of eGFP (black), StayGold/E138D (red) and mStayGold (blue) expressed as
counts per second per molecule (CPM). The middle lines and box edges indicate the mean value and standard deviation, respectively. Data analysis was performed
using the one-way ANOVA test with post hoc Tukey test. A statistically significant difference was not observed, p > 0.05. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Monomeric StayGold variants with enhanced photostability facilitate photobleaching-free mpFCS measurements in live cells. (A, B, C) Fluorescence mi-
croscopy images showing the intracellular localization of eGFP (A), StayGold/E138D (B) and mStayGold (C) in live HEK cells acquired using spot-wise illumination
and the DSLR Canon camera coupled to the side port of the mpFCS system. Scale bar: 10 pm. (A;, B, C1) Corresponding fluorescence intensity fluctuation time series
showing prominent photobleaching in eGFP-expressing HEK cells (A;) and photobleaching-free time series acquired in mStayGold- or StayGold/E138D-expressing
cells (B, and C;). (Ag, Bs, Cp) Corresponding temporal autocorrelation curves (ACCs) derived in all cells from first acquired time series in each cell. Autocorrelation
curves of eGFP after the photobleaching are shown in Fig. S7A.
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3.2. Enhanced photostability of monomeric StayGold variants enables
photobleaching-free mpFCS measurements

Results of mpFCS measurements in live HEK cells transiently
expressing eGFP, mStayGold or StayGold/E138D are summarized in
Fig. 3. In line with data shown in Fig. 1A, mpFCS shows uniform fluo-
rescence intensity distribution of all three GFP variants in live HEK cells
(Fig. 3A-C). However, fluorescence intensity significantly decreased
over time for mpFCS measurements in HEK cells expressing eGFP (Fig. 3
A;), while it remained unchanged in HEK cells expressing StayGold/
E138D (Fig. 3 By) or mStayGold (Fig. 3 C1). This was also reflected in the
raw ACCs, derived without applying the photobleaching correction
(Fig. 3 Az-Cy). Here, temporal autocorrelation analysis yielded for
measurements in eGFP-expressing cells ACCs with two characteristic
decay times and a high relative amplitude of the component with the
long decay time that is characteristic of photobleaching (Fig. 3 Az and
S6A). This is markedly different from the ACCs acquired in StayGold/
E138D- or mStayGold-expressing cells (Fig. 3 By and Fig. 3 Cy, respec-
tively) that showed a high relative amplitude of the component with the
short decay time, which is reflecting protein diffusion within the cells,
and a very low relative amplitude, if at all, for the component with the
long decay time that is characteristic of drawn-out fluorescence intensity
fluctuation from slow processes (Fig. S6B). Photobleaching correction in
the fluorescence intensity fluctuation using the 4th-degree polynomial
function to account for slow changes in the average fluorescence in-
tensity due to photobleaching, makes it possible to remove these slower
decays (Fig. S6C, D).

Of note, following several initial mpFCS measurements in eGFP-
expressing cells a more stable fluorescence signal is obtained, yielding
ACCs with a short decay time component and a barely visible long decay
time component that is characteristic of photobleaching (Fig. S7A).
However, the corresponding single-pixel ACCs were noisier than those
acquired for monomeric StayGold variants (Fig. S7B). And, the low SNR
affected the precision of the curve fitting analysis (Fig. S5C), causing
large deviations in the calculated diffusion coefficients and anomalous
diffusion exponents (Fig. S5B and S7C).

In addition, eGFP apparent molecular brightness, reflected through
CPM, seems to be 4 times lower than that of mStayGold or StayGold/
E138D (Fig. S7D). This is possibly due to dynamic quenching of eGFP,
presumably by reactive oxygen species (ROS) generated during pre-
bleaching (Fig. S8).

3.3. Enhanced brightness and photostability of mStayGold improve live-
cell analysis of glucocorticoid receptor (GR) binding to genomic DNA

Functional proteins with lower mobility such as DNA-bound tran-
scription factors are more easily photobleached than their unbound
counterparts that freely diffuse through the nuclear lumen. Using the
glucocorticoid receptor (GR) as a transcription factor model, we have
characterized in live HEK cells mStayGold-GR binding (Fig. 4) — of note,
due to lower transfection efficiency of StayGold/E138D in HEK cells
(Fig. S9), we have not proceeded with StayGold/E138D-GR.

CLSM imaging clearly showed the cytoplasmic localization of both
GR constructs, eGFP-GR and mStayGold-GR, in untreated HEK cells
(Fig. 4A, left). After 30 min treatment with 500 nM Dex, nuclear local-
ization is clearly observed (Fig. 4A, right). FCS measurements reveal
slower diffusion in the cell nucleus of both GR constructs, due to GR
binding to the genomic DNA (Fig. 4B and C). To characterize GR
diffusion properties, we tested several fitting models for both, eGFP-GR
and mStayGold-GR in the cytoplasm of untreated cells (Fig. S10A; and
B;) and in the cell nucleus of Dex-treated cells (Fig. S1I0A,, A3, By and
B3). In untreated cells, both one-component anomalous diffusion model
and two-component free 3D diffusion model could well fit the ACCs.
However, the fit residues were larger when in subsequent analyses the
diffusion time obtained from the one-component anomalous diffusion
model was used. We have therefore decided to apply throughout the
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two-component free diffusion model. This model is consistent with the
notion that the cytoplasmic pool of GRs consists of freely diffusing GRs
and GRs bound to other molecules, forming cytoplasmic components of
lower mobility. In the nucleus of Dex-treated cells, three-component
models (Fig. SI0A3 and B3) were needed as the agreement with two-
component models was poor (Fig. S10A, and By). Fitting residuals
were, however, nearly identical between the free diffusion model (Eq.
(3)) and the binding model (Egs. (4) and (5)). We have therefore decided
to proceed using the three-component free 3D diffusion model (Eq. (3)),
fixing the diffusion time of the first component to the value determined
for free 3D diffusion of GR in the cytoplasm. The second and the third
component, related to GR binding to the genomic DNA, were allowed to
freely vary. Superior mStayGold brightness and photostability lead to
less noisy ACCs and significantly improved -chi-squared values
(Fig. S11).

The diffusion time of mStayGold-GR is longer than that of eGFP-GR,
as evident from the shift of the ACC to longer lag times (Fig. S12A and

B), yielding in the cytoplasm of untreated cells 72 %!-R _ (1.8 + 0.6)
ms) and (zP~CR = (1.0 + 0.3) ms (Fig. S12C;). This apparent differ-
ence in diffusion time is likely because of eGFP photobleaching before it
exits the effective volume element, due to which it appears as if the
molecule has traversed it in a shorter time. Faster eGFP photobleaching
compared to mStayGold may also explain why the fraction of bound
mStayGold-GR appears to be higher than that of eGFP-GR (Fig. S12D;
and D).

DNA-bound fraction did not show clear concentration dependence
(Fig. S13), likely due to the narrow range of GR concentration tested.

3.4. Enhanced brightness and photostability of mStayGold improve the
precision of determining the dissociation constant of glucocorticoid
receptor homodimerization via molecular brightness analysis

Molecular brightness of fluorescently labelled proteins is sensitive to
homo-oligomerization, making molecular brightness analysis a power-
ful tool for characterizing homo-oligomerization. Classical view on GR
activation is that ligand binding to cytoplasmic GR dissociates the het-
eromolecular complex in which it resides, leading to GR translocation
and subsequent homodimerization and possibly also homotetrameriza-
tion in the cell nucleus, followed by the homo-GR complexes binding to
GRE:s to regulate gene expressions. Given that GR homotetramers were
only observed in genetically modified cells containing many GRE se-
quences on the mouse mammary tumor virus (MMTV) promoter array
[47,57,58], and that even in these cells the GR homodimer in the
nucleoplasm was significantly more abundant than the homotetramer
[47,59], we have, in the first approximation, disregarded GR homote-
tramerization and used brightness analysis to examine GR homodime-
rization in the cytoplasm and cell nucleus.

As a first step, we measured the apparent brightness of eGFP and
mStayGold in cells expressing these fluorescent proteins only and used
these values to determine the relative molecular brightnesses (R) of
eGFP-GR and mStayGold-GR against the apparent brightness of the
corresponding monomeric GFP variant eGFP or mStayGold, respectively
(Eq. (10)). We further calculated the monomeric/homodimeric frac-
tions, F,, and Fg, according to Eq. (11) and Eq. (12), respectively. Linear
regression analysis without the Deming method of the relationship
[Cm]2 = f(Cy) according to Eq. (13), yielded the dissociation constant for
GR homodimerization (Kqhomo) (Fig. 4 D and E). In the cytoplasm of

untreated HEK cells, the K4 homo values were determined to be Kgﬁﬁf;ﬁ’;w
=11.2 1M (R? = 0.88) and K} peren, O = 8.8 1M (R* = 0.92) (Fig. 4Dy).

Since each measurement enables us to compute the dissociation con-

stant, histogram analysis was applied, yielding Kﬁf}:’;ﬁﬁm = (8.2 +6.5)

UM and KTS@C0d-GR _ (7.1 1 3.6) yM (Fig. 4 D), which are in good

d,homo cyto
agreement with the values obtained by linear regression analysis.
Following the same procedure, the dissociation constant of eGFP-GR
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Fig. 4. Enhanced brightness and photostability of mStayGold improve live-cell analysis of glucocorticoid receptor (GR) homodimerization by brightness analysis. (A)
Confocal fluorescence microscopy images of HEK cells expressing eGFP-GR (top) or mStayGold-GR (bottom) in untreated cells (left) or cells treated with 500 nM Dex
(right). White crosses indicate the positions at which FCS measurements were performed. Scale bar: 10 pm. (B, C) Autocorrelation curves (ACCs) normalized to the
same amplitude, G,(t) = 1 at t = 10 ps, (top) and corresponding fit residuals (bottom), reflecting the dynamics of eGFP-GR (B) and mStayGold-GR (C) in the
cytoplasm of untreated HEK cells (black) and the nucleus in cells treated with 500 nM Dex for 30 min (red). Green- and blue-dashed curves represent the best fit of
two-component and three-component free diffusion model, respectively. (D1, D2, E;, E3) Apparent dissociation constant of eGFP-GR homodimers (black) and
mStayGold-GR homodimers (red) in the cytoplasm of untreated cells (D;, D2) and in the nucleus of cells treated with 500 nM Dex for 30 min (E;, E). Linear
regression analysis (Dq, E;) and Gaussian curve fitting applied to histograms (D,, E;) determined the dissociation constant, Kqhomo, for the eGFP-GR and the
mStayGold-GR homodimer complexes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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or mStayGold-GR homodimer complexes in the nucleus of Dex-treated
cells were determined to be KOk — 30 yM (R? = 0.5) and

d homo,nuc

grStayGold=GR _ 1 g M (R? = 0.81) (Fig. 4 E;). Similar dissociation

d,homo,nuc

constant values were obtained by histogram analysis, yielding K¢ CR

= (2.4 £ 2.0) pM and KTS0U-CR _ (1 9 1t 1.0) uM (Fig. 4 E,). These

d,homo.nuc

values are in good agreement with data from live U20S cells obtained
using Fluorescence Cross-Correlation Spectroscopy (FCCS) [32]. We also
tested linear regression analysis with the Deming method (Fig. S14),
observing that fitting the scattered data of eGFP-GR in cells treated with
500 nM Dex, is not satisfactory. The Deming method required a dataset
with small deviations to determine the dissociation constants, and the
mStayGold-GR data met these requirements.

As expected, the relative standard deviation (defined as the ratio of
the sample standard deviation to the sample average) was smaller for
measurements using the brighter and more photostable mStayGold
fluorophore than eGFP, as can be seen from the obtained values: 0.79 vs
0.51 in the cytoplasm of untreated cells and 0.83 vs 0.52 in the nucleus
of Dex-treated cells. But, even in measurements where mStayGold was
used, the relative standard deviation was rather high, around 0.5, sug-
gesting that other factors such as heterogeneity of chromatin structure
for measurements at different positions in the cell nucleus affect the
dispersion of the data.

3.5. mStayGold facilitates spatial mapping of glucocorticoid receptor
dynamics and transport

In our previous work, eGFP-GR nucleocytoplasmic shuttling was
characterized in live cells at different positions along the nuclear en-
velope 15 min after treatment with 500 nM Dex, i.e., at the half time of
ligand-induced eGFP-GR nuclear import [22]. Here, we characterized
mStayGold-GR nucleocytoplasmic translocation using mpFCS (Fig. 5).
Under the same conditions as before, 15 min after initiating the treat-
ment with 500 nM Dex, mStayGold-GR has largely translocated into the
cell nucleus (Fig. 5A, left), whereas a comparatively small amount of
mStayGold-GR was still present in the cytoplasm, as can be seen in the
highly contrasted image (Fig. 5A, right). Using mpFCS, we could
simultaneously record fluorescence intensity fluctuations at different
locations in the cytoplasm and the cell nucleus, obtaining ACCs at all
locations (Fig. 5B). As expected, the average ACC recorded in the cell
nucleus was characterized by significantly longer decay time than the
one recorded in the cytoplasm (Fig. 5C), consistent with GR binding to
the genomic DNA. Spatial mapping of diffusion times (Fig. 5D) clearly
showed longer diffusion times, i.e., slower mobility. In the cytoplasm,
there was no statistically significant difference between the diffusion
coefficients of the two components measured by spFCS in untreated cells
and mpFCS in Dex-treated cells (Fig. SE, left), which is consistent with
our previous results showing that the effective volume in the spFCS and
mpFCS systems are similar [21]. However, the relative fraction of the
second component was significantly higher in treated vs untreated cells
(Fig. SE, right), consistent with GR binding to cytoplasmic structures (e.
g., microtubles) and/or protein complexes (e.g., transporting machin-
ery). Both spFCS and mpFCS showed that mStayGold-GR diffusion in the
cell nucleus is complex, identifying at least three characteristic decay
times, i.e., three components. Fixing the diffusion time of the first
component as described in the Methods section, diffusion times of the
second/third component could be determined, yielding, as in the cyto-
plasm, similar values for spFCS and mpFCS measurements (Fig. 5F, left).
While statistically significant difference was not observed for the frac-
tion of the first component between the spFCS and mpFCS measure-
ments, the relative amplitude of the second/third components were
significantly different (Fig. 5F, right). To understand whether this dif-
ference is arising due to differences between spFCS, for which the data
dispersion is reflecting differences between different cells, and mpFCS,
which reflects intracellular differences, we have analyzed mpFCS data
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acquired on different cells (Fig. S15). This analysis suggests that the
stepwise decay observed at long lag times, T ~ 1 s (red; Fig. 5C), is due to
low data sampling at such long lag times in a time series that is acquired
for 40 s, may contribute to these differences. In line with this, the dif-
ference in relative molar fractions arises due to the offset, the value of
which needs to be estimated using the data fitting. Of note, a large
spread of measured values is observed, suggesting that heterogeneity in
the availability of DNA-binding sites within a single cell or among cells is
important.

Two-foci cross-correlation (tfCCC) analysis (G.(t)) used to charac-
terize the direction of GR translocation and the passing time between the
cytoplasm and the nucleus along the nuclear envelope (Fig. 5G), yielded
the so-called subtracted CCCs, Ge,sub(t) = Ge,imp(T) - Ge,exp(T), showing
the direction of nuclear import/export as positive/negative peaks,
respectively. Importantly, tfCCC with zero amplitude, i.e., no tfCCC, was
observed in cells expressing the fluorescent protein mStayGold. Nuclear
import of mStayGold-GR was observed at sites: 2, 3, 4, 7, 8, 9, 10, 11,
and 13 (Fig. 5H, red), whereas nuclear export of mStayGold-GR was
observed at sites: 1,5, 6,12, 14, and 15 (Fig. 5H, blue). Integration of the
subtracted CCCs clearly showed a curve with a positive peak (Fig. S16,
black), indicating that mStayGold-GR is still being imported into the cell
nucleus. Peaks in the subtracted CCCs occurred at lag times of (10—20) s,
consistent with our previous data for eGFP-GR showing a peak width of
(1-20) s. In contrast, mStayGold-GR improved fitting precision
(Fig. S17). Also, peaks with extended width or a complex peak structure
with multiple components are indicative of transport in both directions
or through several nuclear pore complexes concomitantly observed in
the same OVE. For example, a random walk characterized by alternating
forward and backward motions can produce wider peaks, with peak-
width depending on the frequency and extent of the directional changes.

4. Discussion

Photobleaching is a persistent challenge in fluorescence microscopy/
correlation spectroscopy experiments. eGFP is widely used in live-cell
fluorescence microscopy due to its brightness, photostability, mono-
meric size and absence of post-translational modifications. However,
despite its relative photostability compared to other fluorescent pro-
teins, eGFP still suffers from photobleaching during live-cell microscopy
experiments.

To address this issue, brighter variants such as mNeonGreen have
been developed [60,61], but photobleaching remained a limitation.
Recently, a photostable dimeric GFP known as StayGold was introduced
[42]. StayGold offers superior brightness and exceptional resistance to
photobleaching. However, as a dimeric fluorescent tag, it can interfere
with the functionality of the target protein. Hence, several monomeric
variants of StayGold have been developed, including mStayGold, Stay-
Gold/E138D, and mBaojin [43-45]. These monomeric variants retain
the brightness and photostability of the original dimeric StayGold, while
minimizing potential functional disruptions to the protein of interest.

In this study, we have characterized the suitability of mStayGold and
StayGold/E138D for conventional spFCS and mpFCS in live cells, which
require prolonged recording of fluorescence intensity fluctuations
leading likely to photobleaching even under low-intensity illumination.
Photobleaching introduces an additional component in the ACC, with a
long decay time that is typically in the (1—10) s range, causing under-
estimation of the number of molecules (due to an artificially large
amplitude of the ACC) and “masks” the diffusion of slow-moving
molecules.

To mitigate photobleaching effects, pre-bleaching before FCS ex-
periments is typically used and/or photobleaching effects are accounted
for in the analysis of fluorescence intensity fluctuations by incorporating
photobleaching effects into fitting models. This may be done either by
adding an offset for correlation at infinite time or by including photo-
bleaching kinetics by adding an exponential decay curve in the data
fitting function, as photobleaching typically follows an exponential
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Fig. 5. Enhanced brightness and photostability of mStayGold improve live-cell analysis of GR diffusion and nuclear import/export. (A) Fluorescence microscopy
images showing mStayGold-GR distribution in a live HEK cell acquired after 15 min incubation with 500 nM Dex using spot-wise illumination and the DSLR Canon
camera coupled to the side port of the mpFCS system. Left image: Original fluorescence image without any change in brightness and contrast. Right image: Image
brightness was adjusted to enhance contrast and render the cytoplasmic component visible. The yellow and white dashed lines indicate the positions of the cytoplasm
and the nucleus, respectively. Scale bar: 10 pm. (B) Autocorrelation curves (ACCs) recorded in the cytoplasm (top) and the cell nucleus (bottom). (C) Average ACCs
recorded in the cytoplasm (black) and the cell nucleus (red) normalized to the same amplitude, G,(t) = 1 at T = 40 ps. Green-dashed and blue-dashed lines represent
the best fit of two-component or three-component free diffusion models, respectively. (D) Spatial mapping of mStayGold-GR diffusion time (left; image presented
without applying any pixel masking) and average number of molecules (right; pixel masking outside the cell was applied to enhance visibility). Scale bar: 10 pm. (E)
Comparison of diffusion coefficients (DCs) (left) and relative molar fractions (right) of components 1 and 2 in the cytoplasm of untreated cells acquired using spFCS
(black) or cells treated with 500 nM Dex for 15 min acquired using mpFCS (red). (F) Comparison of diffusion coefficients (DCs) (left) and relative molar fractions
(right) between components 1, 2 and 3 in the nucleus of cells treated with 500 nM Dex for 15 min acquired using spFCS (black) and mpFCS (red). Here, the first
component was fixed in the fitting analysis using the first component measured in the cytoplasm as representative of free 3D diffusion of GR. In the boxplots (E and
F), the sample mean and standard deviation are represented by the middle line and boxes, respectively. Statistical analysis was performed using the one-way ANOVA
test with post hoc Tukey test. Lack of statistically significant difference is denoted as n.s., p > 0.05. (G) The so-called subtracted cross-correlation curves G sub,imp(T)
and G sub,exp(t) for all analyzed positions along the nuclear envelope shown in H. Briefly, two-foci cross-correlation analysis yields two two-foci cross-correlation
curves (tfCCCs), one for each direction of calculation: from focus 1 in the cell nucleus to focus 2 in the cytoplasm, G exp(t), and conversely, from focus 2 in the
cytoplasm to focus 1 in the cell nucleus, G imp(t). Their difference, the so-called subtracted cross-correlation curve, G sub(T) = Ge,imp(T) - Ge,exp(T), shows a positive
amplitude for nuclear import, G sub,imp(), and a negative amplitude for nuclear export, G sub,exp(t). (H) Fluorescence image shown in A (right) with numbers
designating positions along the nuclear envelope where two-foci cross-correlation analysis was performed, and arrows showing the directions of mStayGold-GR
nucleocytoplasmic translocation: nuclear import (red) and nuclear export (blue). Scale bar: 10 pm. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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decay [39,40]. Frequency-domain analysis, leveraging the low-
frequency nature of photobleaching can also be used [41]. While these
techniques are effective, they require additional processing of fluores-
cence intensity fluctuation data post data acquisition. They carry also
significant risks — the possibility to underestimate the number of mole-
cules, i.e., the concentration of molecules of interest, and to lose infor-
mation about slower diffusion components.

Our results from both spFCS and mpFCS demonstrate that mStayGold
and StayGold/E138D are twice as bright as eGFP and exhibit minimal
photobleaching during spFCS and mpFCS measurements, enabling
measurements with high SNR.

Using mStayGold, we analyzed in live cells the dissociation constant
for the homodimerization of wild-type GR genetically fused with eGFP
or mStayGold. Molecular brightness measurements yielded values
consistent with previous results obtained using fluorescence cross-
correlation spectroscopy (FCCS) [32]. Notably, the relative standard
deviation was smaller with mStayGold, indicating that its high signal-to-
noise ratio enhances the precision of molecular brightness measure-
ments, resulting in reduced variability in the dissociation constant. This
improved precision may lower the number of data points required for
accurate dissociation constant analysis. Furthermore, better precision in
molecular brightness can compensate for variability introduced by
heterogeneity in genomic DNA organization in different parts of the
same cell and among different cells.

We further demonstrated molecular transport analysis using cross-
correlation between two foci: one in the cytoplasm and another in the
nucleus. Overall, mStayGold-GR was imported into the nucleus during
time-lapse observations under Dex treatment. Interestingly, the trans-
location of mStayGold-GR at individual positions was location-specific,
aligning well with our previous findings using eGFP-GR [22]. Notably,
photobleaching correction was unnecessary with mStayGold-GR,
streamlining data analysis and saving time and effort.

5. Conclusion

In summary, this work shows that mStayGold and StayGold/E138D
are under the conditions relevant for this experiment twice as bright as
eGFP and more photostable. This makes it possible to acquire
photobleaching-free spFCS and mpFCS data even for longer measure-
ment times, thereby abolishing the need for FCS data pre-processing to
account for photobleaching. These advances are crucial for addressing
the technical limitations that hinder our understanding of how complex
biological functions such as gene expression emerge in live cells through
entangled reaction-diffusion networks. The bold vision to create “virtual
cells” [62] is constrained by the availability of high-resolution, quanti-
tative tools to capture without disruption the fast cellular dynamics of
molecules. mpFCS is a novel dynamic imaging method that eliminates
the need for scanning, while retaining the capacity of optical sectioning
of confocal laser scanning microscopy. By delivering spatially resolved
quantitative maps of molecular concentration, diffusion, local environ-
ment, and direction of molecular motion with single-molecule sensi-
tivity in live cells, mpFCS provides critical information needed for
understanding the dynamic integration of molecular interactions in live
cells. This will enable researchers to progress in their efforts towards
emulating in silico self-regulation and the emergence of biological
functions that are characteristic of the smallest unit of animate matter,
the cell.

Moreover, these new tools will enable a more detailed investigation
of the cellular dynamics of glucocorticoid receptors and their mecha-
nisms of action, focusing on yet unresolved challenges associated with
glucocorticoid pharmacotherapy, such as glucocorticoid insensitivity,
whether genetically inherited or acquired through environmental or
physiological changes, and treatment side effects, like metabolic dis-
turbances, immune suppression, or tissue-specific resistance.
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Keywords: RBCs deformability plays a crucial role in maintaining proper blood flow and oxygen delivery throughout the
Red b1°°d_ ?EHS body. Conventional ektacytometry fails to differentiate between variations in deformability of RBC sub-
gefgrn"nablhty populations as the averaging measurement process obscures these differences. In this study, we introduced an
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approach that integrates label-free optics-based techniques (flow cytometry, phase-contrast, and two-photon
excitation fluorescent microscopy) with ektacytometry to evaluate subpopulations that exhibit decreased RBCs
deformability upon an in vitro oxidation using 0.5 mM TBHP, as a low-level oxidative agent.

We found that flow cytometry can easily detect rigidified and oxidized subpopulations based on FSC/SSC light
distribution, as well as RBCs fluorescence intensity and peak area likely originating from hemoglobin photo and/
or degradation products. Two-photon excitation fluorescence microscopy proved altered morphology and spatial
location of fluorescence intensity signal near the membrane of oxidized RBCs, when compared to control RBCs,
indicating a link with the reduced deformability. The proposed label-free optics-based methodology, which
combines established techniques with more sophisticated microscopy, emerges as a promising tool for detecting
mechano-biological changes in different RBC subpopulations induced by oxidative stress. The findings suggest
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potential applications in clinical practice for monitoring pathological conditions influenced by physical or
environmental stress and as a quality control measure for stored RBCs.

1. Introduction

Red blood cells (RBCs), during their 120-day life in circulation, play
several essential roles [1,2]. Their primary function is transporting ox-
ygen from the lungs to all the body’s tissues, thanks to the major
intracellular protein-hemoglobin. Nevertheless, ensuring efficient oxy-
gen delivery to tissues [3,4] is also enabled by RBCs membrane
deformability, a crucial physiological property that allows RBCs to
navigate through the intricate microcirculatory system. The excellent
elastic properties of RBCs and resistible integrity during billions of
passages through microcapillaries are provided by the specific discoid
biconcave shape and proteins and lipids composition and organization
in RBCs [5,6]. Besides inevitable RBCs physical trauma due to shear
stress during squeezing to narrow capillaries, the proteins and lipid bi-
layers within RBCs undergo chemical alterations throughout their entire
lifespan, by oxidation, metabolic depletion, loss of ions gradients, or
cellular aging [7,8]. Therefore, the deformability of the RBCs membrane
becomes an important biophysical parameter to be monitored, as well as
one of the many that can reflect oxidative stress levels and even he-
moglobin degradation [9]. Impaired deformability has been associated
with various pathological conditions, including cardiovascular diseases,
diabetes, and certain hematological disorders [10,11].

Ektacytometry, a laser diffraction technique, has been the method of
the first choice for evaluating the deformability of RBCs in both research
and clinical settings [12]. However, ektacytometry measures average
deformability in populations of RBCs and does not provide information
on the deformability of individual cells. Several studies revealed that
some optics-based methods like optical tweezers or newly designed
microfluidic devices could supplement and provide a more sensitive
assessment of the progressive impairment of RBCs deformability than
ektacytometry [12-14]. On the other hand, it is crucial to monitor RBCs
with impaired deformability on an individual level since a recent study
has demonstrated that the presence of a fraction of rigid RBCs in blood
flow can disrupt the adhesion of leukocytes to the vascular wall, which
in turn affects the immune response [15]. However, measurement
deformability of RBCs should be accompanied with the information’s
directly associated with it, such as hemoglobin location within RBCs
[16] and it’s photophysical properties [17]. Based on our latest study on
the formation of fluorescent photoproducts from hemoglobin after light
interaction and its application for labeling and tracking single human
RBCs [17], we were motivated to explore the use of optics-based tech-
niques in combination with ektacytometry to better distinguish between
populations of healthy persons’ untreated RBCs and those in vitro
oxidized and rigidified by TBHP (Tert — Butyl — hydroperoxide). Prior
studies have demonstrated that exposure to 1 mM TBHP results in the
oxidation of fatty acids of membrane phospholipids and hemoglobin
[18,19]. This oxidation leads to the transformation of iron ions into
higher oxidized states, culminating in methemoglobin formation [20].
Using label-free optics-based methods: ektacytometry, flow cytometry,
phase contrast, and Two-photon Excitation Fluorescence (TPEF) mi-
croscopy we aimed to expand knowledge on possibilities toward effec-
tive monitoring of rigid and/or oxidized RBC subpopulations, since we
show that oxidation of RBCs lead to increased rigidification.

The samples of an equal population of RBCs and RBCs oxidized/
rigidified by 0.5 mM TBHP (slight oxidation) showed elongation indices
in the physiological range, i.e., the effect of the oxidation treatments was
annulled when measuring deformability of the sample by ektacy-
tometry. On the other hand, it was possible to differentiate between the
oxidized / rigidified subpopulation presences of RBCs based on the
difference in FSC (Forward scatter) light distribution by using flow
cytometry. Light scattering by human RBSs involves a combination of

Rayleigh and Mie scattering mechanisms influenced by their unique
shape, refractive index, and interactions with surrounding fluid. This
phenomenon is crucial for understanding various physiological pro-
cesses and developing potentially new diagnostic tools [21,22]. Flow
cytometry offers in-depth insights into the optical properties of RBCs by
measuring their laser light scattering. This technique elucidates the re-
lationships between RBCs morphology and scattering characteristics,
particularly through FSC and side scatter (SSC) light measurements
[23]. It is well known that flow cytometry is mainly used for measuring
fluorescence intensity [24]; however, measuring fluorescence intensity
from samples that are not labeled with specific fluorescent dye is not a
standard task in the flow cytometry community. Fluorescence of human
RBCs, measured by flow cytometry, was obtained on the samples that
were treated with HoO [25], and based on this research, we introduce a
novel approach to utilizing flow cytometry that goes beyond its typical
use for labeling and sorting cells with fluorescent dyes. Instead, we
showed that it is possible to analyze abnormalities in non-labeled TBHP-
oxidized/rigidified RBCs by detecting their autofluorescence properties.
Specifically, we demonstrated that fluorescence intensity and fluores-
cence peak area, often overlooked parameters in flow cytometry of non-
labeled cells, can be used to assess these abnormalities. The fluorescence
peak area is derived from the total fluorescence intensity over time as
the particle passes through the laser. This area is calculated by inte-
grating the fluorescence signal over the duration of the signal, which
often corresponds to how long the particle is illuminated by the laser
[26,27]. In our study, we have been shown that fluorescence peak area
can be used to determine aggregation in oxidized RBCs, probably due to
its increased fluorescence upon oxidation with 0.5 mM TBHP. This
correlation between fluorescence characteristics and RBCs aggregation
underscores the potential for advanced imaging techniques in this area.
Moreover, our findings suggest that a proposed label-free optics-based
integrated approach, which combines techniques such as ektacytometry,
flow cytometry, phase-contrast microscopy, single-photon excitation
microscopy with, to some extent, more sophisticated TPEF microscopy,
is a highly promising methodology for detecting changes in the
mechanobiology of different subpopulations of RBCs induced by
oxidation.

2. Material and methods
2.1. Blood samples

Venous blood from three healthy blood donors was collected at the
Institute for Transfusiology and Hemobiology, Military Medical Acad-
emy, Belgrade, Serbia, by the blood draw protocol, which included
informed consent of the participants, approved by the Institutional
Ethical Review Board (No 9/2021). The blood was drawn using vacu-
tainer tubes (10 mL plastic vacutainer (BD Vacutainer® EDTA Tubes)
with BD Hemogard™ lavender closure, containing 18 mg K;EDTA). The
peripheral blood RBCs parameters (hematocrit, hemoglobin concentra-
tion, RBCs concentration and volume distribution width), were in the
reference range for healthy people (Supplementary material Table S1).

2.2. RBCs isolation and in vitro oxidation/rigidification

For the RBCs isolation, a centrifugation procedure was employed,
wherein 10 mL of whole blood underwent centrifugation at 1811 x g for
a duration of 20 min at 4 °C, utilizing the Megafuge 1.0R Heraus
centrifuge (Langenselbold, Germany). The ensuing supernatant, con-
taining leucocytes and blood plasma, was cautiously aspirated and
subsequently discarded. The precipitated RBCs were then reconstituted
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in an isotonic saline solution (0.9 % NaCl, specifically Natrii chloridi
infundibile 9 g/L, Hemofarm, Serbia) at a volumetric ratio of 1:4, and
this suspension was homogenized through a twisting motion applied to
the test tube. The residual plasma proteins were separated from the
RBCs suspension via 10 min centrifugation at 1257 x g, at 4 °C. These
procedures were iterated three times. Ultimately, the packed RBCs were
revived by resuspending them in an isotonic phosphate-buffered saline
solution (denoted as PBS; comprising 0.8 % saline buffered with 10 mM
sodium phosphate and maintaining a pH range of 7.2-7.4) at the same
volumetric ratio of 1:4. According to the protocol by Gutierrez et al
(2018) [15], the isolated RBCs were treated at 2 % Hct (hematocrit) in
PBS with 0.75 or 0.5 mM Tert-butyl hydroperoxide (TBHP, Sigma
Aldrich, USA) for 30 min, to induce oxidative damages on cellular
membranes and consequent rigidification. The oxidized rigid cells were
then washed with PBS and then used separately or reconstituted with
healthy RBCs in a volume ratio of 1:1. In order to confirm the oxidation,
RBCs were lysed with distilled water, and the absorbance of resulting
hemolysate was measured using UltroSpec 3300 pro spectrophotometer
(AmershamBioscience, Uppsala, Sweden). Additionally, lipid peroxida-
tion (i.e., thiobarbituric acid reactive species; TBARS) levels in treated
RBCs were analyzed according to the method described in Bruji¢ et al.
(2021) [28].

2.3. Ektacytometry

Ektacytometry, also known as laser diffraction ektacytometry, uti-
lizes laser light scattering patterns produced by RBCs subjected to
controlled shear stress, allowing quantitative deformability assessment.
By measuring the changes in the diffraction patterns, ektacytometry
provides valuable information about the mechanical properties of RBCs,
such as elongation index (EI), deformability index (DI), and other pa-
rameters related to cell membrane viscoelasticity [29].

In this study, the RheoSCAN-AnD300 ektacytometer (RheoMeditech
Inc, Korea) was used for the RBCs deformability measurement [29].
Specifically, 6 pl of packed RBCs was carefully suspended in the tube
containing polyvinylpyrrolidone (PVP, MW 360,000) in PBS (overall
viscosity, 30 mPa/s) solution provided by the producer (test kit RSD-
K02). A 500 pl volume of the RBCs suspension in PVP was transferred
to the designated chamber of the microchannel measurement cuvette for
exposure to standardized inputs of increasing shear stress. The micro-
channel width was 200 pm. Cell deformation was expressed as an EI
using Equation (1), originating from the resulting ellipsoid laser
diffraction pattern, where the major and minor axes of the elongated
RBCs are represented by A and B, respectively. The calculated values for
the elongation index were plotted versus shear stress (Pa) to obtain the
deformability curve [15].

_A-B

2.4. Flow cytometry

For the flow cytometric measurements of non-labeled normal or 0.5
mM TBHP treated RBCs, the protocol by Drvenica et al. (2021) [23] was
used on BD FACSCalibur flow cytometer (Becton Dickinson, Franklin
Lake NJ, USA, [30]. A laser operating on 488 nm was used for the
excitation. This protocol was based on determining FSC and SSC pa-
rameters of the RBCs, after the short time incubation in a series of so-
lutions with decreasing molarity (155 mM, 139 mM, 124 mM, 93 mM)
[23]. As an added value of flow cytometric analysis, we investigated the
fluorescence peak area and fluorescence intensity of untreated RBCs,
TBHP-treated RBCs and of a mixture of untreated and 0.5 mM TBHP-
treated RBCs using spectral channel which corresponds to the
following excitation and emission wavelengths: ex = 488 nm / em = 525
(40) nm. The fluorescence peak area was used as an indirect measure of
fluorescent particles size [27]. Flow cytometer measure fluorescence
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intensity which can be represented as a pulse, characterized as the de-
tector’s signal output during a fluorescent particle’s passage through the
laser beam. The signal intensity rises as the cell traverses the laser beam
and returns to baseline upon exiting the beam. The fluorescence in-
tensity signal was detected by the PMT (Photomultiplier Tube) which is
an integral part of the flow cytometer. PMT measures the current
generated from photo-electrons in time. In the next processing stage, the
signal is discretized and classified by some parameter such as fluores-
cence peak area. The fluorescence peak area was calculated by inte-
grating the fluorescence signal over time, which often corresponds to
how long the laser illuminates the particle. [26,27]. We assumed that
the fluorescence peak area is directly proportional to the fluorescence
intensity of the particle/cell size that passes through the laser beam and
the time that particle/cells spent in it (Supplementary Material Fig. S1).
The data were analyzed using Flow J software (v10.8.1) and Graph Pad
Prism 7. At least 100.000 events were recorded per sample.

2.5. Phase contrast microscopy

The morphology and aggregation of RBCs were obtained by an
Olympus CKX 41 inverted phase-contrast microscope (Olympus Europa
Holding GmbH, Hamburg, Germany) using Quick PHOTO Camera 2.3
software (PROMICRA, Prague, Czech Republic). Images were analyzed
using Fiji (an open — source platform for biological-image analysis).

2.6. Two-photon excitation fluorescence (TPEF) microscopy

Prior literature has detailed the experimental arrangement and the
home-constructed TPEF microscope [31]. We harnessed a Ti:Sapphire
laser (Coherent, Mira 900-F), driven by a frequency-doubled Nd:YVO4
laser (Coherent, Verdi V10), to produce ultrashort laser pulses at a 76
MHz repetition rate and a 160 fs pulse duration. Galvo-scanning mirrors
(Cambridge Technology) were employed for raster scanning. Two
different microscope objectives were utilized for this research: EC Plan-
NEOFLUAR 40x /1.3 N.A. oil (Carl Zeiss) for RBCs imaging and Plan-
Apochromat 20x /0.8 N.A. air (Carl Zeiss) for hemoglobin TPEF emis-
sion spectra measurement. We expanded the laser beam to match the
objective lens’s back aperture. A short-pass dichroic mirror was applied
to reflect the laser beam toward the objective lens and transmit the
signal to both the 15.1-megapixel digital single-lens reflex (DSLR)
camera (Canon, EOS 50D) and the Photomultiplier Tube (PMT) (RCA,
PF1006). The DSLR camera served the purpose of capturing bright-field
images. We removed the camera’s infrared filter to enable the obser-
vation of the laser beam’s back reflection from the cover glass, aiding in
system alignment and facilitating the axial positioning of the RBCs, for
measuring TPEF emission spectra. Band-pass filters (VIS and/or 450 nm
short pass) were positioned in front of the PMT to gather hemoglobin
photoproduct fluorescence [17]. A 700 nm long-pass filter was used to
eliminate parasitic laser lines shorter than 700 nm. A short-pass 700 nm
filter was installed in front of the PMT detector to further eliminate back-
scattered laser light. The RBCs and RBCs ghost imaging were carried out
using 730 nm ultrashort laser pulses. This wavelength was selected
based on the optical setup and the characteristics of the hemoglobin
molecule, with further information provided in our earlier in-
vestigations [17,32]. Microscopic slides were prepared for RBCs imag-
ing, 10 pL of packed RBCs underwent dilution in isotonic saline solution
(0.9 % NaCl, Hemofarm, Serbia) at a 1:30 vol ratio. A 3 pL portion of the
diluted whole blood sample was applied to a microscope slide, overlaid
with a No. 1.5 coverslip, and sealed.

2.7. Statistical analysis

Statistical analysis of the results was carried out using Graph
PadPrism 9 software. According to Drvenica et al. (2021) [23], kurtosis
and skewness of FSC distribution were determined for the 400-1000
quantity range with an aim to exclude cell debris and large aggregates,
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rarely formed during samples preparation.

The results are expressed as mean + standard deviation. The statis-
tical significance of differences between the groups was determined with
a two-tailed paired t-test since the comparison was made between the
same donor (control and TBHP treatment). Differences with p values of
< 0.05 were considered significant.

3. Results and Discussion
3.1. Measuring RBCs deformability

The impact of TBHP on the integrity of the RBCs membrane was
discernible by its response to mechanical stress, as determined by
ektacytometry and shown in Fig. 1. Consequently, oxidative crosslinking
transpires between methemoglobin and spectrin, resulting in a reduc-
tion in membrane flexibility [18,20]. These findings were proven de-
cades ago in the case of hydrogen peroxide treatment of RBCs, where
increased rigidity, along with morphological and surface changes in the
RBCs, are shown to be mainly a cause of oxidation of heme-protein and
in its cross-linking to skeletal proteins, i.e., spectrin and actin [33,34],
and in addition, to the cytoplasmic component of Band 3. In this study,
we aim to simulate mild oxidative stress in a controllable manner, so we
investigated how the influence of a lower concentration of TBHP as a
stable oxidant, specifically 0.5 mM TBHP (Fig. 1), manifests in terms of
membrane elasticity within the packed RBCs population. This concen-
tration of 0.5 mM TBHP induced an evident decrease in the EI compared
to the control. After treating RBCs with 0.5 mM TBHP, it was found that
the hemolysate absorbance spectra indicated the presence of methe-
moglobin (as seen in Supplementary Material Fig. S2a). Moreover, there
was a higher level of lipid peroxides in the treated RBCs compared to the
control RBCs (as seen in Supplementary Material Fig. S2b), confirming
that oxidation had indeed occurred. A more pronounced oxidative
impact (Fig. 1) associated with 0.75 mM TBHP led to a reduction in EI
(at the beginning of the measurement, small values of shear stress were
negligible [35,36]) and ultimately guided the cells toward irreversible
lysis, as confirmed by the osmotic fragility test (Supplementary material
Fig. S3). It is worth noting that the mixture of control RBCs and those
treated with 0.5 mM TBHP (Fig. 1) re-established the EI curve within a
range similar to that observed for control RBCs, which is also scenario
with mixture of 0.75 mM and control (Fig. 1). This observation un-
derscores one of the limitations of ektacytometry — the calculation of the
EI curve as an average across the entire RBCs population, so it does not
provide data on altered deformability of individual RBCs or affected
subpopulation [37], such as RBCs altered by oxidation in this study.

3.2. Flow cytometry analysis based on FSC (forward scatter) and SSC
(side scatter) light distribution

For all samples of RBCs, encompassing both control and those
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subjected to treatment with 0.5 mM TBHP, flow cytometry analyses
were conducted, examining the forward scatter (FSC) and side scatter
(SSC) dot plots, cell counts in the FSC/SSC channels, and auto-
fluorescence intensity signals. Alterations in the distribution of light in
the FSC and SSC channels were assessed by comparing changes in sta-
tistical parameters of the distribution, including skewness and kurtosis.

Incubation of RBCs in isotonic solutions resulted in a multimodal FSC
distribution, as outlined in the supplementary information, with two
partially overlapping peaks (Supplementary material Fig. S4). The
emergence of a multimodal FSC signal distribution was primarily
attributed to the random spatial orientation of RBCs within the flow
channel and their deformation under hydrodynamic forces [23,21,38].

In the case of RBCs suspended and swelled (i.e., spherized) in a 93
mM phosphate buffer saline (PBS), FSC exhibited a unimodal distribu-
tion (Fig. 2), consistent with previous findings [23]. To attenuate the
influence of RBCs orientation within the flow channel and individual
variations between donors on the FSC and SSC signals [23], both control
and treatment samples were subjected to swelling through incubation in
a 93 mM hypotonic PBS solution and a distinct relationship between the
intensities of forward and scattered light were observed in treated and
control samples (Fig. 2a, 2b). Based on the FSC histogram presented in
Fig. 2¢, it is evident that the oxidized and rigidified RBCs by 0.5 mM
TBHP exhibited a slight decrease in size. This decrease in size can be
attributed to an increase in the area-to-volume ratio, which is already
established to be associated with a reduction in cell deformability
[39,40]. The histogram of SSC values obtained from oxidized and
rigidified RBCs treated with 0.5 mM TBHP and control RBCs showed a
more pronounced difference when compared to the FSC signal (Fig. 2d).
The possible reasons for this could be the treatment - triggered changes
in the shape and associated intracellular modifications, such as refrac-
tive index scattering at the right angle depends on the cell shape and
internal properties of the scattering cells [41].

The consequences of RBCs oxidation are multifaceted and can be
quantified using the flow cytometry technique across a larger cell pop-
ulation. Our observations indicated that a higher percentage of light was
scattered forward in control samples compared to those treated with 0.5
mM TBHP, possibly due to alterations in the hydrodynamic forces acting
on RBCs within the flow channel. As evidenced by ektacytometry, the
mechanical properties of RBCs differed, with RBCs treated with 0.5 mM
TBHP displaying as rigid, i.e., with reduced deformability. Although a
direct comparison between ektacytometry and flow cytometry results is
challenging, it is highly conceivable that changes in behavior in
microfluidics techniques between rigid and deformable cells exist [42].
Based on that, it is realistic to speculate that the altered biomechanical
properties of RBCs could induce alterations in FSC light intensity as the
results of Gienger et al. (2019) [21] already gave a proof of principle that
rheological properties of RBCs can be derived from flow cytometric
measurements, however using the custom-made flow cytometric set-up.
The use of commercially available flow cytometers for that purpose still
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Fig. 1. Change of elongation indices, obtained by ektacytometry, with healthy donor RBCs treatment with 0.5 mM and 0.75 mM TBHP.
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Fig. 2. Representative flow cytometry data of oxidized / rigidified and control RBCs swelled by incubation in 93 mM sodium phosphate buffer: a) SSC/FSC dot plot of
control, untreated RBCs, b) SSC/FSC dot plot of RBCs treated with 0.5 mM TBHP, c) Overlapped FSC/Cell count histograms of control and RBCs treated with 0.5 mM
TBHP, d) Overlapped SSC/Cell count histograms of control and RBCs treated with 0.5 mM TBHP.

requires the development of a more realistic shape model of elastic
properties of RBCs made of several parameters and new mathematical
approaches like surrogate modeling or tools of large-scale data analysis
[21].

Based on the obtained FSC and SSC distributions in 93 mM hypotonic
PBS, we perform an analysis of two statistical parameters related to
RBCs sphericity, skewness, and kurtosis. Kurtosis exhibits greater
sensitivity to oxidation compared to skewness in the analysis of FSC
distribution. It is well-established that hypoosmotic incubation of RBCs
leads to decreased kurtosis [23] as RBCs sphericity becomes

a)  40- N
o
30
2
(72}
£ 204
=
2
10
o_
& & @
° Qg P
N \S& N
& &
% &
Q* ,\'t\

predominant [43]. Our investigation revealed that oxidative conditions
also exerted an influence on kurtosis, with a lesser impact on skewness of
the FSC distribution (Fig. 3a, 3b).

One potential reason for the reduced kurtosis in the FSC distribution
may be the induced oxidation of hemoglobin and the subsequent relo-
cation of oxidized hemoglobin to the cell membrane [20]. The kurtosis
parameter increases with the fourth degree of difference between the
mean and specific measurements [44-46] and is more sensitive to de-
viations from the mean than skewness. Accordingly, kurtosis could serve
as a valuable parameter for assessing the effects of oxidation on FSC and
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Fig. 3. Statistical parameters of FSC light distribution averaged on three different healthy blood donors: a) Kurtosis and b) Skewness of FSC light distribution of
control (1), 0.5 mM treated RBCs (2) and 1:1 mix of control and 0.5 mM TBHP treated RBC ((1) and (2)).
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SSC distributions.

3.3. (Auto) fluorescence properties of oxidized / rigidified RBCs
measured by flow cytometry

RBCs exposed to an oxidized agent can be characterized by
measuring fluorescence emission intensity by one- and TPEF micros-
copies [17,25,47]. The study by Yakimov et al. (2019) [48] revealed that
RBCs fluorescence can also be detected when using flow cytometry,
where low, but clearly detectable signal in all available spectral chan-
nels in their set-up was observed. In this study, we demonstrated that
RBCs oxidation by 0.5 mM TBHP induced an increase in fluorescence
emission in all three treated samples from healthy donors (Fig. 4a, 4b,
4c), in the spectral channel which corresponds to the following excita-
tion and emission wavelengths: ex = 488 nm / em = 525 (40) nm. The
detected autofluorescence in the control group as well, probably comes
from RBCs dominant endogenous fluorophores [48-50]. The detected
signal possibly came from hemoglobin degradation products, present
intrinsically in low concentration in control donor RBCs. The intensified
formation of heme fluorescent products can be induced by oxidation
[47], laser irradiation [17,45] or in some pathophysiological states such
as atherosclerotic plaques [51]. We have also demonstrated analogous
findings using epifluorescence microscopy, revealing that the control
group exhibits very low autofluorescence intensity, while RBCs treated
with 0.5 mM TBHP show an increased fluorescence intensity
(Supplementary Fig. S5).

It is underestimated that fluorescence pulse width (FIW2) can pro-
vide size information on the fluorescence-emitting particle [27], since
the signals originating from individual and clustered cells are separated.
In our study, fluorescence peak area was a parameter that was different
between the control and TBHP treated RBCs (Fig. 5). In the TBHP treated
RBCs we observed several peaks, formed as a consequence of increased
fluorescence intensity and possibly the formation of RBCs clusters.
However, the clustering level could vary between the samples, and
autofluorescence not caused by oxidation, could affect the measure-
ments. We observed that peaks were present in all TBHP treated RBC
samples, but also in one control RBCs sample (Fig. 5b), indicating the
advance of flow cytometry to detect interindividual differences in
oxidative status of healthy donors. More importantly, the existence of
fluorescence peaks with different areas in the population of 0.5 mM
TBHP oxidized RBCs indicated that oxidation induces the appearance of
RBC clusters with increased fluorescence intensity. Indirectly we have
been shown clustering in TBHP treated RBCs, by using phase contrast
microscopy (see Supplement Material Figs. S6, S7, S8, S9). In such a
way, flow cytometric analysis allowed a clear distinction between con-
trol, untreated RBCs, oxidized RBCs, and sample containing an equal
portion of oxidized and normal RBCs (Fig. 5).
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3.4. Phase contrast microscopy of RBCs

Phase contrast microscopy was employed to indirectly assess the
extent of aggregation in the treated RBCs and elucidate their morpho-
logical characteristics. The control RBCs sample demonstrated a ho-
mogeneous cell distribution (Fig. 6a). It becomes apparent that the RBCs
sample treated with 0.5 mM TBHP exhibited aggregation, as illustrated
in Fig. 6b.

Notably, areas devoid of cellular entities exhibited a considerable
increase in size within the treated sample, as demonstrated in Supple-
mentary Fig. S9. This expansion in pixel area devoid of cells can be
attributed to the augmented aggregation of RBCs observed in the treated
sample. Furthermore, the influence of a 0.5 mM TBHP treatment on
RBCs aggregation was corroborated by complementary techniques, such
as flow cytometry.

3.5. TPEF microscopy of RBCs

TPEF imaging was applied on control RBCs (Fig. 7a), the RBCs
treated with 0.5 mM TBHP, and a mixture of TBHP-treated and control
RBCs (Fig. 7b and 7c). The TPEF images depicted deviations from the
native morphology in the 0.5 mM TBHP-treated RBCs, indicating the
TPEF footprint of in vitro induced oxidation. We want to emphasize that
the TPEF signal observed in the RBCs membrane in 0.5 mM treated RBCs
was not uniform across all RBCs in the sample. Individual variability in
the TPEF signal spatial distribution among treated RBCs suggests vary-
ing degrees of tolerance to oxidation within the pool of RBCs. Notably,
TPEF microscopy revealed potential interactions between oxidized he-
moglobin and RBCs membrane components, as evidenced by the fluo-
rescence signal confined to the RBCs membranes (Fig. 7b). This result
follows our and other previous studies on femtosecond laser interaction
with hemoglobin molecules extracellularly or within RBCs [17,52], as
well as documented discrepancies in SSC histograms between control
and oxidized RBCs, reflecting internal properties of the cell such as
refractive index change. Overall, this can provide a possible differenti-
ation between oxidized and control RBCs in the mixed suspension
(Fig. 7c, where the green arrow points to control RBCs and the red arrow
points to the 0.5 mM treated RBCs). However, TPEF imaging of oxidized
RBCs should be more explored since the inter-individual differences
between RBCs of a single donor can affect the distribution of TPEF
within RBCs.

Previous reports showed that the membrane-attached hemoglobin is
one of the determining factors of RBCs deformability, i.e., when an RBCs
contains more membrane-attached hemoglobin molecules, its ability to
deform worsens [16]. In this study, we demonstrated that it is more
likely that membrane-attached hemoglobin photoproduct and/or
degradation/oxidation is responsible for the TPEF signal (Fig. 7) since it
was especially pronounced in the sample of RBCs rigidified with 0.5 mM
TBHP, with already confirmed lower deformability (Fig. 1). In this way,
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Fig. 4. Autofluorescence intensity of 0.5 mM TBHP treated and control, untreated RBCs of three healthy donors.
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Fig. 6. Phase contrast microscopy of a) control RBCs and b) RBCs treated with 0.5 mM TBHP.

Fig. 7. TPEF imaging of a) Control, healthy donor’s untreated RBCs; b) 0.5 mM TBHP treated RBCs of the same donor, ¢) Mixture of Control (green arrow) 0.5 mM

treated RBCs (red arrow). Scale bar 20 pm.

based on the obtained results with a sample containing two sub-
populations equally represented, normal and less deformable oxidized
RBCs, we demonstrated that the presented TPEF microscopy set-up can
indirectly serve as a technique for monitoring the quality of stored RBCs
for transfusion purposes, as already proposed by Saytashev and co-
workers (2016) [53].

4. Conclusion

In conventional ektacytometry, differences in RBC subpopulations

deformability are often obscured due to the averaging measurement
process. To address this limitation, this study introduces an approach
that integrates label-free optics-based techniques such as flow cytom-
etry, phase-contrast, and two-photon excitation fluorescent microscopy
with ektacytometry. The aim was to evaluate subpopulations that
exhibit decreased RBCs deformability upon an in vitro oxidation using
0.5 mM TBHP as a low-level oxidative agent.

The study found that flow cytometry can easily detect rigidified
subpopulations based on FSC/SSC light distribution, RBCs fluorescence
intensity, and peak area. The latter are most likely originating from
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hemoglobin photo and/or degradation products, as we demonstrated in
our recent study [17] Phase-contrast microscopy confirmed clustering in
rigidified RBCs that was demonstrated by flow cytometry. Moreover,
single-photon excitation microscopy confirmed increased fluorescence
intensity in 0.5 mM oxidized RBCs population.

Additionally, two-photon excitation fluorescence microscopy proved
altered morphology and spatial location of fluorescence intensity signal
near the membrane of oxidized RBCs compared to control RBCs, indi-
cating a link with the reduced deformability.

The proposed label-free optics-based methodology approach, which
combines established techniques (ektacytometry and flow cytometry)
with more sophisticated microscopy (two-photon excitation fluores-
cence microscopy), emerges as a promising tool for detecting mechano-
biological changes in different RBC subpopulations induced by oxidative
stress. The findings suggest potential applications in clinical practice for
monitoring pathological conditions influenced by physical or environ-
mental stress and as a quality control measure for stored RBCs. Overall,
our study contributes to understanding the effects of oxidative stress on
RBCs biomechanics, morphology, and fluorescence properties.
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ABSTRACT

We present the development of a custom-built structured illumination microscope (SIM) featuring a specially designed transmis-

sion diffraction grating. Employing the analog microfilming method, we fabricated transmission diffraction gratings suited to

the specific requirements of our system. This robust and cost-effective method allows for the fabrication of diffraction gratings

with customized constants, ensuring excellent transmission in both the visible and near-infrared spectra. Additionally, to assess

the performance of our system, we measured the resolution in both epifluorescent and super-resolution imaging modalities

by applying two independent methods: the conventional resolution measurement using fluorescent beads and the knife-edge
technique applied on the MoS, monolayer flakes. Both methods confirmed enhancement in the resolution of SIM over the epi-

fluorescent imaging modality. Furthermore, we have successfully demonstrated the capabilities of our microscope by imaging

fluorescently labeled astrocytes, specifically targeting the vimentin filament protein within these cells. The super-resolution

images reveal fine structures of the vimentin cytoskeleton that remain unresolved in the epifluorescent image.

1 | Introduction

Fluorescent microscopy is one of the most widely used meth-
ods for visualizing biological samples. However, its resolution
is fundamentally limited by diffraction. The diffraction limit,
commonly defined by Abbe or Rayleigh criteria, depends on the
excitation wavelength and numerical aperture of the objective
lens (Mondal and Diaspro 2013). In recent years, novel meth-
ods have been developed to exceed the diffraction limit and en-
able the recording of the fine structures of biological samples
(Hess, Girirajan, and Mason 2007; Hell and Wichmann 1994;
Schmidt et al. 2021). Among these techniques, a simple optical

© 2024 Wiley Periodicals LLC.

configuration of a structure illumination microscope emerged
as a powerful approach that enables the enhancement of resolu-
tion up to two times compared to the diffraction limit (Diaspro
and Van Zandvoort 2016; Gustafsson 2000; Heintzmann and
Huser 2017; Wu and Shroff 2018).

All structured illumination microscope (SIM) setups utilize
a regular illumination pattern to excite fluorescent sam-
ples. Microscopes might be regarded as low-pass spatial fre-
quency filters. Specifically, the pattern enables the inclusion
of high-frequency components of the sample structure within
the frequency range that can be recorded. By recording
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Summary

« We fabricated transmission diffraction gratings suited
to the specific requirements of our system.

« We have successfully demonstrated the capabilities
of our microscope by imaging fluorescently labeled
astrocytes.

multiple images at various angles and phases of the pattern,
it becomes possible to achieve an image resolution surpass-
ing the diffraction limit by reconstruction (Diaspro and Van
Zandvoort 2016).

Several methods have been developed for generating the il-
lumination pattern in SIM. Commonly, diffraction gratings
are employed to generate the pattern on the sample, whereas
two diffraction orders interfere in the focal plane of the objec-
tive (Heintzmann and Cremer 1999; Gao et al. 2011; Wang,
Pitter, and Somekh 2011; Gustafsson et al. 2008; Matsuzaki
et al. 2024). In many applications, the beam is shaped using
diffractive optical elements (DOE) (Liu et al. 2022), a spatial
light modulator (SLM) (Forster et al. 2014), or a digital mi-
cromirror device (DMD) (Dan, Yao, and Lei 2014; Calisesi
et al. 2022). The fiber coupler method has also been utilized to
generate two (Hu et al. 2019) or three beams (Helle et al. 2020;
Calvarese et al. 2022) that interfere with the sample plane, ef-
fectively producing the pattern. While these approaches allow
for the rapid generation of complex patterns, they are consid-
erably more expensive and technically challenging compared
to the use of diffraction gratings.

To surpass the diffraction limit and achieve higher-resolution
imaging, it is necessary to perform reconstruction using the
recorded images and remove the pattern generated by any of
the aforementioned methods. Various software tools have been
developed for image reconstruction, with notable examples in-
cluding FairSIM (Miiller et al. 2016) and SIMToolbox (K¥izek
et al. 2015; Pospisil et al. 2018). In recent years, novel soft-
ware solutions have emerged to enable image reconstruction
using only three recorded images without changing the pat-
tern phase (Ingaramo et al. 2014; Strohl and Kaminski 2015).
On the other hand, applications utilizing three-beam inter-
ference allow for sample recording without pattern rotation
(Calvarese et al. 2022; Schropp, Seebacher, and Uhl 2017;
Schropp and Uhl 2014).

In this study, we will present the development of a custom-built
SIM microscope as well as the measurement of the resolution of
two imaging modalities by several independent methods. Also,
we will present the recording of biological samples to present the
capabilities of our custom-built setup.

Due to critical limitations with commercially available options,
we have developed a method for the fabrication of transmis-
sion diffraction gratings suited to the specific requirements of
our system. The primary drawback of commercial gratings for
SIM setups is the lack of symmetry in optical power distribu-
tion between =+ 1 diffraction orders. On the contrary, the devel-
oped method enabled us to fabricate diffraction gratings with

preferred constants, suitable for both visible and near-infrared
spectra. Also, we developed a mechanism for rotating the dif-
fraction grating and adjusting its position. By rotating the grat-
ing just three times and changing the phase three times, we can
record nine images for subsequent reconstruction.

Our system allows for imaging in both epifluorescent (EPI) and
super-resolution (SIM) modalities using a single setup, facil-
itated by a rapid and straightforward mode-switching mecha-
nism. To minimize sample exposure to laser radiation, the entire
system is hardware-trigger-controlled. We have implemented an
Arduino microcontroller for easy synchronization and activa-
tion of all system components.

For data analysis, we employed the OS-SIM and MAP-SIM al-
gorithms from the SIMToolbox software, an open-source tool
available at (SIMToolbox n.d.). To control the entire system, we
have developed user-friendly software that not only enables sim-
ple operation but also ensures reliable and selective data storage.

2 | Methods
2.1 | 2D SIM Setup

We have built a custom-made 2D SIM, Figure 1, based on the
arrangement presented in (Gustafsson 2000). The mechanical
foundation of our system is provided by a microscopic frame
(ICM405, Zeiss, Germany), from which the original optical com-
ponents were removed. Through the meticulous design of me-
chanical elements, we reconfigured the microscopic frame and
positioned optical components such as the dichroic mirror (DM)
and tube lenses (TL) in both excitation and emission, aligning
them according to the requirements of our system.

For the excitation, a laser diode (SHD4850MG, Roithner
Lasertechnik GmbH, Austria) at 488 nm is used, providing an
elliptical beam with a maximum output power of 50 mW. Laser
diode current and power levels are controlled by a laser driver
(LDC205C, Thorlabs, USA). Ellipticity correction is achieved
using a beam expander (BE) with two cylindrical lenses (f;,f5).
A second BE, consisting of two plano-convex lenses (f3,f,), is
employed for beam expansion. Since the laser diode operates in
a multimodal transversal mode, a 30 ym pinhole is positioned
at the common focal plane of the lens (f;) and (f,) for additional
spatial filtering. The absence of higher mode artifacts is con-
firmed by measuring the beam profile before and after correc-
tion. Power losses of approximately 20 % are attributed to spatial
beam filtering.

The collimated and filtered beam is directed onto a specially
developed transmission diffraction grating with a constant of
40.1 pm. The properties and design of the diffraction grating
are discussed in detail in chapter 3.1. The diffraction grating
is mounted on a rotational-translational stage, originally de-
signed according to (Nilsson, Dahlberg, and Andersson 2021).
This grating can be rotated by the preferred angle in the plane
perpendicular to the direction of beam propagation. The stage
also facilitates precise translation movement of the grating, al-
lowing for control of the phase of the illumination pattern in the
focal plane of the objective. Details of this precision stage are
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FIGURE1 | 2D SIM experimental setup. A laser diode at a wavelength of 488 nm is used for excitation. A system consisting of two BEs and a
pinhole aperture is used for beam cleaning and expansion, enabling the expanded beam to reach the diffraction grating. In the EPI imaging modal-
ity, all orders except zero are cutoff. In the super-resolution SIM imaging modality, only + 1 diffraction orders are allowed to pass. We use this mode

to record images for subsequent reconstruction. The fluorescent signal passes through an objective lens, a DM, and an emission filter before being

focused onto the camera chip using a tube lens.

described in the next chapter. The grating is positioned in the
focal plane of the lens (f;), which, together with the next lens
(f), forms a BE with an expansion factor of 1.5. The BE enables
the use of a somewhat coarser diffraction grating, significantly
facilitating its production, while also allowing for more precise
control of the pattern's phase change.

A mode-switching mechanism consisting of two masks
mounted on a specially designed turret is positioned in the
focal plane of the lens (f;). This setup allows for operation in
two distinct modes: epifluorescent and super-resolution. The
first mask selectively filters out all orders except the zero-
order, facilitating work in epifluorescent mode. The second
mask blocks all orders except — 1 and 1, providing structured
illumination in super-resolution mode. A mode-switching
mechanism ensures consistent positioning for efficient order
filtering and a smooth transition between microscope operat-
ing modes.

Following this beam expansion, the beam(s) is (are) directed onto
the TL (f,), an achromatic lens with a focal length of 200 mm.
Importantly, the focal plane of the TL aligns with the back focal
plane of the objective. The entire optical system is designed to
complement the objective (UPLSAPO100XO/1.4, Olympus,
Japan). In the super-resolution mode, the — 1 and 1 diffraction
orders reach the edges of the back aperture, achieving the finest
pattern in the sample plane with a pattern period of 272 nm.

The aforementioned DM (DMLP490R, Thorlabs, USA) was
used to separate the excitation light from the emission light.
The emission branch of our setup is designed to incorporate as
few optical components as possible to minimize the losses in
the fluorescence signal. Fluorescence collected by the objective
is directed onto a DM and a TL (TTL 200, Throlabs, USA). For
detection, we use a camera (CS2100M—USB, Thorlabs, USA)
mounted on a translational stage, enabling precise adjustment
of its position along the optical axis. The camera features a

chip with dimensions of 1920 x 1080 pixels and a pixel size of
5.04 um. Each pixel on the camera corresponds to an area of
45.3x45.3nm in the sample plane. Spectral filtering is imple-
mented in both the excitation (FELH0500, Thorlabs, USA) and
emission (MF530-43, Thorlabs, USA) arms.

2.2 | Control System

The board (TSI-IOBOB2, Thorlabs, USA) functions as a shield
for the Arduino microcontroller and monitors the camera’s ac-
tivity. It enables the triggering of the camera by detecting either
the rising or falling edge of the trigger signal. Stepper motors
(NEMA 17, Stepperonline), controlled via a driver (TB6600,
Stepperonline), handle the rotation and translation of the dif-
fraction grating. The system is synchronized so that the laser
diode is active only during the camera exposure. The rotation of
the diffraction grating and pattern's phase shift take place only
when the laser diode is turned off to reduce the phototoxicity
and photobleaching of biological samples.

The entire setup is controlled using user-friendly software de-
veloped in the Python programming language. The software
enables the selection of parameters such as the rotation angle of
the diffraction grating, the number of phases, and the exposure
time. It provides precise control of the laser diode power levels
using the digital-to-analog converter, directly controlled by the
same microcontroller. Moreover, the control software allows for
a seamless selection of operating modes for a rapid transition
between epifluorescent and super-resolution imaging modal-
ities. The software automatically generates appropriate folders
to store recorded images and important information regarding
measurement conditions, such as laser power, camera exposure
time, objective type, and the size of the field of view. The Arduino
code, as well as the Python code of the software controlling the
entire system, with all corresponding files for hardware trigger-
ing, can be found in the repository (Dencevski 2024).
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2.3 | Image Reconstruction Software

The recorded images were used for reconstruction using
the open-source software SIMToolbox (SIMToolbox n.d.),
which offers a range of algorithms for image reconstruction.
Specifically, we employed two algorithms: OS-SIM, which
allows for the resolution improvement up to a maximum of
1.4 times (Karadagli¢ and Wilson 2008), and MAP-SIM, ca-
pable of potentially reducing artifacts caused by refractive
index mismatching within the samples and illumination im-
perfections. We opted for this software due to its ability for
manual recognition of peaks in Fourier space using different
filters. While reconstruction typically involves a calibration
file (SIMToolbox n.d.), our developed setup does not support
such calibration.

3 | Results

3.1 | Fabrication and Characterization
of Diffraction Gratings

The core component of the SIM setup is the system responsi-
ble for generating an interference pattern in the sample plane.
This system features a specially designed diffraction grating
mounted on a stage, facilitating both translational and rota-
tional motion of the grating. This capability allows for precise
manipulation of the interference pattern within the sample
plane. We fabricated transmission diffraction gratings using
the microfilming method (Minton 1994). Initially, a grating
pattern generated by a matrix of pixels was printed. The size
of this matrix was determined by the dimensions of the paper
used for printing and the printing resolution. Specifically, we
utilized 300 X 200 mm photo matte paper with a printing res-
olution of 300 dpi, resulting in a matrix of 3452 rows by 2362
columns. Subsequently, we populated the matrix with zeros
and units, where a unit represented a black-colored pixel on
the paper, and a zero indicated transparent pixel. We ensured
that each row of the matrix contained alternating segments of
zeros and units, maintaining an equal width of transparent
and non-transparent stripes in the grating. By comparing the
paper size to the number of pixels, we determined the printed
grating pixel size to be approximately 85 X 85 pym. We ob-
tained printed gratings with constants ranging from 170 to
2040 pum. Subsequently, we used an analog microfilming de-
vice, with a maximum scanning resolution of 640 dpi. The re-
sulting transmission diffraction gratings are 10 mm wide and
have a constant range from 13.3 to 89.5 ym. The resolution of
the microfilming device limits the finest possible diffraction
grating constant we can achieve. The finest usable diffraction
grating we generated has a constant of 13.3 um.

Additionally, we determined the constant of each obtained dif-
fraction grating using two approaches. First, we recorded the
bright-field images of the diffraction gratings with our micro-
scope, Figure 2a. The grating constants were then calculated
using these images and the prior knowledge of the pixel size.
The second method involved conventional measurement of the
angle of diffraction orders. The results obtained by these meth-
ods are in agreement. For example, the diffraction grating used
in this setup has a constant of 40.1 ym. With the second method,

a constant of 38.7 ym was measured. For all diffraction gratings
listed in the table, the second method gives slightly lower values;
however, the deviation between these methods did not exceed
4 %in any case.

Furthermore, we examined the transmission properties of the
foil used for microfilming, as well as the transmission char-
acteristics of the coating. The transmission curves, Figure 2b,
illustrate certain losses on the foil material. However, diffrac-
tion gratings fabricated in this manner can be used in both the
visible and near-infrared parts of the spectrum. Even though
the analog microfilming method is known as a permanent
method for data storage, there is a lack of information regard-
ing the potential effects of the high-intensity radiation on the
microfilm foil, to the best of our knowledge. Hence, we in-
vestigated the photostability of the produced gratings through
regular usage over a 2-year timeframe. The average power
density applied to the diffraction grating was approximately
0.2 Wem™2. Our observations revealed no degradation of the
grating over time.

In addition to the appropriate diffraction grating constant,
the second requirement for SIM grating is to have a symmet-
rical power distribution between + 1 orders to achieve high
contrast. We measured the power distribution across different
orders and confirmed that the variation in power distribution
between + 1 orders is approximately 5% or less. Table 1 pro-
vides an overview of the produced transmission diffraction
gratings, outlining the constants of the printed gratings used
in the production of corresponding diffraction gratings, as
well as the power distribution between + 1 and 0 diffraction
orders relative to laser power measured immediately after the
diffraction grating.

Table 1 indicates specific losses associated with each grating,
all of which remain below 20%. These losses result from the
presence of higher diffraction orders, which occur due to the
non-sinusoidal transmission of the grating. This limitation is
inherent to the analog microfilming method. The presence of
higher diffraction orders does not affect the interference image
due to the implementation of a mask. This mask effectively re-
moves the higher diffraction orders, ensuring a rapid transition
between microscope imaging modalities.

To facilitate adjustments in both the pattern phase and
rotation angle, we developed a specialized mechanical
translational-rotation system. This system involves securing
the mount of the transmission diffraction grating to a timing
pulley, enabling rotation around a free axis. This arrangement
enables the rotation of the grating in a plane perpendicular
to the direction of laser beam propagation. The aforemen-
tioned timing pulley is linked to a smaller pulley via a timing
belt. The smaller pulley is then linked to the axis of a step-
per motor, which is controlled via a driver. The reduction
ratio between these two timing pulleys allows for a rotation
of the grating by 120" when the motor axis completes a 360"
rotation. Therefore, our system operates independently of
the driver's micro-stepping. The entire assembly is mounted
on a differential translator, similarly controlled by a stepper
motor-driver setup. This arrangement ensures the consistent
rotation of the diffraction grating and adjustment of the phase

40f 12

Microscopy Research and Technique, 2024

85UB017 SUOWILIOD BA1IE8.D) 8|cealidde 8y Aq peusenof a8 sejoiie YO ‘8sn J0 S8|nu o} Akeiq18UlIUO A8]IAN UO (SUOIIPUOD-PUE-SLIBI WD A8 | 1M AReiq 1 U1 |UD//:SHny) SUONIPUOD Pue SWS | 81 89S " [1202/ZT/ST] U0 A%iqi78uliuo ABIIM 'VISHIS - I4VYNIH/AS VNI AQ 95242 WS /Z00T 0T/I0p/wod" A3 | 1M Alelq1jeulU0'S euIN0 Bous s o A FeUe//Sdny o pepeojumod ‘0 '6200260T



Transmission [%]
S
1

Foil
Coating

A\}

T T T T T T T
400 500 600 700 800 900 1000 1100

Wavelength [nm]

Phase 1
160
| —e—phase1
1404 —°* phase 2
| —e—phase3
1207 e, e o—* Va -
5. 1 '® [ o\. 'y —e /. o
Phase 2 « 1004 N\ AN e
Rd ] ° [ ]
_.,? 80/ J °
7, d [ ] Jd L]
C 604 [] L q
(] 0 ° 2 e % °
- |
£ 01 ° 2
Phase 3 1 o e <
204 ) o b
] / v / e ./ —e N o e
) 1 Py Ly
0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Lateral position [um]

FIGURE 2 | Illustration of diffraction grating characteristics and phase control. (a) Bright-field image of the transmission diffraction grating. (b)
Transmission of both the microfilm foil and coating. (c) The interference patterns in the sample plane shifted by one-third of the diffraction grating
constant were recorded as a demonstration of phase control. (d) The intensity profiles extracted at the marked position (green line) on the correspond-

ing interference patterns.

TABLE 1 | Overview of produced transmission diffraction gratings. The matrices employed to fabricate these gratings had varying periods,
resulting in a range of constants for both printed and microfilmed versions. Additionally, the table outlines the power distribution among the zeroth,

+ 1 orders of diffraction, offering insights into the performance of the gratings.

Matrix's period Printed grating Diffraction grating

[pixel] constant [ym)] constant [ym)] P_;, [%] P, [%] P, [%]
4 340 13.3 18 44 19

6 510 22.5 19 44 17

8 680 27.4 19 44 19

10 850 33.9 24 43 24

12 1020 40.1 23 41 23

14 1190 47.9 22 41 22

16 1360 54.2 24 43 24

18 1530 61.4 22 43 21

for the preferred displacement. Typically, the diffraction grat-
ing is shifted by an nth fraction of the grating constant. In our
setup, we commonly rotate the grating by 120" and shift the

diffraction grating three times by a third of the grating con-
stant. However, this mechanism allows for arbitrary rotation
angles and grating displacements as needed.
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Given the variety of diffraction gratings produced via the micro-
filming method, we selected a specific grating where the + 1 dif-
fraction orders, upon passing through a segment of the optical
system, align on the periphery of the back aperture of the objec-
tive. This allows for obtaining the finest interference pattern in
the sample plane. To investigate the period of the pattern in the
sample plane as well as the change in the phase of the pattern,
we removed the emission filter and recorded the reflection of
the laser. Following this, we analyzed the intensity profiles ex-
tracted from the resulting interference images and determined
the distance between the maxima of the pattern perpendicular
to its propagation. Based on the prior knowledge of the camera’s
pixel size in the sample plane, we determined the pattern's pe-
riod to be 272 nm. The finest period of the pattern is limited by
the numerical aperture of the objective lens as well as by the
pixelization of the printing and the resolution of the analog mi-
crofilming method.

Figure 2c illustrates the variations in the interference pattern
as the diffraction grating undergoes controlled translation.
Additionally, Figure 2d shows the intensity distribution of the
interference pattern for one angle of the diffraction grating and
three different phases. We evaluated the contrast of the interfer-
ence pattern using modulation contrast (Calvarese et al. 2022).
We calculated the M modulation contrast of the pattern profile
in Figure 2d by averaging the peak and valley values. For all
three phases, we obtained C = 0.8, where 1 is the theoretical
maximum of contrast.

The diffraction grating affects the polarization, as noted in
(Palmer 2020). Additionally, the performance of the DM is influ-
enced by polarization. Since our laser diode is linearly polarized,
the observed 20 % reduction in modulation contrast compared
to the theoretical value is likely due to this polarization effect.
However, even without polarization control, our modulation
contrast is comparable to, or higher than, other custom SIM
setups (Calvarese et al. 2022). An ideal solution for our system
would be to develop a half-wave plate similar to the azimuthal
polarizer described in (Lu-Walther et al. 2015). Another, al-
though slower, solution would be to rotate half-wave plates
simultaneously with the diffraction grating to keep the polar-
ization consistent. The influence of the DM on the polarization
can be reduced by adding two identical DMs at an angle of 90
to each other or by replacing the DM with a 30: 70 beam splitter
(Calvarese et al. 2022).

The interference pattern is shifted by one-third of a grating
constant, Figure 2c,d. To ensure that the grating shifts by
the nth part of the grating constant, we first determined the
number of stepper motor steps required to move the grating
for the grating constant. This allowed us to establish the re-
lationship between the rotation of the stepper motor and the
phase of the pattern. This information helped us determine
the number of steps needed to shift the grating when posi-
tioned at an arbitrary angle relative to the direction of mo-
tion of the differential translator used for phase shifting. The
same interference image was used to investigate the rotation
of diffraction grating. Consecutive images of grating rotated
by 120" were recorded. A fast Fourier transform (FFT) of all
images was performed and the rotation angle was compared

to the software-selected rotation angle. A deviation of 0.2° was
observed after three consecutive rotations of the diffraction
grating by 120". This information was used for correction in
the software.

We have investigated the properties of the rotation and trans-
lation system of the diffraction grating in detail, focusing in
particular on the repeatability and the influence of the direc-
tion and speed of the motor rotation. To check the repeatability
of the rotation of the diffraction grating, we rotated the motor
shaft by 360", 30 times in succession. After a total rotation of
the diffraction grating by 360°, we checked the position of the
grating in relation to the previous position. This test simulates
the rotation of the diffraction grating during a real image ac-
quisition. At speeds of less than 2000 steps /s, the deviation in
the position of the diffraction grating does not exceed 0.1 %.

With regard to the reproducibility of the translation of the dif-
fraction grating, it is important to move the grating by one-third
of its constant during image acquisition. Although the transla-
tional position of the grating between two acquisitions is not
a critical parameter, we made sure to move the grating in the
opposite direction after each image acquisition. This precaution
prevents the support of the grating from obstructing the laser
beam after several acquisitions.

We examined potential deviations in both the direction and
speed of rotation of the motor, but no significant deviations
were observed. Calibration of the pattern's phase and correc-
tion for deviations in the position of the diffraction grating
during rotation are key components of the control system we
developed.

The microfilming method is a widely used technique for storing
large amounts of data. This method allows for the production
of a substantial quantity of microfilms in a short time, mak-
ing it suitable for the mass production of diffraction gratings.
We examined the reproducibility of manufacturing diffraction
gratings using the microfilming method. The characteristics of
the diffraction gratings produced in the first series are shown
in Figure 2 and Table 1. We produced a new series of gratings,
with the diffraction grating used in this experiment having a
constant of 40.1 ym. The mean value of the grating constants
from the second series is 40.9 pm, and the deviation of the con-
stants within the series does not exceed 5 %.

We also compared the transmission characteristics of the diffrac-
tion gratings from the two series. At a wavelength of 488 nm, the
maximum deviation between two diffraction gratings, regard-
less of the manufacturing series, does not exceed 3 %. Given
the importance of the power distribution of the + 1 diffraction
orders, we examined the deviation in the power distributions of
these two orders. As previously mentioned, the power difference
of these two orders does not exceed 5 %, which was confirmed
for both series of diffraction gratings.

Due to all the above factors, analog microfilming can be used
to make transmission diffraction gratings not only for labora-
tory purposes but also for mass production. This method is cur-
rently less common due to modern data storage techniques. A
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disadvantage of this method of producing diffraction gratings
is the inability to achieve sinusoidal transmission, resulting in
losses associated with the presence of higher diffraction. Our
cost for making these diffraction gratings is about $5 — $7 per
piece, which is approximately 10 — 20 times cheaper than off-
the-shelf DOEs. If we consider the microfilming method as a
custom, cost-free method, the production cost of these gratings
is up to several 100 times lower than custom DOEs.

3.2 | Assessment of the SIM Resolution

The resolution enhancement of SIM over the EPI imaging
modality was confirmed through two distinct measurement
approaches. Initially, a conventional technique involving the
imaging of fluorescent beads was employed. Intensity profiles
of individual beads were extracted from the recorded images.
Approximately 30 intensity profiles were extracted and fitted
with a Gaussian function. The resolution was subsequently de-
termined as the mean value of the FWHM values obtained from
the processed intensity profiles.

Second, we applied the knife-edge technique on transition-metal
dichalcogenides, specifically on MoS, monolayer flakes. Due to
their sub-nanometer thickness (Park et al. 2015), MoS, mono-
layer flakes provide sharp edges suitable for resolution measure-
ments using the knife-edge technique (Mylonakis et al. 2024).
Intensity profiles over the edge of the monolayer flake were

extracted at approximately 30 positions along the edge and then
fitted with the error function (which represents the integral of a
Gaussian function). As in the conventional technique, the reso-
lution was calculated as the mean of the FWHM parameters ob-
tained from the processed intensity profiles. These procedures
were performed for both EPI and SIM imaging modalities.

3.2.1 | Conventional Resolution Assessment

For conventional resolution measurement, we used the
TetraSpeck Fluorescent Microspheres Size Kit (Invitrogen,
Thermo Fisher Scientific). This kit contains fluorescent micro-
spheres, often referred to as beads, arranged in six viewing re-
gions on a single microscopic slide. Each region contains beads
of specific nominal sizes: 0.1, 0.2, 0.5,1.0, or 4.0 um, as well as a
mixture of all sizes. For our resolution measurements, we specif-
ically used the 0.1 pm beads. Each bead is fluorescently labeled
with four distinct fluorescent dyes, one of which corresponds to
excitation at the wavelength of 488 nm. For spectral filtering,
we used a filter (MF530-43, Thorlabs, USA) to complement the
emission spectra of the fluorescent label.

First, we recorded an image in EPI modality, Figure 3a.
Afterward, nine images were recorded (for three different
phases at each of three distinct orientations of the diffraction
grating) in the SIM modality. The reconstruction performed by
the MAP-SIM algorithm of the SIMToolbox software resulted
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FIGURE 3 | Conventional resolution measurement technique using 0.1 ym fluorescent beads. (a) The EPI image. (b) Reconstructed SIM image
obtained by the application of the MAP-SIM algorithm of the SIMToolbox software. The insets show single beads recorded in the EPI (c) and SIM (d)
imaging modalities. Scale bar is 2 um. (¢) Comparison of single bead intensity profiles extracted from corresponding insets. (f-h) Intensity profiles

of observed two-bead systems showing continuous distribution in the EPI image and two beads at the distance of around 135 nm, resolved in the

reconstructed SIM image.
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in the SIM image, Figure 3b. The insets, Figure 3c,d, show a
single bead recorded in the EPI and SIM imaging modalities,
respectively. Since the same sample area was imaged in both
modalities, intensity profiles were extracted at the same posi-
tion within the images and compared, Figure 3e. The extracted
intensity profiles were further used for resolution assessment.
The resolution measurement on the image recorded in EPI mode
resulted in a resolution of (243 +9) nm. The same procedure
applied to the profiles extracted from the SIM image yielded a
mean FWHM value of (163 + 6) nm. The displayed errors repre-
sent the errors of the mean. Given the anticipated resolution and
bead size, a deconvolution method must be applied for a more
accurate resolution measurement.

The systems consisting of two beads at distances comparable to
their sizes were observed in different positions within the sam-
ple. Figure 3f-h shows intensity distributions of those two-bead
systems recorded in both imaging modalities of our microscope.
The difference between the continuous intensity distribution
extracted from the EPI images and the resolved distribution (ac-
cording to the Abbe criteria) obtained on the reconstructed SIM
images is evident, showing two beads at a distance of approxi-
mately 135 nm. A more precise determination of the resolution
is limited by the pixelization of the camera (Pawley 2006), with
one pixel corresponding to the area of 45.3 X 45.3 nm in the
sample plane.

Given that the MAP-SIM reconstruction algorithm depends on
two parameters, spectral merging and cutoff, we tested varia-
tions in the image reconstruction for different values of these pa-
rameters. We used reconstructed images of 0.5 ym fluorescent
beads and then extracted the intensity profiles of those beads
and fitted them with the Gaussian function. Our objective was
to find the parameter values for which we obtained bead sizes
smaller than their nominal size value. This process helped us to
limit the range of parameter values used for the reconstruction.
As for the cut-off parameter, we estimated it based on the FFT of
the epifluorescent image recorded before the recording of nine
images used for reconstruction.

3.2.2 | Resolution Assessment Using
the Knife-Edge Technique

For resolution assessment using the knife-edge technique,
we used MoS, monolayer flakes synthesized via the chemi-
cal vapor deposition technique, described in detail in (Senki¢
et al. 2023). To achieve resolutions approaching the theoreti-
cal limit, glycerin was applied on top of the monolayers and
secured with a coverglass. Excitation of the sample was per-
formed at a wavelength of 488 nm. The emission filter (FBH
650-40, Thorlabs, USA) was used for spectral filtering, as
these monolayers exhibit a photoluminescent signal at wave-
lengths above 600 nm (Zeng et al. 2017). Initially, we recorded
an image of the monolayer flake in EPI imaging modality,
Figure 4a. Subsequently, intensity profiles were extracted
over the monolayer-substrate boundary, Figure 4b, at approxi-
mately 30 positions along the edge of the monolayer flake and
then fitted using the error function, Figure 4c. The FWHM
parameter of the corresponding Gaussian distribution was
determined for each processed intensity profile. The obtained

resolution of (212 +4) nm in the EPI imaging modality pres-
ents the mean value of FWHM values, with the error corre-
sponding to the standard error of the mean.

To determine the resolution in SIM imaging modality, we re-
corded a set of nine images (for three different phases at each
of three distinct orientations of the diffraction grating) of the
MoS, monolayer flake. The reconstructed image, Figure 4d,
was generated using the MAP-SIM algorithm within the
SIMToolbox software. We followed the same data analysis pro-
cedures as for EPI imaging to evaluate resolution in SIM mo-
dality. The MAP-SIM reconstruction yielded a mean FWHM
value of (134 + 8) nm, indicating an enhanced resolution com-
pared to EPI imaging. The obtained resolution is consistent
with the distances between two beads observed in intensity
profiles displayed in Figure 3f-h. By comparing the resolution
between the EPI and SIM imaging modalities, we estimate a
resolution enhancement of 1.58 times. This is consistent with
other custom SIM setups that use different methods for gen-
erating interference image in the sample plane, as reported
in (Calvarese et al. 2022; Sandmeyer et al. 2019), where the
resolution enhancements are 1.5 and 1.62, respectively. Also,
the resolution of our SIM imaging modality is consistent with
the results reported by (Cainero et al. 2021). Furthermore,
we investigated the resolution of the image reconstructed by
the OS-SIM algorithm. The obtained resolution of (153 + 5)
nm corresponds to the maximum expected improvement of
1.4 times compared to EPI imaging modality (Karadagli¢ and
Wilson 2008). The granulation of the monolayer flake present
in the reconstructed image is most likely a consequence of the
material growth.

Through the microfilming method, we have successfully devel-
oped diffraction gratings capable of generating fine patterns in
the sample plane, leading to noticeable improvements in reso-
lution. This enhancement is apparent when comparing the res-
olution of epifluorescence images with those obtained through
super-resolution SIM. Moreover, this method allows us to fab-
ricate diffraction gratings with preferred constants, ensuring
excellent transmission in both the visible and near-infrared
spectra. This versatility enables the development of linear SIM
systems for a range of excitation wavelengths, all without sig-
nificant modifications to the optical setup. However, there are
limitations to consider. Recording using diffraction grating
fabricated by the microfilming method is slower compared to
SIM setups that utilize SLMs. Also, microfilming only enables
the fabrication of black-and-white patterns without gray shades.
Nonetheless, the cost-effectiveness of production of these grat-
ings is significantly higher—up to a 100 times—compared to
commercial alternatives such as DOE and SLM (Hannebelle
et al. 2023).

The photoluminescent signal obtained from MoS, mono-
layers results in a relatively high signal-to-noise ratio and
no-photobleaching effect, making them convenient for the
resolution measurement of different microscopic systems. To
confirm their photostability, we extracted a 100 X 100 pixel area
within each image from a set of nine images of the monolayer
flake and calculated the mean photoluminescent signal inten-
sity. The mean intensity of the signal in this area remains rela-
tively constant, with a maximum deviation of about 5 % across
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FIGURE 4 | The application of the knife-edge technique on MoS, monolayers. (a) The EPI image of the MoS, monolayer flake. (b) Shows the
extraction of the intensity profile over the edge of the MoS, monolayer, followed by fitting using the error function as presented in (c). (d) The super-
resolution SIM image. (¢) Comparison between the intensity profiles obtained at the marked position of both EPI and SIM images.
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FIGURE 5 | Super-resolution Imagining of fluorescently labeled Astrocytes. (a) The EPI image. (b) The super-resolution SIM image. The insets
show enlarged areas of the sample marked on the EPI image (c) and super-resolution SIM image (d). (e) The intensity profiles extracted across the
marked areas of the corresponding insets show an improvement in the resolution of SIM over the EPI imaging modality.

the set of images. Additionally, the sub-nanometer thickness Furthermore, we investigated if the sample plane is plan-parallel
of MoS, monolayer flakes (Park et al. 2015) makes them suit- to the diffraction grating's plane by tilting the grating. The ob-
able for evaluating the quality of the illumination pattern in the served deviations in the average intensity were over 20 %, con-
sample plane and for additional system alignment purposes. firming that our system was well-aligned.
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3.3 | Imaging of Biological Samples Using
Custom-Made SIM

As the primary application of the SIM setup is the imaging of
biological samples, we demonstrated the capabilities of our
custom-made SIM microscope by imaging fluorescently labeled
astrocytes. A laser diode emitting at the wavelength of 488 nm
was used for excitation of the fluorescently labeled vimentin fil-
ament protein within these cells (Wu et al. 2022). The emission
filter (MF530-43, Thorlabs, USA) was used for spectral filter-
ing. Figure 5a presents the sample recorded in the EPI imaging
modality. Subsequently, we recorded a total of nine images, for
three different phases at each of three distinct orientations of the
diffraction grating. The super-resolution SIM image, Figure 5b,
was obtained by reconstructing these nine images using the
MAP-SIM algorithm of the SIMToolbox software. The insets,
Figure 5c,d, show the same sample region recorded in EPI and
SIM imaging modalities, respectively. These insets illustrate
the enhanced resolution achieved with SIM imaging. To con-
firm the resolution improvement, we extracted intensity profiles
across the marked region on the insets, for both EPI and SIM im-
ages. The intensity profile, Figure 5e, obtained from the super-
resolution SIM image reveals fine structures of the vimentin
cytoskeleton that remain unresolved in the EPI image.

4 | Conclusion

We have developed a method to fabricate the transmission dif-
fraction gratings suited to the specific requirements of our sys-
tem. From a variety of gratings produced via the microfilming
method, we implemented the one providing the finest pattern in
the sample plane, characterized by a period of 272 nm. The vari-
ation in power distribution between + 1 orders is approximately
5% or less. The losses associated with the presence of higher dif-
fraction orders (which remain below 20 %) arise due to the non-
sinusoidal transmission of the grating, a limitation inherent to
the analog microfilming method. We examined the photostabil-
ity of the produced gratings over a two-year period, which re-
vealed no degradation of the grating over time. We examined the
reproducibility of manufacturing diffraction gratings using the
analog microfilming method and confirmed that this method is
not limited to laboratory use. It is well optimized for mass pro-
duction, both due to the quality characteristics of the manufac-
tured gratings and the cost-effectiveness of the process.

We employed two distinct measurement approaches to evalu-
ate the resolution enhancement achieved by implementing this
grating. Initially, we utilized a conventional resolution measure-
ment technique involving the imaging of sub-resolution-sized
fluorescent beads. In the EPI modality, the resolution measure-
ment resulted in (243 + 9) nm. Following the same protocol for
the SIM modality, we obtained the resolution of (163 + 6) nm.
For a more accurate resolution measurement, a deconvolution
method must be applied, given the anticipated resolution and
bead size. Following this, we applied the knife-edge technique
on transition-metal dichalcogenides, specifically on the sharp
edges of MoS, monolayer flakes. The obtained resolution in
the EPI imaging modality is (212 +4) nm. The reconstructed
image generated using the MAP-SIM algorithm yielded a mean
FWHM value of (134+8) nm, indicating an enhanced resolution

compared to EPI imaging. Furthermore, we investigated the
resolution of the image reconstructed by the OS-SIM algorithm.
The obtained resolution of (153 + 5) nm corresponds to the max-
imum expected improvement of 1.4 times relative to the EPI im-
aging modality.

To conclude, we have successfully developed a method to fab-
ricate transmission diffraction gratings capable of generating
fine illumination patterns in the sample plane of our custom-
made SIM setup. Moreover, this method allows us to fabricate
diffraction gratings with preferred constants, ensuring excel-
lent transmission in both the visible and near-infrared spectra.
Consequently, these gratings are well-suited for the development
of near-infrared SIM setups. However, the recording using dif-
fraction grating fabricated by the microfilming method is slower
compared to SIM setups that utilize SLMs. Nonetheless, the
cost-effectiveness of production of these gratings is significantly
higher—up to a 100 times—compared to commercial alterna-
tives such as DOE and SLM. We have successfully demonstrated
the capabilities of our microscope by imaging fluorescently
labeled astrocytes, specifically the vimentin filament protein
within these cells. The SIM images reveal fine structures of the
vimentin cytoskeleton that remain unresolved in the EPT image.
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Abstract

We report application of the knife-edge technique at the sharp edges of WS, and MoS, monolayer flakes for lateral and axial resolution
assessment in all three modalities of nonlinear laser scanning microscopy: two-photon excited fluorescence (TPEF), second- and third-
harmonic generation (SHG, THG) imaging. This technique provides a high signal-to-noise ratio, no photobleaching effect and shows good
agreement with standard resolution measurement techniques. Furthermore, we assessed both the lateral resolution in TPEF imaging
modality and the axial resolution in SHG and THG imaging modality directly via the full-width at half maximum parameter of the corresponding
Gaussian distribution. WWe comprehensively analyzed the factors influencing the resolution, such as the numerical aperture, the excitation
wavelength and the refractive index of the embedding medium for the different imaging modalities. Glycerin was identified as the optimal
embedding medium for achieving resolutions closest to the theoretical limit. The proposed use of WS, and MoS; monolayer flakes emerged
as promising tools for characterization of nonlinear imaging systems.

Key words: knife-edge technique, nonlinear laser scanning microscopy, resolution measurement, second/third harmonic generation, WS, and MoS,

monolayers

Introduction

Nonlinear laser scanning microscopy (NLSM) is a specialized
microscopy technique that uses localized nonlinear excitation
to excite fluorescence only within a thin raster-scanned plane.
In NLSM, two-photon excited fluorescence (TPEF) is typically
detected and used for imaging (Masters & So, 2009;
Tserevelakis et al., 2012; Rohrbacher et al., 2017). In addition
to TPEF, other imaging techniques include three-photon ex-
cited fluorescence, and second- and third-harmonic generation
(SHG, THG) (Zipfel et al., 2003; Tserevelakis et al., 2010).
Every optical system has a fundamental limitation of reso-
lution due to diffraction which causes the image to spread in
both lateral and axial directions. The diffraction pattern (light
intensity distribution) of a point-like light source in the lateral
(x,y) and axial (z) dimensions is referred to as a point-spread
function (PSF) (Cole et al., 2011). According to the Houston
criterion for resolution (van den Bos & den Dekker, 2001),
two point sources are considered resolved if the full-width at
half maximum (FWHM) of their PSFs no longer overlap. In mi-
croscopy, resolution depends on many factors such as numer-
ical aperture (NA) of the objective lens, wavelength, refractive
index of the embedding medium, coverglass thickness, distance
between the object and coverglass, etc. (Kozubek, 2001).

The standard technique for evaluating resolution is based
on the imaging of nanospheres, often referred to as beads.
Beads can be used directly to assess lateral resolution, or to de-
termine the PSF by applying the deconvolution method (using
bead images and prior knowledge of the actual bead size).
Although this method is practical, it does have certain limita-
tions. As bead size decreases, the signal-to-noise ratio (SNR)
deteriorates, making it challenging to obtain reliable measure-
ments. Deconvolution, on the other hand, can be severely af-
fected by noise. With axial resolution, the stack image of the
beads must be recorded. This is challenging in practice as the
beads are prone to photobleaching. Consequently, the meas-
urement of axial resolution results in a relatively small number
of data points which affects the quality of the assessment.
Furthermore, due to the coherent nature of the SHG signal,
its PSF is a contentious issue, as pointed out in Chen et al.
(2012). Accordingly, imaging of common polystyrene beads
by SHG microscopy is not widely used and has been reported
only in terms of the material nonlinear response characteriza-
tion, with no resolution assessment (Hou & Labarthet, 2018).
Similarly, sparse THG imaging of similar objects for reso-
lution measurement was demonstrated in Masihzadeh et al.
(2009). Several inorganic nanocrystals of noble metals or met-
al oxides arranged in a noncentrosymmetric crystal structure
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(such as KTiOPOy4) have been used as point-like SHG signal
sources in NLSM (Mahou et al., 2017), in a manner similar
to beads. In contrast to fluorescence, SHG is theoretically an
achromatic phenomenon which can be obtained at arbitrary
wavelengths covering the entire range of tunable NIR lasers.
This makes such crystal structures suitable for NLSM reso-
lution evaluation.

Due to the lack of techniques for assessing resolution of all
three modalities of NLSM (TPEF, SHG, and THG) within a
single microscopic system, we were inspired to conduct a
more in-depth investigation into this matter. Here, we propose
application of the knife-edge technique to monolayers of tran-
sition metal dichalcogenides (TMDs), in particular WS, and
MoS,, for evaluation of lateral resolution. In their single-layer
form, TMDs have a D3;, symmetry where the lack of inversion
symmetry allows for an unusually strong SHG signal. This ef-
fect is very sensitive to layer thickness, crystalline orientation,
and layer stacking (Kumar et al., 2013; Yin et al., 2014; Rosa
et al., 2018). The thickness of our samples (<1nm)
(Radisavljevic et al., 2011) and their efficient SHG production
(Woodward et al., 2016) and THG (Wang et al., 2013) signals
also allow direct measurement of axial resolution. The inten-
sity profiles obtained at the monolayer-substrate boundary
are free from artifacts typically associated with thicker sam-
ples. Although a similar approach was reported by Mehravar
et al. (2020), the absence of axial resolution results in their
study can be attributed to excessive thickness of the samples
used. Other 2D materials (2DMs) such as hBN have been re-
ported as a test material in resolution assessment of a confocal
focus-engineered coherent anti-Stokes Raman scattering
(cFE-CARS) microscope (Lee et al., 2023). However, h-BN ex-
hibits an SHG signal that is an order of magnitude lower than
that of the MoS; monolayer (Li et al., 2013). SHG and THG
signals obtained by WS, and MoS, monolayers both result in
a relatively high SNR and no photobleaching effect.

While the knife-edge technique is commonly used for laser
beam profile determination (Aratjo et al., 2009), its applica-
tion in resolution assessment of various microscopic techni-
ques (Chu et al., 2005; Wachulak et al., 2017; Mennel et al.,
2018; Mylonakis et al., 2024) has generally been limited and
auxiliary. The knife-edge technique is a method of assessing
resolution by analyzing the transition zone across a boundary
formed by sharp-edged objects. By extracting intensity profiles
across the edge and measuring the width and slope, one can
determine the resolution of an optical system. A sharper and
narrower transition generally indicates a higher resolution,
while a wider transition indicates a lower resolution. In this
study, we present the measurement of resolution in different
imaging modalities of our custom-built nonlinear laser scan-
ning microscope (Rabasovic et al., 2015) utilizing two distinct
approaches.

Here, we report application of the knife-edge technique on
WS, and MoS;, (for lateral resolution assessment in SHG
and THG modalities). We also evaluated both lateral
(in TPEF modality) and axial resolution (in SHG and THG
modalities) directly via the FWHM parameter of the corre-
sponding Gaussian distribution. Our study includes a compre-
hensive analysis of how the resolution varies with the NA of
the objective lens, excitation wavelengths, refractive index of
the embedding medium, and imaging modality of the micro-
scope. In addition, the obtained PSF (FWHM) values were em-
ployed in deconvolution of the image, resulting in significant
improvement in image resolution.
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Materials and Methods
NLSM Experimental Setup

Our custom-made NLSM system [detailed information can be
found in Paji¢ et al. 2022] enables precise control of power levels
and motorized positioning of the sample in the axial direction
with a minimum step-size of 0.25 um. For TPEF and SHG im-
aging, a tunable (700-1,000 nm) Kerr lens mode-locked femto-
second Ti: Sapphire laser (Mira 900, Coherent Inc., CA, USA)
with a repetition rate of 76 MHz and pulse duration of 160 fs
was used. Femtosecond pulses were also obtained from a
SESAM  mode-locked Yb:KGW laser (Time-Bandwidth
Products AG, Time-Bandwidth Yb GLX; Zurich, Switzerland)
at a fixed wavelength of 1,040 nm with a pulse duration of 200
fs and a repetition rate of 83 MHz. After being expanded 3.75
times with a Keplerian telescope (obtained by AC254-040-A
and AC254- 150-A lenses, both from Thorlabs, Inc.), the laser
beams are directed toward the objective lens via a main dichroic
mirror (MDM; FF700-SDi01-25x36, Semrock). Beam raster
scanning over the sample is achieved using a galvo scanner
(6,215H, Cambridge Technologies). A National Instruments
USB-6351 card was used for signal acquisition and control of
the galvo scanner with a sampling rate of 1.2 M sample/s.

SHG and TPEF signals were collected in back reflection by
an objective lens, passed through the MDM, filtered with
appropriate filters (depending on the excitation wavelengths
used and imaging modality), and then focused onto a photo-
multiplier tube (PMT) (RCA, PF10006). In SHG modality,
we used several narrow bandpass filters (FBH370-10,
FBH400-10, FBH420-10, and FB520-10, all from Thorlabs,
Inc.). In the TPEF modality, the signal was filtered with a short-
pass filter (FESH0700, Tholarbs, Inc.). In THG imaging, the
signal was detected in the forward direction (transmission
arm) after being reflected by two harmonic beam splitters
(HBSY13, Thorlabs, Inc.) to reduce reflection of laser light.
Finally, the residual laser light was filtered out by two filters
(FGUV11M, Thorlabs, Inc. and FSR-U340, Newport). After
filtering, the THG signal was focused onto the entrance win-
dow of the PMT (H7422, Hamamatsu, Japan).

Fluorescent Beads

To measure lateral resolution in TPEF modality, we used a
TetraSpeck Fluorescent Microspheres Size Kit (Invitrogen,
Thermo Fisher Scientific Inc.) which was specially developed
for the calibration of microscopes. The slide contains six view-
ing areas, each of which contains nanospheres of a specific
(nominal) size: 0.1um, 0.2 um, 0.5um, 1.0um, or 4.0 um
and a mixture of all sizes. Each nanosphere is stained with
four different fluorescent dyes: 365/430 nm, 505/515 nm,
560/580 nm, and 660/680 nm. This makes them suitable for
applications that require a broad spectral range. For the pur-
pose of resolution measurements, the optimal SNR was ob-
tained for 0.2 um fluorescent beads. The profile extracted
from the recorded images of the beads was fitted by the
Gaussian function. The lateral resolution was directly assessed
through the FWHM parameter of the Gaussian fit.

WS, and MoS, Monolayers

Synthesis

MoS; samples were synthesized using a chemical vapor depos-
ition (CVD) technique, described in detail in Senki¢ et al.
(2023). Samples were grown on two substrates: c-cut sapphire
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and Si/SiO;, each with a 290 nm oxide layer thickness. The
synthesis procedure is the same as described in Senki¢ et al.
(2023), with a growth temperature, Tg, equal to 875°C. The
thickness of monolayers was determined using atomic force
microscopy (AFM), and was determined to be 0.8 nm Senkic
et al. (2023).

Similar to the MoS, growth, DI water-based solutions were
used for WS;. As a growth promotor, a 5§ ppm concentration
of NaOH solution was used, whereas the tungsten source
was a 100 ppm concentration of ammonium metatungstate
hydrate (NH4)sH,W12040 - H;O (99.99% Sigma Aldrich).
These solutions were mixed in equal parts, and the 10 uL drop-
let of this mixture was dropcast onto the cleaned substrate,
which were then placed on a hot plate at 120°C until the drop-
let dried. The Si/SiO, substrate was first cleaned with argon
gas, and then in an O, plasma chamber for 10 min. Before
loading the substrate with the deposited metal precursor, the
CVD furnace was heated to 500°C under argon flow
( =200sccm). When the substrate was loaded, the furnace
temperature was raised to the growth temperature of 850°C.
The sulfur temperature was set to 140°C, and argon flow to
100 sccm. When both temperatures reached their target value,
the argon flow was decreased to 75 sccm and the synthesis pro-
cess was started. After 5 min, the furnace was then quickly
cooled to 775°C using compressed air with the argon flow
set to 50 sccm, whereas the sample remained in the furnace.
Then, the argon flow was stopped ({ = 0sccm), the furnace
further cooled to 500°C, and the sample was completely re-
moved from the CVD furnace.

Transfer

MoS$S, and WS; were moved from the Si wafer by using poly-
dimethylsiloxane (PDMS) transfer (Niehues et al., 2018).
The first step is a pickup, in which 2DMs are moved from
the growth substrate on the PDMS sheet. In this step, the
PDMS sheet (160 um thick) purchased from GEL-PAK com-
pany was cut into a rectangle slightly larger than the Si/SiO;
substrate and positioned on top of the Si/SiO, surface with
2DMs. To increase the separation speed in the following
phase, PDMS is left without contact on one of the edges of
the Si/SiO; substrate, which was ensured by placing a carbon
fiber or any similar object on the substrate edge before placing
PDMS on top. Subsequently, the PDMS/2DM/substrate is
placed on top of a DI (deionized) water and ammonia solution
(1,000:1 ratio), which is gently stirred to ensure the flow of the
solution. The solution slowly intercalates between the PDMS
and Si/SiO; substrate, separating 2DM from the Si/SiO; sub-
strate. After complete separation in a few minutes, the Si/SiO;
substrate sinks into the solution, and PDMS with 2DM are left

Table 1. Overview of Objective Lenses Used (All from Zeiss)

floating on top of the solution. PDMS with 2DM is addition-
ally rinsed with DI water and dried with nitrogen flow to re-
move residual water from the surface.

For placing 2DMs from PDMS on sapphire, PDMS with
2DM is positioned on top of the sapphire and gently pressed
with an Q-tip to ensure adequate adhesion over the whole sur-
face. PDMS with 2DM is fixed on a z-axis manipulator with
which the separation of PDMS and sapphire can be controlled.
To ensure that the 2DM has higher adhesion with sapphire,
PDMS is slowly separated in small steps with a z-axis manipu-
lator. The front of the adhesion is monitored with an optical
microscope to increase separation speed in areas of no interest
and reduce it in regions with 2DM flakes. After the controlled
and complete separation of PMDS, 2DM is left on the sap-
phire surface. For detailed information about this process,
see Castellanos-Gomez et al. (2013).

Sample Preparation

The MoS2 and WS2 substrate monolayers were placed on a
microscopic slide and fixed with a coverslip, leaving the layer
of air between the two glass surfaces. In addition, we intro-
duced various media with different refractive indices to the
monolayers. A small amount of glycerin, with a refractive in-
dex of n =1.47 was directly applied on top of the monolayers
and then fixed with a coverslip. Distilled water was also used
as an embedding medium, but without a coverslip as we em-
ployed a “water-dipping” objective lens for this type of sam-
ples. During the recording in different embedding media, no
degradation of monolayer flakes was observed, so samples
prepared in this way can be used several times. This approach
allowed us to systematically examine how different embed-
ding media influence resolution assessment.

Objective Lenses

We used a range of objective lenses (see Table 1) to investigate
how resolution assessment is affected by different measure-
ment conditions. A variety of different objective lenses was
used, taking into account their different NA’s, magnifications
and using different immersion media. For samples embedded
in distilled water, we employed the water-dipping objective
lens, specifically W Plan-APOCHROMAT. This type of ob-
jective lens is designed to be used without a coverslip, with
the tip submerged into the embedding medium.

Theoretical Limit Calculation

The theoretical limits for the lateral and axial resolutions
under the different measurement conditions given in this paper
were calculated using the following equations (Squier &

Numerical Working Chromatic aberration  Spherical aberration
Objective lens Magnification aperture Immersion distance (mm) correction correction
EC Plan-NEOFLUAR 40x 1.30 Oil 0.21 Red and blue; green Blue, green
close

W Plan-APOCHROMAT 40x 1.00 Water-dipping 2.50 Deep blue, blue, green  Deep blue and blue
and red

Plan-APOCHROMAT 20x 0.80 — 0.55 Deep blue, blue, green  Deep blue and blue
and red

GF Planachromat 40x 0.65 — 0.53 Red and blue Green
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Miiller, 2001; van den Bos & den Dekker, 2001; Masters &
So, 2009; Farahi, 2015):

1 .051-4

FWHMlat=\/NW (1)
1 177 -n-2

FWHM,, = ———-— 2
VN NA? 2

with 1 representing excitation wavelength, 7 is the index of re-
fraction of respective embedding media, and N is the non-
linearity order (N =2 for TPEF and SHG, N = 3 for THG).
We should emphasize that the magnitude for NAs used in all
calculation throughout the paper were from the specifications
of the objective lenses given by the manufacturer. This can be
considered as the best possible approximation as the exact
magnitude is only valid under certain conditions (refractive in-
dex of the sample/embedding medium and proximity to the
coverslip surface) and may vary with different settings/condi-
tions. In other words, if the embedding medium is changed, the
refractive index changes and so does the NA which depends on
the refractive index. This change cannot be measured or esti-
mated, so the value from the objective specification is used
in the calculations for all settings/conditions.

Results
Lateral Resolution in TPEF Modality

WS, and MoS; monolayers can generate photoluminescence
when excited in the 520-640 nm and 610-670 nm ranges
(Rigosietal.,2015). Therefore, they can be used for resolution
assessment of fluorescence microscopy modalities in general.
However, due to the spectral range of our lasers, it was not
possible to obtain a TPEF signal from these monolayers.
Therefore, we opted to use 0.2 um fluorescent spheres to ac-
cess lateral resolution. The inset in Figure 1 shows the fluores-
cent spheres recorded in the TPEF modality using the 40 x 1.3
objective lens. By fitting the extracted intensity profile using a
Gaussian function, we determined the lateral resolution to be
(320 + 20) nm. The data points for fitting were chosen to in-
clude the feature of interest (i.e., peak), while expanding the

0.9
——— TPEF signal
Gaussian fit
_. 0.8
5
s 13
2 0.7 4 09
(2]
% 0.5
E 0.6 - -
E 0.1
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-
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0.0 0.5 1.0 1.5 2.0 25
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Fig. 1. TPEF signal of a fluorescent bead with a nominal size of 0.2 um.
The individual intensity profile was extracted from the labeled position on
the inset. The profile was fitted using a Gaussian function with a quality
indicator for the fit of R = 97.5%. The sample was recorded using a 40 x
1.3 objective lens at the excitation wavelength of 730 nm.
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range did not affect the fitting parameters. The result corre-
sponds to the FWHM of the obtained intensity distribution,
with the error representing the fitting error. The lateral reso-
lution in the TPEF modality was only successfully determined
at an excitation wavelength of 730 nm. The theoretical limit
for lateral resolution in the TPEF modality, which was calcu-
lated under the same conditions according to the equation (1),
is 203 nm. Excitation at higher wavelengths resulted in insuf-
ficient SNR for the resolution measurement. It was not pos-
sible to record a stacked image of satisfactory quality for
axial resolution assessment due to pronounced photobleach-
ing. It is also important to note that the fluorescent spheres
used in this case cannot be considered as point-like sources
due to their size and expected resolution. In contrast, the use
of TMD monolayers does not lead to photobleaching and
eliminates the need for deconvolution due to their subnanom-
eter thickness. Consequently, the application of knife-edge
technique to TMD monolayers provides a reliable measure-
ment of both lateral and axial resolution.
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(®) 5+ —— SHG signal

= Error function fit
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Fig. 2. (a) SHG image of a MoS; flake. The image was recorded at an
excitation wavelength of 800 nm using a 40 x 1.3 objective lens with
glycerin as the embedding medium. The marker (line) indicates the
position along the edge of the monolayer flake from which the intensity
profile was extracted. (b) Typical intensity profile extracted at the edge of
the MoS; monolayer flake. The profile was fitted using the error function,
with the parameter for the quality of fit R = 99.8 %.
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Fig. 3. Dependence of the lateral resolution on (a) the excitation
wavelength for various objective lenses and (b) the numerical aperture
for various excitation wavelengths. The results were obtained for a MoS,
monolayer in the SHG modality.
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Fig. 4. Dependence of the lateral resolution on the excitation wave
length for two embedding media, air, and glycerin. The graph shows the
results obtained with a 40 x 1.3 objective lens and the theoretical limit
for the lateral resolution under the same measurement conditions. The
results were obtained for a MoS; monolayer in the SHG modality.
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Fig. 5. (a) Calibrated 3D model of the MoS, monolayer flake with
labeled surface from which the average intensity was calculated.
(b) Intensity profile obtained by averaging the intensity of a chosen
surface area of 100 x 100 pixels for each image of the flake in the
stack. The x-axis represents the axial position of the image plane.
The fitting was performed using Gaussian fit, with the quality
parameter R? =99.7%. (¢) Dependence of the axial resolution on the
excitation wavelengths in the SHG modality for 40 x 1.3 and 20 x 0.8
objective lenses.
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Resolution Assessment in SHG Modality

MoS; and WS, monolayers were used for resolution measure-
ment in the SHG modality. No significant differences in the
resolution assessment were found between these two materi-
als. The typical image of a monolayer flake is shown in
Figure 2a. These flakes exhibit distinct and well-defined edges,
suitable for lateral resolution assessment using the knife-edge
technique. To determine lateral resolution, we extracted inten-
sity profiles over the edge and performed fits using the error
function (which is the integral of the Gaussian function)
(Davis & Brown, 2002), as shown in Figure 2b. The data
points for the fit were chosen to include features of interest
(the slope), while further expansion of the range did not affect
the fit parameters. The intensity profiles of the monolayer-
substrate boundary were analyzed at typically ten different po-
sitions along the edge, resulting in a total of 800 processed
profiles. The lateral resolution was then calculated based on
the mean value of the parameter w (the half-width at e% of
the corresponding Gaussian distribution) obtained for each
processed monolayer flake, with the error corresponding to
the standard error of the mean. The resolution is presented
as FWHM of the Gaussian distribution corresponding to the
data obtained, where FWHM is calculated as w/0.85.

The axial resolution was determined based on the recorded
stack, a series of consecutive images taken in equidistant sam-
ple planes, of a thin monolayer. A homogeneous surface of ap-
proximately 100 x 100 pixels was selected within the
monolayer. The same surface was analyzed on all images of
the stack. The average value of the pixel intensity of the ob-
served surface was determined. The dependence of the average
intensity of the chosen surface area on the corresponding axial
position of the image plane was fitted by the Gaussian func-
tion. The FWHM parameter of the Gaussian fit was read dir-
ectly as the axial resolution of the microscope under the

Table 2. Comparison of Axial Resolutions in SHG Modality between
Different Embedding Media and Objective Lenses, along with the
Theoretical Limits Provided in Brackets.

SHG 740 nm 800 nm
Glycerin 1.4 ym (0.81 um) 1.6 um (0.87 um)
Air 5.9 um (0.55 um) 6.7 um (0.59 um)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: 7 =1.47 and n = 1, respectively.
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specified conditions, with the error corresponding to the fitting
error.

Both lateral and axial resolutions were presented as the
FWHM values, all in accordance with the Houston criterion
for resolution. An identical data analysis procedure was ap-
plied for resolution assessment in THG modality.

Lateral Resolution in SHG Modality

To investigate wavelength-dependent variation in lateral reso-
lution of the microscope, we recorded SHG signal of the
monolayer flake at four different excitation wavelengths:
740 nm, 800 nm, 840 nm, and 1,040 nm, using glycerin as
the embedding medium. The dependence of the resolution
on wavelength for different NA’s of objective lenses is shown
in Figure 3a. The graph illustrates the theoretical limit of lat-
eral resolution for the objective lens with a numerical aperture
of 1.3 at different wavelengths. The experimental results align
with expectations and show a deterioration of resolution with
increasing wavelength for the specific objective lens. A lower
value indicates better resolution and vice versa. An exception
was noted at 800 nm, where better resolution was achieved
with a lower NA objective lens (0.8 versus 0.65). A similar ap-
parent exception was also observed at 740 nm (1.0 versus 1.3),
which is within the experimental margin of error.
Additionally, the obtained values are above the theoretical
limit at all wavelengths. Figure 3b shows the dependence of
the lateral resolution on the NA of the corresponding objective
lenses for different wavelengths. The results are generally in
line with expectations, with two exceptions observed for ob-
jective lenses with NA values of 0.8 and 1.0, where better reso-
lution was achieved at 840 nm compared to 800 nm. The
aforementioned exceptions might be attributed to the fact
that the objective lenses used in this study are not designed
for infrared light but for visible light (see Table 1), resulting
in suboptimal focusing. This may vary from case to case (for
different objectives, at different wavelengths). The lateral
resolution for the 40 x 1.3 objective lens exhibits weak wave-
length dependence, which agrees well with the theoretical limit
shown in Figure 3a. As the monolayer flakes are significantly
thinner than the expected resolution, deconvolution is not re-
quired. Notably, no photobleaching of the samples was ob-
served at any wavelength during monolayer imaging.

In addition to the factors already mentioned, resolution is
further influenced by the order of interaction. While TPEF

—e— Average intensity
of a chosen surface area
Gaussian fit

0.055 4

0.050

0.045 4

0.040 -

THG signal intensity [a.u.]

0.035 T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0

Axial position [um]

Fig. 6. (a) Typical intensity profile extracted at the edge of the WS, monolayer flake in THG modality for a 40 x 1.3 objective lens. The profile was fitted
using the error function, with the quality of fit parameter R% = 99.6%. (b) Intensity distribution obtained by averaging the intensity of a chosen area of 60 x
60 pixels for each image in the stack. The x-axis represents the axial position of the image plane. Fitting was performed using the Gaussian function, with

the quality parameter of fit RZ = 99%.
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and SHG are conceptually distinct processes, both involve
two-photon interactions, suggesting that the resolutions ob-
tained for the corresponding imaging modalities should be
closely aligned. This implies that the theoretical limit will be
the same for both imaging modalities at a given wavelength.
Despite the slightly higher excitation wavelength of 740 nm
used for the resolution measurement in the SHG modality,
the measured resolution of (300+10) nm exceeds that of the
TPEF modality (320+20) nm obtained at 730 nm. However,
this statement is not conclusive as the measurements are with-
in the margin of error. Both measurements were performed us-
ing a 40 x 1.3 objective lens. The fluorescent beads utilized in
our study do not serve as ideal point-like sources for resolution
measurement. In contrast, monolayer flakes due to their exten-
sive thinness, offer a better approximation when combined
with the knife-edge technique.

Using the same method, we also investigated the influence of
the embedding medium on the lateral resolution of the SHG
modality. We recorded images of monolayer flakes at various
excitation wavelengths using a 40 x 1.3 objective lens, with
one sample embedded in glycerin and the other in air.
Figure 4 illustrates the lateral resolution for the two specified
embedding media. It is shown that the resolution is closer to
the theoretical limit when glycerin is present at all excitation
wavelengths used, indicating a more appropriate utilization
of the objective lens.

Axial Resolution in SHG Modality

In addition to assessing lateral resolution, we also investigated
axial resolution using the same samples. The SHG signal of
glycerin-embedded monolayer flakes was recorded at various
excitation wavelengths. For each wavelength, a stack of typic-
ally 30 images was acquired, with a slice spacing of 0.25 um.
To determine the axial resolution at a specific wavelength,
we selected a homogeneous surface area from each image of

Table 3. Comparison of Lateral and Axial Resolution in THG Modality
between Different Embedding Media and Objective Lenses, along with
the Theoretical Limits Provided in Brackets.

Lateral Resolution (um)

THG (1,040 nm) Axial Resolution (um)
20%0.8 40x1.3 40x%x1.3

Glycerin 0.44 (0.39) 0.27(0.24) 1.10 (0.92)

Air 0.75 (0.39) 0.43 (0.24) 5.90 (0.63)

The theoretical limits were calculated using the equations (1) and (2) with the
refractive indices of glycerin and air: 7 =1.47 and n = 1, respectively.

) i

the stack. Figure Sa displays the calibrated 3D model of the
monolayer flake and provides an example of the surface
used to derive parameters for axial resolution assessment.
The resolution was determined based on the dependence of
average intensity of the chosen surface area on the correspond-
ing axial position of the image plane in the stack. This is shown
in Figure 5b. This dependence was fitted with a Gaussian func-
tion and the FWHM was determined as a measure of reso-
lution. The measurement involved two objective lenses with
distinct NA values with an aim to investigate how the reso-
lution varies with the NA for different wavelengths. The cor-
responding results are shown in Figure 5S¢ together with the
theoretical resolution limit in the case of an objective lens
with an NA value of 1.3. Although the obtained resolution
is above the theoretical limit, the observed trend deviates
from expectations and indicates an improvement in resolution
with increasing wavelength, which is particularly evident for
the 20 x 0.8 objective lens. A similar trend can be seen for
the 40x 1.3 objective lens. As expected, superior results
were consistently obtained with the higher NA objective lens.

We also investigated how axial resolution is affected by the
embedding medium. The SHG signal of MoS, monolayer
flakes was recorded using a 40 x 1.3 objective lens at excita-
tion wavelengths of 740 nm and 800 nm, using glycerin and
air as embedding media. A comparison between the axial res-
olutions obtained for different embedding media is provided
in Table 2. Significantly poorer results were obtained when
air was used as the embedding medium.

Resolution Assessment in THG Modality

We measured both lateral and axial resolution of the micro-
scope in the THG modality using WS, monolayer flakes im-
mersed in glycerin with an excitation wavelength of 1,040
nmanda40 x 1.3 objective lens. Figure 6a shows a typical in-
tensity profile extracted from the edge of the monolayer flake.
This profile was fitted with the error function, resulting in a
lateral resolution of (270 + 10) nm. Figure 6b shows the distri-
bution of the average intensities of the selected surface area
from each image of the stack (slice separation of 0.25 um)
over the axial position of the image plane. Using this profile,
we were able to determine the axial resolution to be
(1.07 + 0.06) um. We investigated how both the lateral and
axial resolution in THG modality vary between different em-
bedding media and objective lenses. An overview of the results
is displayed in Table 3, which quantifies the effect of embed-
ding media with different refractive indices on image

Fig. 7. (a) MoS; monolayer flake with glycerin as the embedding medium. (b) MoS, monolayer flake with air as embedding medium. The figure clearly

shows decreasing of the THG signal in air.
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(b)

Fig. 8. TPEF signal of Phycomyces blakesleeanus hyphae, stained with
the vital mitochondrial dye Rhodamine123, excitation wavelength 800
nm, laser power 2 mW, emission filters: VIS (400-700 nm) bandpass
filter (from EOS50D camera, Canon), and 530/43 bandpass filter
(MF530-43, Thorlabs, Inc.). (a) Original, unprocessed image. (b) Image
deconvoluted using the Richardson-Lucy algorithm in MATLAB
software. Deconvolution was performed using the Gaussian distribution
with a FWHM equivalent to the FWHM of the PSF measured under
identical experimental conditions. The insets show that smaller
mitochondria can be resolved when the image is deconvoluted.

resolution. Here, too, significantly poorer results were
achieved for the resolution in air.

An interesting observation is that the THG signal of MoS,
monolayer flakes in glycerin differs from that in air. More spe-
cifically, the MoS; monolayer flake exhibits a dominant THG
signal in glycerin over the substrate-glycerin interface, where-
as the same monolayer flake in air suppresses the THG signal.
Figure 7a shows the THG signal of MoS; immersed in glycerin
is presented, whereas Figure 7b demonstrates how the THG
signal from the sapphire substrate dominates over the THG
signal of the MoS, monolayer flake. It is known from the

Microscopy and Microanalysis, 2024, Vol. 00, No. 0

literature that the x® values of 2DMs depend on the excitation
wavelengths (Autere et al., 2018, and references therein; Wang
etal.,2013) as well as other parameters such as strain, defects,
doping, substrates, and chemical treatment (Autere et al.,
2018, and references therein). Here, the only difference be-
tween these two systems is the interface, which causes the in-
crease in the nonlinear optical response through
phenomenological surface-enhanced THG discussed in
Tsang (1995). Although a detailed explanation of this effect
is beyond the scope of this discussion, it is worth noting that
even in this case, an inverted edge emerges that allows reso-
lution assessment using the knife-edge technique. There is no
difference in the assessment of SHG resolution when either
material is used.

Image Resolution Improvement by Deconvolution

The PSF full-width values presented in this paper can be used
as input data for deconvolution to improve the resolution of
images acquired with this NLSM setup. Deconvolution is par-
ticularly important for improving image quality when dealing
with samples containing structures whose dimensions are very
close to the resolution limit, as it enables them to be visualized
as distinct and separate objects. Figure 8 shows a representa-
tive image before (a) and after (b) deconvolution, highlighting
a significant improvement in the efficiency of discerning and
identifying small objects within the sample. In Figure 8, the im-
age was deconvoluted using the Richardson-Lucy algorithm
in MATLAB software. The deconvolution was performed us-
ing a Gaussian distribution with a FWHM equivalent to the
FWHM of PSF measured under identical experimental
conditions.

Conclusion

We have presented measurements of resolution for all imaging
modalities (TPEF, SHG, and THG) of our custom-built NLSM
using two distinct approaches. We performed a direct assess-
ment of both lateral (using fluorescent nanospheres in the
TPEF modality) and axial resolution (in the SHG and THG
modalities). The assessment of lateral resolution in the SHG
and THG modalities was performed using the knife-edge tech-
nique on WS, and MoS; monolayers. The lateral technique of-
fers a higher SNR, no photobleaching effect and shows good
agreement with the conventional resolution measurement
technique using fluorescent nanospheres. Assessing SHG and
THG imaging resolution by the knife-edge method overcomes
the coherence problem encountered when probing with small
(point-like) objects. The obtained results, namely the PSF
FWHM values, were employed in image processing by decon-
volution, for resolution enhancement.

In addition, we performed a comprehensive analysis of how
the resolution varies with numerical aperture of the objective
lens, excitation wavelength and refractive index of the embed-
ding medium. The results closest to the theoretical limit were
obtained when glycerin was used as the embedding medium
at all wavelengths, for both SHG and THG imaging modalities
and all objective lenses examined. The latter implies that vari-
ous embedding media can significantly influence resolution
and thus the quality of acquired images. The use of a suitable
medium might lead to significantly better imaging results, as
objective lenses are usually designed for biological samples
embedded in media with a refractive index above 1. As a
side note, the intensity of the THG signal from TMD
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monolayers strongly depends on the substrate- monolayer-
medium combination and can either be enhanced or sup-
pressed. For example, MoS; monolayer flakes show a pro-
nounced THG signal in glycerin over the substrate-glycerin
interface, while the same monolayer flakes in air suppress
the THG signal.

In conclusion, the proposed use of WS, and MoS; mono-
layers has emerged as a promising tool for the characterization
not only of nonlinear imaging systems in terms of lateral and
axial resolution, but also of various microscopic systems.
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Abstract

Comparative analysis of erythrocyte deformability in individuals with Diabetes Mellitus
(DM) and healthy individuals (Control) was represented, focusing on the Elongation index
(EI) calculation based on diffraction images. While no statistically significant differences
in EI values were observed between the groups, we determined specific points along the
deformability curve and revealed the first derivative of deformability curve (dEI / dSS)
as a potential metric for quantifying erythrocyte response to deformation, where SS rep-
resents shear stress in Pa (Pascal). Statistically significant differences in dEI / dSS at the
half maximum value of the deformability curve were identified, suggesting a slower eryth-
rocyte response to shear stress in DM patients. Scatter plot analysis demonstrated a linear
declining trend in dEI / dSS index with an increase in shear stress, indicating decaying
erythrocyte responsiveness to higher shear stress values, particularly pronounced in DM
patients. Although pilot, this study suggests that dEI / dSS can provide valuable insights
into the hemorheological aspects of DM pathology and contribute to a comprehensive
understanding of erythrocyte mechanobiological behavior in response to varying shear
stress levels. Correlations between the proposed measure of RBC mechanical properties
and established clinical markers of DM and its complications (serum cholesterol, creati-
nine, and urea level) are obtained to get preliminary insight into dEI / dSS application for
better diagnosis and/or patient management.

Keywords Erythrocyte deformability - Diabetes mellitus - Ektacytometry - Laser
diffraction

1 Introduction

Erythrocyte deformability plays a pivotal role in blood flow through the small capillaries
(Mokken et al. 1992). Understanding how erythrocytes behave when they are exposed to
increased pressures is an important biophysical aspect of microcirculation (Maeda et al.
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1996; Kobayashi et al. 2022; Pretorius et al. 2018). Erythrocytes that have reduced deform-
ability by obstructing capillary blood flow may induce the metabolic stress of the tissues
(Cho et al. 2014). Diseases such as Diabetes mellitus (DM) (especially type 2) are sensi-
tive to the change in deformability of erythrocyte membrane (Shin et al. 2007; Sokolova
et al. 2017; Babu et al. 2021). Studies which include a large number of individuals across
the globe estimated that world prevalence of DM will increase 7.7%, affecting 439 million
adults by 2030 (Shaw et al. 2010). In the year 2015, it was approximated that there existed
415 million individuals (with an uncertainty range of 340 to 536 million) aged between
20 and 79 who had diabetes (Ogurtsova et al. 2017). Diabetes was responsible for causing
5.0 million fatalities, and the total global healthcare spending related to DM reached an
estimated amount of 673 billion US dollars (Ogurtsova et al. 2017). Low - and middle -
income countries have higher probability for the increasing trend of citizen with DM (Rabi
et al. 2006). Projections indicated that the number of individuals aged 20 to 79 with diabetes
would escalate to 642 million (with an uncertainty range of 521 to 829 million) by the year
2040 (Ogurtsova et al. 2017). Since DM represent a modern age disease with pandemic
tendencies and erythrocytes mechanical and rheological properties are affected with DM
complications (Wang et al. 2021; Lee et al. 2015), we tried to expand hemorheological
parameters diagnostic potential in DM patients. It is postulated that hemorheological deter-
minants, such as calculated Elongation index (EI) have influence in the pathogenesis of dia-
betic organ complications, particularly retinopathy, nephropathy, and neuropathy (Schut et
al. 1993; Jensen et al. 1989; Lee et al. 2015; Chung et al. 2018). Reduction in erythrocyte EI
in DM is connected to escalated levels of glycosylated hemoglobin, higher sorbitol content,
and increased level of oxidized hemoglobin that can be bound to the inner side of the eryth-
rocyte membrane, all of which may disrupt the erythrocyte surface-to-volume ratio (Mal-
andrino et al. 2012; Mawatari et al. 2004; Schut et al. 1993; Ercan et al. 2002). Moreover,
there has been shown a direct correlation between microvascular complications and reduced
erythrocytes deformability (Kobayashi et al. 2022). Thus, EI represent important hemorheo-
logical parameter applied in clinical studies (Baskurt et al. 2004, Baskurt et al. 2009).

Nevertheless, a degree of discordance is present in the available scientific literature
related to the calculation of EI of diabetic erythrocytes. It’s not established a unique stan-
dard methodology for determining EI (Baskurt et al. 2009). For comparison of EI curves
between different experimental groups, it’s often necessary to standardize and parametrize
measurements (Bronkhorst et al. 1995), methodological diversity is present, encompass-
ing a spectrum of investigative techniques, such as filtration, ektacytometry, micropipette
aspiration, viscosity assessments of erythrocyte suspensions, as well as osmotic gradient
ektacytometry (Schut et al. 1993; Musielak et al. 2009).

We investigated erythrocyte deformability in DM patients by calculating EI and its first
derivative to shear stress (SS) (dEI / dSS) in a /2 maximal value of deformability curve. In
this way, we aimed to determine the rate of erythrocyte deformation change by introducing
a new hemorheological parameter dEI / dSS, which is beyond standard diffraction optical
measurements. We have shown that dEI / dSS is directly correlated with serum cholesterol
level (s — cholesterol) and inversely correlated with 2 EI. Thus, we indicate that dEI / dSS
can be potentially used as a deformability parameter in clinical practice for better manage-
ment of DM patients.
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2 Materials and methods
2.1 Blood samples

Venous blood samples were taken in K,EDTA vacutainers (BD, United States), by puncture
of the forearm vein of both type I (n=7) and type Il (n=6) diabetic patients, undergo-
ing regular check-ups in the Clinic for Endocrinology, Diabetes and Metabolic Diseases
of the University Clinical Center of Serbia. Before sample collection, the patients signed
an informed consent as an obligatory procedure within obtained ethical approval No 1332/
VII-5 from 7th July 2020 issued by the Faculty of Medicine at University of Belgrade. We
tried to ensure homogeneity of the diabetic patients by designing inclusion and exclusion
criteria and by matching number of male and female individuals. For DM group inclusion
criteria were: individuals diagnosed with DM, age between 18 and 75 years, stable diabetic
condition, defined as no significant changes in medication regimen within the past three
months. Exclusion criteria for DM group were: pregnant individuals, coexisting medical
conditions that could significantly impact glucose metabolism (e.g., pancreatic disorders,
malignancies), current use of investigational drugs or participation in other clinical trials
involving diabetes management. For control, blood from 11 healthy age- and sex-matched
donors (individuals having no systematic disease) were obtained, the inclusion criteria
were: individuals without a diagnosis of DM, age-matched to the diabetic group (between
18 and 75 years), no current use of medications known to affect glucose metabolism. The
exclusion criteria for control group were: individuals with a history of impaired glucose
tolerance, pregnancy, any chronic medical condition that could affect glucose metabolism
(e.g., polycystic ovary syndrome, Cushing’s syndrome), current use of medications known
to affect glucose metabolism. The pseudo-anonymized samples were stored at 4 °C (no lon-
ger than 1 h after blood collection) until transport and processing at the Institute for Medical
Research University of Belgrade was performed.

2.2 Erythrocyte isolation

Whole blood (10 mL) underwent centrifugation at 1811 X g for 20 min at 4 °C using the
Megafuge 1.0R equipment from Heraeus centrifuge (Germany). The resulting supernatant,
containing leukocytes in plasma, was carefully aspirated, and discarded. The precipitated
erythrocytes were reconstituted in an isotonic saline solution (0.9% NaCl, specifically Natrii
chloridi infundibile 9 g/L from Hemofarm (Serbia)) at a volumetric ratio of 1:4. The sus-
pension was homogenized by a twisting motion applied to the test tube. Residual plasma
proteins were separated from the erythrocyte suspension via centrifugation at 1257 x g for
10 min at 4 °C. These procedures were repeated thrice. Finally, the packed erythrocytes
were reconstituted in an isotonic phosphate-buffered saline solution (PBS; 0.8% saline buff-
ered with 10 mM sodium phosphate, pH 7.2—7.4, EuroClone (Italy) at the same volumetric
ratio of 1:4.

2.3 Ektacytometry measurements
Ektacytometry, also recognized as laser diffraction ektacytometry, is a non-invasive and

highly sensitive technique for assessing erythrocyte deformability. This method employs
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laser light scattering patterns generated by erythrocytes under controlled SS, enabling a
quantitative evaluation of deformability through diffraction image Fig. 1a, b. Erythrocytes
were isolated as described above (Material and Methods Sect. 2.2.), and then suspension
of 6 pl of packed erythrocytes in 600 pl of polyvinylpyrrolidone (PVP) were prepared, and
deformability measurements were performed by utilizing the RheoSCAN-AnD300 ekta-
cytometer (RheoMeditech, Korea). Specifically, S00 pL of this PVP-packed erythrocyte
solution was introduced into the microchannel cuvette and placed in the ektacytometer. The
microchannel width was set at 200 um. For any specific pressure, a diffraction image was
recorded Fig. la and b. The acquisition time for the one diffraction image was 1s. From
every image (recorded on specific pressure) EI was calculated (Eq. 1). One measurement
on different pressures requires 100 diffraction images for effective deformability curve con-
struction. After 90 images (recorded per one measurement), EI values do not change too
much with pressure and converge to some value, and because of that, 100 diffraction images
were used per one measurement. Deformability curve represents mechanical characteristics
of erythrocytes through change deformation in different externally applied SS. They are
fitted using Hill function family curve (Baskurt et al. 2009). For the EI estimation from the
raw data Lineweaver — Burk Plot can be used (Baskurt et al. 2009), which represents double
linear form of Hill function which is based on. However, the double reciprocal plot distorts
the error structure of the data fit and, therefore, is not the most accurate tool for representing
kinetics (Greco et al. 1979) or any other processes, From the fitted deformability curves all
parameters such as: SS at one half maximal value of deformability curve (%2 SS), value of
EI at one half maximum of deformability curve (2 EI), value of EI at the pressure of 3 Pa
and dEI / dSS also at one half maximal value of deformability curve was determined. The
definition of EI is given in Eq. 1. (Shin et al. 2005a). EI is calculated from the diffraction
images at the specific SS. dEI/ dSS at the specific SS is calculated using the finite difference
method; this calculation is performed on the fitted deformability curves. The individual val-
ues of determined hemorheological parameters for all examined DM patients and controls
are given in Table S1 (Supplementary material).

a—>b
EI:a+b o
a) b)

Fig. 1 Diffraction images of erythrocyte population recorded on the ektacytometer RheoScan-D300, (a)
without SS, undeformed erythrocyte, (b) maximal shear stress (18 Pa), maximally deformed erythrocytes.
“a” and “b” represents deformation axis. More specifically, deformation axis are lengths of diffraction
pattern recorded on ektacytometer camera, represented as pixel number
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2.4 Statistical analysis

Statistical analysis of the results was done using R Software for statistical computing (R
version 4.3.2). The results are expressed as meantstandard deviation. The normality of
distribution was determined with the Shapiro—Wilk test. The statistical significance of dif-
ferences between the groups was determined with a two-tailed t-test or a two-tailed t-test
or the Mann—Whitney U test, depending on the distribution’s normality. Differences with
pvalues of <0.05 were considered significant. For correlation analysis, correlated variables
that have p<0.05 were only considered in further analysis and discussion. The association
between two parameters was determined, depending on the normality of their distributions,
by Pearson product-moment correlation or Spearman rank-order correlation test. Descrip-
tive statistics is given as Table S2 in the Supplementary material.

3 Results and discussion

Impaired deformability, as a typical hemorheological index has been associated with several
pathological conditions, including certain hematological disorders, malaria, cardiovascular
diseases, and metabolic disorders, such as highly prevalent DM (Huisjes al 2020, Di Gia-
cinto et al. 2020). Glucose is a main substrate for energetic metabolism of erythrocytes, and
it is well known that in the presence of long-lasting hyperglycemia in DM, the morphol-
ogy, metabolism, and function of erythrocytes are inevitably subject to a series of changes
that further affect hemorheology and microcirculation (Zhou et al. 2018; Sprague et al.
2006). Nevertheless, DM still represents an example of “covertly abnormal” blood rheol-
ogy (Schmid-Schonbein, 1987, Brun et al. 2022) since it cannot be always determined by
commercially available point-of-care (POC) devices within clinical environment. Ektacy-
tometry, a laser diffraction technique, is the primary method for evaluating the deformability
of erythrocytes in both research and clinical settings (Piety et al. 2021), based on the cal-
culated EI from the diffraction images recorded on different shear stresses. However, since
ektacytometry measures average deformability in bulk erythrocyte populations and does not
provide information on the deformability of single cell, the reports on deformability in DM
patients are still contradictory, i.e., the EI in DM have still not been validated as a clinical
utile rheological biomarker, while the prognostic importance of EI for complications predic-
tions in the case of sickle cell disease has been confirmed (Franck et al. 2022). Motivated by
the previously mentioned, we aimed to represent erythrocyte deformability measurement by
extracting a new hemorheological parameter and its fluctuations in DM patients.

The obtained deformability curves, presented in Fig. 2a, illustrate the comparative anal-
ysis of erythrocytes between control samples (blue curve) and DM samples (red curve).
While control exhibits slightly elevated EI values compared to DM, no statistically sig-
nificant differences in EI values are found between the two groups. The inherent variabil-
ity among healthy donors and DM patients probably contributes to subtle distinctions in
deformability that are challenging to quantify. Furthermore, our analysis indicates a lack of
statistical differences in EI values at the half maximum of deformation curve and at 3 Pa
between these two conditions, as illustrated in Fig. 2b.

Considering this, our focus shifts towards discerning specific physiologically relevant
points along the deformability curve, such as EI at the half maximum value and EI values
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Fig. 2 (a) Deformability curve of healthy volunteer (blue curve) and DM patient (red curve). Raw data
are fitted using Hill function, where EI=x"n/ (2 SS “n+x"n), x represent Shear stress (Pa), /2 SS repre-
sent value of SS at half maximum of the curve, n is Hill coefficient, in control sample parameters are: %2
SS=1.53, n=0.86 and in DM patients: > SS=1.32, n=0.93. (b) EI measured on 3 Pa and on the EI half
maximum value on control (number of individuals=11) and DM patients (number of individuals=12)
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Fig. 3 (a) Derivation of deformability curves from Fig. 2a), blue (Control), red (DM patients) abscissa is
presented on log scale for better observation of differences in dEI / dSS; (b) Change in dEI / dSS at the
half maximum value of the derivation curve between erythrocytes of healthy donors (control) and DM
patients

at 3 Pa. The calculation of the first derivative at these points is established as a metric for
assessing EI alterations.

The derivative curves in Fig. 3 reveal that dEI/ dSS emerges as a suitable metric for
quantifying erythrocyte deformation, particularly in assessing erythrocyte responsiveness
to shear stress, compared to regular EI.

Our investigation has revealed statistically significant differences in the values of dEI /
dSS at the half maximum deformability curve between the healthy donor group and individ-
uals diagnosed with DM (depicted in Fig. 3b, where the blue bar corresponds to the control
sample and the red bar represents the DM sample).

Here we indicate a non-clearly observable disparity in erythrocyte response to stress
between DM patients and the control group, where DM erythrocytes exhibited a compara-
tively slower response. This insight underscores the potential clinical relevance of dEI / dSS
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Fig. 4 Multiple correlation analysis of hemorheological parameter with clinical data of DM patients. r —
Pearson coefficient. (a) Correlation plot of DM dEI / dSS and S — cholesterol (»<0.05), (b) correlation
plot of DM EI 3 Pa and S — urea (p<0.05), (¢) correlation plot of DM ¥ EI and creatine kinase (p<0.05,
(d) correlation plot of DM '; EI and DM dEI/ dSS (p<0.05)

as a valuable metric in characterizing erythrocyte deformability and provides better under-
standing on the altered physiological dynamics in DM patients. For better characterization
of erythrocyte mechanical properties between control and DM patients, we separated DM
group to Diabetes mellitus typel (DMT1) and Diabetes mellitus type 2 (DMT2) patients.
We observe significant difference on EI 3 Pa between DMT1 group and control (Supplement
material Fig S1a). We didn’t observe any differences between the patients’ groups and con-
trol in % EI parameter (Supplement material Fig S1b). However, we have shown that dEI
/ dSS is more sensitive hemorheological parameter than EI 3 Pa, by observing differences
between DMT1 group and control with stronger statistical significance (Supplement mate-
rial Fig S1c), although we are aware of small group size at the moment.

The connection between the mechanical properties of red blood cells and various physi-
ological processes can provide valuable insights. For instance, when examining parameters
EI 3 Pa, !4 El, and the rate dEI / dSS in relation to clinical factors as depicted in Fig. 4, we
gain a deeper understanding of their interplay.

An interesting observation emerged when comparing dEI / dSS with serum cholesterol
levels, indicating a statistically significant correlation (p<0.05), as shown in Fig. 4a. This
finding aligns with existing literature, which suggests that higher cholesterol levels lead to
increased rigidity of cell membranes (Subczynski et al. 2017; Chen et al. 1997). Conversely,
while no significant correlation was found between EI 3 Pa and cholesterol, a direct rela-
tionship was noted between EI 3 Pa and serum urea levels (Fig. 4b). Urea plays a role in
maintaining the osmotic stability of erythrocytes (Macey 1984), hence the correlation with
EI 3 Pa.
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Additionally, the parameter '~ EI exhibited a positive correlation with creatine kinase
enzyme levels (Fig. 4c). Studies suggest that both liver and blood cells are involved in
clearing creatine kinase from circulation (Pan et al. 2023). Moreover, previous research has
highlighted a strong correlation between serum creatine levels and erythrocyte deformabil-
ity in patients with diabetic nephropathy (Brown et al. 2005).

Considering diabetic nephropathy, it was anticipated that the dEI / dSS in diabetic
patients would inversely correlate with half-maximal deformation force (% EI), as depicted
in Fig. 4d.

To understand the relationship between dEI / dSS and the % SS, we employed a scatter
plot analysis as shown in Fig. 5. Both experimental groups exhibit a linear declining trend,
indicating a decrement in dEI / dSS with an increment in 2 SS. This observation under-
scores a mechanical phenomenon wherein erythrocyte responsiveness to mechanical stress
diminishes with higher shear stress values and conversely increases with lower shear stress
values.

Specifically, the erythrocytes from DM individuals manifest a more pronounced and
rapid alteration in dEI /dSS (depicted by the red line in Fig. 5 with a slope of -0.03) com-
pared to those in the control group (represented by the blue line in Fig. 5 with a slope of
-0.015). This discrepancy suggests that erythrocytes from DM patients exhibit a constrained
range of membrane deformation control, indicative of an altered mechanical response to
shear stress.

However, it is important to acknowledge that at lower shear stress values, the fluctuation
of EI in both groups is subject to random variations in EI. This is attributed to the absence
of established laminar flow of erythrocytes in the microchannel under such conditions (Shin
et al. 2005b; McNamee et al. 2020). The results shown in the Fig. 5 elucidate the differential
mechanical behavior of erythrocytes in response to varying shear stress levels, contribut-
ing to an understanding of underlying biophysical mechanism of erythrocyte deformability
in the context of DM pathology. Diffraction signal intensity of the erythrocyte population

U.19
- -= Control dEI1/2

E m -~ DM dEI1/2
= 0.10
")
[72]
e
& 0.05

1 1 1 1 1

1.0 1.5 2.0 2.5 3.0

SS1/2/ Pa

Fig.5 Linear regression model of dEI/ dSS at the half-maximal value of the deformability curve change
in relation to %2 SS, control represented as blue line (R Squared=0.129) and DM represented as the red
line (R Squared=0.568). Data was presented for each individual patient (DM) and healthy volunteer
(Control)
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also depends on hemoglobin and glucose concentration (Streekstra et al. 1994) which can
be determined by standard biochemical, but also different optical techniques (Biswas et
al. 2020; Cherkasova et al. 2016). Thus, our future studies will still include the correlation
of dEI / dSS with the clinic-demographic data such age, sex, level of HbAlc, DM type,
therapy, BMI, and other clinically established biomarkers of the disease in large-scale stud-
ies, since we identified small sample size in each group as a limitation of the present work.

Ektacytometry is a widely used method to measure the deformability of erythrocytes,
but it only provides an average measure and doesn’t account for variations in individual
cells. This is where optical tweezers and microfluidic devices can find applications since
recent studies have shown that these methods are more sensitive in assessing the progres-
sive impairment of erythrocyte deformability than ektacytometry (Kim et al. 2015; Piety
et al. 2021; Kang et al. 2022). The presence of rigid erythrocytes in blood flow can have a
significant impact on the immune response as well. A recent study has found that the adhe-
sion of leukocytes to the vascular wall gets disrupted by the presence of rigid erythrocytes
(Gutierrez et al. 2018). This is where monitoring erythrocytes with impaired deformability
on an individual level becomes crucial. Motivated by the findings of this study, our future
research will include some other optics-based techniques, such as flow-cytometry, in com-
bination with ektacytometry to better distinguish between populations of healthy and rigid
erythrocytes from patients with DM, as one of the most frequent modern-age diseases.

There is paramount interest in finding the new metric as a potential prognostic marker
for the prevalent clinical complications in DM patients, and our upcoming experiments will
include the validation of the clinical utility of dEI / dSS in DM patients with specific micro-
and macrovascular complications as well.

4 Conclusion

The dEI/ dSS at the half maximum value of the deformability curve emerges as a particular
metric for quantifying erythrocyte deformation response.

The statistically significant differences (p<0.05) observed in dEI / dSS at the half maxi-
mum of deformability curve between the control group and DM patients underscore the
potential clinical relevance of this parameter. Moreover, no statistical differences were
found in EI values at the half maximum value of deformability curve and at 3 Pa between
the two conditions, highlighting the specificity of dEI / dSS in capturing alterations associ-
ated with DM pathology.

The scatter plot analysis further reveals a certain linear declining trend in both groups,
indicating a decrement in dEI / dSS with an increment in shear stress. Importantly, eryth-
rocytes from DM individuals exhibit a more pronounced and rapid alterations in dEI / dSS
compared to the control group, suggesting a constrained range of membrane deformation
control, and altered mechanical response to shear stress in DM patients. By exploration
of the mechanical properties of red blood cells in conjunction with various physiological
parameters we have uncovered significant associations between dEI / dSS and serum cho-
lesterol levels (p<0.05). This finding supports existing literature indicating that elevated
cholesterol levels contribute to increased rigidity of cell membranes. Conversely, although
no direct correlation was found between EI 3 Pa and cholesterol, a clear relationship
emerged between EI 3 Pa and serum urea levels, with urea playing a crucial role in main-
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taining erythrocyte osmotic stability. Furthermore, the positive correlation between 2 EI
and creatine kinase enzyme levels highlights the involvement of both liver and blood cells
in the clearance of creatine kinase from circulation, having particular importance in patients
with diabetic nephropathy. Considering diabetic nephropathy, our anticipation of an inverse
correlation between dEI / dSS and 2 EI was confirmed, indicating potential implications
for understanding the mechanical characteristics of erythrocytes in diabetic patients. Future
work is needed to provide better understanding of dEI / dSS in prediabetic stage or in com-
plication caused by DM. Moreover, oxidative stress of erythrocytes and its correlation with
dEI / dSS should be the topic for future studies.

Overall, our findings support the notion that dEI / dSS should be considered as a potent
biophysical parameter with the perspective of long-term clinical applications, offering valu-
able insights into the altered mechanical behavior of erythrocytes in individuals with DM
and their future management. However, we need to emphasize that application of dEI /
dSS in clinical practice needs large scale studies providing more deformability data to be
processed and analyzed.
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In vivo femtosecond laser nanosurgery of the cell
wall enabling patch-clamp measurements on
filamentous fungi

Tanja Pajic®'™, Katarina Stevanovi¢®', Natasa V. Todorovi¢ @7, Aleksandar J. Krmpot@?®, Miroslav Zivi¢®,
Svetlana Savic-Sevi¢@’, Steva M. Levi¢®", Marina Stani¢@”, Dejan Panteli¢®, Brana Jelenkovi¢®® and
Mihailo D. Rabasovic¢ @™

Abstract

Studying the membrane physiology of filamentous fungi is key to understanding their interactions with the
environment and crucial for developing new therapeutic strategies for disease-causing pathogens. However, their
plasma membrane has been inaccessible for a micron-sized patch-clamp pipette for pA current recordings due to the
rigid chitinous cell wall. Here, we report the first femtosecond IR laser nanosurgery of the cell wall of the filamentous
fungi, which enabled patch-clamp measurements on protoplasts released from hyphae. A reproducible and highly
precise (diffraction-limited, submicron resolution) method for obtaining viable released protoplasts was developed.
Protoplast release from the nanosurgery-generated incisions in the cell wall was achieved from different regions of the
hyphae. The plasma membrane of the obtained protoplasts formed tight and high-resistance (GQ)) contacts with the
recording pipette. The entire nanosurgical procedure followed by the patch-clamp technique could be completed in
less than 1 hour. Compared to previous studies using heterologously expressed channels, this technique provides the

filamentous fungi in their native environment.

opportunity to identify new ionic currents and to study the properties of the ion channels in the protoplasts of

Introduction

Filamentous fungi are an extremely diverse cosmopolitan
group with great importance to the functioning of the
biosphere. Together with bacteria, fungi represent the most
important group of decomposers in almost all ecosystems,
and mycorrhizal fungi form symbiotic associations with
nearly 80% of land plants'. Moreover, the biodiversity of
mycorrhizal fungi in soil has a critical impact on main-
taining plant and ecosystem biodiversity”. In addition, some
fungi are pathogenic and cause diseases in animals or
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plants3, and fungi that threaten human health have enor-
mous biomedical importance®. Ion channels are known or
expected to play important roles in fungal physiology”,
including ion and nutrient uptake®, signal transduction’,
and response to osmotic stress®. In contrast to animal and
plant cells, little is known about the function of the ion
channels in fungi. To date, only a handful of channels in
filamentous fungi have been cloned and/or characterized
by electrophysiological techniques; this has been performed
mainly by heterologous expression of the channel proteins
identified by screening for homologs of known yeast, ani-
mal or plant proteins’ '°. The main reason for the near-
complete lack of studies on native membranes is the rigid,
chitinous cell wall that blocks access to the patch-clamp
pipette. The cell wall makes it impossible to use the patch-
clamp method; the gold standard for ion current mea-
surements. For the membrane to be accessible by the glass
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pipette for the patch-clamp method, all or part of the wall
must be removed. The naked protoplast (cellular cytoplasm
whose entire contents are enclosed by the plasma mem-
brane) would then be released through the opening in the
hyphal wall to enable access with the patch-clamp pipette.
The formation of a high-resistance contact (“seal”) between
the tip of the glass pipette and the membrane is a pre-
requisite for the patch-clamp technique and is only possible
if the membrane is clean®,

There are several ways to remove the cell wall:
mechanically, enzymatically and by laser cell surgery***.
Mechanical dissection of tissue to release a small number
of protoplasts has never been successful in filamentous
fungi, while this method is used in plant tissues to avoid
the deleterious effects of enzymatic treatment on the
plasma membrane®. Enzymatic removal of the cell wall
was successful in plants**** but did not produce positive
results in the filamentous fungi Neurospora® and
Saprolegnia27. Contacts with resistances greater than 200
and 500 MQ were not possible to attain. These results
were in contrast to plant findings and occurred because
the fungal cell wall is structurally and molecularly distinct
from the cellulose-based plant cell wall.

However, a small localized portion of the fungal cell, such
as a tiny cell wall section, is possible to remove using the
laser ablation technique®® while leaving the bulk of the wall
intact. In this way, the polarity of the fungal cells is pre-
served, and a portion of the plasma membrane is accessible
for patch-clamp measurements. Laser removal of the cell
wall combined with patch-clamp recording has previously
been used in some algae and plants®>**~>* and only in two
filamentous fungi'®*®. However, these experiments were
conducted more than twenty years ago with UV lasers and
did not evolve into a routine protocol. The UV lasers used
in these studies operated with nanosecond (ns) laser pulses,
which are known to cause photothermal and photo-
mechanical damage to samples**~°, Recent developments
in laser technology and microscopy, especially ultrafast
femtosecond (fs) lasers, enable operations with extremely
high precision. The main advantage of fs lasers is that they
produce negligible thermal effects compared to ns lasers
because their pulses are shorter than the thermal diffusion
time (picoseconds to nanoseconds)’’. Due to the non-
thermal nature of the fs laser interacting with the cellular
material, the material is mainly ablated®®***>*%, causing
minimal damage to the surrounding cellular material. In
addition, the pulse energy for fs laser ablation is in the sub-
nJ range, which is well below the pulse energies of UV-ns
lasers. In addition, the wavelengths of fs lasers used for cell
surgery are in the NIR range, which is not as harmful to the
cell as UV wavelengths are; this aspect is particularly
important for stray radiation during surgery.

Femtosecond lasers emit ultrashort laser pulses that
allow a significant reduction in dissection size compared
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to ns lasers®**>*®, Thus, they are ideal for precise cell
surgery at the nanoscale to microscale. In fs laser cell
nanosurgery, a laser beam is focused down to the
diffraction-limited focal spot/volume by a high numerical
aperture (NA) objective lens on the cell wall or mem-
brane®®*>?®, In addition, the surgical process achieved
with fs lasers enables the removal of very small amounts
of material with high precision, creating a small incision
on the cell wall/membrane or other cell structures. The
high peak intensities of the fs laser pulses induce multi-
photon interaction processes and provide a lower energy
threshold for cell wall/membrane removal***>*, The
typical peak intensity for fs laser ablation is on the order
of 10" W/cm? 3>, Briefly, ultrashort laser pulses with
relatively low energy enable more precise submicrometer
surgical incisions than ns lasers®**>3%,

Laser nanosurgery has become an important tool in
many biological fields because of its precision, noninva-
siveness, and versatility. This technique has been used as a
microdissection tool for studying the function of micro-
tubules, mitochondria and other organelles in cultured
cells, tissues, and whole organisms, as well as for opto-
transfection and other forms of laser-based molecular
delivery*. Other potential applications of this technology
include developmental biology studies of cell mechanics,
intracellular transport, and cell signaling, as well as the
development of new therapies for diseases such as cancer
and genetic disorders. In the context of fungi, fs laser
nanosurgery could be used to selectively remove portions
of the cell wall. The combination of laser ablation and
localized patch clamping allows the measurement of ionic
currents through the plasma membrane while retaining
information about the location of the membrane from
which recordings were made. This approach enables the
detection of the asymmetric distribution of the ion
channels along hyphae and the exploration of the ion
channel involvement in the fungal cell polarity establish-
ment, signal integration, and hyphal tropism; all of these
play key roles in establishing fungal virulence®® and
interactions with surrounding organisms or the environ-
ment****, Thus, we were motivated to develop and opti-
mize a protocol that allows high-quality recording of
currents via the patch-clamp method on the plasma
membrane of fungal protoplasts released from the wall by
subcellular nanosurgery using a fs titanium-sapphire
(Ti:Sa) laser. Therefore, to the best of our knowledge,
we present the first successful application of fs laser
nanosurgery to access the plasma membrane of fila-
mentous fungal hyphae for patch-clamp recording. We
demonstrated that the released protoplasts could suc-
cessfully form high-resistance contacts with a patch-
clamp pipette. The incisions produced by the fs laser were
smooth-edged, protoplasts were released from those
incisions, and the probability of protoplast release was a
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function of the incision size and was modified by the
presence of a high Ca>" concentration. The method could
be readily used for the selective release and subsequent
recording of protoplasts from different regions (tip, mid-
dle, and side branches) of the fungal hyphae. Finally, we
provided the first electrophysiological snapshot obtained
on filamentous fungal protoplasts after cell wall removal
by fs laser nanosurgery and showed that the protoplast
membrane was characterized by a number of different
types of ionic currents, predominantly anionic.

Results
In vivo two-photon imaging, cell wall laser nanosurgery
and patch-clamp recording

A nonlinear laser scanning microscope (NLSM) using fs
laser pulses is the necessary prerequisite for the applica-
tion of precision laser ablation. The NLSM system also
enables in vivo imaging of single cells and cellular struc-
tures using two-photon excitation fluorescence (TPEF)
before and after laser nanosurgery. We successfully cre-
ated laser-generated incisions in cell wall sections of the
filamentous fungus Phycomyces blakesleeanus using
tightly focused, 160 fs, near-infrared (NIR) laser pulses
(Fig. 1). To remove a small portion of the cell wall in a
specific area of the hyphae, the cell wall must be visualized
and distinguished from the plasma membrane and other
cell structures. Since the cell wall and the plasma mem-
brane are in close contact®®, hyphae were plasmolyzed and
kept in hyperosmotic solution to retract the cytoplasm
before the procedure, as shown in Fig. la. The plasmo-
lyzed hyphae stained with calcofluor white (CFW) and
treated with an exocytosis inhibitor and a respiratory
inhibitor (sodium azide) to prevent cell wall regeneration
were subjected to nanosurgery. We selected for the
nanosurgery the section where the hyphal protoplast was
retracted from the cell wall and placed the spot-wise
pattern on the selected section (Fig. 1b). The laser-
generated incision is clearly visible in the TPEF images
(Fig. 1c) and in the bright-field images. The cell viability
after nanosurgery was regularly verified by bright-field
microscopy. The protoplast enveloped by the plasma
membrane exited through the incision in the cell wall
without deforming or bursting (Fig. 1d). Thus, the
released round protoplasts were viable for up to several
hours during the electrophysiological measurements.
Representative patch-clamp current recordings obtained
from the released protoplasts in the “outside-out” and
“whole-cell” configurations are shown in Fig. 1f and g,
respectively.

We obtained 79 fungus-released protoplasts in the
patch-clamp microscopy chamber that were sufficiently
large (larger than 7 pum) and spatially accessible to the
patch pipette. Membrane contact with high resistance
(greater than G resistance) was obtained on 22 released
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protoplasts (28%). Eight protoplasts (10%) were very
stable and allowed multiple successful pipette approaches
which resulted in the formation of multiple GQ-resistance
contacts and patch excisions. A total of 36 giga-ohm seal
contacts were obtained. All patch-clamp configurations
were used for the recording. The current family obtained
from the entire protoplast membrane in the “whole cell”
configuration had a typical appearance (Fig. 1f). The
single-channel currents recorded from the excised pat-
ches in the inside-out or outside-out configurations were
more diverse. We used solutions with asymmetric ion
concentrations to identify the general type of ion basis for
selectivity (K, Cl~, glutamate”, or Ca*') for each
recorded channel current based on the reversal potential
(Vrer) (Fig. 1g).

Laser nanosurgery procedure—the main steps and key
factors

The main steps for successful fs laser nanosurgery of the
fungal cell wall to obtain viable protoplasts for patch-
clamp analysis are shown in Fig. 2. The first important
step was to decrease the osmolarity of the growth media
to acclimate the fungi to conditions with lower osmolarity
and increase their sensitivity to the plasmolysis solution.
This approach ensured faster plasmolysis during the
preparation phase of nanosurgery. By reducing the
osmolarity of the growth medium by 30%, the plasmolysis
time (in minutes) was decreased from 30+ 10 to 5+ 2.
The introduction of two-stage plasmolysis and the
increase in the Ca®>" concentration in the hyperosmotic
solution followed, and these were considered the most
important, key factors for successful surgery and the
recovery of viable, patchable, released protoplasts. The
Ca®" concentration was increased to accelerate plasmo-
lysis (<1 min) and stabilize the protoplasts®>. The step
before plasmolysis reduced the physiological shock that
would occur if the fungi were transferred directly from the
medium to a hyperosmotic solution (450 mOsm differ-
ence). This was achieved by staining the fungi with diluted
dye in a standard isoosmotic solution.

To achieve precision and enable successful nanosur-
gery and imaging, the fungal hyphae were immobilized
on the coverslip. A number of substrate-coating mate-
rials were tested (Supplementary Table 1), and a collagen
coating was found to provide better immobilization of
the fungal hyphae while allowing for the patch-pipette
approach.

The cell wall of the filamentous fungus Phycomyces
blakesleeanus is weakly autofluorescent and can be
visualized by excitation at 730 nm, presumably as a signal
from the chitin-containing (chitin and chitosan) compo-
nent of the cell wall*”*®, The removal of the cell wall by
the laser nanosurgical procedure was not efficient enough
on the native hyphae. After staining the cell wall with
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CEW, the surgery was almost 100% successful. All Two-photon imaging of the cell wall was performed
nanosurgical procedures presented were performed witha  with a very low average laser power of 0.5 mW and a pulse
cell wall stained with CFW to improve the absorption of  energy of 0.007 nJ at the sample plane. A wavelength of
laser energy. CFW has a high affinity for cell wall com- 730nm was used for both multiphoton imaging and
ponents (chitin and other polysaccharides), and the nanosurgery, bypassing the time required to change
absorption maximum is at 345 nm under single-photon = wavelengths. A diameter of hyphae (<15 pm) poses a
excitation conditions®. major challenge for successfully cutting off a portion of
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(see figure on previous page)

Fig. 1 In vivo laser nanosurgery of the cell wall of the filamentous fungus Phycomyces blakesleeanus using fs laser pulses and patch-clamp
recording of the released fungal protoplast membrane current activity after the surgical procedure. a Bright-field and b TPEF image of the
plasmolyzed and labeled hypha before surgery. A 20x2 spot-wise pattern was positioned on the cytoplasm-free section of the cell wall. The average
laser power in the sample plane for imaging was 1.1 mW (dwell time 2.5 ps) at 730 nm. ¢ TPEF image of the same hypha after surgery. The surgical
incision is indicated by the arrow. The laser power at the sample plane for the surgery was 6.1 mW (dwell time 1 s) at 730 nm. The color intensity bars
for the TPEF signal are as follows: violet/blue, lowest TPEF signal; and dark red, highest TPEF signal. The color intensity bar is linear and covers the
entire range of the data. Scale bar: 10 um. d Bright-field image of the same hypha with the protoplast released through the surgical incision after laser
cutting. e Bright-field image of the patch-clamp pipette in contact with the membrane of the protoplast released through the surgical incision. Scale
bar: 20 um. All images were taken with a Zeiss 40x 1.3 oil objective. f Top: Representative single-channel current recordings obtained from the
released protoplast at Vj, of +20 mV and 0 mV. o: open channel current level; c: closed channel current level. The calibration bar is on the right side.
Bottom: current-voltage (IV) dependency of the recording shown above. On the abscissa, the reversal potentials of the main ions in the bath and
pipette solutions are shown, indicating that the current is carried mainly by glutamate. The obtained conductance (g) is given above the linear fit
through the measured points. Recorded in SolB. g Representative current recorded from the entire protoplast membrane in the whole-cell
configuration. The cells were recorded in SolA with a low-chloride pipette solution. The voltage stimulation protocol used to obtain the recordings is
shown in the inset. The calibration bar is at the bottom
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the cell wall without endangering the rest of the cell. After
optimizing the surgical procedure, we selected a 2 x
20 spot-wise pattern positioned on the cytoplasm-free
section of the cell wall in the TPEF image. Depending on
the degree of plasmolysis, i.e., the length of the site
available for cutting, the 2 x 20 dot pattern was scaled
(adjusted: scale, angle, and position) for surgery to the size
that would cut off as much of the wall as possible without
critically approaching the plasma membrane. Based on
the selected pattern length, cell wall thickness, and
proximity to the protoplast, the cutting power was
selected in the drawing mode of the software. We were
able to control the parameters of surgery: dwell time per
point, laser power and wavelength. The surgical proce-
dure was automated, started “on click” and lasted
approximately 20 s. Prior to the surgical experiments,
tests were performed to determine the average laser
power required to cut a small portion of the cell wall, and
the damage threshold was determined. The damage
threshold was approximately 3.5mW (using a 40x 1.0
physiological objective). The overall distribution of laser
powers at the sample plane used for nanosurgery is shown
in the upper graph in Fig. 2; the lower power range was
used in the majority of the operations. Laser powers of
6 to 12 mW were used in 90% of the cell wall operations.
The dwell time of 1s per point was maintained at the
same value during the surgical procedure for all hyphae.
Femtosecond pulses (160 fs) at a 76 MHz repetition rate
and very low pulse energies (0.05-0.20 nJ) at the specimen
plane ensured successful wall cutting with high spatial
resolution of the surgical incisions.

Subsequently, subtle deplasmolysis was performed to
stimulate the protoplast release without overstretching
the membrane to interact with the pipette. To avoid
hypoosmotic stress and maintain the integrity of the
protoplast plasma membrane, the osmolarity of the
solution in the microscopic chamber was reduced by only
a few tens of mOsm such that slightly hyperosmotic
conditions were present. The optimized concentration of
sodium azide for inhibiting cell wall production was
consistently present in all solutions, and its presence was
an indispensable factor for success. Respiration and
growth of Phycomyces blakesleeanus under the conditions
used for nanosurgery are shown in Suppl. Fig. S1.

Because the nanosurgery (using an upright nonlinear
microscope) and patch-clamp (using an inverted micro-
scope) systems are separate, the physiological objective
played a key role. Since a dip-in objective is normally used
without a top coverslip, it was possible to approach the
sample above and completely immerse the objective tip in
the solution surrounding the sample. Consequently, there
was no need for removal of the coverslip, which would
otherwise lead to possible loss of the emerged protoplasts.
On the other hand, the gridded coverslips on which the
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fungi were grown and placed at the bottom of the open
microscopic chamber allowed the precise localization of
the hyphae subjected to nanosurgery.

As expected, the size of the patch pipette influenced the
success of giga-ohm sealing. For our purposes, the best
pipettes for the fungal protoplast patch-clamp were
between 10 MQ and 15 MQ. Smaller and larger pipettes
were two times less likely to achieve good-quality contact.
The protoplast size was also an important factor in the
success of high membrane-pipette contact formation.
When contact was successful, the released protoplasts
were significantly (p = 0.016) larger (18 + 6 pm) than those
where contact (15+ 5 pm) could not be achieved. Poten-
tially, with further practice, the success rate of achieving
contact with the gigaohmic seal could be significantly
improved for these smaller released protoplasts. To esti-
mate the success rate of patch-clamp contact on released
protoplasts that were sufficiently large and accessible to
the pipette, we divided the number of giga-ohm contacts
obtained by the number of patch-pipette contacts
attempted on “patchable” protoplasts. Overall, the success
rate was 55%, with 23 successful contacts out of 42 pipette
approaches. The entire process (cell surgery + patch
clamping) was quite complex, and certain steps needed to
be precisely followed for a high success rate and repro-
ducibility. The concentration of chemicals, osmolarity of
the solutions, timing and cutting parameters needed to
also be kept within a specified narrow range.

Electron microscopic imaging of the surgical incision in the
cell wall and released protoplast

To verify the appearance of the edges of the incisions in
the plasmolyzed hyphal cell wall, we imaged the fungus
subjected to nanosurgery using a scanning electron
microscope (SEM).

As shown in Fig. 3, SEM images revealed crack-free
precision cuts, with smooth edges of the slit in the hyphal
cell wall made with the femtosecond laser (=11 inci-
sions at 10 images). The released protoplast membrane
had no large masses of remaining or deposited material
(n=2) (Fig. 3f). The surgical parameters used allowed
localized removal of the cell wall with an average thick-
ness of 30 nm (Fig. 3e), sometimes even at extremely short
distances from the plasma membrane (0.5-3 pum), leaving
the released protoplast viable. The mean length of the
incisions measured from TPEF images was 6.7 £ 2.9 um
(n = 185), whereas mean length of the incisions measured
from the SEM images was 9.3 + 4.4 ym (n = 6). The width
of the incisions measured from the SEM images was
22+02pm (n=3).

Protoplast release parameters
After successful creation of the surgical incision in the
cell wall, the release of protoplasts into the surrounding
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Fig. 3 SEM images of the Phycomyces blakesleeanus cell wall after the femtosecond laser nanosurgery. a TPEF image of the fs laser-generated
incision in the hyphal cell wall. The average laser power in the sample plane was 1.0 mW for imaging (dwell time 2.5 ps) and 7.5 mW for surgery
(dwell time 15). Scale bar: 5 um. b SEM image of the same laser-generated incision shown in a. Scale bar: 2 um. ¢ TPEF image of the fs laser-made
incision. The average laser power in the sample plane was 1.0 mW for imaging (dwell time 2.5 ps) and 7.6 mW for surgery (dwell time 1's). Scale bar:
5 um. All TPEF images were acquired with a Zeiss 40x 1.3 oil objective. The color intensity bars for the TPEF signal are as follows: violet/blue, lowest
TPEF signal; and dark red, highest TPEF signal. The color intensity bar is linear and covers the entire range of the data. d SEM image of the entire laser-
generated incision, same as that shown in ¢. Scale bar: 2 um. e Hyphal cell wall thickness (d) of the incision shown in d. Scale bar: 0.5 um. f Released
protoplast through a laser incision made with 6.7 mW average power at 730 nm. Scale bar: 1 um
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a function of incision length in the nanosurgical phase of the procedure, without subsequent steps of deplasmolysis. High [Ca®*1: 30 mM, as used in
the surgical protocol. The hyperosmotic solution used was 600-617 mOsm throughout the protoplast release period. Standard [Ca®*]: 3 mM and
1 mM (pooled data). The hyperosmotic solution used was 555-560 mOsm throughout the protoplast release time. For each 3 um incision size bin in
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medium was observed. Not all incisions released proto-
plasts. We found that several factors influenced the
probability of protoplast release (Pr = number of proto-
plasts/number of incisions). The distance of the laser cut
from the protoplast in the hypha during the procedure
influenced how many protoplasts could be recovered. As
shown in Fig. 4a, when the protoplast in the hypha was
more than 6 pm from the incision site, the probability of
protoplast release decreased from approximately 0.4 and
was lowest at the largest distances tested. This result
further confirmed that the protoplasts were not damaged
in our protocol, even when the site of nanosurgery was in
close proximity to the retracted hyphal protoplast. The
width of the hyphae (w},), which reflected the overall size
of the hyphae, did not appear to affect the possibility of
obtaining released protoplasts for wj;,<10um. Wider
hyphae (w), > 10 um) were more favorable for protoplast

release with a Pr of 0.6, while for smaller hyphae, Pr was
0.35 (Fig. 4b). Finally, the size of the incision also affected
the release probability, with smaller incisions releasing
more protoplasts. As shown in Fig. 4c, the probability
decreased with increasing incision length, from Pr = 0.62
at an incision length of 5.5+ 1.5pum to Pr = 0.35 at an
incision length of 11.5 + 1.5 um. We are confident that all
hyphae were viable after the nanosurgical procedures
because they retained their characteristic cytoplasmic
streaming and healthy appearance and were deplasmo-
lyzed when transferred to less hyperosmotic conditions.
Thus, the dependence of Pr on incision size was caused by
the influence of underlying physiological or mechanical
aspects controlling protoplast release. We also noted a
slightly better protoplast yield in the plasmolyzed hyphae
that exhibited a cytoplasmic bridge across the “empty”
region near the incision site than in those whose hyphal
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Fig. 5 Nanosurgery applied to different sites on the hyphae. TPEF images of the hyphae with a laser surgical incision at different locations:
a apex, b middle, ¢ “neck” and d lateral branch of the labeled hypha. The white arrows indicate a laser-made incision in the hyphal cell wall. All
images were taken with a Zeiss 40x 1.3 oil objective. The color intensity bars for the TPEF signal are as follows: violet/blue, the lowest TPEF signal; and
dark red, the highest TPEF signal. The color intensity bar is linear and covers the entire range of the data. Scale bar: 10 pm. e Probability of the
protoplast release at each site (apex, middle, neck and lateral branch), with the corresponding number of incisions obtained. f Osmotic conditions
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protoplasts were completely separated (Pr = 0.44 and
0.36, respectively).

In a separate set of experiments on nanosurgery, we
examined protoplast release immediately after nano-
surgery, without a deplasmolysis step, under slightly
different plasmolysis and surgical conditions, as
explained in the Methods section. We investigated
whether the high calcium concentration used through-
out the procedure affected protoplast release (Fig. 4d).
We compared protoplast release at a high Ca*" con-
centration (30 mM) with protoplast release at a standard
Ca®" concentration (1 and 3 mM, merged). At standard
Ca*" concentrations, the probability of protoplast
release was clearly dependent on the size of the incision
and was quite low (< 0.2). Increasing [Ca’'] to 30 mM
increased the probability of obtaining the protoplast for
the same incision size to 0.4. The calcium dependence of
the probability of protoplast release indicated that a
physiological mechanism was involved in the process of
expelling protoplasts from the hyphal wall through a
surgically made incision.

Laser nanosurgery of the cell wall at different sites along
the hyphae

Since hyphae are polarized cells, selective sampling
from different hyphal regions would be highly desirable.

We exploited the precision and flexibility of the nano-
surgical method to perform incisions and obtain proto-
plasts from the localized portions of the following hyphal
regions (“compartments”): 1. The tip (apex), which
represents the fast-growing portion of the hyphae
(Fig. 5a); 2. The middle (Fig. 5b); 3. The “neck”, which
represents the base of the hyphae, just below the spore
(Fig. 5¢); And 4. The lateral branch (Fig. 5d). The average
laser power used for the cuts in the different compart-
ments did not vary, while the distance of the incision from
the hyphal protoplast at the time of nanosurgery needed
to be adjusted due to the narrower space in the side
branch compartment; the distance of the incision from
the hyphal protoplast was shorter in the lateral branch
compartment than in the middle compartment:
p = 0.0220; compared to the tip compartment: p = 0.0003.
Figure 5e shows the number of incisions with their Pr
values for each site. The Pr was highest in the apical
region (0.6) but rather low in the lateral branches (0.13).
Interestingly, the protoplasts were released from the dif-
ferent regions under different osmotic conditions (Fig. 5f).
For example, protoplasts from the neck did not appear in
the hyperosmotic solution used for surgery, with 100% of
protoplasts obtained from the neck were released during
deplasmolysis in the bath chamber; however, protoplasts
from the hyphal tip were released equally well in both
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hyperosmotic and deplasmolysis solutions. The success in
achieving giga-ohm contact was highest for protoplasts
from lateral branches (55%), while it was 25-30% for
protoplasts from other regions.

Registered currents of protoplasts obtained by
nanosurgery

The excised patch currents measured from protoplasts
obtained by nanosurgery were predominantly anionic.
Only in one case did the measured current have a reversal
potential corresponding to calcium ions. Approximately
one-third (35%) of the registered currents belonged to the
group mediated by nonselective anionic channels that
transport both chloride ions and organic acids (“anionic
unselective”), whereas 44% of the currents were mediated
by channels that are highly selective for chloride (“Cl™
selective”) (Fig. 6a). Some of the currents recorded (17%)
were mediated by channels highly permeable to glutamate
(“organic acids permeable”). These currents had a reversal
potential close to the calculated V,,, for glutamate.
Figure 6b shows the total conductance range (g) for each
group, along with typical excised patch current recordings.
Most frequently, Cl™ selective currents had short openings
and closings at depolarized potentials (#=7) (Fig. 6b

B Anionic, unselective (35%)
H Organic acids permeable (17%)
B Anionic, CI” selective (44%)

Anionic, unselective

Mode | Mode Il

e,

Organic acids permeable - D o -
Mode Il

Anionic, CI” selective

- r . r
0 50 100 150
g(pS)

Fig. 6 Summary of the properties of the obtained currents.

a Major types of currents present in the protoplast membrane
categorized according to ion permeability. lon permeability was
determined from IV plots under asymmetric conditions, as shown in
the bottom panel of Fig. 1g. b Conductance ranges determined for
major protoplast types of ion currents, with representative current
recordings shown on the right. Unselective anionic current recording,
inside-out, Vj, = +80 mV, bath solution with high glutamate content
(solB), g =15 pS; Organic acid-carried current, outside-out,

V, =430 mV, bath solution with nitrate (solA), g =40 pS, activity
modes indicated above current recording. CI™ -selective current,
outside-out, V;, = +80mV, solB, g =12 pS. o: open channel current
level: ¢: closed channel current level. The calibration bar for each
recording is presented on the right side
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bottom trace), whereas glutamate-permeating currents
alternated between two modes: (I) infrequent and rela-
tively short openings and (II) several hundred ms long
openings with sub-conductance levels interspersed with
very short closed states (n=4). Figure 6b middle trace
shows the current that started in mode I and then abruptly
transitioned to mode II. Nonselective currents exhibited a
wide range of conductances and likely represent a het-
erogeneous group. Top trace in Fig. 6b shows the most
frequently recorded current activity, bursts of current
accompanied by very short needle-like openings (1 =7).

Discussion

In this study, we described a highly reproducible laser-
based technique for the nanodissection of the fungal cell
walls to obtain released viable fungal protoplasts whose
plasma membrane was suitable for patch-clamp electro-
physiology. Similar approaches were reported long ago
using ns-UV laser pulses but were not further devel-
oped'®??, Compared with ns lasers, fs lasers can target
specific regions with high accuracy without damaging the
out-of-focus region, resulting in better surgical outcomes.
They can produce clean and precise incisions with mini-
mal thermal or mechanical damage. The high precision of
fs laser ablation enabled the cutting of a small piece of cell
wall without endangering the plasma membrane of the
protoplast; this cut was only a few micrometers away from
the protoplast or even closer. Another advantage of fs IR
lasers over ns UV lasers is the wavelength used. IR lasers
have longer wavelengths than UV lasers; thus, they can
penetrate deeper into tissues due to nonlinear two-photon
absorption that occurs only in the focal volume®. UV
lasers that emit shorter wavelengths have more energy,
increasing the susceptibility to cellular DNA damage™
and inducing oxidative stress and cell death®'. Another
advantage of this method is the use of the same fs IR
nanosurgical laser for two-photon imaging of live hyphae
to mark the desired cell wall area for surgery. Compared
to previous studies in which bright-field images were
used to mark and section the cell wall, in the present
study, we used two-photon fluorescence of the cell wall
from TPEF images. The ability to select a region on the
TPEF images for cutting contributed greatly to the
accuracy and precision of the overall cell surgery
method®. We did not observe any vaporization, cavita-
tion, or carbonization on the TPEF or BF images recorded
after the surgical procedure. Imaging the specimen by
either modality during the surgical action was not possi-
ble. Additionally, in the SEM images, we did not observe
fragments of the removed cell wall. The processes that
potentially occurred during surgery and the possible
transformations of the ablated/ejected materials are
described in detail in Vogel and Venugopalan 2003, The
nanosurgery method presented here could lead to
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successful patch-clamp recording only if the conditions
for each step were kept within the optimal range, as many
factors influenced the biological aspects of the procedure.

Fungi exhibit a cell wall integrity response; this is a
signaling pathway activated by cell wall stress or damage
involving fungal-specific kinases®® and is the basic survival
mechanism. The cell wall integrity pathway is involved in
the response to osmotic stress®*, fungal morphogenesis,
and fungal pathogenicity. The respiratory inhibitor azide
was used throughout the protocol because it is the only
respiratory chain inhibitor capable of almost complete
inhibition of classical respiration for prolonged periods
(unlike cyanide®®) without significant induction of alter-
native respiration (unlike antimycin®); its use resulted in
a long-term reduction in total respiration to 20% while
maintaining viability. Under conditions of this pro-
nounced metabolic suppression, all intracellular signaling
pathways that depended on kinase activity and therefore
required ATP, including the cell wall integrity response,
were assumed to be suppressed.

Prevention of new wall formation was one of the key
elements in the procedure’s success because when azide
was omitted, the hyphal protoplasts remained in the
hyphae. In rare cases, when a protoplast was released
without an applied azide due to the vigorous hypoosmotic
swelling immediately after producing the wall incision, the
contact between the patch pipette and the protoplasts was
not achieved. The high concentration of calcium used
throughout the procedure could account for the complete
absence of potassium permeating currents in our system.
The fungal-specific tandem pore outwardly rectifying K™
channels (TOKs) are found in the genome of filamentous
fungi, and heterologous expression shows that they form
functional K" channels that may be present in the plasma
membrane of filamentous fungi'>*°. The TOK channels
are blocked by Ca®' on the extracellular side of the
membrane!?. Therefore, the almost absolute dominance
of anionic currents (96% of all recorded currents) could
be a result of the experimental conditions. Furthermore,
the hyperosmotic conditions during the procedure could
influence the activation or properties of the registered
ionic currents. Notably, the osmolarity of the extracellular
solutions used during patch-clamp seal formation and
electrophysiological recordings was approximately iso-
smotic (with respect to the cytoplasm) because the pro-
toplasts were optimally “inflated”; otherwise, the
membrane would not be suitable for sealing. Filamentous
fungi are organisms adapted to a wide range of different
environmental conditions, such as the osmolarity of the
surrounding environment; therefore, the possible change
in physiology caused by a shift in osmolarity is likely to be
the biologically relevant physiological state®’.

Immediately after surgery, protoplast release was fre-
quently observed, and the probability of protoplast release
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was higher when the wall incision was made in close
proximity to the hyphal protoplast. Turgor pressure-
induced release of protoplasts could not be ruled out as
part of the explanation for this phenomenon since the
pressure relative to the cell wall in intact hyphae is
500 kPa greater, providing turgor to the cell®®”. How-
ever, under hyperosmotic conditions, turgor pressure is
lower®, and an additional cellular process, likely mediated
by the cytoskeleton, could be involved in the protoplast
release, since an increased calcium concentration
enhanced the protoplast release from the incision. The
more successful formation of sealing contacts in the
protoplasts released from side branches was potentially
due to the favorable interaction with the young plasma
membrane, as is often the case with enzymatically derived
plant protoplasts**. Notably, the close proximity of pro-
toplasts to the laser incisions during nanosurgery had no
detrimental effect on the health of the plasma membrane;
this was reflected by the ability of the protoplasts to make
high-resistance contact with the patch pipette, further
demonstrating that the protocol presented in this study
could produce consistently healthy released protoplasts
from versatile locations. Our finding that numerous
anionic conductances are present on the plasma mem-
brane of filamentous fungi is consistent with the data
from a limited number of available cloned ion chan-
nels'">'” revealing the presence of CLC-like and
Bestrophin-like channels. Additionally, unidentified ion
channels could be present on these membranes. The
prospects for further applications of the presented
method include the discovery and identification of ion
currents in the native protoplast membrane that have
remained undetected to date because of the low homology
of the underlying channels with animal or plant coun-
terparts. These advances would further the understanding
of the physiology of filamentous fungi.

Phycomyces blakesleeanus, the filamentous fungal
model system used in this work, is a member of the order
Mucorales (representative of the phylum Mucoromycota);
members of this order form mycorrhizal symbiotic rela-
tionships with plants®®, while other members are serious
human pathogens®" whose prevalence is increasing®>®,
The recently published WHO recommendation®* identi-
fies Mucorales as a high-priority group for monitoring,
researching, and developing new drug targets. Therefore,
the discovery and characterization of the membrane
currents of Phycomyces blakesleeanus involved in the
physiological responses of hyphae could lead to the
identification of much-needed novel drug targets to
combat human pathogens®, as well as to better protect or
exploit the mycorrhyzal symbiosis with plants in ecosys-
tems and agriculture®®. Further modifications of the
described method may be required in the future to expand
its application to other filamentous fungal phyla. The
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potential applications of this technique span the entire
range of fungal biology applications.

Materials and methods
Culture and growth conditions

A wild-type strain of the filamentous fungus Phycomyces
blakesleeanus (Burgeff) [NRRL 1555(-)] was used in this
study. The spores were seeded at a concentration of 10°
spores/mL in standard liquid minimal medium (SLM)®’
at pH 4-5 containing the following per liter: 2 g
L-asparagine-H,O, 5g KH,PO, 500mg MgSO,-7H,0,
and microelements (28 mg CaCl,, 1 mg thiamine hydro-
chloride, 2 mg citric acid-H,O, 1.8 mg Fe(NO3)3-9H,0,
1mg ZnSO,7H,O, 300pg MnSO4,H,O, 50pg
CuSO4-5H,0, and 50 pg Na;MoO,42H,0), with half the
glucose concentration (10 g D (+)-glucose) (1/2glucSLM)
to reduce the osmolarity of the growth medium. The
osmolarity was additionally decreased by diluting the
medium by 10% from 210 to 140 mOsm to adapt the
fungus to lower osmolarity conditions and ensure faster
plasmolysis during the preparatory phase of nanosurgery.
Fungi were grown in illuminated stationary open 100 mm
Petri dishes at 21-22 °C.

Sample preparation

For cell nanosurgery experiments, the fungi were grown
on glass coverslips (d = 15 mm) coated with a thin layer of
50% type I collagen as an immobilizer and placed on the
bottom of 6-well plates. The collagen was previously
polymerized at room temperature for 24 hours. The
collagen-coated coverslips were inoculated with 15 pL of
spore suspension from a Petri dish culture with an addi-
tional 50 pL of diluted 1/2glucSLM medium (to prevent
the sample from drying out); the sample was allowed to
stand for 1 hour to allow the spores to adhere/anchor to
the collagen. After 1hour, 2 mL of diluted 1/2glucSLM
medium was added to the wells. This method proved to
be the best in terms of hyphal adherence and growth.
The experiment was always performed with fungi from
the exponential growth phase (19-30 hours old). Most of
the fungal hyphae were simple, elongated cells with a
“spore “head” still visible, although some hyphae had just
begun to form side branches.

Previously, we performed hyphal adhesion experiments
on the following substrate-coating materials and coverslip
surface modifications: gelatin, silicone, laminin, poly-L-
lysine, concanavalin A, collagen type I, and plasma
treatment (Supplementary Table S1). The hyphae adhered
to and grew best on collagen type I. The optimal collagen
thickness was then determined and found to be 10 puL of
working collagen solution on a 15 mm diameter coverslip.
Half-millimeter numbers were engraved on the coverslips
(with a diamond scribe pencil) before the collagen treat-
ment. Mapping of the culture coverslips was necessary to
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accurately determine the positions of the fungal hyphae
before and after surgery because the surgery itself and the
electrophysiology were performed on two separate
microscopes.

Before the experiments, a coverslip containing the
immobilized hyphae was placed on the bottom of the
microscopic chamber and filled with the appropriate
amount of hyperosmotic solution.

Staining of the cell wall

Live hyphae from the exponential growth phase (19-
30 h) were incubated with 1% Calcofluor White (CFW;
Sigma Aldrich) dye in isosmotic solution (495 mOsm) for
10 min at 20°C. Then, 10 uM brefeldin A was added to
the isosmotic dye solution. After incubation, the hyphae
were washed three times in minimal media.

Preparation of solutions

The isosmotic solution for the CFW step contained (in
mM) 60 KCl, 65 K-glutamate, 2 MgCl,, 1 CaCl,, and 10
HEPES (pH 7) supplemented with sucrose to produce
495 mOsm.

The hyperosmotic extracellular solutions (hyperECSs)
used for plasmolysis and during nanosurgery contained
the following (in mM): 60 KCl, 65 K-glutamate, 2 MgCl,,
30 CaCl,, and 10 HEPES at pH 7 supplemented with
sorbitol to achieve the desired osmolarity (620 mOsm). In
some experiments, slightly more hyperosmotic conditions
were used (hyperECS: 680 mOsm, bath solution:
640 mOsm). Of the 13 attempts at the pipette approach,
only 2 were successful using these conditions.

In a subset of experiments, the solution was modified to
match the ion content of the patch-clamp bath solution
and to investigate the ion basis of the recorded currents.
For experiments with nitrate-based solution, hyperECS
was modified by replacing CaCl, with Ca(NOj),. For
experiments with glutamate-based solutions, the ratio of
KClI to K-glutamate in hyperECS was changed to 1:4 or
1:0, while the sum of the concentration remained at
125 mM.

For the experiment on the effect of Ca®>" on protoplast
release, solutions with the following composition were
used (in mM): standard [Ca®"] solution (1 mM and 3 mM;
data were pooled) - 60 KCl, 65 K-glutamate, 2 MgCl,, 10
HEPES, 1 or 3 CaCl,, pH 7, supplemented with sorbitol to
555-560 mOsm.

The high [Ca®'] solution had the same ionic composi-
tion as the standard Ca®" solution; the only differences
were CaCl, (30mM) with an osmolarity of 600-
617 mOsm.

Patch-clamp recording solutions
The osmolarity of the chamber bath solution was
595 + 10 mOsm; this solution was 25 mOsm hyperosmotic
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than the pipette solution (570 mOsm). During the
deplasmolysis step with a solution change, appropriate
solutions were used to alter the ion composition of the
final solutions to the following: nitrate solution (SolA) (in
mM): 82.75 Cl~, 125 K™, 48.75 glutamate, 23.75 Ca*", 45
NO;~, 2 Mg*", 10 HEPES; and high-glutamate solution
(SolB) (in mM): 70.25 Cl~, 125K, 106.25 glutamate,
2375 Ca®", 2 Mg**, and 10 HEPES. The patch pipette
solutions contained the following (in mM): solution
combined with SolA: 125 KCl, 5 CaCl,, 2 MgCl,, and 10
HEPES; low chloride solution: 50 KCl, 5 K-glutamate, 1
CaCl,, 2 MgCl,, and 10 HEPES. The following patch
pipette solution was used in combination with SolB: 125
KCL, 5 K-glutamate 1 CaCl,, 2 MgCl,, and 10 HEPES. All
solutions were sterile-filtered at pH 7.

Hyphal plasmolysis and deplasmolysis

Plasmolysis was performed in two steps. In the pre-
plasmolysis step (10 min incubation), hyphae were trans-
ferred from hypoosmotic growth medium to an isosmotic
solution (495 mOsm) containing the cell wall dye. This
step prior to plasmolysis served to facilitate the transition
of the hyphae into the hyperosmotic solution used during
imaging and nanosurgery. The hyperosmotic solution
(HoS) (620 mOsm, except for one subset in which
680 mOsm was used) contained a high concentration of
calcium (30 mM) in the form of CaCl, or Ca(NOs3),. A
high Ca*" content enabled faster plasmolysis and stabili-
zation of the membrane by increasing the ionic strength
of the hyperosmotic solution.

The onset of plasmolysis was considered the time at
which hyphal protoplast withdrawal was observed at two
or more sites along the hyphae in at least 25-30% of the
hyphae in the field of view. Retraction from the tip was
not used as a criterion for measuring plasmolysis time.
After the nanosurgical procedure, the gentle deplasmo-
lysis step was performed. We carefully removed % of the
hyperosmotic solution and slowly added 520 mOsm
solution in the same volume, which decreased the
osmolarity of the solution in the microscopic chamber to
595+ 10 mOsm. A difference of 25+ 10 mOsm between
hyperECS and the bath solution allowed protoplasts to
exit in some cases. However, in the majority (64%) of the
experiments, protoplasts exited the hyphal wall through
the laser-generated incision while still in the hyper-
osmotic solution.

Fungi were treated with an exocytosis inhibitor (10 pM
brefeldin A) added before the plasmolysis step and a
respiration inhibitor (2 mM sodium azide) to prevent cell
wall regeneration during the procedure. Sodium azide was
continuously present in all solutions (except during CFW
staining). The addition of enzymes (chitinases and chit-
osanase cocktail) that would breakdown cell wall residues,
which we hypothesized might be present at the cut site,
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was tested; however, these enzymes were found to have no
effect and were not used under the optimized conditions.

Measurement of the biomass yield and oxygen
consumption

To measure the biomass yield, P. blakesleeanus mycelia
were grown in Petri dishes for 16 hours in 500 (control),
760 and 860 mOsm solutions. The biomass was measured
after 30 and 90 minutes for both the control and treat-
ment groups. The yield gain was determined for each
culture as the biomass at each time point reduced by the
average biomass of the control at the beginning of growth.
The growth inhibition percentage was calculated as fol-
lows: (yield gain/average of control) *100. Oxygen con-
sumption by P. blakesleeanus mycelia was measured using
a Clark-type oxygen electrode (Qubit Systems). The
mycelial suspension was diluted in fresh liquid minimal
medium to an appropriate concentration (oxygen con-
sumption between 15-25 pmol/L x min) and aerated for
1 minute before measurement. Two milliliters of the
suspension (n=3) was transferred to a 4 mL electrode
chamber and maintained at a constant temperature of
25 °C. The long-term effect of incubation in 5 mM NaNj3;
was measured using a 28-hour-old culture.

Graphs can be found in the Supplemental material
(Fig. S1).

Measurement of the effect of calcium on the protoplast
release

The effect of Ca>" on the probability of protoplast
release from nanosurgical incisions was measured using
images taken immediately after the incisions were made.
An oil immersion objective was used for this series of
experiments. Nanosurgery and imaging were performed
in standard Ca®>" or high Ca®" solutions without sub-
sequent patch-clamp recording.

NLSM experimental setup for TPEF imaging and
nanosurgery

Laser nanosurgery and TPEF imaging of live hyphae
were performed via a custom-built nonlinear laser-
scanning microscope (Fig. 7) based on the Jenaval
upright microscope frame. Previously described in refer-
ences” and®®. A femtosecond tunable (700-1000 nm)
mode-locked Ti:Sa laser (Mira 900, Coherent, Inc., CA,
USA), which generates 160 fs, 30 n] pulses at a 76 MHz
repetition rate, was used. Power control for nanosurgery
and imaging was achieved using a motorized variable
neutral density filter (VNDF) and fast mechanical shutter
(Sh) for blocking or transmitting the laser beam. After
passing through the VNDF and shutter, the laser beam
was raster scanned over the sample using two galvan-
ometer mirrors (Cambridge Technologies, 6215H; Bed-
ford, Massachusetts, USA). A high numerical aperture
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Fig. 7 Schematic drawing of the NLSM setup for nanosurgery and cell wall imaging. Ti:Sa fs laser for cell surgery and TPEF imaging, VNDF
motorized variable neutral density filter, Sh shutter, GSM galvanometer-scanning mirrors, L1 and L2 - beam expander, MDM main dichroic mirror
(cutoff 700 nm), Obj. microscopic objective 40 x 1.0 physiological, Sam. sample, Con. aspheric condenser lens, TL tube lens, BS/M beam splitter or
mirror toggle, Cam. camera, F VIS filter 400-700 nm for CFW fluorescence, L3, L4 focusing lens, TPEF PMT photomultiplier tube for TPEF signal, PD

(NA) physiological (dip-in) objective lens (Carl Zeiss W
Plan-Apochromat 40X, NA =1.0) was used for tight
focusing of the laser beam into the sample. On some
occasions, to obtain higher-quality images, we used an oil-
immersion high-NA objective lens (Carl Zeiss, EC Plan-
Neofluar 40X, NA =1.3). In this case, the hyphal culture
was placed under an additional coverslip on top to enable
the use of an oil immersion objective. The physiological
objective worked in the same microscopic chamber dur-
ing laser surgery and patch-clamp procedures on two
separate systems. The patch-clamp recordings were per-
formed on a separate system with an inverted microscope
that allows the measuring pipette to access the sample
from above. A physiological objective lens was used for
imaging and surgery on a nonlinear system to perform
both procedures of surgery and patch-clamp on the exact
same hypha in the same chamber. This process ensured
faster transfer from the nonlinear system to the patch
system and prevented sample perturbation and possible
loss of the obtained protoplast when the upper coverslip
was removed. To determine the position for surgery on
the hyphal chitin cell wall, it was necessary to visualize the
cell wall and ensure that there was sufficient absorption of
the laser beam at the wavelength intended for surgery.
The intrinsic autofluorescence of chitin enabled imaging
of the cell wall. Nevertheless, the hyphae were stained to
increase the absorption of the laser beam and conse-
quently reduce the value of the laser power required for

sample imaging and nanosurgery. TPEF was used to scan
hyphal cell walls stained with CFW dye using the same
wavelength as that used for the surgery (730 nm). The
fluorescent signal was collected using back reflection by
an objective lens, filtered through a visible (400-700 nm)
bandpass filter and detected via a photomultiplier tube
(PMT) (RCA, PF1006). The steering of the galvo mirrors,
the TPEF signal acquisition and shutter were controlled
by a USB-6351 National Instrument card at a sampling
rate of 1.2 MHz. The power regulation and stage axial
position were controlled by a microcontroller. The sample
(a coverslip with immobilized hyphae at the bottom of the
open microscopic chamber) was placed on the motorized
translation stage. The motorized stage was powered by a
stepper motor that could translate the sample along the
z-axis with 0.3 pm resolution. This approach was essential
for accurately targeting the middle of longitudinal sec-
tions of the cell wall.

A custom-made add-on to the imaging software was
used for the surgical procedure. This approach enabled
arbitrary pattern inscription onto the TPEF image, where
the dwell time and the average power of the laser beam
could be controlled. The surgical procedure was as fol-
lows: first, the TPEF image of the hyphae was recorded;
second, the pattern (usually the BMP image) was impor-
ted and superimposed onto the TPEF image; and third,
the scale, exact position and rotation angle were adjusted.
Afterward, the average laser power and the dwell time
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were defined. The shutter was opened at the beginning
and closed at the end of the surgical procedure, and then
the laser power and the software were automatically set
back to the imaging mode. During surgery, the laser beam
was moved from point to point for a time (<ps) much
shorter than the dwell time (order of 15s).

Bright-field images were taken by a Canon EOS 50D
digital camera (Tokyo, Japan) whose CMOS sensor was
placed at the image plane of the tube lens. The BS/M
Toggle switch enabled the utilization of either a camera
for bright-field or TPEF PMT for fluorescence imaging.

Scanning electron microscopy (SEM)

The characterization of the laser made incision and the
released protoplast was performed using a high-resolution
field emission gun scanning electron microscope (FEG-
SEM-Mira3, TESCAN). The samples were prepared for
SEM according to the standard protocol with paraf-
ormaldehyde fixation followed by drying in a critical point
drying chamber (K850, Quorum Technologies, Laughton,
UK) as previously described in ref. ®. The samples were
sputter-coated with 10nm of gold/palladium using a
Quorum sputter coater to make them conductive for SEM
analysis.

Patch-clamp setup and method

The microscopic chamber was mounted on an inverted
microscope (Zeiss Axiovert 10, Germany) with a Luis &
Newman micromanipulator system. Currents were mea-
sured with an EPC8 amplifier (HEKA), digitized at 10 kHz
using an Instrutec 1600 interface (HEKA); the currents
were low-pass filtered at 3 kHz, recorded, and processed
with Pulse software (HEKA). The pipettes used for on-cell
and inside-out patch recordings had a resistance of 10-20
MQ, while those used for whole-cell and out-out
recordings were in the range of 5-10 MQ. The pipettes
were pulled from thick-walled borosilicate glass with
filament on a Flaming-Brown P97 pipette puller (Sutter
Instruments) and polished with a microforge (L/MCPZ
101, List Medical-Elektronic).

The contact resistance between the pipette and the
membrane was monitored by continuous testing with
square-wave voltage pulses. Prior to immersion in the
bath, the pipette was pressurized to approximately 60
mbar to ensure that any debris between the pipette and
the membrane was washed away prior to contact. After
contact with the membrane, which resulted in an increase
in the resistance of several MQ, the release of positive
pressure was often not sufficient for a tight seal, and a
slight negative pressure was also applied to pull the
membrane into the pipette; this was then released again to
prevent the protoplast from being completely sucked into
the pipette. Seal formation typically took a few seconds to
half a minute. Giga-seal contact was reached when the
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contact resistance reached or exceeded 1 GQ. Recording
“on cell” was rarely used because it did not provide
satisfactory voltage control. The excision of the mem-
brane patch was achieved by moving the pipette rapidly
away from the protoplast in the horizontal direction. The
membrane current activity in the inside-out or outside-
out configuration was recorded in the gap-free mode of
the voltage clamp with the range of holding voltages (V},)
to measure the amplitude of the active channels and to
generate IV plots. Alternatively, the standard voltage
clamp protocol was applied when entering the whole-cell
configuration: Vj, of —50 mV, followed by a series of steps
in 20mV increments, from —110 mV to +110mV. The
duration of each step sequence was 500 ms, with a rest
period of 0.5-1s. Series resistances were not compen-
sated. All experiments were performed at 20 °C.

Data analysis and statistics
Image analysis

Bright-field image analysis of the extruded protoplasts
and cell wall incision lengths was performed using Image]
(W. Rasband, National Institute of Health, Maryland,
USA; http://imagej.nih.gov/ij/).

Current analysis

The current data analysis was performed using the Pulse
and Clampfit software packages (Molecular Devices,
USA). The reversal potentials (V,,,) for each ion were
calculated using the calculator available at https://
www.physiologyweb.com/calculators/nernst_potential_
calculator.html. The conductance g (pS) was extracted as
the slope of the current-voltage dependence for each
detectable single-channel current recorded at three or
more different Vj,. The current V., was extrapolated from
the linear IV plot. In rare cases where the current was
rectified (nonlinear IV relationship), the nonrectified
portion of the IV plot was used for extrapolation. Care
was taken to design the solutions such that the V,,, for
each of the ions was sufficiently separated from the others
to allow rough typing of the currents based on the ion
with the largest contribution to the V., (defined as the
ion whose V,,, was close to the V,,, of the recorded
single-channel current).

Statistics

Graphing and statistical comparisons were made using
Graph Pad Prism software. Boxes of the box and whisker
plots are enclosed by the 25th and 75th percentile ranges,
respectively, with the line representing the median;
whiskers extend to the minimum and maximum values,
respectively. Histograms of the incision length and dis-
tance of the hyphal protoplasts from the incision were
generated from all values in each group with 3 pm binning
and plotted with the upper bin boundary on the x-axis.
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One-way ANOVA with multiple comparisons and Holm-
Sidac correction and the unpaired two-tailed ¢-test with
Welch’s correction for unequal variances were used to
calculate statistical significance. The confidence intervals
for statistical significance were 0.05 (*), 0.01 (**), 0.005
(***), and 0.0001 (****). The release probabilities were
calculated from all available data. Throughout the
manuscript, the data are presented as the mean + SD.
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Mapping the Direction of Nucleocytoplasmic Transport of
Glucocorticoid Receptor (GR) in Live Cells Using Two-Foci Cross-
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ABSTRACT: Nucleocytoplasmic transport of transcription fac-
tors is vital for normal cellular function, and its breakdown is a
major contributing factor in many diseases. The glucocorticoid
receptor (GR) is an evolutionarily conserved, ligand-dependent
transcription factor that regulates homeostasis and response to
stress and is an important target for therapeutics in inflammation
and cancer. In unstimulated cells, the GR resides in the cytoplasm
bound to other molecules in a large multiprotein complex. Upon
stimulation with endogenous or synthetic ligands, GR trans-
location to the cell nucleus occurs, where the GR regulates the
transcription of numerous genes by direct binding to glucocorti-
coid response elements or by physically associating with other
transcription factors. While much is known about molecular mechanisms underlying GR function, the spatial organization of
directionality of GR nucleocytoplasmic transport remains less well characterized, and it is not well understood how the bidirectional
nucleocytoplasmic flow of GR is coordinated in stimulated cells. Here, we use two-foci cross-correlation in a massively parallel
fluorescence correlation spectroscopy (mpFCS) system to map in live cells the directionality of GR translocation at different
positions along the nuclear envelope. We show theoretically and experimentally that cross-correlation of signals from two nearby
observation volume elements (OVEs) in an mpFCS setup presents a sharp peak when the OVEs are positioned along the trajectory
of molecular motion and that the time position of the peak corresponds to the average time of flight of the molecule between the two
OVEs. Hence, the direction and velocity of nucleocytoplasmic transport can be determined simultaneously at several locations along
the nuclear envelope. We reveal that under ligand-induced GR translocation, nucleocytoplasmic import/export of GR proceeds
simultaneously but at different locations in the cell nucleus. Our data show that mpFCS can characterize in detail the heterogeneity
of directional nucleocytoplasmic transport in a live cell and may be invaluable for studies aiming to understand how the bidirectional
flow of macromolecules through the nuclear pore complex (NPC) is coordinated to avoid intranuclear transcription factor
accretion/abatement.

©GFP-GR import
©GFP-GR export
«GFP

The concentration of transcription factors in the cell nucleus is understood how the bidirectional nucleocytoplasmic flow of
a key determinant of the kinetics of gene transcription, through macromolecules is coordinated. The main obstacle to progress
which cell identity and function are eventually conferred.” It is the limited number of analytical methods that can
is dynamically controlled in live cells by means of transcription quantitatively characterize the directionality of nucleocytoplas-
factor import/export into/out of the cell nucleus via the mic transport in live cells at multiple spots simultaneously.
nuclear pore complex (NPC), which is accomplished through To date, time-resolved fluorescence microscopy imaging and
two basic mechanisms: passive diffusion and active directional correlation spectroscopy techniques have been shown to be
transport.” While our understanding of the energetics of the

nucleocytoplasmic transport and the biochemical composition Received: April 2, 2023

and overall organization of the NPC, which is the sole Accepted: September 15, 2023

bidirectional gateway through which molecules pass in/out of Published: October 2, 2023

the cell nucleus, is continuously improving,™® the spatial
organization of directionality of nucleocytoplasmic transport in
a single cell remains less well characterized and it is not well

© 2023 The Authors. Published b
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well suited to address this problem in live cells. For example,
fluorescence recovery after photobleaching (FRAP), Forster
resonance energy transfer (FRET), single-molecule imaging/
single particle tracking microscopy, and other related methods
have been indispensable for this purpose, as they made it
possible to quantify the dynamics of nucleocytoplasmic
shuttlin% and characterize intranuclear reactions and reten-
tion.”~" Fluorescence correlation spectroscopy (FCS) and
FCS-based methods have enabled us to simultaneously
measure with single-molecule and particle sensitivity local
translational diffusion coeflicients and the local velocities and
directions of transport. The value of conventional single-beam
FCS for flow measurements was realized already at the
inception of FCS when the theoretical background was
developed, and a first successful application was demon-
strated."* Subsequent studies have shown that conventional
FCS is suitable even for more complex applications, such as
hydrodynamic flow profiling in microchannel structures,'” that
the dynamic range of flow velocities that can be measured by
FCS is wide, ranging over 4 orders of magnitude,16 and that
FCS is suitable for involved applications using microfluidic
devices'” or to characterize cerebral blood flow.'"® However,
these studies have also revealed the limitations of conventional
FCS for characterizing molecular transport, most notably the
fact that it cannot determine the direction of flow. Hence, dual-
focus FCS was developed to overcome this limitation and used
to measure the velocity and direction of flow by cross-
correlation analysis of signals in two foci.'”*’ In addition, more
specialized FCS-based methods have also developed. For
example, interferometric fluorescence cross-correlation spec-
troscopy (iFCCS) was applied to quantitatively characterize
flow and diffusion transport in 2D and 3D;”' and multipoint
holographic FCS (MP-hFCS), where a spatial light modulator
(SLM) was used to generate 8 independent foci, was applied in
live cells to quantitatively characterize the nuclear import of
the glucocorticoid (GR) receptor via cross-correlation analysis
between two independent foci.”” While these approaches were
invaluable for measuring the velocity and direction of
molecular transport, they provided this information for a
limited region only. To overcome the limited overview and
characterize molecular transport in a wider area, methods that
use spatiotemporal correlation analysis of fluorescence
fluctuations within an image/series of images were developed,
such as two—ghoton image correlation and cross-correlation
spectroscogy, ? spatiotemporal image correlation spectroscopy
(STICS),** and spatiotemporal image correlation of structured
illumination microscopy data.”” In addition, imaging FCS
methods, such as imaging total internal reflection (ITIR)-
FCS* and sin%le—plane illumination microscopy-based FCS
(SPIM-FCS),”"** were developed and used to characterize
heterogeneity in diffusion and the direction and velocity of
transport in multiple positions simultaneously. However, these
methods also have some drawbacks that limit their suitability
for characterizing the spatial heterogeneity of diffusion and the
velocity and direction of transport in live cells. For example,
the accuracy and precision of STICS-based methods depends,
in addition to the dependence on the concentration and
brightness of fluorescent molecules and the point spread
function (PSF) of the microscope, on image settings in terms
of scanning speed (pixel dwell time, time between the scan
lines, and time between images), pixel size, the size of the
region of interest (ROI) defined by the number of pixels that it
contains, number of frames, and signal acquisition time,”® and

averaging over a relatively large number of pixels (>64) is
needed to allow an accurate characterization of diffusion/
motion. This leads to averaging out of spatial heterogeneity of
diffusion and the direction and velocity of transport. STICS-
based methods also encounter problems when analyzing
heterogeneous samples since the presence of bright speckles
significantly deforms the autocorrelation curve (ACC). In
imaging FCS methods, such as ITIR-FCS and SPIM-ECS, pixel
binning and cross-correlation between distant, nonoverlapping
pixel areas are necessary to avoid large errors that arise due to
crosstalk when cross-correlating the signals from areas that
overlap.”®

We have recently developed massively parallel FCS
(mpFCS) in which geometrically independent multiple
excitation foci are formed in the specimen and demonstrated
its value for quantitative scanning-free confocal fluorescence
microscopy imaging and characterization of fast dynamic
processes in live cells.*>*' Here, we present how this new FCS-
based imaging modality can be used to map the spatial
organization of directionality of nucleocytoplasmic transport in
live cells using, as a model system, live HEK cells expressing
the GR fused at the N-terminal end with the enhanced green
fluorescent protein (eGFP-GR). The GR is a hormone-
dependent receptor that belongs to the nuclear receptor
superfamily of transcriptional regulatory factors.”” It is
indispensable for maintaining homeostasis under normal
physiology and under stress. In unstimulated cells, the GR
resides in the cytoplasm, bound into a large multiprotein
complex.””** Upon stimulation with endogenous or synthetic
ligands35 and their binding to the cytoplasmic GR, ligand-
induced GR translocation to the cell nucleus occurs. In the cell
nucleus, GR regulates the transcription of numerous genes—it
is estimated that glucocorticoid-responsive genes probably
represent 3—10% of the human genome, acting either as an
activator or repressor of genes across the genome b;r direct
binding of GR oligomeric forms (dimers or tetramers® ~*) to
glucocorticoid response elements (GREs) on the genome
DNA and/or by physically associating with other transcription
factors (e.g, NF-kB). The GR concentration in the cell nucleus
is dynamically regulated through a complex, perpetually
ongoing bidirectional nucleocytoplasmic shuttling of GR.*’
Despite being extensively studied,'”'"*** little is known
about how bidirectional flow of GR is spatially organized and
coordinated in a live cell to avoid collision of inward/outward
shuttling GR and its intranuclear accretion/abatement.

B EXPERIMENTAL SECTION

Cell Culture and Pharmacological Treatment. HEK
cells (ATCC) were grown in 25 mL cell culture flasks with
filter caps (T-2S, Sarstedt) in Dulbecco’s modified Eagle
medium (DMEM; Gibco) supplemented with 10% fetal bovine
serum (FBS; Gibco) and 1% penicillin—streptomycin (Gibco),
100 U/mL final concentration penicillin, and 100 pg/mL
streptomycin and maintained in a humidified atmosphere
containing 5% CO, at 37 °C.

One day before transfection, HEK cells were seeded in Lab-
Tek 8-well chambered coverglass (Thermo Fisher Scientific),
with a seeding density of 1.0 X 10* cells per well (volume of
400 uL). The cells were transfected with 100 ng of peGFP-C1
or peGFP-GR-C1 plasmids for expression of the enhanced
green fluorescent protein (eGFP) or wild-type human GR a
fused with eGFP, respectively, using 0.2 uL of Lipofectamine
2000 (Thermo Fisher Scientific). Twenty-four hours after
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transfection, the cell culture medium was replaced as described
below, and the cells were subjected to further analysis.

To induce GR translocation into the nucleus, the synthetic
ligand dexamethasone (Dex; Sigma-Aldrich) was used. For
pharmacological treatment, a 2 mM Dex stock solution
prepared by dissolving Dex in dimethyl sulfoxide (DMSO)
was diluted to 500 nM in phenol red-free medium FluoroBrite
DMEM (Gibco) and the cell culture medium was replaced. In
control experiments, the phenol red-free medium FluoroBrite
DMEM (Gibco) was used.

Chemicals. Yellow-green fluorescence (Ex/Em: 505/515)
carboxylate-modified polystyrene nano/microspheres of differ-
ent nominal diameters, d = 100 nm (Do = 44 X 107 m?
s™') or 2.0 um (FluoSpheres Size Kit #2), and carboxylate-
functionalized quantum dot nanocrystals, d = 20 nm, with
emission maxima at 525 nm (Qdot 525 ITK Carboxyl
Quantum Dots; Molecular Probes, Life Technologies Corpo-
ration, USA) were used for mpFCS instrument calibration and
performance characterization. Thirty min of sonication was
applied to minimize the agglomeration of quantum dots/
fluospheres.

For fFMI instrument alignment, a uniform thin layer of
Rh6G was prepared by squeezing 1 uL of concentrated Rh6G
solution in water between a microscopic slide and a cover glass
(no. 1.5 thickness, 22 X 40 mm) and allowed to dry.

Confocal Laser Scanning Microscopy (CLSM) Imag-
ing. Time-lapse CLSM imaging was performed using the
LSM880 system (Carl Zeiss), equipped with the VIS-laser
module comprising the Ar-ion laser (458, 488, and 514 nm),
C-Apochromat 40X/1.2 N.A. W objective, and gallium
arsenide phosphide (GaAsP) detector. eGFP was excited
using a 488 nm Ar-ion laser line. Fluorescence was detected in
the 493—630 nm range. Following treatment with 500 nM
Dex, time-lapse confocal images were acquired at 1 min
intervals for 35 min.

Optical Setup for Massively Parallel Fluorescence
Correlation Spectroscopy (mpFCS). The optical setup for
mpFCS is described in detail in our previous work’”*" and the
Supporting Information (Section SI1, Figure S1). Briefly, the
instrument was built using an inverted epi-fluorescence
microscope Axio Observer D1 frame equipped with a C-
Apochromat 63x/1.2 W Corr objective lens (Carl Zeiss,
Germany). A continuous wavelength (CW) 488 nm frequency-
doubled diode laser Excelsior 488 (Spectra-Physics, France)
was used as the excitation light source. A Diffractive Optical
Element (DOE; Holoeye, Germany) was used to precisely
create a spot-wise illumination pattern that matches the
distribution of single-photon avalanche diodes (SPADs) on the
Single Photon Counting SPC2 or the SPC3 camera (Micro
Photon Devices MPD, Italy).”® To enable fast sample
localization, an 18.0 megapixel digital single-lens reflex
(DSLR) camera EOS 600D (pixel size of 18.5 um? and pixel
pitch of 4.3 ym; Canon Inc., Japan) was coupled to the side
port of the microscope opposite to the SPC2/SPC3 camera,
and the light path between the two camera ports was manually
switched.

mpFCS Data Acquisition. For mpFCS data acquisition in
aqueous suspension of fluospheres or quantum dots, an
instrumental setup com?rising a 32 X 32 DOE and the
SPC2 camera was used.’’ Here, the photosensitive area of the
chip consists of 32 X 32 circular SPADs that are 20 um in
diameter, and the distance between adjacent diodes along a
row/column, i.e., the pitch of the camera, is 100 ym. A total of

131,000 frames were acquired every 20.74 us, yielding 1024
fluorescence intensity fluctuation traces recorded over 2.71 s.
The data was stored in the internal memory of the SPC2
camera during signal acquisition and then transferred to a Dell
Precision Fixed Workstation TS600 Xeon E5-2620 2 GHz
equipped with an NVIDIA GeForce GTX 780 graphic card
containing 2304 Compute Unified Device Architecture
(CUDA) for fast data analysis by two-foci cross-correlation
as described in Data Processing.

For mpFCS measurements in live cells, the more sensitive
SPC3 camera with significantly reduced afterpulsing was used;
here, the photosensitive area of the chip consists of 64 X 32
circular SPADs that are 30 ym in diameter, and the distance
between adjacent diodes along a row/column, i.e., the pitch of
the camera, is 150 pm. In addition, a spot-wise, 16 X 16
illumination was applied and every other SPAD in the centrally
positioned 16 X 16 SPADs of the SPC3 camera was used for
signal detection.”’ Fifteen minutes after treatment with 500
nM Dex, 1,048,570 frames were acquired at a temporal
resolution of 100 ys/frame, yielding 256 fluorescence intensity
fluctuation traces recorded over 104.85 s. During signal
acquisition, the data was stored in the internal memory of
the SPC3 camera and then transferred to a PC for further
analysis using the Origin Data Analysis and Graphing software
(OriginLab), as described in Data Processing.

Data Processing. To calculate the two-foci cross-
correlation curve (tfCCC) for arbitrary pixels a and b of the
SPAD camera, the following definition applies:

G0y = SBORE+ D) _ i On(e + 2)
o (m (D)) 0

(EONED)
where F,(t) and F,(t) are fluorescence intensities that are
directly proportional to the number of emitted photons n,(t)
and n,(t) at time ¢t for pixels a and b, respectively, the angular
brackets indicate a time average, and 7 is the lag time, also
called correlation time. However, for the fast, real-time, and
highly precise computation of the auto- and cross-correlation
functions, a multitau algorithm was developed. Explanation of
the multitau procedure can be found in the literature.”*>*"**
For in vitro mpFCS measurements in dilute suspensions of
fluospheres or quantum dots, the multitau algorithm was used
to analyze the raw photon counts directly, and the following
formula was used for the calculation of the tfCCCs:

1 M—-m
— e n,(kAt)-n,(kAT, + mAT,)
6 = Hmn

M, 4ir My 4ol ()

Briefly, in eq 2, 7; is the lag time and A, is the sampling time
for channel i (ith value of the auto- or cross-correlation
function). The bin width for the first group is Az, = 20.74 pus.
Numbers m and M are integers defined as m = 7;,/Ar;and M =
T/At, where T is the total measurement time. The number of
photons counted over a time interval [(k — 1)Az, kAz,] is
denoted as n(kAt,). One can see that the correlation analysis
boils down to obtaining the sum of the products n(kArt,)-
n(kAz; + mAT;) of the counted photons at time kAz; and mAr,
later. In eq 1, n,(kA7;) and n,(kA7;) denote photon counts at
time kA, for pixels indicated by the subscript, while M, 4, and
M, 4 are so-called direct and delayed monitor for pixels a and
b, respectively. They are computed using the following
equations:
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Figure 1. Two-foci cross-correlation analysis of directional particle motion in a diluted suspension of 2 ym fluospheres. (a) G(0) map showing
amplitudes of temporal ACCs at lag time 7 = 20.74 us in the 32 X 32 SPAD array. The upper trail, starting at the referent SPAD a = (20,1), is
encircled. The white arrow indicates the path along which two-foci cross-correlation analysis is performed. (b) The two-foci ACC at the referent
SPAD a = (20,1) was calculated using eq 2 when a = b. (c—h) Two-foci cross-correlation curves (tfCCCs) between the referent pixel a = (20,1)
and pixels b = (20,2) (c), b = (20,3) (d), b = (20,4) (e), b = (20,5) (f), b = (20,6) (g), and b = (20,14) (h). (i) tfCCC,, between a = (20,1) and b
= (20,14) (black; shown in panel h) and the corresponding tfCCCy, between b = (20,14) and a = (20,1) (red). The absence of a peak in tfCCCy,
clearly indicates that the direction of particle motion is from (20,1) toward (20,14) and not from (20,14) toward (20,1).

1 M-m

Ma,dir = M—m k;l na(kATi) (3)
1 M

M, 40 = M kgm n, (kA7) @

It is important to note that GP(z) # Gl(,ﬁ)(‘ri). Thus, for
each pair of pixels, there are two tfCCCs that are different in
the case of directed molecular/particle motion, hence
providing information about the direction of movement.
Notably, a two-foci autocorrelation function is obtained
when a = b in egs 1 and 2.

For measurements in live cells, Origin Data Analysis and
Graphing software (OriginLab) was used to compute cross-
correlation curves between foci in the cytoplasm and nucleus.
As a first step, Origin Data Analysis and Graphing software
(OriginLab) was used to post acquisition account for
photobleaching in individual time series. To this aim, data
compression was first applied by binning the data into 10 ms
bins, and a fourth-order polynomial function was used to fit the
fluorescence intensity traces that are decaying due to
photobleaching:*”*°

E(r) = 2 +f<o>{1— @]

|10 f(0)
£(0) ($)
Here, F(t) and F.(t) are fluorescence intensities of raw and

corrected data at time ¢, respectively, and f(0) and f(t) denote
values of the fourth-order polynomial function at time 0 and ¢,

respectively. We then employed eq 2, substituting raw photon
intensities (counts) with the fourth-order polynomial functions
from eq 5. The forward, cytoplasm to nucleus, and backward,
nucleus to cytoplasm, translocation cross-correlation curves are
respectively defined as follows:

(EY'(t)-F*“(t + 7))

cybnuc( .y —

) = <o) ®
nuc, cyt ) = <Fcnuc(t)‘F:Yt(t + T)>

G = e <) o)

where F™°(t) and F7%(t) are photobleaching-corrected
fluorescence intensity time series recorded in the selected
pixels in the nucleus and cytoplasm, respectively.

To readily visualize the translocation direction between two
foci, the tfCCC in the direction of nucleus to cytoplasm
(Ge9(7)) is subtracted from the tfCCC in the direction of
cytoplasm to nucleus (GZ""*(7)):

G, (1) = G (1) — G*°() (8)

In this way, a positive peak in G, (7) signifies nuclear
import, whereas a negative peak indicates nuclear export. We
refer to G,,(7) as the subtracted cross-correlation curve.

B RESULTS

Theoretical Results. Theoretical background and results
of numerical simulations of fluorescent fluosphere motion are
presented in the Supporting Information (Section SI2, Figures
S2-S5).
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Figure 2. Two-foci cross-correlation analysis of directional particle motion in a 20 nM suspension of 100 nm fluospheres. (a) G(0) map showing
amplitudes of temporal ACCs at lag time 7 = 20.74 us in the 32 X 32 SPAD array. To guide the eye, the trail of fluosphere motion, including the
referent SPAD a = (23,12), is highlighted (white dotted line). (b—e) tfCCCs between the referent SPAD a = (23,12) and on-trajectory SPADs
(white) b= (20,16), b = (17,20), b = (15,23), or b = (12,30). (f) tfCCCs between the referent SPAD a = (23,12) and selected off-trajectory SPADs

(orange-marked).

Proof-of-Concept Results Using Immobilized g-Dots
and a Motorized Stage with Nanometer Positioning
Precision. Results of proof-of-concept measurements using a
precisely controllable motorized stage to move the sample are
presented in the Supporting Information (Section SI3, Figures
S6 and S7).

In Vitro Experimental Results. Here, we demonstrate
using dilute suspensions of fluospheres of different diameters, d
= 2 pum (Figure 1) and d = 100 nm (Figure 2), that the
projection of particles” motion in the focal plane can be traced
using two-foci cross-correlation analysis in mpFCS.

To begin with, a dilute suspension of large, d = 2 ym, and
bright fluospheres is analyzed, where particle motion could
readily be observed by temporal autocorrelation analysis of
fluorescence intensity fluctuations acquired using the mpFCS
system (Figure 1). As can be seen from the map of amplitudes
of the temporal ACCs for lag time 7 = 20.74 ps, the so-called
G(0) map, high G(0) values are observed along paths
reflecting fluosphere movement (Figure la). To ascertain
that these traces indeed reflect particle motion, two-foci cross-
correlation analysis is performed between selected pixels along
the upper trail (Figure 1a, white arrow), and the thus-obtained
two-foci cross-correlation curves (tfCCCs) are shown in Figure
1b—i.

The ACC in pixel (20,1) shown in Figure 1b is calculated for
the referent SPAD a = (20,1) using eq 2 when a = b. The
tfCCCs between two adjacent pixels a = (20,1) and b = (20,2)
resemble the ACC shown in Figure 1b and lack the
characteristic narrow peak that is characteristic of tfCCCs
shown in Figure lc—h. This is because of the large bead
diameter, which exceeds the distance between the neighboring
SPADs in the focal plane; the distance between the centers of
two adjacent volume elements is Al = 1.6 pum. Thus,
fluorescence signals from the same particle are simultaneously
measured in both SPADs. tfCCCs containing features of both
the ACC and tfCCC features are observed for b = (20,3) and b
= (20,4) (Figure 1d,e). When the distance between two pixels
is sufficiently large (Figure 1f—h), a sharp peak is observed, as
expected. Importantly, one can see that the greater the distance

15175

between a and b, the longer the lag time of the cross-
correlation peak. From the lag times of the cross-correlation
peak, one can estimate the two-dimensional (2D) velocity.
Projection of the three-dimensional (3D) fluosphere trajectory
as it traverses the focal plane onto the 2D image plane divided
by the lag time yields the 2D velocity. The 2D velocity at
which the fluorescent particle is moving from pixel a = (20,1)
is first 50 ym/s, then increases to 80 pm/s, and then decreases
to 60 um/s. Given that we have neither controlled the
direction nor the velocity of fluosphere motion but rather
observed its movement under spontaneous, convection or
pipet aspiration/dispensing-driven fluid flow, the observed
difference could reflect local changes in fluosphere velocity due
to heterogeneities in the fluid flow and/or apparent differences
in fluosphere 2D velocity arising because 3D paths of different
lengths may give the same 2D projection in the image plane.
Finally, the direction of fluosphere motion in the focal plane
could be determined (denoted by the white arrow in Figure
1a) from the results shown in Figure 2i. Here, a sharp peak is
observed when the tfCCC is calculated in the direction from a
= (20,1) to b = (20,14) (Figure 2i, black). However, when the
calculation is performed in the opposite direction, from b =
(20,14) to a = (20,1), the peak disappears (Figure 2i, red).
This in turn means that the direction of fluosphere motion is
from a = (20,1) to b = (20,14).

Sensitivity of the mpFCS instrument is further tested using a
diluted suspension of small fluospheres, d = 100 nm (Figure
2).

As can be seen from the G(0) map (Figure 2a) and the
tfCCCs between the reference point a = (23,12) and pixels b =
(20,16), b = (17,20), b = (15,23), or b = (12,30), robust peaks
can be observed in the tf{CCCs, confirming that these points
are on the trajectory and in the direction of 100 nm fluosphere
movement (Figure 2b—e). The greater the distance between
pixels a and b, the longer the lag time at which the peak in the
tfCCC is observed (Figure 2b—e). As before (Figure 1i),
tfCCCs calculated from b to a (data not shown) showed no
peaks, confirming that the direction of 100 nm fluosphere
motion is from point a = (23,12) toward the set of white-

https://doi.org/10.1021/acs.analchem.3c01427
Anal. Chem. 2023, 95, 15171-15179


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01427/suppl_file/ac3c01427_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01427/suppl_file/ac3c01427_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01427/suppl_file/ac3c01427_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.3c01427/suppl_file/ac3c01427_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01427?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01427?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01427?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.3c01427?fig=fig2&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.3c01427?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

marked b points along the indicated trajectory (Figure 2a,
white dotted line). Moreover, from the lag times of the peaks
in the tfCCCs (Figure 2b—e), the projection of mean velocity
in the focal plane could be estimated, yielding an approximate
mean velocity of the directed motion of 30 um/s between
pixels (23,12) and (22,13) and 60 pm/s thereafter. We next
prove that two-foci cross-correlation analysis can be used as a
“radar” for detecting the direction of particle motion. In Figure
2a, we depict a circle centered at the reference pixel a =
(23,12) with pixels (21,10), (26,12), (25,14), and (23,15) at
its rim (Figure 2a, orange-marked). In addition, the distant
pixel (2,26) is also included in this analysis as an off-trajectory
example (Figure 2a, orange-marked). tfCCCs between a =
(23,12) and these pixels, which are not positioned along the
particle trajectory, clearly show no peaks (Figure 2f). Thus, this
360° sweeping procedure can discern the direction of the
particle motion. To further corroborate this analysis, we show
in the Supporting Information (Section SI4, Figures S8—S10)
that two-foci cross-correlation analysis yields no tfCCCs when
pure diffusion is observed (Figures S8 and S9) and that it is
more powerful than classical temporal autocorrelation analysis
for discerning free diffusion from directional motion when the
flow is slow (Figure S10).

Nucleocytoplasmic Translocation of Glucocorticoid
Receptor in the Live Cell. Finally, we applied our method to
characterize in live cells the translocation of the glucocorticoid
receptor tagged with enhanced green fluorescent protein
(eGPFP-GR; Figure 3).

As can be seen, eGFP-GR is localized in the cytoplasm in
untreated HEK cells (Figure 3a, top, 0 min). Dex (500 nM)
treatment induced eGFP-GR relocation to the cell nucleus
(Figure 3a, top, 30 min), whereas it did not change eGFP
intracellular distribution (Figure 3a, bottom, 0 and 30 min).
Over time, a 4-fold increase in nuclear fluorescence intensity
following 500 nM Dex treatment was observed in eGFP-GR-
expressing HEK cells (Figure 3b, dots), while no change was
observed in the eGFP-expressing HEK cells (Figure 3b,
circles). eGFP-GR nuclear translocation half time, defined as
the time needed for fluorescence intensity in the cell nucleus to
reach half of its highest value, was determined to be }7; = 15
min (Figure 3b, red). Hence, mpFCS measurements of
directional transport were performed in eGFP-GR-expressing
HEK cells 15 min after the treatment with 500 nM Dex.

Nuclear/cytoplasmic positions of eGFP-GR in an untreated
HEK cell expressing eGFP-GR are visualized using spot-wise
illumination and the DSLR camera attached to the side-port of
the mpFCS system (Figure 3c; nuclear localization is inside the
white dotted contour). tfCCCs, G¥"™(z) and G™**(r), and
corresponding G, ., (7) are calculated at distinct positions
along the nuclear envelope (Figure 3c, 1—13). Our data
showed that the direction of nuclear import/export is location-
specific, with nuclear import being observed at sites 1, 2, 3, §,
9, 10, 12, and 13 (Figure 3c, red), whereas nuclear export was
observed at sites 4, S, 6, 7, and 11 (Figure 3c, faint blue).

Representative G, ,,(7), color-coded to indicate the
direction of eGFP-GR nucleocytoplasmic transport, nuclear
import (red) and nuclear export (blue), are shown in Figure
3d,,d,, respectively. G, (7) for all 13 sites are shown in the
Supporting Information (Section SIS, Figure S1la). Average
G, qup(7) for three different cells, showing similar results, are
presented in Figure S11b,—b;.

We further computed the nucleocytoplasmic translocation
times (Figure 3e,) by fitting the G,,,,(7) by using a Gaussian
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Figure 3. Spatial mapping of the direction and extent of
nucleocytoplasmic transport of eGFP-GR in live cells using two-foci
cross-correlation in mpFCS. (a) CLSM images of HEK cells
expressing eGFP-GR (top) or eGFP (bottom; control) at 0 min
(untreated) and 30 min after treatment with S00 nM Dex. Scale bars:
20 um. (b) Relative change in nuclear fluorescence intensity over time
following Dex treatment in cells expressing eGFP-GR (dots) or eGFP
(circles). The arrow indicates the time of Dex addition to a
concentration of 500 nM. Logistic function was used to fit the S-
shaped relative fluorescence growth curve recorded in cells expressing
eGFP-GR (red line). (c) Fluorescence image showing eGFP-GR
distribution in an untreated cell acquired by using the DSRL Canon
camera coupled to the side port of the mpFCS system. Arrows show
the directions of eGFP-GR; nuclear translocation: import (red) and
export (blue). Scale bar: 10 ym. (d}, d,) G, (7) at an import-active
(red, d,) and export-active site (blue, d,). Translocation time is
determined by Gaussian distribution fitting to G,.,(7) (green/
yellow). (e,) Histogram of import (red) and export (blue)
translocation time. (e,) Net rate of nucleocytoplasmic transport
calculated as the ratio of the tfCCC amplitude over import/export
time. (e;) Sum net rate in a single cell. All values are shown as the
average + standard deviation (SD). SD was calculated from three
independent measurements in three cells. Statistical significance was
assessed using a two-tail Student’s ¢ test.

distribution function (Figure 3d;,d,, green and yellow,
respectively). On the average, the nucleocytoplasmic trans-
location times were £a?f = (4.3 + 2.5) s for nuclear import and
2P = (4.4 £ 2.2) s for nuclear export (Figure 3e,). By dividing
the amplitude of the fitted Gaussian distribution function with
the corresponding nucleocytoplasmic translocation time, the
net rate of nucleocytoplasmic translocation could be estimated
at independent sites (Figure 3e,) and summed at all analyzed
sites (Figure 3e;).
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This analysis, corroborated by theoretical calculations
(Section SIS, Figures S12—S14), showed that on average, net
rate of nucleocytoplasmic translocation at different sites along
the nuclear envelope was not significantly different between
nuclear import and export sites (Figure 3e,). However, given
that the number of sites at which nuclear import was observed
is larger than the number of sites where nuclear export
occurred, the total import net rate was twice the total export
net rate (Figure 3e;), consistent with the net eGFP-GR
translocating into the cell nucleus.

B DISCUSSION

In this work, we have theoretically and experimentally shown
that two-foci cross-correlation analysis in mpFCS enables us to
characterize the directional motion of fluospheres/molecules in
solution/live cells. This is exemplified here for fluospheres of
different sizes, d = 2 pm, which is larger than the distance
between two adjacent pixels in the mpFCS instrument (Figure
S1), and d = 100 nm, which is smaller, in dilute aqueous
suspension (Figures 1 and 2 and Figures $2—S5), for
immobilized g-dots precisely moved using a translation stage
with nanometer step size (Figures S6 and S7), and for ligand-
induced eGFP-GR nuclear translocation in live cells (Figure 3
and Figure S11).

Using dilute suspension of fluorescent particles, we
demonstrated theoretically and experimentally that by
calculating tfCCCs between a referent pixel and different
adjacent pixels in the focal plane, we could identify the
direction in which the particle is moving since a sharp peak is
observed only in the tfCCC that is calculated along the
projection of the 3D path of particle motion onto the 2D
image plane as it traverses the focal plane and in the direction
of particle movement from an earlier to a later particle position
(Figures 1 and 2). Moreover, we showed that the tfCCC peak
is observed at the lag time that corresponds to the transit time
between the two foci positions, demonstrating that our
technique can be used not only to trace the projection of
the 3D particle trajectory onto the 2D image plane as the
particle traverses the focal plane but also to map the forward/
backward direction of its motion and the 2D velocity.

We further showed using ligand-induced eGFP-GR nuclear
translocation as an example that two-foci cross-correlation
analysis can characterize in live cells the cellular dynamics of
fluorescently tagged proteins. Most notably, our study showed
that by calculating tfCCCs, we could map the direction of
ligand-induced eGFP-GR nucleocytoplasmic translocation
along the nuclear envelope contour in the focal plane (Figure
3). This further revealed that eGFP-GR nuclear import and
export occurred simultaneously at different locations along the
nuclear envelope and with similar nucleocytoplasmic trans-
location times, £af = (4.3 £ 2.5) s for nuclear import and £F =
(4.4 + 2.2) s for nuclear export (Figure 3e,), and that the net
effect at the macroscopic level is determined by the number of
sites through which import/export occurs (Figure 3e,—e;). We
thus confirmed a previous finding by multipoint holographic
fluorescence correlation spectroscopy (MP-hFCS)22 showing
that under ligand-induced eGFP-GR nuclear translocation, the
actual passing through of nuclear pores is faster than the
macroscopic change in fluorescence intensity that is observed
by time-lapse confocal fluorescence microscopy imaging. We,
however, took the understanding of mechanisms underlying
acute, strong-binding ligand-induced eGFP-GR translocation
one step further by showing that import/export processes
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occur simultaneously at different locations, which was not
shown by MP-hFCS, and that the net change in eGFP-GR
concentration at the macroscopic level is determined by the
number of sites through which eGFP-GR import/export
occurs and not by differences in the actual eGFP-GR
translocation time (Figure 3e,—e;). Having said this, we
underline here that this conclusion is valid only for acute,
strong-binding ligand-induced eGFP-GR nuclear translocation
at the time of the highest net change in eGFP-GR nuclear
concentration and does not necessarily apply for other
conditions, such as under stimulation with endogenous or
synthetic weakly binding GR-specific ligands or upon with-
drawal of GR ligand.”'~>*

In conclusion, two-foci cross-correlation in mpFCS is a
versatile tool for characterization of both direction and 2D
velocity of active transport in live cells and may be useful for
understanding how the bidirectional traffic of macromolecules
is spatially organized and coordinated in live cells to achieve
controlled local accretion/abatement of molecules of interest.
In addition, directional fluorescent particle motion in fluids can
be characterized in detail, enabling us not only to characterize
local heterogeneities in fluid flow but also to investigate the
essential role of the fluid phase for long-range material
transport and the emergence of large-scale synergy in
biological systems.>
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ABSTRACT

Hemoglobin (Hb), a life-sustaining and highly abundant erythrocyte protein, is not readily fluorescent. A few
studies have already reported Two-Photon Excited Fluorescence (TPEF) of Hb, however, the mechanisms through
which Hb becomes fluorescent upon interaction with ultrashort laser pulses are not completely understood. Here,
we characterized photophysically this interaction on Hb thin film and erythrocytes using fluorescence spec-
troscopy upon single-photon/two-photon absorption, and UV-VIS single-photon absorption spectroscopy. A
gradual increase of the fluorescence intensity, ending up with saturation, is observed upon prolonged exposure of
Hb thin layer and erythrocytes to ultrashort laser pulses at 730 nm. When compared to protoporphyrin IX (PpIX)
and oxidized Hb by H,O2, TPEF spectra from a thin Hb film and erythrocytes showed good mutual agreement,
broad peaking at 550 nm, supporting hemoglobin undergoes degradation and that same fluorescent specie(s)
originating from the heme moiety are generated. The uniform square shaped patterns of the fluorescent
photoproduct exhibited the same level of the fluorescence intensity even after 12 weeks from the formation,
indicating high photoproduct stability. We finally demonstrated the full potential of the formed Hb photoproduct
with TPEF scanning microscopy towards spatiotemporally controlled micropatterning in HTF and single human
erythrocyte labelling and tracking in the whole blood.

1. Introduction

Human adult hemoglobin (Hb) is an iron-containing metalloprotein
in erythrocytes, the primary function of which is to transport oxygen
from the lungs to all other organs and tissues. It is made up of two a- and
two p-polypeptide chains, each associated with one hem prosthetic
group [1]. While the absorption spectrum of oxyhemoglobin (oxyHb)
shows several bands, as the intense Soret or B band in the region of 370
nm - 450 nm and the so-called Q-band in the region of 500 nm — 650 nm
in the porphyrin ring [2], the conventional single-photon excitation
fluorescence (SPEF) of Hb is not or hardly detectable due to the fast non-
radiative decay that dominates over spontaneous fluorescence emission
[3-5]. In contrast, the intense two-photon absorptivity of Hb in the near-

infrared range [6] followed by strong fluorescence emission, have made
Two-Photon Excited Fluorescence (TPEF) imaging possible [4] and
applicable in a number of studies: for erythrocytes imaging [7,8],
analysis of residual Hb distribution in empty erythrocytes membranes (i.
e., erythrocyte ghosts) [9], in vivo imaging of microvasculature
[10-12], and even time-resolved diagnostic imaging [13]. Of note, Hb
excitation through a two-photon absorption process, which is governed
by significantly different selection rules than single photon absorption,
is described in detail in [3,5], while the corresponding single and two
photon absorption spectra are given in [6].

Due to high absorptivity of Hb in the VIS and near infrared (NIR)
region, erythrocytes are also readily imaged using absorption-based
techniques, such as photo-acoustic microscopy [14]. Photo-acoustic
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microscopy is an imaging technique that leverages the non-radiative
decay of Hb, which happens to be the most frequently used contrast
agent for this modality [15-17]. Another type of label free imaging
techniques, used for erythrocytes imaging is the nonlinear Third Har-
monic Generation (THG) microscopy. This method has demonstrated
efficacy in imaging erythrocytes contained within transfusion bags.
[18].

The significance of photochemical manipulation of proteins is
especially boosted by the discoveries of their optogenetics, photo-
biomodulation and bioimaging applications in recent years [19,20].
Understanding the photophysical and photochemical processes during
the interaction of Hb with ultrashort laser pulses is of great importance
for the development of functional imaging aimed for the assessment of
erythrocytes functional status [21], where hemoglobin is the main
intracellular protein of these cells. Besides, a better understanding of the
interaction of Hb with ultrashort laser pulses could contribute to the
development of new methods for the characterization and tracking of
extracellular Hb presence. This implies extracellular Hb from endoge-
nous sources due to hemolysis (in all diseases where in common feature
is hemoglobinemia, such retinopathy, neuropathy, nephropathy and
brain hemorrhages) [22], or exogenous sources, such in the cases of use
of hemoglobin-based oxygen carriers [23] and hemoglobin-based drug
delivery system, which have great potential in cancer therapy
[22,24,25]. So far it was only shown that upon ultrashort laser pulses
interaction with Hb, there is relation between TPEF spectra of heme and
hemoglobin, as stated in [3].

However, despite already established, as well as emerging applica-
tions of Hb-based TPEF microscopy, the origin of generated fluorescence
still needs to be completely understood. While it was initially proposed
that the origin of the observed Soret fluorescence (420-460 nm) with a
fluorescence emission peak at 438 nm originates from Hb [3], it was
shown that TPEF does not directly originate from Hb, but rather from a
photoproduct created upon the interaction of ultrashort laser pulses
used in this nonlinear imaging technique with Hb [26]. This lack of basic
understanding motivated us to deeper study ultrashort laser pulses
interaction with Hb, with a particular focus on characterizing the
durability of the Hb photoproduct and experimental conditions under
which it is being formed. Since we efficiently demonstrated utility of
TPEF microscopy to image the erythrocytes, the ultrashort laser pulses
interaction with Hb was further photophysically characterized on thin
Hb films using fluorescence spectroscopy upon two-photon absorption,
UV-VIS single-photon absorption spectroscopy, and spectral fluorescent
imaging. To examine whether degradation of the heme moiety occurs
when ultrashort laser pulses used in TPEF microscopy imaging interact
with Hb, spectroscopic properties of heme precursor protoporphyrin IX
(PpIX), a heterocyclic organic compound that consists of four pyrrole
rings, were analyzed. In addition, photophysical properties of the Hb
photoproduct were compared to photophysical properties of compound
(s) formed under Hb oxidation with hydrogen peroxide (H202) [27,28]
to determine whether there are differences in the optical response of
products formed under chemically induced Hb degradation. Finally, we
examined the potential of the Hb photoproduct to be used for micro-
patterning and single erythrocyte tracking.

2. Materials and methods
2.1. Sample collection and processing

Venous blood from healthy human volunteer was collected at the
Institute for Transfusiology and Hemobiology, Military Medical Acad-
emy, Belgrade, Serbia. The protocol was approved by the Institutional
Ethical Review Board (No 9/2021). In conformance with the World
Medical Association Declaration of Helsinki, informed consent was ob-
tained from potential participants. The blood was drawn using vacu-
tainer tubes (10 mL plastic vacutainer (BD Vacutainer® EDTA Tubes)
with BD Hemogard™ lavender closure containing 18 mg K2EDTA). To

International Journal of Biological Macromolecules 244 (2023) 125312

prepare slides for direct TPEF microscopy imaging of erythrocytes, 10 puL
of whole blood was diluted in isotonic saline solution (0.9 % NaCl, Natrii
chloridi infundibile 9 g/L, Hemofarm, Serbia) in the volume: volume
ratio 1:30. 3 pL of diluted whole blood sample was smeared onto a
microscope slide, covered by a No. 1.5 coverslip and sealed.

2.2. Hb isolation

To isolate hemoglobin, human erythrocytes were precipitated by
whole blood centrifugation. To this aim, 10 mL of whole blood was
centrifuged at 1811 xg for 20 min at 4 °C (Megafuge 1.0R, Heraus
centrifuge, Langenselbold, Germany). The supernatant, consisting of
leucocytes in plasma, was carefully removed by aspiration and dis-
carded. The precipitated erythrocytes were resuspended in isotonic sa-
line solution (0.9 % NaCl, Natrii chloridi infundibile 9 g/L, Hemofarm,
Serbia) in a volume:volume ratio of 1:4 and the suspension was ho-
mogenized by fine twisting the test tube. The remaining plasma proteins
were removed by centrifugation of the erythrocyte suspension at 1257
x g for 10 min at 4 °C. These steps were repeated three times. Finally, the
precipitated erythrocytes (packed) were resuspended in the isotonic
phosphate buffered saline solution (PBS; 0.8 % saline buffered with 10
mM sodium phosphate, pH 7.2-7.4) in the volume: volume ratio of 1:4.

The hemolysis of erythrocytes suspension was performed using hy-
potonic 5 mM sodium phosphate buffer, pH 7.2, at 4 °C. Specifically, in
1 mL of erythrocytes suspension in PBS, 9 mL of 5 mM sodium phosphate
buffer was added, and the tube was slightly mixed and then left at 4 °C
for 1 h. The suspension was centrifuged at 3220 xg for 40 min at 4 °C.
After centrifugation, the supernatant fluid containing released Hb mol-
ecules was collected, and the aliquots were filtered through 0.2 pm sy-
ringe filter. If not used immediately, the samples of Hb were aliquoted
and stored at —20 °C for future use. Just before the experiment, a Hb
aliquot would be thawed, and its concentration checked. Only one
freeze-thaw cycle was allowed so the aliquots were discarded after
experiment performed. All tests were done with Hb stored for less than
two years from Hb isolation, since our previous results showed that it
remains intact-undecomposed and non-aggregated under these storage
conditions [29].

2.3. Hb thin film preparation for TPEF microscopy imaging

Thin Hb films were prepared by smearing 5 pL of Hb on the micro-
scope slide, air-drying for 3 min and covered by No. 1.5 coverslip and
sealed. The film thickness was <50 pm, as measured by confocal laser
scanning microscopy, i.e., scanning along the z-axis. The smallest step of
motorized the microscope stage stepper motor was 0.3 pm.

2.4. Protoporphyrin IX (PpIX) thin film preparation for TPEF microscopy
imaging

Protoporphyrin IX (PpIX) in the form of a disodium salt was pur-
chased from Sigma Aldrich (USA) and used without further purification.
20 pM stock solution of PpIX was prepared by dissolving 0.1 g of PpIX in
1 M HCI to the total volume of 50 mL. The stock solution was stored at
25 °C protected from light, to minimize photo-induced degradation of
PpIX. To prepare slides for TPEF spectroscopy and spectral imaging, the
PpIX stock solution was diluted in 1 x PBS (Sigma Aldrich, 140 mM
NaCl, 10 mM phosphate buffer, and 3 mM KCl, pH 7.4) to the final
concentration of 5 pM. 5 pL of this solution was placed on a microscope
slide and treated in the same way as for Hb thin film preparation
described above.

2.5. TPEF imaging of Hb treated with H202
The 22.5 M H05 was diluted using PBS (Sigma Aldrich, 140 mM

NaCl, 10 mM phosphate buffer, and 3 mM KCl, pH 7.4) to a concen-
tration of 250 pM. Further, 1 mL of Hb at a concentration of 22.3 g/L,
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was incubated with 0.5 mL of 250 pM H,05 for 30 min at room tem-
perature (= 21 °C). After incubation, 5 pL of this mixture was placed on a
microscope slide, smeared, dried, covered by a #1.5 coverslip and
sealed.

2.6. TPEF scanning microscopy, micropatterning, and micro-spectroscopy

The experimental setup and home built TPEF microscope have been
previously reported [30,31]. In this work, we upgraded it for micro-
patterning and micro-spectroscopic experiments. Schematic drawing
of the experimental setup is shown in Fig. 1. The Ti:Sapphire laser
(Coherent, Mira 900-F), pumped by a frequency-doubled Nd:YVO4 laser
(Coherent, Verdi V10), was used to generate ultrashort laser pulses with
the repetition rate of 76 MHz and pulse duration of 160 fs. Galvo-
scanning mirrors (Cambridge Technology) are used for raster scanning
and micropatterning. Two microscope objectives were used in this
study: EC Plan-NEOFLUAR 40x /1.3 N.A. oil (Carl Zeiss) for erythrocyte
imaging and Plan-Apochromat 20x /0.8 N.A. air (Carl Zeiss) for Hb
micropattering. The laser beam was expanded to fulfill the back aperture
of the objective lens. A short-pass dichroic mirror was used to reflect the
laser beam towards the objective lens and transmit the signal to the
15.1-megapixel digital single-lens reflex (DSLR) camera (Canon, EOS

Camera
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50D) and the Photomultiplier Tube (PMT) (RCA, PF1006). The DSLR
camera was used for taking bright-field images. We removed the
infrared filter from the camera to see the back reflection of the laser
beam from the cover glass for the purpose of system alignment and to
facilitate axial positioning of the thin Hb layer. Band pass filters (VIS
and/or 450 nm short pass) were placed in front of the PMT to collect Hb
photoproduct fluorescence. A 700 nm long pass filter was used to
remove parasitic laser lines shorter than 700 nm. A short pass 700 nm
filter was placed in front of the PMT detector to additionally remove
back scattered laser light. The Hb photoproduct formation and eryth-
rocytes imaging were performed at 730 nm ultrashort laser pulses. This
wavelength is chosen as optimal according to the optical setup and
properties of Hb molecule, whilst details are given in our previous study
[9].

In addition, we were able to record in situ TPEF emission spectra of
the Hb photoproduct and erythrocytes using fiber-coupled, thermo-
electrically (TE) cooled charge-coupled device (CCD) spectrometer with
reduced thermal noise (Glacier X, BWTEK). To collect the TPEF emission
from arbitrary chosen excitation point, the fiber was attached to the
adapter plate (Thorlabs, SISMA) mounted on the precise translation
stage (Thorlabs, ST1XY-D/M). Henceforth, we refer to the in situ
acquisition of TPEF emission spectra from an arbitrarily chosen point in

Two - photon micro spectral
measurement adaptation

v
%{W
%

Fig. 1. Schematic 3D drawing of the home-built TPEF microscope with specific adaptations for in situ emission spectra measurement (inset). The TPEF microscope
comprising the: Ti:Sa, Ti:Sapphire laser; 700 LP filter, 700 nm long pass filter; P.P.P., plan parallel plate; PD, photo-diode; VNDF, variable neutral density filters;
GSM, galvo scanning mirrors; L1 and L2 lenses; AC, acquisition card; DM, dichroic mirror (short pass); Bulb, bulb for bright-field imaging; TL, tube lens; BS/M, beam
splitter or mirror; PMT, photomultiplier tube. Inset: The module for micro spectral measurements comprises: 700 SP filter, 700 nm short pass filter; X-Y F, functional
X-Y stage controller, Spec, compact high-performance CCD spectrometer with TE cooling.
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the sample as micro-spectroscopy. Square-shaped TPEF emission pat-
terns were inscribed by raster-scanning of the sample, whereas arbitrary
patterns were inscribed by scanning the beam along a corresponding
line. The latter is enabled by a specially written program that recognizes
arbitrary figures in both vector, and bitmap formats, and controls the
dwell time, power and writing speed of the fs laser beam.

2.7. Single-photon excitation fluorescence (SPEF) and confocal laser
scanning microscopy (CLSM)

Hb photoproduct lastingness was assessed by single-photon excita-
tion fluorescence (SPEF) using a confocal laser scanning microscope
(LSM 510, Carl Zeiss), equipped with an Ar multi-line (458 nm, 488 nm,
and 514 nm) laser and a Plan Apochromat 40 x 1.3 N.A. oil-immersion
objective (Carl Zeiss). Optical slice thickness was set to <4.3 pm, by
choosing the pinhole diameter of 5.65 Airy units, to collect as much as
possible fluorescence light from the photoproduct and to increase Signal
to noise ratio (SNR). The best signal-to-noise-ratio in the SPEF images of
the Hb photoproduct in the square-shaped patterns was at 488 nm
excitation wavelength. Emission was collected using the main dichroic
beam splitter, HFT 488 nm and long pass filter LP 505 nm.

2.8. Absorption spectra measurements

Absorption spectra of Hb and TPEF irradiated Hb in the intact thin
Coulter

film were measured using the Beckman DU700
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spectrophotometer. A special aluminum holder was designed to hold the
microscope slide with Hb specimen, to mimic a cuvette for the spec-
trophotometer. The dimensions of the holder were 45 mm x 10 mm X
10 mm. The mask with the round hole was placed over the cover glass
with Hb layer and photoproduct square pattern. The hole matches the
Hb photoproduct enabling the portion of incident light from the spec-
trophotometer to pass only through the region where the Hb photo-
product is. Prior to the absorption measurements, necessary calibration
was performed for the overall transmission.

2.9. Spectral imaging

Spectral confocal Laser Scanning Microscopy (CLSM) imaging was
performed using an LSM880 (Carl Zeiss) instrument, equipped with
several lasers: three diode lasers (543 nm and 633 nm), and an Ar-ion
laser (lines: 458 nm, 488 nm and 514 nm); objective lens (Plan-Apo-
chromat 20x/0.8 N.A.); and gallium arsenide phosphide (GaAsP)
spectral array detector. The pinhole size was adjusted to 33 pm (1 Airy
unit at 488 nm). The fluorescence (single-photon excitation fluorescence
(SPEF)) was spectrally split by a diffraction grating and detected in the
418 nm - 723 nm range with a 3 nm wavelength resolution using the
GaAsP spectral array detector. For all wavelengths, the laser power was
9.4 uW at the objective lens. SPEF emission spectra are displayed only
for wavelengths that are longer than the wavelength of the excitation
laser.

Erythrocyte 1
b —e— Erythrocyte 2
0.010 —a— Erythrocyte 3

0.0094
0.008{
0.007.
0.006;
0.0054
0.0041
0.0034
0.002
0.001

Mean PMT voltage per pixel (V)

18000- Number of exposures

160004
140004
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100004
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6000:
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400 500 600 700 800
Wavelength (nm)

Fig. 2. TPEF microscopy enables both selective erythrocyte photolabeling and imagining in the whole blood. (a) Label-free TPEF microscopy images (6 out of 10) of
erythrocytes. The image pixel size is 1024 x 1024 pixels; it is averaged out from 30 scans with the pixel dwell time is 8.53 e s. In total, each image took 26.1 s to be
recorded, which represents a single unit of exposure. The image intensity is represented by pseudocolor code of PMT voltage values for each pixel (dark blue — lowest
TPEF signal, red — highest TPEF signal); (b) Mean pixel values of PMT voltage proportional to the TPEF intensity for each ROI (yellow, red and blue square box)
shown in (a)), presented with the curve of the corresponding colour. Mean pixel values were calculated from region of interest (ROI), (yellow, red and blue squares)
and for each image, the square size is 100 x 100 pixels; (c) Black curve is average of three erythrocytes shown in (b), standard error was presented for the ordinate
(voltage); (d) TPEF spectrum recorded in an arbitrarily selected point in a single erythrocyte, using micro-spectral measurement adaptation. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results and discussion

3.1. Photo-labeling of erythrocytes using TPEF microscopy and micro-
spectroscopy analysis of erythrocytes fluorescence emission

To confirm already demonstrated feasibility of TPEF microscopy for
erythrocytes imaging [8,9], we initially performed an analysis on
diluted human whole blood. The blood was diluted in order to get sparse
erythrocytes that are not stacked to each other and clearly distinguish-
able at the image. TPEF microscopy allowed us to selectively photo-label
individual erythrocytes in a whole blood specimen. Here, photo-labeling
refers to the process of rendering fluorescent individual erythrocytes
using ultrashort 730 nm laser pulses. The gradual increase of TPEF from
the irradiated erythrocytes as the laser beam scans over them is shown in
Fig. 2a. This result was in accordance with the already demonstrated
increase of the fluorescence intensity in the erythrocytes upon illumi-
nation with ultrashort laser pulses and formation of a so called Hb
photoproduct [26]. Herein, the increase of TPEF signal has been proven
through the PMT voltage dependence on the number of exposures
(Fig. 2b), since PMT voltage is directly proportional to the fluorescence
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intensity. The abscissa shows the number of exposures whereat one
exposure refers to a series of 30 consecutive image frames acquired by
raster laser scanning, the acquisition of which lasted ~26.1 s. The
ordinate shows the mean PMT voltage per exposure per pixel of the
rectangular regions given in the last image (no.6) at Fig. 2a. The average
PMT voltage i.e., fluorescence intensity curve is presented in Fig. 2c. In
addition, the TPEF emission spectrum was acquired (Fig. 2d) using a
CCD array fiber optic spectrometer mounted on the nonlinear micro-
scope (Fig. 1 inset).

3.2. Hb photoproduct formation using 730 nm ultrashort laser pulses

To ascertain that the observed increase in TPEF intensity comes
solely from the Hb photoproduct that was formed upon erythrocytes
illumination with ultrashort 730 nm laser pulses, but not from other
molecules, we performed experiments using isolated Hb. To this aim,
square-shaped patterns were inscribed in the thin Hb film in a spatio-
temporally controlled manner: 1024 x 1024 pixels at average laser
power of 20 mW (Fig. 3a). Both SPEF (Fig. 3b) and TPEF images (Fig. 3c)
were acquired. The acquisition procedure was repeated 10 times

TPEF microscopy
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Fig. 3. SPEF spectra of the Hb photoproduct formed upon Hb thin film exposure to ultrashort 730 nm laser pulses. (a) Bright-field microscopy image of the specimen
shown reveals that the Hb photoproduct (dark grey square) is less optically translucent than Hb (light grey surrounding); (b) Single-photon excitation fluorescence
(SPEF) emission image of the specimen shown in (a) reveals that Hb photoproduct SPEF can be excited at 488 nm (plum square) whereas Hb cannot (black sur-
rounding); (c) Representative TPEF microscopy image showing intense emission in the yellow-green square-shaped area where the Hb photoproduct was formed, in
comparison to the non-fluorescent Hb in the surrounding (black); (d) The Hb photoproduct is lasting and its SPEF emission properties are preserved over extended
time, as evident from the mean SPEF intensity per pixel (measured in the yellow rectangular area in the inset); (e) TPEF spectrum of the Hb photoproduct recorded in
an arbitrarily selected point in the thin layer. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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(number of exposures) after 8 scanning times the maximum TPEF in-
tensity was reached, after that the TPEF intensity started to decrease due
to photobleaching (see Fig. 2b). To demonstrate that strong TPEF
emission is observed only from the region that was exposed to ultrashort
730 nm laser pulses, the field of view, i.e., the scanned region was
expanded, the average laser power was lowered down to 2.5 mW and a
TPEF image was acquired (Fig. 3c). In addition, bright field imaging
clearly showed that transmission properties of the extensively illumi-
nated square-shaped area have become less transparent (Fig. 3a).
Finally, using single-photon excitation at 488 nm, we detected SPEF
emission from the Hb photoproduct formed only in the region exposed to
ultrashort 730 nm laser pulses, but not in the surrounding region
(Fig. 3b, plum). Here, it is worth reminding that Hb is not naturally
fluorescent [26], which is obvious from the dark region around the
fluorescent square (Fig. 3a and c). The photoproduct formation depends
on exposure time and laser average power, among other parameters that
are fixed in our experiment (wavelength, repetition rate, pulse duration
etc.). The fluorescence intensity signal starts to increase even after the
first exposure. For Hb isolated as stated in previous Section 2.2, TPEF
intensity of the Hb photoproduct becomes detectable at a laser excita-
tion power of approximately 10 mW after the first exposure, which
corresponds to the deposited energy of 261 mJ on the square area
62,500 pm?.

Similarly, to erythrocytes, the increase in fluorescence intensity was
gradual with the number of scanning times (i.e., number of exposures)
across the square area which is proportional to the total absorbed dose/
energy (plot is equivalent to the plot shown in (Fig. 2b). This suggests
that ultrashort laser pulses interact directly with Hb to form photo-
product in the erythrocyte. Longitudinal SPEF recordings showed that
the Hb photoproduct is stable over a considerably long time (Fig. 3d).
The TPEF spectrum of the Hb photoproduct in the thin film showed
maximum at (550 + 2) nm (Fig. 3e), the same to the TPEF emission
spectrum recorded from a single erythrocyte (Fig. 2¢). This observation
suggests that ultrashort laser pulses interact solely with Hb in the
erythrocytes from the whole blood, forming the same photoproduct. Or,
at least, one could say that the interaction of the ultrashort laser pulses
with other molecular species in erythrocytes is negligible, at the given
conditions. The dynamic of Hb photoproduct formation is also the same
in erythrocytes and Hb thin film: gradual increase of the fluorescence
intensity with number of exposures that end up with saturation plateau.
We might anticipate that interaction of ultrashort laser pulses with Hb is
mainly followed up with an intensive Hb degradation, due to the
increasing fluorescence intensity over time and the eventual saturation
of the fluorescence when the majority of Hb in focal volume is degraded.

3.3. UV-VIS absorption spectroscopy of TPEF irradiated and non-
irradiated thin Hb layer

To characterize the single-photon absorption spectra of Hb and the
TPEF irradiated Hb in the intact thin film, measurements were per-
formed outside and inside the illuminated square-shaped region (Fig. 3a-
c), respectively. The term irradiated Hb was used because of the mea-
surement procedure of the absorption spectra. Since photoproduct was
formed in a thin layer of Hb film so that both Hb and the photoproduct
are on the same optical path. In addition, some Hb remains unconverted
into the photoproduct even in the treated volume. That's why the
recorded absorption spectrum is not solely from the photoproduct, but
from both, photoproduct and Hb together.

As expected, the UV-VIS absorption spectrum of Hb thin film showed
spectral bands that are characteristic of oxyHb: an absorption band in
the UV region with a maximum at A%/, ~ 275 nm due to & — =n* transi-
tions; and several absorption bands, such as the A% 350 nm attributed
to the absorption of the non-covalent bond between iron and histidine in
the Hb protein part; the Soret or B band /If,f’a’j‘at (410 £ 2) nm and the Q

band with two transitions, the A% f band at 539 nm and 1% a band at
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577 nm [32] (Fig. 4, blue line). Similarly, the UV-VIS absorption spec-
trum of the TPEF irradiated Hb thin film showed the same bands, but
clear differences in band intensity and/or peak position were noted
(Fig. 4, red line). The observed differences and important relations be-
tween them are summarized in Table 1.

A 7 nm bathochromic shift of the Soret band was noted in the irra-
diated Hb with a significant decrease in Soret band intensity (Fig. 4,
Table 1). The bands in the VIS part of the Hb absorption spectrum
originate from the heme group, and changes in their positions and in-
tensities are indicators of displacements along the normal coordinates of
the porphyrin ring [33]. The ratio of Aa/Ap was <1 for both Hb and Hb
after irradiation with fs laser pulses (Fig. 4, Table 1). Still, this ratio in
irradiated Hb was significantly lower than untreated Hb indicating the
degradation of Hb upon the interaction with fs laser pulses. The
mentioned 7 nm bathochromic shift of the Soret peak in the irradiated
Hb, indicates the transformation of oxygenated to oxidized Hb species
[33-35]. Reduced ratio A,S,fgj‘ /Aseo ratios of irradiated Hb in comparison
to intact Hb indicate free heme presence and breakdown of Hb molecule
[33].

3.4. Single-photon excitation fluorescence (SPEF) emission spectra of thin
film Hb photoproduct by confocal microscopy spectral imaging

The Hb photoproduct square shape patterns are imaged using single-
photon excitation confocal microscopy (Fig. 5a), and square shape
patterns (Fig. 5b) were formed previously by the exposure to the ultra-
short laser pulses as explained in Section 2.9. SPEF emission spectra
were recorded for different excitation wavelengths (Fig. 5¢) from the Hb
region of interest 1 (ROI1, dashed circle) and from the photoproduct
region of interest (ROI 2, solid circle). Excitation efficiency dependence
was constructed by extracting emission maxima at different excitation
wavelengths (Fig. 5d). The SPEF emission spectrum acquired using the
shortest excitation wavelength, Aexc = 458 nm, showed a fluorescence
emission maximum at Ay, = 550 nm and a broad emission band (red
curve), being good agreement with TPEF emission spectrum (Fig. 3e).
The emission spectra acquired using excitation wavelengths longer than
458 nm, Aexe > 458 nm, showed emission maxima that are slightly red
shifted to one another, possibly suggesting that the Hb photoproduct
may comprise several spectrally distinct molecules. The existence of
more than one molecular species is confirmed by the absorption spec-
troscopy (Section 3.3) and it is in accordance with the results given in
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Fig. 4. Absorption spectra of Hb and the irradiated Hb thin layers. UV-VIS
absorption spectra of intact Hb thin layer (blue) and irradiated Hb that con-
tains the photoproduct (red line). All characteristics of absorption spectra are
given in Table 1. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Table 1

Characteristics of Hb and Hb photoproduct UV-VIS absorption spectra. The
mean and standard deviation of four separate absorbance measurements is
represented.

Absorption band maximum Hb
position / intensity

Irradiated Hb region containing
the photoproduct

%Y./ nm 273 +2 272+ 2
e/ nm 351 42 351 + 2
5t/ nm 410 + 2 417 £ 2
2%/ nm 539 + 2 538 + 2
22/ nm 577 £2 576 + 2
AUV 0.226 + 0.237 + 0.001
0.003
Alls 0.179 + 0.200 + 0.002
0.008
ASoret 0.671 + 0.438 + 0.001
max
0.002
A 0.082 + 0.139 + 0.003
0.007
A 0.079 + 0.134 + 0.003
0.001
Aseo 0.063 + 0.132 + 0.005
0.002
AAqu/AAgp 0.804 + 0.371 + 0.014
= (A%, Asgo)/(Afex — Aseo) ~ 0:027
ASoret 7 AQe 8.506 + 3.254 + 0.007
0.046
ASoret / AUV 2.962 + 1.848 + 0.014
0.042

[33-35]. In addition, excited by the different wavelengths one molec-
ular species would give just the change in the fluorescence intensity
while keeping the position of the spectral maximum fixed.

3.5. TPEF emission of PpIX

To characterize the Hb iron ion role in Hb photoproduct formation,
TPEF spectra of PpIX were investigated. The obtained TPEF emission
spectrum of PpIX (Fig. 6a black line) shows both distinctions and simi-
larities to TPEF spectrum of the Hb photoproduct (Fig. 3e). Most
notably, unlike Hb, PpIX is easily excited and TPEF emission is readily
observed even at low irradiation intensities (Fig. 6a, black curve).
However, the TPEF emission observed at low irradiation intensities
originated predominantly from unaltered PpIX molecules, as evident
from previously published data [36]. When using higher laser power (e.
g., 16.5 mW), the TPEF emission spectrum of PpIX is considerably
changed: becoming broader and with a maximum peak around 550 nm
(Fig. 6a, blue curve), resembling the TPEF emission spectrum of the Hb
photoproduct (Fig. 3e). This, in turn, suggests that intense irradiation of
PpIX leads to the generation of PpIX photoproduct that is similar to the
Hb photoproduct, so that iron atom is not necessary for the formation of
Hb photoproduct.

3.6. TPEF emission of Hb treated with H202

It has been shown that Hb treatment with HyO, also leads to the
formation of a fluorescent product [27,28]. To determine whether
similar photoproducts are formed under Hb treatment with HyO, as
upon its interaction with 730 nm ultrashort laser pulses, we compared
how the TPEF intensity changed when increasing the exposure time
(Fig. 6b) and TPEF spectra (Fig. 6¢). Unlike for Hb thin film, where in-
crease of fluorescence intensity and saturation were eventually observed
(Fig. 6b, light green squares), the fluorescence of the HyOo-treated Hb
shows a high TPEF emission intensity immediately upon excitation, even
at the first exposure (Fig. 6b, olive dots). The increase of fluorescence in
Hb film (Fig. 6b, light green) has the same trend as in erythrocytes
(Fig. 2b). The slight discrepancy is due to different number of graph
points and concentration of Hb in erythrocytes and thin Hb film.
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Moreover, the observed TPEF intensity was independent on the number
of exposures, i.e., absorbed dose, of 730 nm ultrashort laser pulses. This
confirms the hypothesis of the photodegradation of Hb involved in the
photoproduct formation, since interaction between Hb and a 10 (or
more) fold excess HyO5 leads to Hb degradation according to the [28].
Finally, the TPEF spectrum of HyOo-treated Hb thin film showed very
good agreement with the TPEF spectra of Hb thin film treated with ul-
trashort laser pulses, the erythrocytes and the PpIX layer under high
laser power, 16.5 mW (Fig. 6¢).

Taken together, this suggests that upon Hb reaction with H,O5 and in
the photochemical interaction of ultrashort laser pulses with Hb, the Hb
photoproduct shows, at least with regard to TPEF emission, similar
features. The overlap between the TPEF emission spectra of PpIX and Hb
thin film suggests that heme, i.e., porphyrin rings photoexcitation
playing a significant role in the Hb photoproduct formation. This could
even include heme degradation, as already demonstrated within
diseased so-called Koln erythrocytes', where observed fluorescence does
not resemble that of porphyrins, chelated or otherwise, but does reveal
some characteristics of dypirolic compound spectra [37]. Since dipyr-
rolic urinary pigments in patients with unstable hemoglobin disease are
characterized and support the previous assumption regarding fluores-
cent Koln erythrocytes, it is more likely that under ultrashort laser pulses
the heme's porphyrin ring breakage is enhanced. Importantly, fluores-
cent heme degradation products are already recognized as markers of
red blood cell (RBC) oxidative stress [38], based on the original work of
Nagababu and Rifkind, 1998, who have found that even small portion of
the non-neutralized hydrogen peroxide in erythrocytes degrades the
protoporphyrin and produce stable fluorescent heme degradation
products. Nagababu and Rifkind 1998 reported two heme degradation
products, one with an excitation wavelength of 321 nm and emission
wavelength in the region of 465 nm and the second one with the exci-
tation wavelength of 460 nm and emission wavelength in the region of
525 nm, based on the results that the same fluorescent bands were ob-
tained after hydrogen peroxide treatment of heme or hemin. The broad
emission spectra of a Hb photoproduct obtained in our study indicates
that there are probably more than one Hb photoproduct species as well.
The same authors [39] revealed that the mechanism for the generation
of heme degradation products needs an initial reaction with hydrogen
peroxide, producing Fe (IV) ferrylhemoglobin (ferrylHb) species, which
further reacts with the second molecule of hydrogen peroxide producing
superoxide radical, that can be retained longer in heme pocket than the
superoxide formed during Hb autoxidation, and consequently initiating
degradation of heme [28]. Namely, even in physiological conditions,
RBCs are continuously exposed to both endogenous and exogenous
sources of reactive oxygen species (ROS) (i.e., superoxide and hydrogen
peroxide (H203)), which are mainly neutralized by the RBC antioxidant
system. However, the autoxidation of Hb bound to the membrane is
unavailable to the RBC antioxidant system which is mostly cytosolic.
This process is especially pronounced when Hb is partially oxygenated,
resulting in an increased rate of autoxidation and increased affinity for
the RBC membrane, eventually affecting RBC deformability [38]. Even
in fresh RBC samples heme degradation products can be found, and the
amount of heme degradation increases in older RBCs [38]. Taking all
these findings together, the interaction of ultrashort laser pulses with
hemoglobin more likely accelerates the deoxygenation of hemoglobin
and generation of superoxide radical, which affects heme, inducing the
formation of stable fluorescent photoproduct.

3.7. Applications

3.7.1. Selective photo-labeling and live tracking of photo-labeled
erythrocytes

Thanks to the high stability of the Hb photoproduct obtained upon
interaction of the 730 nm ultrashort laser pulses with Hb molecules
(Fig. 3d) and high spatiotemporal selectivity of our TPEF scanning mi-
croscope, we performed live tracking of individually labeled erythrocyte
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the web version of this article.)

(s) in vitro in the whole blood (Fig. 7 a-d). We present four timelapse
images from the video (Supplemental Information) in which one
erythrocyte is labeled by focused fs laser beam and then traced during its
random motion. This was inspired by [11] where flow of the erythro-
cytes was shown in the vasculature of a whole, live animal but only with
statical images, while we bring the dynamics of movement (Fig. 7 and
corresponding video). Although the photo-labeling and tracking were
performed in vitro, this method based on TPEF microscopy will enable to
track with long-term period individual erythrocyte in a tissue [40] and
blood vessel in laboratory animals, for instance in zebra fish [11] or even
in mouse brain vasculature [41 — 43]. According to [41 — 43], where
shadows of erythrocytes were traced in the blood flow in live animals
through the cranial window using TPEF imaging, erythrocytes could be
fluorescently activated by a fs laser beam and tracked through the ves-
sels. In addition to selective photo-labeling of solely and deliberately
chosen erythrocytes, that can be achieved by spatiotemporal control of
the laser beam, but not by bulk HyO, treatment, there are some more
advantages of the presented method. Namely, treating the erythrocytes
with HyO» is rather uncontrollable in terms of targeted transformation of
Hb only into the fluorescent molecule(s). HoO, interact with other
molecules in the erythrocytes' membrane and other structures which
might be damaged or altered. Also, erythrocytes' morphology and
related Hb distribution would be altered. Using the method of the laser
photo-labeling presented in this work, only Hb molecules would be
affected, and the erythrocytes would preserve their original morphology
as well as its original Hb distribution which was already shown in [9].
The erythrocytes morphology and internal Hb distribution are one of
key markers indicating the cell adaptation to physiological processes
and their response to pathological conditions [9]. Eventually, the pro-
posed method might have application for erythrocytes tracing in the
blood vessels of the live animals even in imaging of highly bloodied and
low transparent organs such as kidneys, since TPEF microscopy is
extensively used nowadays for those purposes [41]. Prior investigations
have unequivocally demonstrated that the morphology of erythrocytes
can be studied using Two-Photon Excitation Fluorescence (TPEF) im-
aging, which enables examination of their oxygenation status [15], as
well as distribution of Hb [9]. However, it is unclear whether the ul-
trashort laser pulses interferes with Hb's ability to perform its primary
function of binding and releasing oxygen. In our present study, we
establish that Hb undergoes alterations as a result of such interaction.
Having in mind the relationship of oxidative stress and hemoglobin,

hemoglobin-based TPEF methodology is an emerging platform for the
assessment of redox status of erythrocytes and their deformability under
both physiological and pathophysiological conditions and even a
broader spectrum of diseases that share the common feature of the
appearance of extracellular hemoglobin or early cancer progression in
means of neoangiogenesis. In this respect, photo acoustic microscopy
can be employed for tracking of erythrocytes as suggested in [11] but
with higher repetition rate lasers. Also, this technique can be used for
investigation of oxygen saturation in the blood vessels [15].

3.7.2. Pattern inscription (micropatterning) in Hb layer

The long-term stability of the Hb photoproduct, its fluorescence and
spatial precision of TPEF emission microscopy, enabled one more
application — micro patterning of the Hb layer (Fig. 8). The inscribed
patterns can stay fluorescent even for several months after being
inscribed. In Fig. 8 a-d simple, spot-wise, patterns are presented in
addition to the uniform square area. The spots were obtained from the
diffraction limited focal volume and demonstrate the method limitation
in terms of the spatial resolution. At each figure, a new spot-wise pattern
was added, while the previous ones are still clearly visible. To demon-
strate possibility and versatility of the method, as well as potential ap-
plications, we further wrote the letters “HEMMAGINERO” (dimensions
60 pm x 6 pm) in the Hb layer (Fig. 8e).

In terms of optical and spectroscopic response to the treatment with
ultrashort laser pulses all mammalian [4,9,12,44,45] or even other
vertebrates [46] Hb and erythrocytes are the same [47]. On the other
hand, the slaughterhouses mammalian blood is a waste material from
which Hb can be isolated in relatively low cost and relatively simple
technological processes [48,49]. This might be a starting point for uti-
lization of the Hb as the material for optical memories [50],
hemoglobin-based therapeutics [51], intravital microscopy [52], con-
version of micro fluorescent information into the document security or
mass production of calibration samples in fluorescent microscopy
[53-55]. Microscopic slides with fluorescent patterns are already
commercially available [56] and broadly used for calibration and res-
olution measurements. While the fluorescence durability of the patterns
in the existing materials remains unknown, we suggest Hb as a material
for long lasting fluorescent patterns. In addition, the utilization of Hb
from wasted slaughterhouse blood as the widely available material will
be nature friendly since this material is considered to be severe pollutant
[49].
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Fig. 7. Timelapse TPEF emission images of a single erythrocyte (encircled white). (a-d) Photo-labeled erythrocyte tracking in whole blood. The white dashed lines
represent erythrocyte's trajectory with starting position (blue square) and final position (red square). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

4. Conclusion

Using different spectroscopic techniques, in this study, we presented
a novel insight into the photophysical properties of the fluorescent
product emerged after exposure of Hb to 730 nm ultrashort laser pulses
(hence Hb photoproduct) and its possible applications. We suggest that
the interaction of the Hb with the ultrashort laser pulses in NIR region
leads to the degradation of the Hb molecules and release of the iron,
ending up with iron-free fluorescent species comparable to those
emerged from the interaction of Hb with HyO5. Unlike the chemical
interaction of Hb with HyO, that occurs in bulk solution, using the
tightly focused ultrashort pulsed laser beam the Hb photoproduct can be
formed in spatiotemporal controllable manner without interaction with
other molecules and erythrocytes structures (e.g. membrane). In other
words, we can irradiate selected erythrocytes solely, and the laser pulses
will alter primarily Hb, but not the other molecules. We inscribed sub-
micrometer fluorescent patterns on a Hb thin film by the spatiotem-
poral control, of ultrashort pulsed laser beam. We have also induced the
Hb photoproduct formation in a single human healthy erythrocyte
making them fluorescent in the sample of whole blood and track their
movement in space and time. The present study could contribute to-
wards understanding photophysical properties of photoproduct, formed

10

by the interaction of ultrashort laser pulses with Hb and erythrocytes,
establishing a foundation for the future progress in the field of bio-
derived biomaterials.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijbiomac.2023.125312.
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Fig. 8. Micropattering in Hb layer by fs laser pulses. (a-d) Arbitrary uniform and spot-wise patterns (red arrow pointed) inscribed in the thin Hb film by ultrashort
laser pulses. The patterns exhibit increased TPEF signal (marked by red arrows). (e) Fluorescent Hb photoproduct in the form of letters pattern. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Label-free third harmonic
generation imaging

and quantification of lipid droplets
in live filamentous fungi

Tanja Paji¢t, Natasa V. Todorovi¢?, Miroslav Zivi¢?, Stanko N. Nikoli¢?, Mihailo D. Rabasovi¢?,
Andrew H. A. Clayton* & Aleksandar J. Krmpot®3*<

We report the utilization of Third-Harmonic Generation microscopy for label-free live cell imaging of
lipid droplets in the hypha of filamentous fungus Phycomyces blakesleeanus. THG microscopy images
showed bright spherical features dispersed throughout the hypha cytoplasm in control conditions and
atransient increase in the number of bright features after complete nitrogen starvation. Colocalization
analysis of THG and lipid-counterstained images disclosed that the cytoplasmic particles were lipid
droplets. Particle Size Analysis and Image Correlation Spectroscopy were used to quantify the number
density and size of lipid droplets. The two analysis methods both revealed an increase from 16 x 1073 to
23x1073 lipid droplets/um? after nitrogen starvation and a decrease in the average size of the droplets
(range: 0.5-0.8 pm diameter). In conclusion, THG imaging, followed by PSA and ICS, can be reliably
used for filamentous fungi for the in vivo quantification of lipid droplets without the need for labeling
and/or fixation. In addition, it has been demonstrated that ICS is suitable for THG microscopy.

Third harmonic generation (THG) microscopy as a label-free nonlinear imaging technique is a powerful tool
for visualization of various cells and tissue structures'. THG has been mainly applied to imaging animal cell
structures'™” and tissues™***', as well as the dynamics of cellular processes (functional imaging)5!>!5. Also,
THG microscopy has been used to study human and fossil vertebrate teeth!®, 3D engineered human adipose
tissue'”, and small organisms (Drosophila melanogaster, zebrafish, Xenopus laevis, early mouse embryos®!8-20
and C. elegans?"?). In addition to animal specimens, THG microscopy has also been applied to plants'***-,
algae?®?” and yeast>?. To the best of our knowledge, there is a paucity of THG studies on filamentous fungi.

The THG phenomenon is a nonlinear coherent scattering process induced by structures with specific proper-
ties. In THG, the joint energy of three photons is converted into one photon. As THG is a third-order process,
ultra-short laser pulses with high peak power densities at the optical focus are required to ensure sufficient
signal. Contrast in THG microscopy is generated at interfaces where there is a large change in refractive index
or third-order non-linear susceptibility?>*°. Due to higher index of refraction of lipids (R.I.(lipids) = 1.46-1.48
at 1100-480 nm)*! with respect to the cytoplasm (R.I.=1.360-1.390 at 633 nm)*?, the THG signal is efficiently
produced at the interface between the aqueous phase and by lipid-rich structures**-**. These include cellular
membranes and lipid droplets (LDs).

Lipid droplets are dynamic cellular organelles which play a key role in lipid homeostasis and energy in
eukaryotic cells. Studies of lipid droplet physiology in fungi are still in their infancy but their quantitation has
relevance to issues in biomedicine, agriculture, industrial waste and the energy crisis. As mentioned above,
THG microscopy is a particularly suitable technique for lipid droplet physiology studies'"*>*¢. The advantages of
THG microscopy are it is non-invasive, produces inherently confocal images, doesn’t require fixation or external
labelling-similar to Raman-based®’*, differential interference contrast (DIC)* and light sheet microscopy™, and
is minimally phototoxic allowing for in vivo studies. A point of difference between Raman-based techniques and
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THG microscopy is the simpler excitation scheme and minimal risk of aberration artefacts in THG microscopy.
Combining THG with fluorescence microscopy is useful to identify the molecular source of the THG-generated
signals (i.e. lipophilic fluorescent dyes to target LDs)*”¢. Once THG-associated structures are identified they
can be followed using THG microscopy in situ.

Quantitation of images containing LDs can be challenging. The desired parameters include LD number, den-
sity, size and morphology. Readily-available image analysis software and programming languages for this purpose
are Image], Cell Profiler, Imaris, AMIRA, Volocity, MATLAB, D programming, for both fluorescent images*-*’
and for lipid droplet images taken by label-free!>'”*" techniques. Automated quantitation of lipid droplets uses
either thresholding of the images (threshold-based) or watershed methods (morphology-based)*, and are usu-
ally optimized for a specific cell line. It would be desirable to have a more general image analysis platform that
does not require extensive cell-line specific thresholding. In this regard, Image Correlation Spectroscopy (ICS)
is a promising method because it is based on measuring spatially-correlated fluctuations. ICS has been applied
to confocal images where it measures the spatial variation of fluorescence intensity fluctuations, which can
be further related to particle density and aggregation state*’. On the other hand, ICS has been rarely used for
nonlinear techniques, only for two photon excitation fluorescence (TPEF)* or recently for second harmonic
generation imaging (SHG)*'.

The filamentous fungi®? are ubiquitous organisms that contribute profoundly to a wide range of ecosystem
processes, including decomposition of organic carbon, carbon storage and nutrient transfer. As an invisible
and often overlooked part of carbon cycle, filamentous fungi as saprophytes and plant symbionts (mycorrhizal
fungi) create a sink for plant organic carbon and distribute it to below-ground hyphal biomass®*. The oleaginous
filamentous fungi have the ability to accumulate large amount of carbon in the form of lipids, more than 20% of
their biomass®** under appropriate conditions. These lipids are considered to be a valuable alternative resource
for various biotechnological applications (biodiesel production, high-value chemicals, food/feed additives, and
efficient bioremediation of wastewaters)*>*’, in a bio-based economy. Additionally, the lipid accumulations have
been implicated in the resistance of fungi to toxins®® and virulence of pathogenic fungi®. Moreover, yeast cells
modified to lack the lipid droplets entirely, are extremely vulnerable to a variety of stresses® altogether dem-
onstrating that LD studies could potentially lead to novel antifungal treatments. We have chosen for the THG
imaging study of LDs the well-known model species Phycomyces blaekseneanus, oleaginous fungi from the order
Mucorales with very rapid growth (from the spores, through exponential growth phase, to stationary phase in
under 36 h). The challenge of utilizing THG imaging for filamentous fungi is that the LDs in filamentous fungi
are of rather small dimensions (< 1.5 um) unlike e.g. in white adipocyte cells where LDs dimensions can reach
100 um®'. Our aim is to show that THG microscopy is highly suited for imaging the density and size of LDs in live
filamentous fungi. To this end, we will use filamentous fungi in the baseline control condition, with sporadic and
small LDs, corresponding to low lipid content conditions®?, and fungi with denser LDs brought upon by nitrogen
starvation-induced autophagy response®, the conserved cellular mechanism of molecular recycling®. In addition
to label-free THG imaging of LDs in fungi, we also present two methods for LDs quantification and analysis. The
first method is based on Image]J/Fiji open source platform, particle analysis tool, which provides measurements of
the size, shape and number of LDs. The second method is called Image Correlation Spectroscopy (ICS)%, which
provides measurements of density and size of particles through spatial autocorrelation analysis.

Our aim is to show that ICS is a good method for quantification of LDs in THG images.

Materials and methods
Filamentous fungus strain and growth conditions. A wild-type strain of oleaginous Zygomycetous
fungus Phycomyces blakesleeanus (Burgeff) [NRRL 1555(-)] was used as the model cell system in this study. For
optimal growth of the mycelium, spores at concentration of the order 107 spores/ml were plated on 100 mm
Petri dishes at 21-23 °C. Standard liquid minimal (SLM) medium for cultivation contained per liter: 20 g of D
(+)-glucose (carbon source), 2 g of L-asparagine-H,O (nitrogen source), 5 g KH,PO4, 500 mg MgSO,-7H,0,
and microelements/"trace stock" (28 mg CaCl,, 1 mg thiamine hydrochloride, 2 mg citric acid-H,O, 1.8 mg
Fe(NO3);-9H,0, 1 mg ZnSO,-7H,0, 300 ug MnSO,-H,0, 50 ug CuSO,-5H,0, and 50 pg Na,MoO,-2H,0). The
glucose was autoclaved separately, and the final pH of the medium was 4.5. The osmolarity was about 200 mOsm.
For the nitrogen starvation experiments, the fungi were first grown in the SLM medium and after 22 h were
divided into two groups. Group 1 was the control group and group 2 was the nitrogen starved group (N-starved).
Fungi from control group 1 were collected by centrifugation (10 min) and resuspended in SLM medium. For
group 2, fungal cells were centrifuged (10 min) and resuspended in nitrogen-free medium (SLM medium with-
out L-asparagine) (Fig. 1). The age-matched fungal cultures were imaged at different time points after nitrogen
starvation (3, 4.5, 6 hand > 6 h (up to 8.5 h)) at room temperature. All fungal cultures used for imaging were in
exponential growth phase (total time from seeding was in the range 24-30.5 h). Data collected from the 6-8.5h
time-points were pooled and represented the group in prolonged nitrogen starvation (labelled 6 h on the graphs).

Lipid staining. Live fungal cells were stained without chemical fixation. To stain the fungal cells, hyphae in
exponential growth phase (26 h) were incubated with 40 ng/mL of Nile Red dye (Acros Organics) for 10 min at
20 °C.

Nonlinear laser scanning microscopy (NLSM) experimental setup and hyphae imaging. The
images of live unstained fungal cells were obtained using a bespoke nonlinear laser-scanning microscope, previ-
ously described in references®®*’, but modified for THG imaging (Fig. 2). For third harmonic generation (THG)
imaging of hyphae the following experimental setup, based on significantly modified Zeiss Jenaval upright micro-
scope, was used: Infrared femtosecond pulses were provided by a SESAM mode-locked Yb:KGW laser (Time-
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Figure 1. The outline of experimental design of nitrogen starvation. Hyphae cultures are grown in control
conditions (Control culture) or in nitrogen-depleted medium (N-starved culture). Time points of sampling are
marked as blue dots.
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Figure 2. NLSM setup. Ti:Sa—laser for TPEF imaging, Yb:KGW—laser for TPEF and THG imaging, BC—
beam combiner, L1 and L2—lenses of 1:1 beam expander for recollimation, VNDF—variable neutral density
filter, GSM—galvanometer-scanning mirrors, L3 and L4—lenses of 1:3.75 beam expander for imaging, MDM—
main dichroic mirror (cut-off 700 nm), Obj.—microscopic objective 40x 1.3, Sam.—sample, Con.—aspheric
condenser lens, DM—dichroic mirrors reflective for THG (347 nm) and transmissive for Yb laser (1040 nm),
F1—Hoya glass UV filter, peak transmission 340 nm, F2—bandpass filter 275-375 nm, L6—focusing lens, THG
PMT—photomultiplier tube for THG signal, TL—tube lens, BS/M—beam splitter or mirror toggle, Cam.—
camera, F—VIS filter 400-700 nm for autofluorescence or VIS + 570 nm long pass for Nile Red fluorescence,
L5—focusing lens, TPEF PMT—photomultiplier tube for TPEF signal, AD/DA—acquisition card. The scheme
was created in Microsoft Power Point 2016 (https://www.microsoft.com/en-us/microsoft-365/powerpoint).

Bandwidth Products AG, Time-Bandwidth Yb GLX; Zurich, Switzerland, wavelength 1040 nm, pulse duration
200 fs and repetition rate 83 MHz). The laser wavelength was chosen so that THG signal whose wavelength is 3
times shorter (347 nm) is still in the range of conventional air UV optics. The laser light was first passed through
a collimating 1:1 beam expander (L1 and L2) for divergence compensation, and then combined (at BC) with
the Ti: Sa laser beam used for TPEF imaging. After that, both beams pass the motorized variable neutral density
filter (VNDF) for power regulation and the mechanical shutter. The beams were raster scanned over the sample
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using two galvanometer mirrors (Cambridge Technologies, 6215H; Bedford, Massachusetts, USA) and a 1:3.75
beam expander (L3 and L4) was used to fill the back aperture of the objective lens and to achieve 4f. configura-
tion. The beams were further directed onto the sample by a short-pass main dichroic mirror (MDM, cut-off at
700 nm) through the high numerical aperture (NA) oil immersion objective lens (Carl Zeiss, EC Plan-Neofluar
40X, NA 1.3). The THG signal was detected in the forward direction (transmission arm), parallel to the direction
of laser propagation. First, the signal was collected by high NA aspheric lens (condenser). Then, it was reflected
by two dichroic mirrors (DM) that reflect 347 nm but transmit 1040 nm to prevent the laser beam from reach-
ing the detector. Further on, the signal was filtered out from the rest of the laser photons by a bandwidth filter
275-375 nm (Thorlabs FGUV11M) and a Hoya glass UV filter (Newport FSR-U340) with a maximum transmis-
sion at 340 nm. The THG signal was detected using a photomultiplier tube (PMT) (Hamamatsu, H7422, Japan),
after being focused by a 50 mm focal length lens (L6) onto the entrance window of the PMT.

For the (auto)TPEF imaging a tunable (700-900 nm) Kerr lens mode locked Ti:Sa laser (Mira 900, Coher-
ent Inc. CA, USA) was used, pumped by CW (continuous-wave) frequency doubled Nd:YVO4 laser at 532 nm
(VERDI V10, Coherent Inc. CA, USA). The wavelength of the Ti:Sa laser was set to 730 nm for auto TPEF
imaging since most of the endogenous fluorophores (NADH, flavins, etc.) can be excited at this wavelength®®
on the one hand, and because of the technical limitation (laser tunability range and dichroic mirror cut off) on
the other hand. The fluorescent signal was collected in back reflection by the objective lens, passed the MDM,
tube lens (TL) and filtered out by VIS (400-700 nm) band pass filter (Canon, taken from the camera EOS50D)
for the detection of the autofluorescence excited by Ti:Sa laser. Additionally, 570 nm long pass filter (colored
glass, unknown vendor) was used for Nile Red fluorescence which is excited by Yb: KGW laser and detected
simultaneously by THG signal. TPEF signals were detected after being focused by 50 mm focal length lens (L5)
onto the entrance window of the TPEF PMT.

The acquisition was performed by National Instrument card USB-6351 at the rate of 1.2 M sample/s. This
enabled high enough frame rate at low resolution for live monitoring, for instance 3 frames per second at
256 % 256 pixels with 6 averages. For high resolution images, it takes 30 s for 1024 x 1024 image with 30 averages.
The lateral and axial resolution of the microscope with 40 x 1.3 objective lens were estimated to be 300 nm and
1000 nm, respectively.

Bright field images were taken with a Canon EOS 50D digital camera (Tokyo, Japan) whose CMOS sensor
was placed at the image plane of the tube lens. Toggle switch BS/M enables utilization either of camera for bright
field or TPEF PMT for fluorescence imaging.

A specially designed sample holder was used, that enables hyphae with the growing medium to be placed
between two coverslips in order meet the criteria for the best NA of the objective lens, but also to avoid losses
of the UV THG signal by thick deck glass (Supplementary Figs. S1 and S2 show different imaging conditions of
hyphae that were tested in order to find the best one). The #1.5 coverslips (170 um thickness) were used. 20 ul
of hyphae suspension was used to keep the hyphae alive. The holder was placed between objective lens and the
aspheric condenser on the motorized table that can be translated in steps of 0.3 pm along the beam propagation
direction (z axis) for optical slicing of the sample and 3D imaging.

In control versus N-starved group imaging, time points were gathered sequentially. Using a label-free imaging
technique, such as THG, enabled us to take images of samples with minimal delay after taking fungi from the
culture. The overall time a sample culture was kept under the microscope to acquire at least 3 THG images of live
hypha was between 25 and 37 min. Effectively, time points for control and treatment were offset for 30-40 min
on one experimental day and on the next day, offset in opposite direction to the other. The exact ranges of time
of growth (mean and standard deviation) for all hypha included in experimental groups are collected in Sup-
plemental Fig. S4.

Image analysis. THG image analysis of lipid droplets in 2D was performed using Image] (W. Rasband,
National Institute of Health, Maryland, USA, http://imagej.nih.gov/ij/). Algorithms written in MATLAB (in-
house-created code) and VolView software were used for 3D and 4D image processing. Two methods for image
analysis were used to quantify LDs number and size, Particle Size Analysis (PSA) and Image Correlation Spec-
troscopy (ICS). Details of both procedures are in the Supplementary Information.

Statistics. For quantitative image analysis, images of individual hypha under control conditions (n=44)
and after nitrogen starvation (n=17) were obtained from 6 independently grown cultures. GraphPad Prism
was used for graphing and statistical comparisons. The boxes of the box and whisker plots are enclosed by the
25th and 75th percentile range with the line representing the median; the whiskers are extending to the minimal
and maximal value, respectively. Histograms of number of LDs were generated from all LD diameters in each
group with 0.3 pm binning and each bin value was divided with the sum of hypha areas in the group. Errors in
histograms of Number of LDs/hypha area were calculated as: Relative Error (binned N/area) = Relative Error
(Number of LDs/hypha area) + Relative Error (Area), and Relative Error (binned N/area) was multiplied by value
of Number of LDs/hypha area for that bin. Two-way ANOVA with multiple comparisons and Holm-Sidac cor-
rection and unpaired two tailed t test with Welch’s correction for unequal variances, were used for the calculation
of statistical significances. Where appropriate, unpaired two-sided Mann-Whitney test with was used instead.
Confidence level for statistical significance was: 0.05 (*), 0.01 (**), 0.005 (***), 0.0001 (****).

Results

THG images, one slice (2D) and 3D reconstruction, of unstained live P. blakesleeanus hyphae in exponential
growth phase are shown in Fig. 3a,b, respectively. The THG signal at the cell circumference originates from chi-
tinous cell wall and plasma membrane which follow the cell wall shape. In the cytoplasm, various entities that
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Figure 3. Label-free imaging of Phycomyces blakesleeanus hyphae from the exponential phase in SLM. (a) one
THG slice; (b) 3D model built out of 23 THG slices 0.9 um apart. The average laser power at sample plane was
23-26 mW. (¢) Multimodal imaging: bright field (BF) (left), autoTPEF (middle) and THG (right) images of the
same live unlabeled hypha. The hypha was plasmolyzed and the retracted plasma membrane is solely visible

in the THG image. The average laser power at sample plane was 2.7 mW (TPEF) and 55 mW (THG). Color
intensity bar for both, TPEF and THG signals: deep blue—the lowest signal, red the highest signal. All the
images were taken with Zeiss 40 x 1.3 oil objective lens.

produce THG signal are visible. The hyphae were placed in the liquid growth medium between two coverslips.
The high resolution of the microscopic system (diffraction limited), the thickness of the hyphae (ca 10 um) and
transparency of the medium make possible the whole hyphae to be optically sectioned and a 3D model to be
reconstructed (Fig. 3b and Supplementary Video S1 in the Supplementary Information). It is obvious that strong
THG signal features are prominent among all the entities in the cytoplasm. According to the literature these are
most likely lipid droplets since they have a large index of refraction in comparison with the rest of cytoplasm. In
addition, the power dependence of the THG signal originating from LDs is provided in Supplementary Mate-
rial (Fig. S3).

The cell wall and plasma membrane are separated by a very small distance which is not resolvable in the
images of native hyphae obtained by diffraction limited techniques (resolution of approximately 250 nm). To
visualize the cell wall and the plasma membrane separately, we plasmolyzed the hyphae so the plasma membrane
was retracted from the cell wall at a resolvable distance (Fig. 3c). The retracted cytoplasm is clearly visible in
bright-field (Fig. 3c left) and autoTPEF images (Fig. 3c middle), but the plasma membrane can be solely distin-
guished only in the THG image (Fig. 3¢ right) since its refractive index is different from the cytoplasm.

There is no significant overlap of AutoTPEF and THG signal in the hyphae. While THG imag-
ing is not necessarily specific for LDs, because the THG signal is produced by any refractive index change, LDs
still produce significantly higher THG signal in comparison with other structures in the cytoplasm of a cell like
P. blakesleeanus. This fact can be used to extract LDs in a cell, over a broad but still much lower signal range
than other cytoplasm entities. As the very first step toward the confirmation that high THG signal features in
unlabeled live P. blakesleeanus are LDs, we performed the imaging of the same hyphae by detecting auto fluo-
rescence signal upon two photon excitation at 730 nm (Fig. 4a left). In order to ensure that high THG signal
entities (Fig. 4a right) are not artifacts that might be caused by e.g. high laser intensity damage, we merged the
two images, THG and autoTPEF (Fig. 4a middle) showing clearly there is no significant increase of TPEF signal
at the same locations. The hyphae were in exponential growth phase, as in Fig. 3.

Colocalization of lipid droplets signal imaged by TPEF and THG.  Whilst many label-free imaging
studies on various biological samples have shown that strong THG contrast in the cytoplasm arises mostly from
LDs!*¥%, in the case of Phycomyces blaekseneanus THG imaging has never been applied to this type of organ-
ism.

Scientific Reports |

(2022) 12:18760 | https://doi.org/10.1038/s41598-022-23502-4 nature portfolio



www.nature.com/scientificreports/

AutoTPEF

AutoTPEF:
THG: GREEN

MERGE = TPEF + THG

MERGE: YELLOW
TPEF: (Nile Red Dye)
THG: GREEN (Label-Free)

Figure 4. TPEF and THG images of Phycomyces blakesleeanus exponential growth phase hyphae in standard
liquid medium show that the predominant source of spot wise THG signal are lipid droplets. (a) Merged
autoTPEF and THG images of same unlabeled live hypha showing that there is no overlap of autoTPEF and
THG signal. The average laser power at sample plane was 28 mW at 1040 nm (for THG) and 3.4 mW at 730 nm
(autoTPEF). (b) In vivo colocalization of stained LDs imaged by TPEF and LDs imaged by THG modality.
Average laser power at sample plane was 32 mW for both THG and TPEF at 1040 nm. Pearson’s correlation
coefficient Ry, =0.844 (Image], The Colocalization Threshold plugin). All images were taken with Zeiss 40 x 1.3
oil objective lens.

To prove firmly that the cytoplasmic puncta in THG images of hyphae are LDs we performed colocalization
experiments (Fig. 4b). The hyphae were stained by Nile Red dye which is considered as a standard for lipids®.
The TPEF of Nile Red dye was excited by the same laser used for THG and the TPEF signal was collected through
400-700 nm band pass and 570 nm long pass filters, which effectively isolates the fluorescence signal to the
570-700 nm spectral region. The laser beam was focused with the Zeiss Plan Neofluar 40 x 1.3 objective lens, and
both, TPEF and THG signals were detected simultaneously. Before the measurement, a very small volume of the
sample (10 pl of fungi suspension) was added between two coverslips. This enables hyphae to stay alive during the
imaging but also to be immobilized as close as possible to the coverslip thus achieving the best possible resolution.

The quantitative comparison of the TPEF and THG images (colocalization analysis) was performed based on
Pearson’s correlation coefficient and Image Cross-Correlation Spectroscopy (ICCS). Pearson’s correlation coef-
ficient was in the range 0.74 < R, < 0.88 (Image], The Colocalization Threshold plugin). According to the ICCS
analysis, the fraction of THG-detected clusters interacting with the TPEF-detected clusters was 0.89 indicating
a high degree of spatial correlation between fluctuations generated from the lipid probe and THG signal. The
degree of colocalization obtained in our work is in accordance or higher with those obtained in label-free imag-
ing on live and in some fixed samples””".

Based on the colocalization experiment (Fig. 4b) and the results shown in Fig. 4a one might consider that
most round bright features in THG images of Phycomyces blaekseneanus are the lipid droplets.

THG image analysis and quantification of lipid droplets. For the quantification of LDs, we analyzed
a small set of THG images by Particle Size Analysis and Image Correlation Spectroscopy (both available in
Image]). To test and compare the two methods we used hyphae cultures grown in completely nitrogen-depleted
media (N-starved) and their age-matched sister cultures from the same batch grown in standard media as a
control. Nitrogen limitation is known to cause autophagy in filamentous fungi’’, leading to alterations in lipid
metabolism and an increase in the number of LDs’>”%. We performed THG imaging on hyphae in exponential
growth phase, alternating between control (Fig. 5a) and N-starved (Fig. 5b) age matched hypha batches. From
Fig. 5 it is obvious, even by the bare eye, that there is significant increase in LD number after nitrogen starvation
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Figure 5. THG images of N-starved hyphae. (a) control hyphae; (b) N-starved (4.5 h duration of growth in
nitrogen-depleted conditions). Both images were taken with Zeiss 40 x 1.3 objective lens whilst average laser
power at sample plane was 24 mW (in A) and 20 mW (in B). Violet-lowest THG signal, yellow—highest THG
signal.

for 4.5 h. Once we confirmed that we obtained the expected increase of LD number, we went ahead to test the
two methods of quantification and the sensitivity of THG imaging for LDs detection.

For the PSA method (available in ImageJ as “Analyze particles”) the raw THG image (Fig. 6a left) was thresh-
olded and converted to an 8-bit mask, upon which the program automatically counted the number of “particles”
representing LDs in images analyzed (Fig. 6a middle). In addition to the number of particles, the diameter and
area were quantified as well.

Because of the thresholding and limited resolution of the image (pixel size), the PSA might be insensitive to
very small or weak signal entities. As the result, some emerging LDs might be omitted and not shown in the final
results. To resolve this issue, we performed ICS which extracts the information on particle properties (number
and size) based on the spatial fluctuations of the signal intensity in the images. ICS is also applicable to images
that are diffuse.

Due to the morphology of the hyphae, it was necessary to pre-process THG images before applying the ICS
analysis. Cell wall of hyphae was removed from the image since it hinders the correlation analysis (producing
the pedestal at the G curve) because of the sharp discontinuity in intensity at the periphery of the hyphae along
the whole circumference. We applied multiple subtractions of the background (average pixel intensity of ROI
outside the hypha) until the wall disappears’. The latter procedure is depicted in Fig. 6a right and it is obvious
that the THG signal from the majority of LDs is much more intense than the signal from the wall (approx. > 10x).

After removal of the cell wall, image correlation procedure was performed in Image J. As the result one obtains
a spatial autocorrelation image from which the G curve is extracted by taking an intensity profile through the
center of the image. An example of a G curve is shown in Fig. 6b. The number of LDs was calculated using the
following formula:

Npix . Npix
Nip =50
27 - G(0)

where Ny, is the pixel size of the 2" x 2" image (where n is an integer), r is mean radius of LDs taken as half of the
FWHM of the G curve, and G (0) is maximal value of the G curve. r and G (0) are extracted from the Lorentzian
fit of the G curve (Fig. 6b insert). It should be noted that the morphology of the LDs differs substantially from
the morphology of the clusters which are usually examined by ICS analysis. Thus, in our case, multiple subtrac-
tions of the background do not lead to the flattening of the curve G versus number of subtractions as might
be expected’. The flattening of the G curve shown in the reference 74 is used as criterion how many times the
background has to be subtracted before ICS is applied. Our criteria for the number of background subtraction
were: (a) cessation of a significant reduction in the number of LDs after each subsequent subtraction (Fig. 6c,
black squares), (b) approximate matching of the number of LDs per hyphae with PSA and (c) experience (the
cell wall disappears from the image observed by the eye). Upon examination of tens of images, both control and
treated hyphae, we concluded that, on average (depending on initial image quality), 20 consecutive subtractions
were sufficient for reliable ICS analysis.

To check whether the extra removal of the cell wall would give different number of LDs, we performed
manual removal of the cell wall solely. It was done by delineation and cropping prior to the multiple background
subtractions. After 20 consecutive background subtractions, this method does not give substantially different
results in the number of LDs compared to images where the cell wall was not manually cropped (illustrated by
the graph in Fig. 6¢).

LDs analysis by PSAand ICS. A comparison of LD number and size obtained by ICS and PSA is in Table 1.
The number of LDs per area of hyphae is approximately the same on average, but mean diameter obtained by ICS
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Figure 6. Image Correlation Spectroscopy (ICS) and Particle Size Analysis (PSA) on THG images. (a)
Processing for PSA and ICS analysis of the same THG image. Left: The unprocessed THG image of Phycomyces
blakesleeanus exponential growth phase hyphae in standard liquid medium; middle: 8-bit mask obtained in
Particle size analysis; right: background subtracted image for ICS analysis. The image from left (unprocessed
THG image) was processed by applying 20 x background subtractions. Both images are displayed at full dynamic
range (8 bits). THG image was taken with Zeiss 40 x 1.3 objective lens, while average laser power at sample plane
was 27 mW. (b) ICS analysis: The autocorrelation function (G curve) taken as the plot through the center of
intensity correlated THG image of a live and unlabeled hyphae. The autocorrelation curve was fit to a Lorentzian
function to extract FWHM value as described in Methods section. (c) ICS analysis, the effect of the cell wall
removal: The number of LDs obtained from the G curves after each background subtraction for the THG image
where the cell wall was manually cropped (red circles) and for the same THG image where cell wall was not
cropped prior to the background subtractions (black squares). (d) Comparison of ICS- and PSA—derived data
obtained from the same set of THG images of cultures N-starved for 3 h and 6 h and their age-matched controls
(n=3 for each group). The ratio of the number of LDs per unit hyphal area, in N-starved hypha to the number
of LDs per unit hypha area in age- matched controls. (e) The agreement of LD number quantification obtained
by ICS and PSA. For each image, ICS-obtained LD number is plotted against PSA-obtained LD number for that
image. Data for both graphs were obtained from label-free THG images, whose analysis is presented in Table 1.

is slightly lower. This discrepancy might be explained because of different definitions for the object size used in
those two methods.

To estimate the change of LD number in treated hyphae, we calculated the ratio of LD number per area in
treated hyphae in respect to control ones (Fig. 6d). The total number of LDs after 3 h of starvation shows no
significant change. With longer starvation time the number of LDs increases by more than 50%.

Using ICS analysis, number of features counted was 80£12% of the LD number that was found by visual
inspection (n=12) and in close correlation with the data obtained by PSA. When numbers of obtained LDs by
both methods are plotted for each individual image as a separate point (Fig. 6e), the regression line has a slope
close to 1, confirming that ICS is equally reliable as PSA method in detecting and counting LDs. The coeflicient
of regression R? was approximately 0.8.
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Image correlation spectroscopy Particles size analysis
Number of LDs/hyphae area (1/ | Mean LDs diameter (um) Number of LDs/hyphae area (1/ | Mean LDs diameter (um)
Control/Treatment um?) x 10~* (mean + SE) (mean + SE) pm?) x 1073 (mean + SE) (mean +SE)
Control cells for 3 h N-starvation | 16+1 0.56+0.06 16+2 0.74+0.02
3 h N-starved cells 155 0.60+0.10 15+6 0.74+0.03
Control cells for 6 h N-starvation | 15+4 0.52+0.08 13+3 0.78+0.02
6 h N-starved cells 24+3 0.46+0.02 22+4 0.74+0.04

Table 1. A comparison of the number and size of lipid droplets obtained by the quantification analysis of the
two methods, ICS and PSA. n=3 for each group presented.

Nitrogen starvation induced changes in lipid droplet number and size, as quantified from THG
images. To fully use THG imaging (exposure time for an image takes maximum 30 s for 1024 x 1024 pixels
image with 30 averages) and subsequent analysis as a LD assay, we performed a set of imaging and measurements
across time, from filamentous fungi cultures, grown in nitrogen-depleted and control conditions. Fungi cultures
were imaged after growing at least 2 h post start of the treatment (nitrogen starvation or control), precautionary
step to avoid possible effects of manipulation during preparation for the start of treatment (e.g. centrifugation).

The number of LDs per unit cell area (Number of LDs/hypha area) in all imaged hypha in fungi cultures grown
in nitrogen depleted media (N-starved) was significantly larger compared to the entire group of control culture
hypha (Control) (Fig. 7a). To elucidate the time course of observed induction of increase in LD number, the
Control and N-starved groups are broken down to duration-from-start-of-treatment groups each, and values of
Number of LDs/hypha area plotted across time (Fig. 7b). The Number of LDs/hypha area in Controls remained
almost the same during the time of observation, with the slight, not significant, trend of increase towards the
later growth time points (Fig. 7b). N-starved had similar Number of LDs/hypha area to corresponding Control
only at the 3 h of treatment time point. We detected twofold increase of Number of LDs/hypha area after 4.5 h
treatment, compared to corresponding Control. Significant increase of Number of LDs/hypha area in N-starved
hypha, compared to corresponding Control hypha, persisted at longer times of treatment (Fig. 7b).

The average diameter of LDs was significantly reduced in N-starved cultures, compared to controls, when
entire groups were compared regardless of treatment time (Fig. 7¢). As it can be seen from the time course graph
(Fig. 7d), average LD diameters were approximately the same from the 2 h treatment time to the longest treatment
time in Controls. They were also same in 3 h and 4.5 h N-starved hypha and their corresponding Controls. The
effect of N-starvation on average LD size becomes clear only after 6 h or more of treatment (Fig. 7d).

The histograms of LD diameters, graphed as Number of LDs/hypha area (Fig. 7e) for the 4.5 h and 6 h time-
of-treatment groups, reveal that LDs smaller than 1.6 pm are more numerous in N-starved groups than in cor-
responding Controls for 4.5 h time point, while at 6 h, only the number of LDs smaller than 1 pm is increased.
LD average diameter change between 4.5 and 6 h N-starvation groups seems to be a result of significant loss of
population of LDs larger than 0.6 pm during prolonged growth in N-starving conditions. To summarize, the
overall change in LDs during growth without available nitrogen is found to be an increase in number of LDs
between 3 and 4.5 h time point, followed with the loss of population of larger-than-average LDs during prolonged
starvation.

Discussion

Once considered to be passive lipid storage agglomerations, lipid droplets are now recognized as dynamic cel-
lular organelles, serving as ubiquitous central hubs of energy and lipid homeostasis in eukaryotic cells”. Studies
of lipid droplet physiology in fungi, although still scarce’s, harbor promise of providing novel solutions for a
number of important issues: mitigation and modulation of fungal resistance to fungicides and stress, securing
the food safety, better understanding how to use fungi as a crucial component of sustainable organic waste reuse
and conversion to energy source, to name a few. Phycomyces blakesleeanus, model fungus used in our study,
belongs to Mucormycota, the phylogenetic group of fungi able of forming arbuscular mycorrhiza and other
mutually beneficial symbiosis”” with terrestrial plants’®. During fungi-plant mutually beneficial interaction, a
fungi transports nitrogen to a plant, and receives up to 30% of organic C compounds synthesized by a plant”
in return. It is known that organic molecules sent from plant to fungi are lipids’**’, and that lipid droplets form
in large amounts in hypha adjacent to the area of contact with the plant®!. Similar to Phycomyces, arbuscular
mycorrhizal fungi can accumulate significant amount of acquired organic carbon in the form of lipid droplets®.
THG imaging of LDs as described here is a method that could be directly applied to living mycorrhizal fungi
related to Phycomyces, without the need for any modification of the protocol, or other staining.

The fungi culturing conditions used in our study resulted in a fairly modest accumulation of lipid droplets,
as expected®®. THG imaging analysis enabled us to watch and quantify changes in lipid droplet number, brought
upon by complete removal of nitrogen, from such low density/diameter baseline. As expected, complete omis-
sion of nitrogen induced only a transient increase in number of lipid droplets, followed by lipid turnover®. THG
imaging analysis detected the significant decline of lipid reserve at late stages of growth. Altogether, this shows
the usefulness of THG imaging approach for broader exploration of LD in filamentous fungi under various
living conditions.

Optical imaging techniques are commonly used to study lipid droplets in vivo, but lipids usually have to be
labeled with various dyes. On the other hand, prolonged imaging using fluorescent dyes can be phototoxic to
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Figure 7. Quantification of LDs from THG images of Phycomyces blaekseneanus hypha. Hypha were cultured
without nitrogen or in standard liquid media for 2-6 h (or longer up to 8 h) after the start of treatment.
Obtained THG images of LDs were analyzed by PA. n=6 independent cultures. (a) N-starvation increases
number of LDs per unit area. LD number obtained from the individual hypha is normalized to hypha area

(in 10° um?). Control (n=44), N-starved group (n=17). The box and whisker plots, enclosed by the 25th and
75th percentile range, median line with whiskers extending minimal to maximal value. Unpaired t test with
Welch’s correction, two tail, p=0.0038. (b) Time course of LD number/unit area, showing that the increase

of LD number by N-starvation is significant at 4.5 h (p=p=0.0006) and later times (p=0.0045), compared to
corresponding control. Two-way ANOVA, with Holm-Sidac correction. Mean + SE, nconon =8; 75 11; 21 for
time points (in h), respectively: 2; 3; 4.5; 6. N\ garvea) = 6; 3; 7 for time points (in h), respectively: 3; 4.5; 6. (c)
N-starvation decreases diameter of LDs. LD diameters from Control (n=1205) and N-starved group (n=431).
The box and whisker plots, enclosed by the 25th and 75th percentile range, median line with whiskers extending
minimal to maximal value. Mann-Whitney (p =0.0008), two-tailed. (d) Time course of LD diameter changes,
showing that the decrease by N-starvation is significant only at long starvation times. Two-way ANOVA, Holm-
Sidac correction (p <0.0001), compared to corresponding control. Mean + SE, 0o = 176; 124; 302; 571 for
time points (in h), respectively: 2; 3; 4.5; 6. N\ grarveq) = 100; 118; 214 for time points (in h), respectively:3; 4.5; 6.
(e) Differential distribution of increased number of LDs after 4.5 h and 6 h N-starvation. The largest LDs are lost
at longest starvation times. Histograms of LD diameter distributions, 0.3 pm binning, for Control and N-starved
group. Number of LDs in each bin of the histogram is divided by sum of hypha area of the appropriate group.
Errors are calculated as stated in Methods section. Numbers on x axes represent the upper bin limit.
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cells and may perturb metabolic processes, including lipid metabolism. Hence, label-free imaging methods, are
advantageous for the study of living cells®-%6.

THG imaging, a label-free method we have applied to live hyphae of oleaginous fungi Phycomices
blakesleeanus, generated images with the characteristic spots of high THG signal intensity attributed to lipid
droplets as the products of normal and stressed cellular physiology. Several lines of evidence support this attri-
bution. First, the steep change of refractive index between lipids at the interface of lipid droplets and the rest of
the cytoplasm generates high intensity THG signal, according to literature!!. Second, to exclude possible laser-
damaged spots that would produce high THG signal, we performed TPEF imaging of unstained hyphae showing
that autoTPEF images are devoid of any prominent spots, present on a THG image of the same hypha. Third, we
have performed colocalization experiments where the hyphae were stained with lipid specific dye and imaged
by both, TPEF and THG method. The spots at the both images were mostly overlapped which verifies that the
spots contained lipids. In addition, following the same logic of steep changes of refractive index, we have shown
that the cell wall and the cell membrane in label-free hyphae can be imaged and distinguished by THG method.

There are a number of caveats to be discussed regarding the imaging of lipid stains. Because of the simultane-
ous detection of both (TPEF and THG) signals restricted number of dyes for live imaging could be used. In this
study fixation was not a choice since it alters the structure of LDs*. The dye used in this study, Nile Red, might
be not so specific for LDs and it can bind to other bodies and structures in the cell®. The signal originating from
other structures than LDs can bleed into the detection band which eventually might affect the colocalization
degree. In addition, the degree of colocalization is further deteriorated by the strong THG signal from the cell
wall. The THG imaging requires significantly higher laser powers in comparison to the TPEF imaging. Because
of that, one has to make a trade-off in terms of applied laser power when detecting both signals simultaneously.
The price paid for this trade-off is the loss of some structures (e.g. small LDs, otherwise visible at higher laser
powers) in THG images and appearance of weak, blurry TPEF signal from out of focus LDs (otherwise not vis-
ible at lower laser powers).

To extract quantitative data from THG images, two methods for image analysis were applied, Particle Size
Analysis (PSA) and Image Correlation Spectroscopy (ICS). Both methods can quantify the number of lipid
droplets and their average size (diameter). Since ICS was primarily developed for fluorescent images and cluster
analysis and to the best of our knowledge it was not used so far for THG images, we have tested it by comparing
the results to the PSA. The test was performed on the images of the hyphae under normal and stressed (nitrogen
starvation) circumstances. The nitrogen starvation is known to cause increased number of lipid droplets’>”
which was confirmed by both methods and the agreement between numbers obtained by both methods was good.

Overall, the proposed imaging method (THG) and the method of image analysis (ICS) was shown to be
suitable for label-free in vivo studies of lipid droplets of oleaginous fungi. Application of THG method to future
studies of lipid droplet dynamics in fungi could help to advance basic understanding of fungi cellular physiology,
and then, of processes involved in the cycling of carbon in nature.
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Dynamic Cellular Cartography: Mapping the Local Determinants of
Oligodendrocyte Transcription Factor 2 (OLIG2) Function in Live
Cells Using Massively Parallel Fluorescence Correlation
Spectroscopy Integrated with Fluorescence Lifetime Imaging
Microscopy (mpFCS/FLIM)
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Jean-Pierre Changeux, Lars Terenius, Rudolf Rigler,* and Vladana Vukojevic*

Cite This: Anal. Chem. 2021, 93, 12011-12021 I:I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information
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processes through diffusion are basic mechanisms through which
cells perform biological functions. To characterize these mecha-
nisms in live cells, quantitative and ultrasensitive analytical methods
with high spatial and temporal resolution are needed. Here, we
present quantitative scanning-free confocal microscopy with single-
molecule sensitivity, high temporal resolution (~10 us/frame), and
fluorescence lifetime imaging capacity, developed by integrating
massively parallel fluorescence correlation spectroscopy with
fluorescence lifetime imaging microscopy (mpFCS/FLIM); we
validate the method, use it to map in live cell location-specific
variations in the concentration, diffusion, homodimerization, DNA
binding, and local environment of the oligodendrocyte transcription
factor 2 fused with the enhanced Green Fluorescent Protein (OLIG2-eGFP), and characterize the effects of an allosteric inhibitor of
OLIG2 dimerization on these determinants of OLIG2 function. In particular, we show that cytoplasmic OLIG2-eGFP is largely
monomeric and freely diffusing, with the fraction of freely diffusing OLIG2-eGFP molecules being fJ.. = (0.75 + 0.10) and the
diffusion time 73, = (0.5 + 0.3) ms. In contrast, OLIG2-eGFP homodimers are abundant in the cell nucleus, constituting ~25% of
the nuclear pool, some fBf,a = (0.65 + 0.10) of nuclear OLIG2-eGFP is bound to chromatin DNA, whereas freely moving
OLIG2-eGFP molecules diffuse at the same rate as those in the cytoplasm, as evident from the lateral diffusion times 75, = 78e. =
(0.5 + 0.3) ms. OLIG2-eGFP interactions with chromatin DNA, revealed through their influence on the apparent diffusion behavior
of OLIG2-eGFP, 713 4 (850 # 5S00) ms, are characterized by an apparent dissociation constant dj;gz'DNA = (45 + 30) nM. The
apparent dissociation constant of OLIG2-eGFP homodimers was estimated to be KS%}{G“GFP)Z & 560 nM. The allosteric inhibitor of
OLIG2 dimerization, compound NSC 50467, neither affects OLIG2-eGFP properties in the cytoplasm nor does it alter the overall
cytoplasmic environment. In contrast, it significantly impedes OLIG2-eGFP homodimerization in the cell nucleus, increasing five-
fold the apparent dissociation constant, dg;;%g@gfg% ~ 3 uM, thus reducing homodimer levels to below 7% and effectively
abolishing OLIG2-eGFP specific binding to chromatin DNA. The mpFCS/FLIM methodology has a myriad of applications in
biomedical research and pharmaceutical industry. For example, it is indispensable for understanding how biological functions emerge
through the dynamic integration of location-specific molecular processes and invaluable for drug development, as it allows us to
quantitatively characterize the interactions of drugs with drug targets in live cells.

he intracellular environment is a complex and crowded,

spatially heterogeneous medium the organization of
which is bestowed and dynamically maintained through
innumerable reaction-diffusion processes.”” While strong
interactions (bond dissociation energies Dy > 20 kJ/mol) are
important determinants of cellular physiology as they confer
specificity and selectivity,” it is well established that weak,
nonspecific interactions (D, < 20 kJ/mol), such as hydrogen
bonding and interactions between permanent and transient
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dipoles, are equally important despite being so weak that they
can be broken with energies that are within the range of
thermal fluctuations. At the molecular level, weak interactions
define macromolecular configuration and conformation, and
hence, their function.* At the cellular level, they are critical
determinants of the overall organization of the cellular interior
and significantly contribute to compartmentalization, i.e., the
formation of distinct local environments (often called
membrane-less organelles), where particular interactions
between relevant biomolecules are enabled to efficiently
proceed.”~” The evolution of mechanisms that harness weak
cooperative interactions was recently shown to render living
organisms more capable of robustly undergoing evolutionary
changes, and it appears that such mechanisms have been
repeatedly positively selected during the evolution of
increasingly complex organisms.® The quest to deploy weak
cooperative interactions is also of relevance for designing new
drugs, in particular for the development of so-called allosteric
drugs.”~"" Allosteric drugs exploit a fundamental mechanism,
initially identified in multisubunit/multimeric proteins,'*~"*
which was later observed also in monomeric, intrinsically
disordered proteins.”> They bind to a distant binding site,
inducing rearrangements in the network of weak cooperative
interactions that propagate across comparatively long dis-
tances, eventually rendering the active site more/less amenable
for orthosteric ligand/drug binding.'® Efforts to develop
allosteric drugs focus on understanding the function of natural
molecules that act as allosteric modulators,'” rely on the use of
computational approaches to identify allosteric binding sites
that can be specifically targeted,'®'” and are inseparable from
the advancement of experimental techniques to understand
detailed molecular mechanisms that underlie allostery”” and to
characterize the effects of prospective allosteric drug
candidates.”’ Experimental techniques designed to probe
these processes in the cellular milieu need to be sensitive
over a range of timescales (nanoseconds-to-seconds) and
length scales (nanometers to microns).

Fluorescence correlation spectroscopy (FCS) and its dual-
color variant fluorescence cross-correlation spectroscopy
(FCCS) are the only presently available techniques that can
nondestructively measure the concentration, diffusion, and
binding of fluorescent/fluorescently labeled molecules in live
cells with single-molecule sensitivity and high, sub-micro-
second, temporal resolution.”” However, the same feature of
FCS/FCCS that enables the ultimate, single-molecule
sensitivity—the possibility to probe a minute observation
volume element, thereby significantly reducing the background
and improving the signal-to-background-ratio, confers also a
serious limitation. Thus, conventional FCS/FCCS is of limited
overview, i.e., measurements are restricted to a single-point
location, probing in the cell a tiny volume of (0.2—2) X 107"
12372 To overcome this limitation, FCS was “amalgamated”
with imaging-based methods, yielding new experimental
techniques, such as temporal image correlation spectroscopy
(TICS)27 and raster image correlation spectroscopy
(RICS),”®* which rely on raster scanning of the laser beam
to illuminate a larger area; and single-plane illumination
microscopy-based FCS (SPIM-FCS)*°™*® and massively
parallel FCS (mpFCS),**™*® which deploy different illumina-
tion strategies to cover a larger area. While these new
techniques enable location-specific mapping of molecular
concentration and diffusion in cells, they also entail some
limitations. For example, the temporal and spatial resolution of

TICS are inversely related and one is improved at the expense
of the other—spatial resolution of TICS increases when the
temporal resolution is in the millisecond range, due to long
image plane acquisition time by raster scanning. This renders
TICS either ill-suited for the study of fast processes or confers
low spatial resolution.”” Similarly, RICS sacrifices spatial
resolution to determine the diffusion and the number of
molecules,”*”*” as averaging over a relatively large number of
pixels (>64) is needed to allow an accurate spatial correlation
analysis. It also has significant problems when analyzing
heterogeneous samples since the presence of bright speckles
significantly deforms the autocorrelation curve. SPIM-FCS,
which relies on the use of light-sheet illumination and a 2D
camera to examine larger areas, can achieve high temporal
resolution—recently reaching 6 us for a reasonably short
(~100 s) measurement duration using the Swiss single-photon
avalanche diode array (CHSPAD) camera.’”*® SPIM-FCS is,
however, inherently hampered by the nonuniform thickness of
the light sheet, which widens toward the edges, thus forming
larger observation volume elements. Furthermore, scattering of
the light sheet in heterogeneous environments and the
presence of opaque compounds within the specimen alter
the light-sheet intensity and can even completely block the
incident light, which is recognized by the appearance of dark
stripes in SPIM images. In SPIM-FCS, this translates to
nonuniform illumination and hence a nonuniform signal-to-
noise (SNR) ratio across the image. mpFCS relies on the
spatial modulation of the incident laser beam by a diffractive
optical element (DOE) to generate a large number of
illumination spots, and a matching SPAD camera to detect
in a confocal arrangement of the fluorescence intensity
fluctuations from a large number (1024 in a 32 X 32
arrangement) of observation volume elements, providing
single-molecule sensitivity and high spatial (~250 nm) and
temporal (21 ps) resolution.**>**** mpFCS was shown to be
widely applicable, for the analysis of fast diffusion processes of
eGFP-fused functional biomolecules in live cells” and in live
tissue ex vivo.”” The broad applicability of the mpFCS for
functional fluorescence microscopy imaging (fFMI) was a
motivation for us to go a step further and develop a new fEMI
modality, mpFCS integrated with fluorescence lifetime imaging
microscopy (mpFCS/FLIM). The fluorescence lifetime of a
fluorophore or a fluorescently labeled macromolecule provides
information on the environment local to the fluorophore (e.g.,
refractive index, polarity, pH, PO, Ca®"). It can provide
complementary insights into nanoscale (1—10 nm) macro-
molecular interactions or conformations via Forster resonance
energy transfer (FRET) and dynamic quenching on the
nanosecond timescale.

Here, we present an integrated massively parallel FCS and
FLIM system (mpFCS/FLIM) on the same microscope frame.
This enables massively parallel measurements to quantitatively
characterize the location-specific concentration, mobility and
interactions (via FCS), and local properties of the immediate
surrounding of biomolecules (via fluorescence lifetime). We
demonstrate the capabilities of mpFCS/FLIM for quantitative
live cell biochemistry and cellular pharmacology by character-
izing the effect of test compound NSC 50467 on
oligodendrocyte transcriptional factor 2 (OLIG2) dimeriza-
tion. OLIG2, a basic helix—loop—helix transcription factor in
the central nervous system, plays an important role in neuronal
cell differentiation during development,41 adult neurogenesis,42
and glioblastoma development.”’ Substances that target
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Figure 1. Optical setup for mpFCS/FLIM. (A) Schematic drawing of the mpFCS/FLIM optical setup. The 482 nm laser beam with elliptical cross-
section is transformed into a circular beam using an anamorphic prism pair and expanded using a Kepler telescope setup (L1 and L2) with a
pinhole in its focus. The expanded circular laser beam is focused by the focusing lens (L3) mounted on an xyz translation stage, which is positioned
in front of the diffractive optical element (DOE) that can be translated along and rotated around the z-axis. The illumination matrix consisting of
16 X 16 (256) spots, which are generated in the image plane of the back port of the microscope, is imaged by the microscope relay optics (L4) and
the objective lens to the object plane. Fluorescence is detected by a single-photon avalanche diode (SPAD) camera that can be translated along the
z-axis and tilted at two angles (pitch and yaw) or a digital single-lens reflex (DSLR) camera. (B;) Image of the illumination matrix visualized by the
DSLR camera using a thin fluorescence layer as a specimen. (B,) Enlarged image of a single illumination spot shown in (B,). Inset: Fluorescence
intensity (FI) distribution through the center of the spot (white dashed line) and the best-fit Gaussian curve (red solid line). Spot roundness,
assessed by measuring the spot radius in different directions: horizontal (0°; white dashed line), 45, 90, and 135°, showed that the ratio of spot
radius over the spot radius at 0° was 1.00, 1.02, 0.96, and 1.04, respectively. (B;) Histogram of spot radii for all 256 spots in the confocal image of
the illumination matrix is shown in (B;). The average spot radius, Fipot = (17 + 2) pm, was determined from a half of the full width at half-
maximum (FWHM) of the best-fit Gaussian curve. (B,) Histogram of peak fluorescence intensity for all spots in the confocal image of the
illumination matrix is shown in (B,). The average peak fluorescence intensity, FIy;5x = (90 + S) au. (C,) Scanning-free confocal image of the same
specimen as in (B,) acquired using the SPC®> SPAD camera. Here, each SPAD in addition to being a photodetector also acts as a 30 nm pinhole. Of
note, every other SPAD in the centrally positioned 32 X 32 SPADs of the 64 X 32 SPC® SPAD camera was used. Unilluminated SPADs (dark
blue), on the sides and in-between the illuminated ones (yellow—red ones), are clearly distinguishable by fluorescence intensity. (C,) Histogram of
fluorescence intensity, i.e., photon count rates (CR) measured in all illuminated SPADs shown in (C,). The average fluorescence intensity was
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Figure 1. continued

determined, CR = (440 + 35) kHz. (C;) Scatter plot showing spot peak intensity measured using the SPC* SPAD camera (C,) as compared to the
spot intensity measured using the DSLR camera (B,). While a unimodal distribution is observed, six SPADs with disparate values were identified.
(D,) 256 single-SPAD autocorrelation curves (ACCs) recorded in an aqueous buffer solution of eGFP, c.grp = 4 nM, with the corresponding
average ACC (black). (D,) ACCs acquired in the same solution as in D; by mpFCS (black; same as in D;) and spFCS ACC (red). The dashed
gray line shows G(7) = 1. (D3) ACCs shown in D, normalized to the same amplitude, G(10 pus) = 1 at 7 = 10 ys, acquired using the spFCS (red)
and the mpFCS (black) systems. The dashed gray line shows G,(z) = 0. In all images, scale bar is 10 ym.

OLIG2 are attractive candidates for the development of
therapeutic agents for glioblastoma.”* However, identification
of such molecules is not trivial due to the large and complex
surface through which OLIG2 interacts with itself and other
partners, which is uncharacteristic and with no hydrophobic
pockets.'”"” The NSC 50467 compound was identified in silico
using the so-called “combined pharmacophore approach” and
was predicted to act as an allosteric inhibitor of OLIG2
homodimerization* ™" thus impeding OLIG2 homodimer
binding to the enhancer box (E-box), which is the canonical
bHLH transcription factor binding site.”~*’

B EXPERIMENTAL SECTION

Optical Setup for Massively Parallel Fluorescence
Correlation Spectroscopy Integrated with Fluorescence
Lifetime Imaging Microscopy (mpFCS/FLIM). The optical
design of the mpFCS/FLIM system and important features are
shown in Figure 1A—C;. Information about optical alignment,
calibration, data acquisition, analysis, image rendering, and
fitting of temporal autocorrelation curves (ACCs) using eq S1
is provided in the Supporting Information (Section S1, Figures
S1-S5).

Software for mpFCS/FLIM. mpFCS/FLIM data acquis-
ition, analysis, and graphical presentation were carried out
using our own software, into which the Micro Photon Device
(MPD) software for running the 2D SPAD array was
integrated. The software was written in Embaracadero C++
Builder 10.2 (Embarcadero Technologies). Detailed informa-
tion about data acquisition, analysis, and image rendering are
given for mpFCS in Section S1b and for FLIM in Section Slc.
Phasor plot analysis is presented in Section S1d.

Cell Culture and Transfection. Procedures for cell
culturing and transfection for mpFCS/FLIM measurements
(Section S2a), pharmacological treatment of cells (Section
S2b), and cell culture for FRET-FLIM measurements (Section
S2c) can be found in the indicated sections in the Supporting
Information.

Dissociation Constant Assessment. Procedures for
calculating the apparent dissociation constants of OLIG2-
eGFP dimers (Section S3) and Olig2-eGFP—DNA complexes
(Section S4) can be found in the indicated sections in the
Supporting Information.

Standard Solutions for mpFCS/FLIM Calibration.
Relevant information about standard solutions used for
mpFCS/FLIM system calibration can be found in Section SS.

Statistical Analysis. All values are presented as mean =+
standard deviation (SD). Two-tailed Student’s t-test was used
to compare two groups. The correlation analyses were reported
using the probability value (p-value). Differences between two
groups were considered to be significant when p <0.0S.
Pearson’s sample correlation coefficient r was used to assess
the strength of a linear association between two variables.
Statistical analysis was performed using the Origin 2018
program for interactive scientific graphing and data analysis

and/or Excel. During data analysis, data from a few pixels
(<5%) were disregarded due to the extremely high background
in these SPADs. The results were replicated in three
independent experiments, starting from cell transfection,
culturing, treatment, and measurement. Similar trends were
observed in all three experiments. Figures show representative
data acquired in a single cell.

B RESULTS

Validation of mpFCS/FLIM System Performance for
FCS. The sensitivity and temporal resolution of the mpFCS/
FLIM system are unprecedented, enabling us to perform
measurements in a buffered aqueous solution of the enhanced
Green Fluorescent Protein (eGFP; Figure 1D,—Dy). Of note,
the amplitude of the average ACC acquired by mpFCS is half
the amplitude of the ACC acquired using conventional single-
point FCS (spFCS), largely due to a higher background in the
mpFCS system than in the spFCS system (Figure 1D,). In
contrast, normalized autocorrelation curves nicely overlap
(Figure 1Dj), revealing that the observation volume elements
(OVEs) in the mpFCS and the spFCS systems are of similar
size. We also show that the ACC can be fitted with the
acceptable signal to noise using eq S1, a = 1,i=1, T =0
(Figure S4A,B) and that the axial ratio is not diverging (s = w,/
@,y = 4.6), which indicates that the assumption of a 3D-
ellipsoidal Gaussian OVE is applicable. Finally, we show by z-
stack imaging that the fluorescence intensity profile in the axial
direction is Gaussian with a half width at half-maximum,
HWHM = (1.15 + 0.09) um (Figure S4C).

Validation of mpFCS/FLIM System Performance for
FLIM. To characterize the performance of the mpFCS/FLIM
system for fluorescence lifetime (7;) measurements, the
instrument response function (IRF) was measured and
single-exponential decay fitting of FLIM curves was compared
to convolution fitting with the IRF (Figure S6); effects of the
gate width and the step size between gates on 7; were examined
(Figure S7); the precision with which 7; of pure species can be
determined was assessed using solutions of molecules with
known fluorescence lifetimes (Figures 2 and S8); and the
ability of our system to resolve two lifetimes using measure-
ments at a single frequency was evaluated using a series of two-
component solutions with different relative contributions of
the two component (Figures 2 and S9). The most important
results are summarized in Figure 2.

Briefly, Figure 2A; shows 256 simultaneously recorded
fluorescence decay curves in a phosphate buffer solution of
eGFP. Analysis using the single-exponential decay model (eq
S2) yielded a histogram of fluorescence lifetimes from which
eGFP fluorescence lifetime was determined, 7;.gpp = (2.5 +
0.02) ns (Figure 2A,). This value agrees well (ie., to within
10%) with the values obtained in other laboratories.**™>°

Using a 2.0 ns gate width and a 0.2 ns gate step time, 7; was
measured for several standards in solution, covering a 7; range
from 1 to 10 ns (Figure 2B;,B,). The agreement between
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Figure 2. Fluorescence lifetime imaging microscopy (FLIM) using
the integrated mpFCS/FLIM system. (A;) 256 simultaneously
recorded eGFP fluorescence decay curves in aqueous phosphate
buffer. (A,) Corresponding histogram of fluorescence lifetimes
obtained using a one-component exponential decay model to fit the
fluorescence decay curves. From a best-fit Gaussian curve, the
fluorescence lifetime was determined, zfgpp = (2.50 + 0.02) ns. (B,)
Fluorescence decay curves recorded in aqueous solutions of different
fluorescent dyes: ATTO495 (black), Rhodamine B (RhB; red), eGFP
(blue), Rhodamine 6G (Rh6G; green), ATTO488 (cyan), BODIPY
FL (magenta), Rubrene (dark yellow), and the Instrumental
Response Function (IRF; gray), all acquired using the same SPAD
in the SPC3 camera. (B,) Comparison of fluorescence lifetimes
measured using the mpFCS/FLIM system with literature values.
Pearson’s correlation indicated that there was a significant positive
association between the measured and literature values (r(7) = 0.999,
p < 0.001). The red line indicates perfect agreement. (C;) Normalized
fluorescence decay curves for Rh6G, eGFP, and their mixtures made
so that a specified number of photons originates from Rh6G, e.g., 50%
Rh6G indicates that 5S0% of photons are from Rh6G: eGFP (0%
Rh6G; dark gray), 25% Rh6G (red), S0% Rh6G (blue), 75% Rh6G
(green), and 100% Rh6G (violet). (C,) Comparison of the relative
contribution of Rh6G, as determined from fluorescence lifetime
measurements using a two-component exponential decay fitting
model with fixed fluorescence lifetimes: 7¢.grp = 2.5 ns and Typye6 =
3.8 ns (black dots), with its actual concentration in a two-component
mixture. Pearson’s correlation indicated that there was a significant
positive association between the measured 7; and values found in the
literature (r(S) = 0.995, p < 0.01).

expected and measured fluorescence lifetimes, which can be
gleaned from Figure 2B,, is excellent (r = 0.999, p < 0.001).

Given that 7; can be considered a “molecular fingerprint,”
allowing detection and discrimination between multiple species
that emit fluorescence over the same spectral window, we
tested the capability of our instrument to distinguish
fluorophores that emit in the same spectral region and have
discernible lifetimes, Rhodamine 6G (Rh6G), T;gpsc = (3.80 %
0.04) ns, and eGFP, TheGEP = (2.50 + 0.02) ns. To this aim, we

mixed Rh6G and eGFP solutions at different proportions
(Figure 2C,,C,). As expected, the total 7; increased as the
proportion of the species with the longer 7; (here Rh6G) was
increased (Figure 2C;). A fit of the data to an exponential
decay function by two processes (eq S3; with 7; for eGFP and
Rh6G fixed and amplitudes floated) yielded relative amplitudes
that matched well the calculated relative contribution of the
components in the mixture (Figure 2C,).

Since attempts to fit the data with a two-component-
exponential decay model with free-floating 7; and their relative
contributions did not lead to extraction of the correct
component lifetimes and their relative amounts (Figure
S9A,,A;), phasor analysis® ~>® was used to analyze the
simultaneously acquired fluorescence decay curves, assuming
that two lifetime components were common to all of the
curves. By deploying phasor analysis, which uses the Fourier
transform to decompose experimentally measured fluorescence
decay curves into complex-valued functions of the modulus
(m) and the phase angle (6,.,) (eqs S4—S21), global analysis of
a two-component system is reduced to algebraic calculations in
the phasor space (Figure S9B;). Following calibration
experiments (Figure S8), we computed by phasor analysis 7¢
and components’ fractions with dramatically improved
accuracy and precision (Figure S9B,,B,).

Spatial Mapping of Fluorescence Lifetime in a Fixed
Specimen. To demonstrate spatial mapping of 7, a fixed plant
specimen, the acridine orange stained section through the
rhizome of the lily of the valley (Convallaria majalis) was used
(Figure 3).

Fluorescence images acquired using a spot-wise, 16X16,
illumination and the DSLR camera (Figure 3A,B;) show cells
in the central parenchyma made visible owing to the
fluorescence signal from the cell wall. The fluorescence
image of the same cell as in Figure 3B, acquired using the
SPC® SPAD camera is shown in Figure 3B,. Fluorescence
decay curves simultaneously recorded in 256 individual SPADs
(Figure S10), exemplified in Figure 3C, when fitted using a
two-component exponential decay model (Figure 3D)),
yielded a short, 7¢,.; = (0.6 % 0.1) ns (Figure 3D,) and a
long fluorescence lifetime component, 7¢, ., = (2.9 + 0.2) ns
(Figure 3D;). Importantly, the thus determined 7; provided
significant image contrast (Figure 3E,E,), and even a
“ratiometric” image could be obtained revealing the relative
contribution of the component with the short fluorescence
lifetime (Figure 3E;).

Spatial Mapping of Concentration, Diffusion, and
Fluorescence Lifetime in Live Cells. To demonstrate
spatial mapping of the concentration, diffusion, and lifetime
in live cells (Figure S11), we first performed measurements on
fluorescent proteins, eGFP (Figures 4 and S12) or eGFP
tetramer (eGFP,,; Figures S13 and S14), as nonreactive
molecular probes.

Our data show that for similar eGFP concentrations in the
cell, c.gpp & 20 nM, and in the aqueous buffer solution, ¢ gpp &
4 nM, the mean diffusion time of eGFP was about 2.5 times
longer in the cell than in the aqueous buffer, 7p .gp,c = (260
+ 60) ps VS TpGrppufier = (110 + 10) ps, consistent with
previous studies,”® whereas the molecular brightness and
fluorescence lifetimes were similar CPSM,ggp, ey = (1.0 + 0.3)
kHZ and CPSMeGFP,buffer = (10 =+ 02) kHZ) Tf,eGFP,cell = (250 =+
0.05) ns and T¢.gpppufrer = (2.50 % 0.02) ns. However, the
relative standard deviations (RSD) of all measured variables
were higher in the living cell (Figure 4B,,C,,D,,E,) than those
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Figure 3. Spatial distribution of fluorescence lifetime in a fixed section of the rhizome of lily of the valley (C. majalis). (A) Fluorescence image of a
spot-wise, 16 X 16, illuminated cell (green) overlaid on a wide-field transmission image (gray) of a region in the central parenchyma recorded using
the DSLR camera. (B,) Zoomed fluorescence image of a spot-wise illuminated cell in the central parenchyma recorded using the DSLR camera.
(B,) Fluorescence image of the same cell as in (B;) acquired using the SPC* SPAD camera. Fluorescence intensity is given in photon counts (PC),
exposure time 46 ms. (C) Fluorescence decay curves recorded in individual SPADs at distinct intracellular locations: cell wall (black squares) and

inside the cell (red circles). All fluorescence decay curves are shown in F

igure S10. (D,) A fluorescence decay curve recorded in an individual SPAD

at the cell wall (black squares) fitted using a two-component exponential decay model (eq S3, red line). Inset: Corresponding residuals. (D,)
Histogram of the short fluorescence lifetime component in the plasma membrane and the best-fit Gaussian curve yield 7¢,,,;; = (0.6 + 0.1) ns. (D;)

Histogram of the long fluorescence lifetime component in the plasma
(E,_3) FLIM images of the cell in (B,) rendered visible by mapping the
contribution of the short component (E;). In all images, the scale bar

membrane and the best-fit Gaussian curve yield 7, = (2.9 + 0.2) ns.

: short (E,) and long (E,) fluorescence lifetime component and the relative

is 10 pm.

in the homogenous solution (Figure S3B—E), indicating that
the cell environment presents a spatial variation in local
concentration, local diffusion processes (Figure S15), and local
excited-state decay (environment). Correlation maps (Figure
S16) showed that no correlation was observed between the
concentration (number of eGFP), molecular brightness, and
lifetime, ruling out any spatially dependent concentration
quenching in the fluorescence lifetime and absence of
diffusion-influenced lifetime quenching. Taken together,
these results are largely consistent with the view of eGFP
being a biochemically inert, monomeric protein, able to roam
largely unimpeded inside the cellular milieu. The broadened
distribution functions observed here (relative to homogenous
aqueous buffer) reveal that the cellular interior is not uniform
and that eGFP is not totally confined to the cytosol but is also
found in cytoplasmic organelles.

In contrast to eGFP, which can access the entire cell, a
fluorescence image of a HEK cell-expressing eGFP, reveals
distinctive fluorescence intensities in the cytoplasm and the cell
nucleus (Figures S11B and S13A). Furthermore, the large RSD
of the diffusion time for eGFP,, in the cytoplasm is of
particular note, as it is ten-fold larger than the corresponding
value for the monomeric eGFP in the cytoplasm. Because the
eGFP,, is 4 times larger than eGFP (4 nm long axis
dimension), this suggests that obstacles in the size range of
10 nm or more in the cellular environment affect eGFP,,

1

dynamics, as revealed using the anomalous diffusion model (eq
S1, @ # 1)>™ to fit the experimentally derived ACCs and
determine the anomalous diffusion exponent («; Figure S15B).
Furthermore, and in contrast to the diffusion time, the
fluorescence lifetime was homogeneous in cells expressing
eGFP,,, (Figure S13E,). FLIM curves in the nucleus showed
lower photon counts but revealed similar decay rates (Figure
S14C,_;). The histogram of fluorescence lifetime quantified
Treepret = (2.4 £ 0.05) ns in the cytoplasm and similarly in the
nucleus (Figure S13E,).

Spatial Mapping of Transcription Factor OLIG2-eGFP
in Live Cells Before and After Treatment with
Compound NSC 50467: an Allosteric Inhibitor of
OLIG2 Dimerization. To demonstrate spatial mapping of
the concentration, diffusion, and lifetime of interacting
molecules in live cells, intracellular localization and dynamics
of OLIG2 was characterized (Figures S, S11C,D, and S17—
525).

OLIG?2 is known to bind as a homodimer to the enhancer
box (E-box), the canonical bHLH transcription factor binding
site. ™" It is predominantly localized in the cell nucleus
(Figures SA; and S11C), but is known to shuttle between the
nucleus and the cytoplasm (Figure S11D), with the actual
localization pattern emerging from a dynamic equilibrium that
is predominantly governed by the nuclear export signal.*®
Spatial mapping of the number of OLIG2-eGFP in untreated

2016 https://doi.org/10.1021/acs.analchem.1c02144
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Figure 4. Spatial map of eGFP concentration, diffusion, brightness,
and fluorescence lifetime in a live HEK cell. (A;) Fluorescence image
of an eGFP-expressing HEK cell acquired using a spot-wise, 16 X 16,
illumination and a DSLR camera. The hand-drawn dashed line
highlights the cell border visualized by transmission light imaging.
(A;) Count rate map. Corresponding ACCs and FLIM curves are
shown in Figure S12. (B,) Spatial map of the average N,gpp in the
OVE. Of note, the apparently high average number of molecules in
the cell surrounding is an artifact of the near-zero amplitude of the
ACCs in the cell culture medium (see Figure S12A,). (B,) Histogram
corresponding to B;. The best-fit Gaussian curve yields N ggp = (4.22
+ 0.92), corresponding to c.qpp & 20 nM. (C,) Spatial map of 7p .ggp-
(C,) Histogram corresponding to (C,) yields the average eGFP
diffusion time, 7p .grp = (260 % 60) ps. (D,) Spatial map of eGFP
brightness as reflected by counts per second per molecule (CPSM).
(D,) Histogram corresponding to (D,) yields average CPSM gpp =
(1.0 + 0.3) kHz. (E,) Spatial map of eGFP fluorescence lifetimes.
(E,) Histogram corresponding to (E,) yields the average eGFP
fluorescence lifetime, 7.qpp = (2.50 + 0.05) ns.

cells revealed that the concentration of OLIG2-eGFP in the
cell nucleus is higher than in the cytoplasm (Figure SA,); the
diffusion time, determined from the full width of the ACC at
half maximum, is significantly longer in the cell nucleus than in
the cytoplasm, 7' = (250 + 300) ms vs z3* = (0.9 + 1.5) ms
(Figure SA3E), and the fluorescence lifetime map revealed a
significantly longer lifetime states in the cell nucleus,
fluorescence lifetime, 7{${igyecer = (3.0 = 0.3) ns vs
TE811G2-ecrp = (2.7 £ 0.2) ns (Figure SF), reflecting differences
in the local environment surrounding the eGFP probe of
OLIG2-eGFP in these cellular locations (Figure SA,). Given
the unexpectedly large experimental errors for diffusion times,
we further examined ACCs. This analysis revealed two
characteristic decay times in both, the cytoplasm (Figures
SC; and S18B;,C;) and the cell nucleus (Figures SC, and
S18B,,C,), with the fast-decaying components being, within
the experimental error, indistinguishable between these
compartments, 785 = Thfee = (0.5 % 0.3) ms, while the
relative amplitude and the diffusion time of the second
component were larger and much longer in the cell nucleus

than in the cytoplasm, fBfoung = (0.65 £ 0.10) vs fBhouna =
(0.25 + 0.10) and 7R oung = (850 + S00) ms vs T3}4una = (60
+ 30) ms, respectively. (Of note, fluorescence intensity time
series (Figure S18A;,A;) show that the signal intensity is
unchanged over time and is not distorted by photobleaching.
Rather, the ACCs recorded in the cell nucleus do not settle at
1 because the decay time of the second component is
comparable to the signal acquisition time length (20 s).)
Finally, OLIG2-eGFP molecular brightness in the cytoplasm,
CPSM 1ga-ecrr = (1.0 + 0.7) kHz (Figure SG), was within
the experimental error indistinguishable from that of eGFP in
live cells, CPSM.crp = (1.0 £ 0.3) kHz, measured under the
same conditions, suggesting that OLIG2-eGFP is monomeric
in the cytoplasm. In the nucleus, average molecular brightness
is higher, CPSM{cs-ccrp = (1.4 + 0.7) kHz (Figure SG and
Table S1), suggesting that a dynamic equilibrium between
OLIG2-eGFP monomers and dimers exists.

Treatment with the allosteric inhibitor of OLIG2 dimeriza-
tion did neither change the concentration, nor the diffusion
time, nor the fluorescence lifetime, and nor the molecular
brightness of OLIG2-eGFP residing in the cytoplasm; p> 0.05
for all measurements (Figures SC;, D—G, S17A;_; and
S19A,_,). However, it significantly perturbed the motions
and the local environment of OLIG2-eGFP in the cell nucleus,
causing, on the average, a decrease in the diffusion time by 4
times (from 850 to 200 ms; Figures SC,,E and S19B,, p = § X
107%), and reduced the fluorescence lifetime (Figure SF, p =
1.5 X 107®) and the molecular brightness (Figures SG, S17B;
and S19B,, p = 7 X 1073), while leaving the overall OLIG2-
eGFP concentration unchanged, as reflected by the number of
OLIG2-eGFP molecules (Figures SD and S17B;, p > 0.0S).
Moreover, the positive correlation between local OLIG2-eGFP
molecular brightness and the local diftusion, which was strong
in the cell nuclei of untreated cells, was significantly reduced
(Figure S19B, 5,3.,).

Finally, mpFCS measurements enabled us to assess the value
of the apparent dissociation constants for OLIG2-eGFP
binding to chromatin DNA before, d,;l;;gz’DNA = (45 + 30)
nM, and after treatment, Kgfk}s%&g;* = (130 = 40) nM (Figure
S19C,_;). Also, mpFCS measurement of OLIG2-eGFP
concentration and molecular brightness revealed that in
untreated cells about 25% of OLIG2-eGFP molecules are
homodimers and that treatment with NSC 50467 effectively
reduced OLIG2-eGFP homodimer levels to below 7% (Table
S1). This, in turn, enabled us also to infer apparent OLIG2-
eGFP homodimer dissociation constants in untreated cells

OLIG2-eGFP)2  $60 nM, which upon treatment becomes

Q]
’OE}EGZ—eGFP)Z
Kaapp,NsCso467 = 3 uM.

Taken together, the mpFCS data indicate that treatment
with the allosteric modulator NSC 50467 does not significantly
alter OLIG2-eGFP properties in the cytoplasm, whereas in the
cell nucleus OLIG2-eGFP dimers are not efficiently formed in
the presence of NSC 50467 and OLIG2-eGFP binding to the
chromatin DNA is significantly abolished.

We then used Forster resonance energy transfer (FRET) via
FLIM (FRET-FLIM), to further characterize NSC 50467
effects on OLIG2-eGFP dimer formation. To this aim, cells
expressing OLIG2-eGFP, with eGFP acting as a FRET donor,
and dark yellow fluorescent protein ShadowY tagged OLIG2
molecules (OLIG2-ShY), with ShY acting as FRET acceptor,
were used. For a positive FRET control, a tandem dimer of
eGFP and ShadowY (eGFP-ShY) was transfected into cells. As
expected, robust FRET was observed with the positive FRET
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Figure S. Spatial map of OLIG2-eGFP concentration, diffusion, brightness, and fluorescence lifetime in a live HEK cell before and after treatment
with NSC 50467. (A,, B;) Fluorescence images of an untreated (A;) and a treated (B;) HEK cell-expressing OLIG2-eGFP, acquired using a spot-
wise, 16 X 16, illumination and a DSLR camera. The hand-drawn dashed lines that highlight the cell border (white) and the cell nucleus (orange)
were visualized by transmission light microscopy. Corresponding fluorescence intensity fluctuation time series and ACCs are shown in Figure S18.
(A, B,) Spatial map of the average number of OLIG2-eGFP molecules in an OVE, recorded in an untreated (A,) and a treated (B,) cell. (A3, B;)
Spatial map of OLIG2-eGFP diffusion times recorded in an untreated (A;) and a treated (B,) cell. (A,, B,) Spatial map of fluorescence lifetimes
recorded in an untreated (A,) and a treated (B,) cell. Corresponding FLIM curves are shown in Figure S18. (A, Bs) Spatial map of OLIG2-eGFP
brightness (CPSM) recorded in an untreated (A;) and a treated (B;) cell. (C,, C,) Single-pixel ACCs normalized to the same amplitude, G(20 ps)
=1 at 7 = 20 s, recorded in the same pixel in the cytoplasm (C,) and the same pixel in the cell nucleus (C,) before (black) and after (red)
treatment. Two-component 3D free diffusion model fitting to the ACCs recorded in the cell nucleus and the cytoplasm in the untreated (green)
and the treated (blue) cell. (D—G) Effect of treatment on the number of molecules (D), diffusion time (E), average fluorescence lifetime (F), and

average molecular brightness (G).

control probe, with a FRET efficiency of 55% (as determined
by phasor analysis of the FLIM data, Figure S20). Phasor plots
recorded in cells expressing OLIG2-eGFP and OLIG2-
ShadowY showed evidence of emission from a mixture of
FRET and non-FRET states including the FRET contribution
from the OLIG2 dimer (Figure S21A). In the context of a
FRET/non-FRET state model (involving donor, acceptor, and
FRET states), our analysis delivered an amplitude fraction of
FRET to be (0.3 & 0.1) in the absence of allosteric inhibitor,
which decreased to (0.07 + 0.06) upon treatment with the
inhibitory compound, also observable at other cells (Figure
S21B,E,F). As expected, the decrease in the FRET fraction was
accompanied by an increase in the contribution of non-FRET
states. This data provides evidence for the efficient inhibition
of OLIG2 dimer formation by the inhibitory compound. Since
the RSD of the amplitude of the FRET fraction of OLIG2
without compound is larger than that of the tandem dimer of
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fluorescent proteins (eGFP-ShY), we can conclude that
OLIG2 dimerization in the nucleus was in addition to
OLIG2 dimerization inhibition also affected by the nuclear
environment (e.g., genome DNA structure).

B DISCUSSION

In this work, we present two important achievements, the
development of a new functional fluorescence microscopy
imaging (fFMI) modality attained by integrating massively
parallel fluorescence correlation spectroscopy with fluores-
cence lifetime imaging microscopy (mpFCS/FLIM) and
demonstrate its use to characterize the action of a compound
with potential therapeutic effects that target OLIG2.

Our instrument is a quantitative scanning-free confocal
fluorescence microscope with single-molecule sensitivity; it has
similar confocal volume elements with single-point FCS and 10
pus/frame temporal resolution and can map fluorescence
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lifetimes from 1 to 10 ns. The instrument builds on our
previous work,”> but we have now improved to longer signal
acquisition duration, ~10 s from previous 2.7 s, with a higher
temporal resolution, ~10 us/frame from previous ~21 us/
frame, toward tracking faster dynamic processes. In addition,
the SNR was dramatically improved. In particular, the number
of particles ratio against spFCS reduced 10 times, from 50 to 5
for fluorospheres (d = 100 nm). Also, single-pixel autocorre-
lation curves in eGFP and QDS25 in water agree to within
10% with spFCS. Importantly, the system integrated with
FLIM enabled us to perform mpFCS and FLIM at the same
position in the cell. This is a significant improvement
compared to current practice, where considerable time lags
are introduced when moving the specimen from one
microscope to the other. At the same time, the time needed
for finding the same cell after moving the specimen from one
microscope to the other is entirely abolished. Our dedicated
software provides mono- and two-component exponential
decay fitting for all 256 SPADs nearly instantly, rendering a
fluorescence lifetime image in a few seconds. Implementation
of phasor analysis makes multicomponent analysis in FLIM
easily achieved without the need to fit multicomponent
exponential decay curves.

In comparison with other presently available 2D FCS
instruments, such as FCS based on total internal reflection
(TIR-FCS* %) and single plane illumination microscopy
(SPIM-ECS*°~**), our approach is more versatile. The main
limitation of TIR-FCS is its restriction to an investigation of
processes at the basal plasma membrane. SPIM-FCS, on the
other hand, enables us to visualize the inside of cells and
perform measurements there, but it is hampered by an
inhomogeneous illumination and is characterized by a
relatively larger observation volume (~1 x 107'° 1).
Advantages of our approach are optical sectioning, homoge-
nous illumination and detection, and small confocal volume
elements (~0.35 X 107" 1), which is particularly important
since larger observation volume elements average local
differences in concentration, mobility, and intermediate
surrounding of molecules in a live cell. Thus, the integrated
mpFCS/FLIM system uniquely enables us to map with great
precision the molecular numbers and mobility via mpFCS and
characterize the local environment immediately surrounding
fluorescent/fluorescently labeled molecules via FLIM. Instru-
ment performance was stringently assessed in a series of
validation experiments using well-characterized samples. Most
notably, we have demonstrated that we could measure the
concentration and diffusion of eGFP in a dilute aqueous
solution (c.gpp = 4 nM, Figure 1D;—Dj;) and showed that it is
uniform (Figures S3 and S15). We have also shown that
noninteracting molecules smaller than 5 nm, e.g., eGFP, diffuse
without significant hindrance through the entire cell (Figures 4
and S15), while molecules/molecular complexes that are larger
than 10 nm, such as eGFP,,, largely reside in the cytoplasm
where their diffusion is hindered by internal membranes in the
cytoplasm (Figures S13 and S15). These findings are in line
with experimental findings reported in the literature and with
theoretical findings showing that the cytoplasm behaves to a
very large extent as a liquid phase for length scales shorter than
100 nm and as a dynamically structured macromolecular
matrix for longer length scales.”” They are also important for
the validation of our instrument performance.

Importantly, the integrated mpFCS/FLIM system enabled
us to characterize in live cells the heterogeneous reaction-
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diffusion landscape of transcription factor OLIG2-eGFP and
provided important new insights into its intracellular
organization. It also enabled us to characterize in great detail
the effects of the allosteric inhibitor NSC 50467 on OLIG2-
eGFP homodimerization and interactions with chromatin
DNA. The possibility to quantitatively characterize in live
cells location-specific differences in transcription factor
concentration, homodimerization, and DNA binding and the
effect of pharmacological agents on these determinants of
transcription factor function opens transcription factors to
experimental therapeutics. Here, we have shown that the
therapeutic compound NSC 50467 targeting OLIG2 homo-
dimerization efficiently abolishes OLIG2-eGFP binding to
chromatin DNA. We have also shown that this compound does
not affect OLIG2-eGFP levels in the cytoplasm and its
distribution in cytoplasmic organelles/membrane-less micro-
domains. The possibility to perform such detailed, previously
intractable measurements may significantly facilitate new
therapeutic discoveries.

In conclusion, the methodology presented here is a versatile
tool with myriads of applications in biomedical research. In its
current realization with 256 (16 X 16) OVEs, simultaneous
sampling in cellular organelles is limited to a handful of
locations. This, however, can be improved using another DOE
(e.g, (32 X 32), as we have previously shown®>”). Also, while
we have demonstrated the agplication of our method for
studies in live tissue ex vivo,”>” our approach is better suited
for studies in cell cultures, where the background from
scattered fluorescence is lower than in tissues/small organisms.
Despite these limitations, the strength of our approach lies in
the user-friendly instrument design and the capacity of our
methods to characterize both, compartmentalization of
molecular processes, by measuring local excited-state decay
via FLIM, and their dynamic integration, by measuring
diffusion/active transport using mpFCS. Compartmentaliza-
tion and dynamic integration of molecular processes are
opposed yet coexisting and intertwined principles essential for
normal cellular physiology as they enable location-specific
processing of information and integral whole-cell response.
Our methodology is thus paving the way to better under-
standing how biological functions emerge from underlying
spatially confined chemical processes.
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The THz beamline at FLASH, DESY, provides both tunable (1-300 THz)
narrow-bandwidth (~10%) and broad-bandwidth intense (up to 150 uJ) THz
pulses delivered in 1 MHz bursts and naturally synchronized with free-electron
laser X-ray pulses. Combination of these pulses, along with the auxiliary NIR
and VIS ultrashort lasers, supports a plethora of dynamic investigations in
physics, material science and biology. The unique features of the FLASH THz
pulses and the accelerator source, however, bring along a set of challenges in the
diagnostics of their key parameters: pulse energy, spectral, temporal and spatial
profiles. Here, these challenges are discussed and the pulse diagnostic tools
developed at FLASH are presented. In particular, a radiometric power
measurement is presented that enables the derivation of the average pulse
energy within a pulse burst across the spectral range, jitter-corrected electro-
optical sampling for the full spectro-temporal pulse characterization, spatial
beam profiling along the beam transport line and at the sample, and a lamellar
grating based Fourier transform infrared spectrometer for the on-line
assessment of the average THz pulse spectra. Corresponding measurement
results provide a comprehensive insight into the THz beamline capabilities.

1. Introduction

. FLASH, the free-electron laser (FEL) in Hamburg at DESY,
oY provides ultrafast XUV and soft X-ray radiation for users to
e perform pump-probe experiments. FLASH has two inde-
pendent FEL undulator beamlines (Faatz et al., 2016):
FLASH1 and FLASH2. Each FEL branch ends with a dedi-
cated experimental hall that has a number of beamlines.
A b4 FLASHI1 has a unique feature, a dedicated THz undulator
/ installed downstream of the XUV undulators. This feature
allows the generation of intense THz pulses by the same
electron bunch that generates XUV pulses (Stojanovic &
Drescher, 2013), as shown in Fig. 1. As THz and XUV
undulators are separated by empty drift space, XUV and THz
pulses generated by the same electron bunch are naturally
synchronized with no more than 5 fs timing jitter (Friihling et
al., 2009). Furthermore, THz pulses are carrier envelope phase
(CEP) stable. Downstream of the THz undulator, the electron
beam is deflected to ground by the so-called electron beam
dump magnet (hereon referred to as the dump magnet). This
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Figure 1

Scheme of the FLASH1 THz photon sources. (a) The THz undulator is located downstream of the
XUV undulators, separated by free space. The electron beam dump magnet follows the THz
undulator. (b) Representation of the pulse energies that can be obtained at FLASH1 from the XUV

and THz sources over a wide spectral range.

stage separates the electron beam from the photon (THz and
XUV) beams. The dump magnet on its own generates an
intense THz transient, mainly by the edge and bending
radiation process (Tavella et al., 2011; Geloni et al., 2009a,b).
Only a fraction of the total bending radiation is collected in
the THz beamline downstream (estimated to be 11.4%), as
beamline design is optimized for the radiation in the forward
direction, while bending radiation is created tangentially along
the bend. THz and XUV beams are separated by a large flat
mirror (210 mm x 140 mm) with a 10 mm aperture for the
XUV beam (Gensch et al., 2008). Transport of the THz beam
into the experimental hall over ~70 m requires multiple
collimations and this is provided by all-reflective optics. By
this unique photon generation scheme, the photon spectrum
of FLASH1 is extended to the long-wavelength range. As
shown in Fig. 1, FLASHI covers the XUV range from 1.4 nm
to 52 nm including harmonics (Tiedtke et al., 2009), and the
THz range from 1 um to above 300 pm (300 THz to 1 THz).
With an independent and synchronized near-infrared (NIR)
laser (Redlin et al, 2011) having a center wavelength of
800 nm, FLASH1 can provide XUV, THz and NIR laser
beams for users at the same time to study photon-matter
interactions.

Based on the scheme shown in Fig. 1, there are two types of
intense THz sources. The first is a THz undulator (Grimm
et al., 2010) that generates tunable, linearly polarized (hori-
zontally), narrow-bandwidth (AA/A = 10%) radiation. The
wavelength is tunable from 1 um to above 300 um. The longest
wavelength that can be reached depends on the electron beam
energy for a given THz undulator period and peak field (see
Fig. 2). Pulse energies delivered to the experiment can reach
up to 150 pJ, depending on the FLASH accelerator para-
meters (mainly the electron bunch charge and its compres-
sion).

The second source of THz radiation is the dump magnet
that generates edge and bending radiation. The edge radiation
is generated by the longitudinal acceleration of the electron
beam at the interface between the free space and the dump

the electron beam propagation. Elec-
trons also generate the bending radia-
tion along the bending arc of the dump
magnet. The dump magnet vacuum
chamber acceptance angle for the
bending radiation is relatively small
(2.4°) compared with 21° of the
complete bend that the electrons
experience. Thus only a fraction of the
bending radiation radiated in the
forward radiation is collected into
the THz beamline. Also, the bending
radiation has a broad bandwidth (quasi
single-cycle temporal profile) and is linearly polarized. The
bending radiation is collected by the THz beamline mostly
from the bending plane and is thus polarized mainly in the
vertical direction, orthogonal to the THz undulator pulse
polarization. Combined edge and bending dump magnet
radiation can reach a pulse energy of over 10 pJ. This radiation
is generated parasitically and can be used independently from
the undulator radiation.

The THz beamline delivers the beam to the end-station at
the end of the BL3 XUV beamline in the FLASH1 experi-
mental hall (see Fig. 3). The THz beam can be delivered to the
experiment via two branches, a short one with ultra-high-
vacuum transport (10~° mbar) and a long one via THz diag-
nostics hutch with high-vacuum transport (10~ mbar). Due to
the difference in optical path, the THz pulse arrives later than
the XUV pulse to the end-station, 12 ns for the short branch
and 21 ns for the long branch. We use two approaches to
achieve temporal overlap of the XUV and THz pulses in the
experiment: the first is delaying the XUV pulse by refocusing
via multilayer mirrors; the second is to generate two electron
bunches at the FLASH electron gun timed to achieve
temporal overlap of the respective THz and XUV pulses in the
experiment (Zapolnova et al., 2018).
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Figure 2

THz undulator spectral range. The shaded area represents the range
where the fundamental frequency of the THz undulator radiation can be
reached for FLASHI1 as a function of the FEL XUV wavelength (lower
horizontal axis) and the electron beam energy in the linac (upper
horizontal axis).
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Scheme of the THz beamline in the FLASH1 experimental hall. THz
beam is delivered to the end-station at the BL3 XUV beamline, via one of
the two branches.

There are many unique applications for the CEP stable
intrinsically synchronized THz pulses from the FLASH THz
beamline. One important scientific area is in atomic and
molecular physics. Here the THz field can act as a streak
camera, allowing molecular reactions to be clocked and
processes induced by the femtosecond-long XUV pulses from
FLASH on a timescale of a few femtoseconds (Friihling et al.,
2009; Schiitte et al., 2012; Oelze et al., 2017; Schmid et al.,
2019). An emerging new class of experiments at FLASH is the
application of the strong THz fields for these tunable narrow-
band pulses in selective excitation or selective THz control of
matter [for a description of this field see, for example, Green et
al. (2016), Buzzi et al. (2018), Kampfrath et al. (2013) and
Kovalev et al. (2017)]. The first experiments performed at
FLASH have focused on driving the magnetization dynamics
in magnetic thin films by selective phonon excitation (Radu,
2019) and on the THz control of dynamic surface processes
(Waltar et al., 2018).

2. THz diagnostics

In a typical THz-pump/XUV-probe experiment at FLASH,
determination of the properties of the driving THz pulse is of
key importance. Based on the needs of the user experiments in

past years, we have developed diagnostics tools to fully char-
acterize the THz beam at the experiment. Presently, all the
tools are developed in the THz diagnostics hutch at FLASH1
experimental hall and will be transferred to the end-station at
BL3 beamline (see Fig. 3). In this paper we present tools for
the full spectral, temporal and spatial characterization of the
THz pulses and the pulse-energy measurement. Thereby we
discuss some of the major challenges for diagnostics, i.e. the
extremely broad THz spectral range of FLASH sources,
1 MHz repetition rate in 10 Hz bursts and jitter to externally
synchronized lasers (Azima et al., 2009; Tavella et al., 2011),
that can be used for THz waveform characterization.

2.1. THz power measurement

We measure the THz pulse energies using a radiometer
(RM3700, head RjP-735/RF, by Laser Probe). We have cross-
referenced this detector to a PTB (The National Metrology
Institute of Germany) traceable 3A-P-THz, by Ophir Optro-
nics Solutions (Green et al., 2016). The radiometer detector
has a cavity pyroelectric probe and it has a time constant of
1 ms. Its temporal response prevents us from resolving indi-
vidual pulses of the FLASH micro-pulses within a 1 MHz
burst. However, the detector time constant is well matched to
the maximal duration of the 1 MHz burst (with duration of
0.8 ms, containing up to 800 pulses) defined by the FLASH
accelerator. Therefore, the integration is performed over all
micro-bunches in a burst, which allows for determination of
the average THz pulse energy with good accuracy.

Fig. 4 depicts the THz pulse energy as a function of the
central wavelength of the THz undulator. The total THz
beamline transmission (from the source until the end of
beamline) as a function of wavelength is depicted as well. We
calculate the beamline transmission by modeling the THz
source and the optical transport with the Synchrotron Radia-

THz undulator central frequency [THz]

300 30 3
150" | T
@ 0.89 GeV; 0.9nC 7=~ e
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@ 0.59 GeV; 0.9nC 0% J9 \
@ 0.45 GeV; 0.6nC o )

Pulse Energy [uJ]
Beamline transmission [%]

1 10 100
THz undulator central wavelength [um]

Figure 4

THz pulse energies measured at the beamline end-station for different
conditions of the FLASH accelerator. The blue dashed line shows the
beamline transmission, calculated using the SRW software package
(Chubar & Elleaume, 1998).
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tion Workshop (SRW) software package (Chubar & Elleaume,
1998). We also account for the Fresnel losses in the diamond
window that separates the beamline from the accelerator
vacuum (Gensch et al., 2008). We present examples of four
measurements taken for different electron beam settings of
the FLASH accelerator. Note that the abrupt end of the THz
undulator tuning range at long wavelengths relates to the
maximal wavelength that can be reached at a particular
electron beam energy and is determined by the maximum field
(1.2 T) inside the undulator (see also Fig. 2).

2.2. THz temporal profile measurements

The THz time domain spectroscopy (TDS) via electro-optic
sampling (EOS) method is a well established technique for the
full characterization of the THz pulse temporal structure (Wu
& Zhang, 1995; Schmuttenmaer, 2004), in a broad spectral
range. The electric field of the THz pulse changes the bire-
fringence of the EOS crystal. This transient change is sampled
by an ultrashort laser pulse. By scanning the laser pulse in
time, the complete THz pulse shape can be reconstructed.

At an accelerator-based light source, such as FLASH, the
laser system is synchronized to the master clock of the FLASH
accelerator (Schulz et al., 2015). One of the main limiting
factors for the use of an externally synchronized laser for EOS
detection is the temporal jitter between the FEL and the laser
pulses. Jitter limits the temporal resolution and subsequently
the spectral bandwidth of EOS detection. We have measured
the jitter of the probe laser (pulse duration 20 fs FWHM) in
the THz hutch to the FLASH THz pulses to be around 100 fs
RMS (~200 fs peak-to-peak). To solve this, we chose to detect
the THz pulses’ arrival time on a single-shot basis using
spectral decoding electro-optic detection (EOSD) (Jiang &
Zhang, 1998). This technique enables single-shot THz detec-
tion by imprinting the THz pulse electric field onto a stretched
probe laser pulse, thus defining the arrival time of one with
respect to the other. Spectral decoding is photon efficient (for
a single-shot method) and enables the arrival time detection
even with femtosecond oscillator pulses, which allows for a
high-repetition-rate arrival time detection scheme that can be
matched to the FLASH pulse pattern. Full EO detection of
the THz pulses at FLASH then comprises two main compo-
nents: arrival time monitoring by spectral decoding in
combination with scanning electro-optic sampling (EOS).
EOS data are sorted for their arrival time and the THz pulse
shape is retrieved. The complete detection setup is installed in
a high-vacuum chamber (10”7 mbar) to avoid measurement
distortions by absorption in ambient air. We achieved a
temporal resolution of the arrival time sorting of 9.7 fs RMS.
Most importantly, the EOS sampling has a bandwidth of 37—
3000 um (0.1-8 THz) limited by the gallium phosphide (GaP)
EOS crystal (100 pm thick). The setup has been developed in
collaboration with the TELBE team at HZDR and details can
be found in the literature (Kovalev et al., 2017; Golz, 2018).

Two typical examples of measured THz waveform profiles
are shown in Figs. 5(a) and 5(b). The THz and the probing
laser beam are overlapped and focused on the GaP EOS

crystal, with beam sizes of 350 um FWHM and 70 um FWHM,
respectively. The THz undulator was set to nominal wave-
lengths of 155 pm and 42 pm (corresponding to frequencies of
1.93 THz and 7.1 TH, respectively). For the long-wavelength
example, unfiltered and spectrally filtered pulses are
presented. The wire-grid THz bandpass filter used has been
centered at 155 um wavelength (1.93 THz) with 15% spectral
bandwidth. For the unfiltered pulse, it is interesting to observe
that the electric field and high-harmonic content increase
along the pulse. This indicates the change of the electron
bunch form factor (Nodvick & Saxon, 1954) inside the
undulator. In the respective unfiltered THz pulse spectrum
[see Fig. 5(c)] we clearly observe the first harmonic peaking
at 169 um (1.77 THz) and the third harmonic at 52 pm
(5.68 THz), and the baseline includes the broadband spectrum
from the dump magnet radiation. As expected, the measure-
ment with the THz bandpass filter shows a strong peak around
160 um (1.87 THz), with a small (few percent) leakage
between 75 and 100 pym (3 and 4 THz). Similarly, in the
spectrum of the short-wavelength pulse (tuned to 42 pm) we
observe the first harmonic peaking at 43 pm (7 THz).
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Figure 5

THz pulse waveforms measured by arrival-time-sorted time domain
spectroscopy (TDS). (a) The THz pulse produced by the undulator set at
the nominal wavelength of 155 pm (1.93 THz). The unfiltered temporal
profile is shown by the blue line and the filtered by the red line, with
155 um (1.93 THz) bandpass filter (15% bandwidth). (b) The unfiltered
THz pulse at 43 um (7 THz) (green line). (¢) The corresponding THz
pulse spectra.
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It is worth noting that the EOSD scheme can be used as a
THz arrival-time detection tool in other experiments. A recent
application evaluated the timing jitter between two electron
bunches with 21 ns delay timed for temporal overlap of THz
and XUV pulses at the experimental end-station at BL3
(Zapolnova et al., 2018).

2.3. THz beam profile

Knowledge of the transverse THz beam profile is important
as it allows precise determination of the fluence (and the
peak field) on the sample, as well as optimal optical design to
maximize the beam transmission in the experiment. We model
the THz source and the radiation transport using the SRW
software package (Chubar & Elleaume, 1998) and observe
the strong interference effects between undulator and dump
magnet radiation (edge and bending radiation) at FLASH
(Asgekar et al., 2014).

An example of the measured THz beam profile from the
dump magnet, with the THz undulator switched off, is shown
in Fig. 6(a). An example of the THz undulator beam tuned to
88 um (3.4 THz) is shown in Fig. 6(b). The beams have been
imaged in the THz diagnostics hutch so that they image the
plane approximately 10 m downstream of the radiation source.
We perform 2D raster scanning of the beams. As a detector we
employ an amplified pyroelectric detector (LME-501 from
InfraTec). Both measurements have been performed with
30 um long-pass THz spectral filter. The profiles have been
reproduced by SRW calculation, whereby the integration
of the output power was performed over the 30-300 pm
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Figure 6

(Top) THz transverse beam profiles at FLASH. (a) Dump magnet (the
THz undulator is off), and (b) THz undulator tuned to 88 um (3.4 THz),
unfocused beam profiles measured in the THz hutch; beam position
imaged 10 m from the virtual source. Note that the undulator profile is
padded with zeros to fill in the same image size. (Bottom) The same
beams focused. (¢) Dump magnet beam (600 pm FWHM), and (d) THz
undulator beam (350 pm FWHM).

(1-10 THz) spectral range to account for the filtering, and the
form factor of a 50 fs RMS long electron bunch was used.

For the dump magnet, both the measurement and calcula-
tion render a half-moon-like structure that can be explained
by interference of the edge radiation with the bending radia-
tion from the dump magnet. For the THz undulator beam we
observe slight asymmetry in the horizontal plane which can be
explained by interference of the undulator and the dump
magnet radiation (Asgekar et al., 2014).

We focus both beams with an off-axis parabolic mirror of
focal length 150 mm and measure the beam profile with a
Pyrocam III camera from Ophir Photonics for the dump
magnet and with a microbolometer camera for the undulator
beam. The results are shown in Figs. 6(c) and 6(d), respec-
tively. We observe a beam size of 600 pm FWHM for the dump
magnet and 350 pm FWHM for the undulator beam.

Moreover, we follow the THz undulator beam profile
evolution, by wavefront propagation in SRW. The undulator
radiation wavelength is set to 160 pm (1.87 THz). For an
experimental confirmation, we measure the beam profile in
the THz diagnostics hutch at five different positions along the
beam path [see Fig. 7(a)], using the knife-edge technique. Zero
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Figure 7

THz undulator beam size at 160 pm (1.87 THz) and its propagation.
(a) Beam size measured at five different locations along the beam path
(red circles) fitted by a Gaussian beam propagation. (b) THz beam
propagation over the 10 m path, with the focusing mirrors inserted at the
1 m and 7 m position marks. The THz beam was approximated by fitted
Gaussian beam (FWHM) (green curve) and calculated from the source
by SRW (FWHM) (brown curve) and 60 (red curve).
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position denotes the THz beamline
window at which the beam is extracted
into the THz diagnostics station. We
assume a Gaussian beam profile and
obtain the beam parameters by fitting.
The plot in Fig. 7(b) compares the beam
size evolution (FWHM) calculated by
SRW (brown curve) with the approxi-
mated Gaussian beam propagation
(ABCD matrix formalism), fitted from
the measured data (green curve), for
the last 10 m of the THz beamline
transport. Two toroidal mirrors with
focal lengths of 3.8 m and 1.8 m are inserted at the 1 m and
7 m position marks, respectively. In this particular example,
the goal was to couple the THz beam into an experimental
chamber through a 25 mm aperture, located at the 10 m
position mark, with highest possible transmission. The red
curve depicts the THz beam size at the equivalent of 60
(or 99.7% beam energy), and at the 10 m position mark
we achieve the desired sub-25 mm beam size. We observe a
reasonable agreement between these two numerical models,
with the big advantage of the Gaussian beam propagation
providing very fast and efficient evaluation of the beam sizes
in the optical system.

Front view

Figure 8

2.4. THz spectrum measurement

For a quick THz spectral characterization, when temporal
pulse structure is not necessary, we have developed the
variation of the Fourier transform infrared (FTIR) spectro-
meter based on a reflective lamellar grating. Unlike the most
commonly used Michelson interferometer (based on ampli-
tude division), the reflective lamellar grating interferometer
(Richards, 1964; Bell, 1972) divides the wavefront spatially.
Because of this, the reflective lamellar grating design has a
key advantage: a high (close to 100%) and smooth efficiency
response (e.g. typical Fabry—Perot interferences that plague
Michelson interferometers are absent). A comparison of the
efficiency of the lamellar grating and the Michelson inter-
ferometer can be found in Fig. 3 of Richards (1964). As a side
note, owing to a large spectral bandwidth, the lamellar grat-
ings have found application in extreme ultraviolet (XUYV)
spectroscopy and metrology (Gebert et al., 2014; Usenko et al.,
2017).

As shown in Fig. 8, the lamellar grating spectrometer
consists of two interleaved gratings, manufactured from a
100 mm-diameter gold-coated copper mirror. One is fixed and
the other is mounted on the motorized stage responsible for
introducing the optical delay between the split beams. For
detection a pyroelectric detector (LME-501 from InfraTec)
with a 2 mm X 2 mm chip size was used.

The THz beam is collimated in a way that uniformly illu-
minates the gratings. The period of the grating (4 = 2 mm) is
chosen to match the spectral range of the THz sources at
FLASH. The long-wavelength limit (Bell, 1972) for lamellar
gratings iS Agac < A/2, which is 1 mm (corresponding to

THz pulse

Split & Delayed
THz pulses

Scheme of the lamellar grating interferometer. OAP: off-axis parabolic mirror.

0.3 THz) in our case. For wavelengths longer than A, a
cavity effect starts decreasing the modulation depth of the
THz waves, which are polarized parallel to the fringes. The
high-frequency limit for this geometry is 30 pm (corre-
sponding to 10 THz), which is determined by diffraction
theory and depends on the geometry of the device (Strong
& Vanasse, 1960; Naftaly ef al., 2008; Ferhanoglu et al., 2009):
Amin = hs/f, where f= 130 mm is the focal length of the para-
bolic mirror and s = 2 mm is the width of the exit slit of the
detector (defined by the detector effective aperture).

An example of the measured interferogram and the calcu-
lated spectrum is shown in Fig. 9. The THz pulse was gener-
ated by the edge radiation and filtered by a 215 um (1.4 THz)
bandpass filter. The fluctuations of the shot-to-shot THz pulse
energy at FLASH can be as high as 20% RMS, depending on
the FLASH accelerator settings. We split a small portion of
the beam for a reference measurement that is then used to
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FTIR measurement for THz edge radiation with 215 pm (1.4 THz) THz
bandpass filter. (a) Double-sided interferogram. (b) Respective spectrum
(red curve) and air transmission with water vapor (in blue) show the
strong absorption lines in this spectral range.
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normalize the measured interferogram on a single-shot basis.
The normalized interferogram in Fig. 9(a) was obtained during
20 min of scanning at 10 Hz repetition rate (12000 shots).
Fig. 9(b) shows the normalized spectrum, obtained by taking a
Fourier transform of the measured interferogram. We observe
the spectral content as expected from the filter response with a
signal-to-noise ratio exceeding 100.

Measurement has been performed in ambient air and we
observe a strong modulation from the water vapor absorption
lines. We are currently upgrading it to an all-in-vacuum
spectrometer.

3. Conclusion

We have presented a range of THz diagnostic tools developed
for THz/XUV pump-probe experiments at FLASH1, DESY.
The THz pulse energy is an important parameter for optimi-
zation of the FLASH accelerator, and it reaches values from
tens of pJ up to 150 wJ. The upgrade of a currently used
radiometer to an online monitor is in progress. The THz
temporal profile can be measured with 10 fs timing resolution
and covers the spectral range from 37 to 3000 um (0.1 to
8 THz). The ongoing development of this technique will
explore the use of different EOS crystals to extend the
measured bandwidth to shorter wavelengths, GaSe (Kiibler et
al., 2005) and SiC (Naftaly et al, 2016) being good candidates
that should allow THz detection in the 10-40 THz and 0.1-
15 THz spectral windows, respectively. To fully exploit the
high THz pulse energies at FLASH, we are upgrading the
single-shot EOSD THz detection technique to one via tilted
laser pulse front (Teo et al., 2015). This technique is free from
the spectral distortions that plague EOSD (Jamison et al.,
2008) and allows for the full bandwidth of the pulse to be
retrieved (limited only by the EOS crystal). The measure-
ments of the transversal THz beam profile are used for the
design of the beam transfer line and calibration of the peak
field and intensity in the experiment. A broadband FTIR
spectrometer, covering the spectral range 30-1000 pm (0.3
10 THz), based on a reflective lamellar grating is developed
for spectral measurements. It will be permanently installed
inside the THz beamline vacuum environment for distortion-
free THz spectrum measurements, enabling quick and robust
spectral studies [e.g. suitable for THz shaping by emerging
THz meta-materials (Yen ef al., 2004; Monticone & Alu, 2017,
Stojanovic et al., 2018; Polley et al., 2018)].
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ABSTRACT: Functional fluorescence microscopy imaging (fFMI), a time-
resolved (21 us/frame) confocal fluorescence microscopy imaging
technique without scanning, is developed for quantitative characterization
of fast reaction-transport processes in solution and in live cells. The method
is based on massively parallel fluorescence correlation spectroscopy (FCS).
Simultaneous excitation of fluorescent molecules in multiple spots in the
focal plane is achieved using a diffractive optical element (DOE).
Fluorescence from the DOE-generated 1024 illuminated spots is detected
in a confocal arrangement by a matching matrix detector comprising 32 X

32 single-photon avalanche photodiodes (SPADs). Software for data [LASER] I
acquisition and fast auto- and cross-correlation analysis by parallel signal

processing using a graphic processing unit (GPU) allows temporal Excitation
autocorrelation across all pixels in the image frame in 4 s and cross- Fluorescence
correlation between first- and second-order neighbor pixels in 45 s. We

present here this quantitative, time-resolved imaging method with single-molecule sensitivity and demonstrate its usefulness for
mapping in live cell location-specific differences in the concentration and translational diffusion of molecules in different
subcellular compartments. In particular, we show that molecules without a specific biological function, e.g., the enhanced green
fluorescent protein (eGFP), exhibit uniform diffusion. In contrast, molecules that perform specialized biological functions and
bind specifically to their molecular targets show location-specific differences in their concentration and diffusion, exemplified
here for two transcription factor molecules, the glucocorticoid receptor (GR) before and after nuclear translocation and the Sex
combs reduced (Scr) transcription factor in the salivary gland of Drosophila ex vivo.

he living cell is a complex dynamic system where local

concentrations and spatial distribution of molecules are
perpetually changing. Living cells control the concentration and
spatial distribution of biological molecules through molecular
interactions and transport processes. Through reaction-trans-
port processes, biomolecules are integrated over space and time
into dynamical self-regulatory networks and perform complex,
life-sustaining functions, such as gene transcription and signal

v ACS Publications  © XxxX American Chemical Society

transduction. To understand how these complex biological
functions emerge through random motion and molecular
collisions, the concentration and mobility of biological
molecules need to be quantitatively characterized in live cells."”
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So far, fluorescence microscopy techniques, confocal laser
scanning microscopy (CLSM)’~"? and fluorescence correlation
spectroscopy (FCS)''™'® in particular, have proven to be
indispensable for such studies. However, despite their great
versatility, CLSM and FCS also have limitations. Most notably,
CLSM imaging is not directly quantitative; while fluorescence is
inherently quantitative and fluorescence intensity is propor-
tional to the number of molecules, involved calibration
experiments are needed to relate the signal intensity measured
using a CLSM system to the number of molecules."” Moreover,
because of the heterogeneous chemical composition inside
different subcellular compartments or because of different
conditions in different cells (e.g, pH, oxidative stress,
crowding), fluorescent molecules are not necessarily in the
same local environment. Hence, their brightness may be
different.”® Under such circumstances, the difference in
fluorescence intensity need not necessarily reflect differences
in molecular numbers but may rather reflect differences in
molecular brightness due to local differences in environmental
conditions.

In addition, the temporal resolution of CLSM is low. In
CLSM, the acquisition at the level of individual pixels is fast, in
the order of microseconds, but the acquisition of an image frame
is slow, lasting more than a quarter of a second for a 512 X 512
pixels image. On top of this, the signals in a CLSM image are not
acquired at the same point in time, and there is always a time lag
between the signals acquired in individual pixels. The temporal
resolution of CLSM can be improved by scaling down the
number of pixels, i.e., by reducing the area from which the signal
is acquired. This, however, results in loss of overview. Classical
single-point FCS (spFCS) is also hampered by limited overview,
providing quantitative information in a minute observation
volume element (OVE) that is typically 0.2—2.0 fl (um?).
Hence, to acquire quantitative information from several
locations in a cell using the conventional spFCS setup, spFCS
measurements need to be performed successively, which is not
suitable for the study of fast dynamical processes.

To overcome these limitations, specific illumination techni-
ques are used to irradiate a larger area in the sample and the
signal is simultaneously recorded from different locations using
array detectors. Following the pioneering work at the beginning
of this millennium,'”~>* several different experimental realiza-
tions of multiplexed FCS have been reported.”™*® These
inventions have significantly advanced our capacity to character-
ize the spatiotemporal dynamics of complex biological trans-
formations and approach challenging biological problems from
the holistic point of view.”**®**3%3%3=% However, further
improvements are needed in order to develop instrumentation
with better temporal resolution and with data acquisition and
analysis software that are sufficiently robust for reliable routine
application in biomedical research.

We present here a setup for quantitative, time-resolved
confocal fluorescence microscopy imaging without scanning
that is based on massively parallel FCS (mpFCS) measurements,
where a diffractive optical element (DOE) and a matching
matrix single-photon avalanche photodiode (SPAD) camera are
used to achieve massively parallel confocal arrangement.””****
We show that this approach can map the local concentration and
translational diffusion coeflicients of molecules in live cells.
Since these properties are tightly linked to biomolecular activity
at functional sites and are crucial for understanding their
mechanisms of action, we call this method functional
fluorescence microscopy imaging (fFMI).

B MATERIALS AND METHODS

fFMI Instrumental Setup. The fEMI system consists of an
inverted epi-fluorescence microscope Axio Observer D1
equipped with a C-Apochromat 63X/1.2 W Corr objective
and a high efficiency filter set (Filter Set 38 HE) for enhanced
green fluorescent protein (eGFP) consisting of an excitation
bandpass filter EX BP 470/40 nm (central wavelength/
bandwidth), long pass dichroic mirror with a cutoff wavelength
of 495 nm, and an emission band pass filter EM BP 525/50 (all
from Carl Zeiss, Germany); a continuous wave (CW) 488 nm
frequency-doubled diode laser Excelsior 488 (Spectra-Physics,
France); a telescopic laser beam expander; a double filter wheel
with 10 (S + S) uniform neutral density filters of different optical
density (OD) to enable a wide range of attenuation (OD 0.2—
8.0) in discrete steps (Thorlabs Inc., USA); a diffractive optical
element (DOE) specially designed to split the single laser beam
into 32 X 32 beams (Holoeye, Germany); a Single Photon
Counting Camera SPC” that enables parallel single photon
counting by means of a monolithic 32 X 32 array (Micro Photon
Devices MPD, Italy).*” These elements were assembled on an
optical table with active vibration damping (Technical
Manufacturing Corporation TMC, USA) using standard opto-
mechanical components (Newport Corporation, USA, and
Thorlabs Inc., USA). To enable fast sample localization, an 18.0
megapixel digital single-lens reflex (DSLR) camera Canon EOS
600D (Canon Inc., Japan) with a pixel size of 18.5 yum* and a
pixel pitch of 4.3 um (http://snapsort.com/compare/Canon-
600d-vs-Canon_EOS_S550D/specs) was coupled to the side
port opposite to the SPAD camera, and the light path between
the two camera ports was manually switched.

Raw data, i.e., photon counts, acquired by the SPAD camera
were transferred to a Dell Precision Fixed Workstation T5600-
Xeon ES-2620 2 GHz equipped with an NVIDIA GeForce GTX
780 graphic card containing 2304 compute unified device
architecture (CUDA) cores that were used for fast data analysis
by auto- and cross-correlation.

LSM 510 ConfoCor 3 System. An individually modified
ConfoCor 3 instrument (Carl Zeiss, Germany) for laser
scanning fluorescence microscopy imaging and for spFCS was
used as a reference.”® spFCS data were analyzed using the
program for data analysis in the running software package and
the scientific graphing and data analysis software Origin
(OriginLab).

Software for fFMI. The software for data acquisition and
analysis was written in Embaracadero C++ Builder XE7
(Embarcadero Technologies, USA).

B RESULTS

Instrumental Design. Key elements of the instrumental
design, highlighted in Figure 1la and insets a;—a;, describe the
underlying working principle. Briefly, collimated light from the
single-beam CW laser is expanded and led to an achromatic
doublet lens (focal length f= 150 mm) mounted on a precise x—
y—z translation stage (Figure la, focusing lens), which focuses
the expanded and collimated laser beam on the DOE mounted
on a single-axis precise translation stage (Figure 1a, DOE). By
filling the aperture of the DOE, the diffraction pattern consisting
of 32 X 32 well-separated illumination spots and the zeroth-
order diffraction maximum in the center is formed in the focal
plane of the focusing lens that coincides with the image plane of
the rear port of the inverted epi-fluorescence microscope
(Figure 1a, rear port image plane). Formation of the spot-wise
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Figure 1. Instrumental setup for functional fluorescence microscopy imaging (fFMI). (a) Schematic presentation of the optical arrangement in the
fFMI instrument. The expanded single laser beam is focused by the focusing lens on the diffractive optical element (DOE). The illumination matrix of
32 X 32 laser beam spots (here depicted as a 4 X 4 matrix for simplicity) is formed at the image plane of the rear port of the microscope. Inset:
Formation of the ordered spotty pattern at three characteristic planes: (a;) in the rear port image plane, (a,) in the object plane, and (a3) in the side port
image plane. Of note, the zeroth-order diffraction peak falls exactly between 4 central pixels of the SPAD camera when the fFMI system is fully aligned
and is therefore not detected by the SPAD camera. (b) Image of the illumination matrix generated in the focal plane of the microscope objective. A thin
layer formed by drying of a concentrated Rhodamine 6G (Rh6G) solution was used as the sample, and the image was acquired by the 18.0 megapixel
digital single-lens reflex (DSLR) camera. The zeroth-order diffraction peak is readily visible when using the pixel-dense DSLR camera. Inset:
Fluorescence intensity profiles along (b,) the x-axis and (b,) the y-axis show that the sample is illuminated in a distinct pattern of 32 X 32 spots. The
pitch (the shortest distance between two adjacent spots) of the illumination matrix in the sample plane is 1.587 ym. (c) Image of filamentous actin in
fixed muntjac skin fibroblast cells acquired under spot-wise illumination using the 18.0 megapixel DSLR camera. (d) Image of the sample described in
(c) acquired by the SPAD camera. Signal acquisition time = 1 ms. Fluorescence intensities ranged from 0 (dark blue) to >13 700 photons per second
(red). The scale bar is 10 um. (e) Distribution of diffusion times in a dilute aqueous suspension of fluospheres, d = 100 nm, recorded by the fFMI
system. The average diffusion time was determined to be 7, = (3 + 2) ms. (f) ACC recorded in an individual pixel, i.e., by an individual SPAD in the
SPAD matrix detector (magenta). Cross-correlation curves (CCCs) derived by cross-correlating the signals recorded in this particular SPAD and its
first- and second-order neighbors (blue). Inset: (f;) Amplitude of the CCCs (blue) normalized to the amplitude of the ACC (magenta), Accc/Aace) as
a function of the squared distance between neighboring OVEs (§). As expected, the amplitudes of the CCCs decay exponentially with the distance
between neighboring OVEs squared,”’ and the data from this study (black dots) agree well with results reported in the literature: Buchholz, PhD
Thesis (CCC1 and CCC2, Figure 6.4; red circles),* Dertinger et al. (Figure 6; blue triangle),*” Ries and Schwille (Figure 4; green inverted triangle),*’
and Ries et al. (Figure 2d; lilac diamond).*® The relative amplitude Accc/Axcc = 1 at OVE distance 6 = 0 corresponds to cross-correlation of
fluorescence intensity fluctuations in the reference pixel to itself. The fitted single-exponential decay curve (red, dashed) shows that the amplitude of
the CCC decays exponentially with 62"

illumination pattern is schematically depicted in Figure 1, inset
a,, featuring for the sake of clarity an array of 4 X 4 spots with the
clearly indicated zeroth-order diffraction maximum. The relay
optics of the rear port of the microscope (Figure 1a, microscope
relay optics), the dichroic mirror (integrated in the Filter Set 38
HE), and the objective lens project the illumination matrix from
the rear port into the focal plane of the objective (Figure la,
object plane; Figure 1, inset a,). A uniform thin layer of dried
Rh6G was used to visualize the illumination matrix. The image
acquired using the pixel-dense DSLR camera shows that the
sample is illuminated in a distinct spot-wise array of 32 X 32
well-separated points of similar intensity, except for the zeroth-
order diffraction spot visible in the center (Figure 1b).
Corresponding fluorescence intensity distribution profiles

along the x and y axes are shown in Figure 1, insets b, and b,,
respectively.

After passing through the dichroic mirror and the emission
filter integrated in the Filter Set 38 HE, the spot-wise
fluorescence matrix is imaged by the objective and the tube
lenses onto the SPAD camera (Figure la and inset a;). The
SPAD camera is attached to one of the two side ports of the
microscope, with the DSLR camera being attached to the other
side and used for fast sample localization using standard wide-
field imaging. The SPAD camera contains a photosensitive chip
and a 16-bit photon counter based on a field programmable gate
array (FPGA). The photosensitive area of the chip consists of 32
X 32 circular SPADs that are 20 ym in diameter. The distance
between adjacent diodes along a row/column, i.e., the pitch of
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Figure 2. fFMI instrument calibration and performance characterization using a dilute aqueous suspension of quantum dots. (a) Spatial map of
amplitudes (G,) of individual ACCs at the lag time 7 = 103.7 us, acquired by fFMI. Fluorescence intensity fluctuations were recorded in a single
measurement lasting 2.7 s. (b) Corresponding spatial map of translational diffusion times (zp). (c) Diffusion time distribution histogram
corresponding to the data shown in (b). (d) Fluorescence intensity fluctuations recorded in the same sample as in (a—c) acquired using a conventional
spFCS system. Fluorescence intensity bursts of different intensities (note the different scales on the ordinates) reveal that the dilute quantum dot
suspension is polydisperse, containing single quantum dots (magenta) and a significantly lower amount of very bright quantum dot agglomerates that
were sporadically observed (blue trace). (e) ACCs normalized to the same amplitude, G,(7) = 1 at lag time 7 = 103.7 s, obtained by temporal
autocorrelation analysis of fluorescence intensity fluctuations reflecting diffusion of single quantum dots. The ACCs were acquired by fFMI (black)
and spFCS (magenta). The black ACC is an average ACC acquired from 10 consecutive fEMI recordings of fluorescence intensity fluctuations in a
single SPAD, i.e, in a single OVE/single pixel, each measurement lasting 2.7 s. The magenta ACC is acquired from the fluorescence intensity
fluctuation time series of 10 s. The dotted blue line shows fitting of the magenta ACC. (f) ACCs normalized to the same amplitude, G,(7) = 1 at lag
time 7 = 103.7 us, reflecting diffusion of sparse quantum dot agglomerates, acquired by ffMI in a single pixel and in a 2.7 s measurement (blue) and by

spFCS (green).

the camera, is 100 ym. Further details on the SPAD camera
design and performance can be found in refs 32 and 51-53.
Since the aperture of every SPAD is a pinhole positioned in the
conjugate focal plane with respect to the illumination matrix,
confocal configuration is achieved for all 32 X 32 foci.

By imaging the complex spatial distribution of filamentous
actin in fixed muntjac skin fibroblast cells, we could verify that
there is no significant loss of information due to interspaced
sampling (Figure lc,d). Images acquired by the pixel-dense
DSLR camera (Figure 1c) and the SPAD camera (Figure 1d)
clearly show that the SPAD camera veritably reflects the spatial
distribution of actin filaments over long distances.

In a well-aligned fFMI system, similar values for the
translational diffusion time are obtained in the majority of
pixels, and the distribution of diffusion times across the whole
matrix is narrow, exemplified here for a measurement performed
in a dilute aqueous suspension of 100 nm fluospheres (Figure
le). The measured diffusion time, 7, = (3 + 2) ms (Figure le), is
in good agreement with the value obtained using the reference
spFCS system, 7, = (2.5 + 0.5) ms (see fEMI Instrument
Calibration and Performance Characterization for details on
instrument calibration).

Finally, cross-correlation of signals recorded in a reference
pixel with the signal recorded in its first- and second-order
neighbors showed that there is virtually no cross-talk between
neighboring SPADs, as is evident from the relatively small
amplitude of the CCCs (Figure 1f, blue) that is less than 4% of
the amplitude of the ACC (Figure 1f, magenta). The Supporting
Information contains details of the software for data analysis, the
calculation of auto- and cross-correlation curves, and image
rendering (Section S1), cell culture (Section S2), instrument
alignment (Section S3, Figure S1), OVE size determination

(Section S4, Figure S2), and accuracy, precision, and sensitivity
(Section SS, Figure S3).

fFMI Instrument Calibration and Performance Char-
acterization. A dilute aqueous suspension of carboxylate
functionalized quantum dots (2 nM) was used to compare the
fFMI instrument performance with respect to the conventional
spFCS system used as a reference. For this purpose, fFMI and
conventional spFCS measurements were performed on the same
sample (Figure 2a—f). To have similar conditions in both
experiments, the illumination intensity in the conventional
spFCS instrument was set to 14.8 W at the microscope
objective lens, in order to match the intensity in individual foci of
the fFEMI instrument, which was estimated to be 1/1024 of the
intensity measured at the microscope objective (18.9 mW)
reduced by 20% to account for the intensity of the zeroth-order
diffraction peak.

Both fFMI and spFCS revealed that, despite prolonged
sonication, the quantum dots suspension is polydisperse, being
made up of individual quantum dots present in large excess
(Figure 2a,b (blue pixels), Figure 2d (top), and corresponding
ACCs in Figure 2e) but also containing a small amount of very
bright quantum dot agglomerates of different sizes (Figure 2a,b
(green-red pixels), Figure 2d (bottom), and corresponding
ACCs in Figure 2f). In measurements using the conventional
spFCS instrument, the presence of sparse agglomerates could be
readily revealed in some but not all recordings (Figure 2d, the
magenta time series exemplifies a measurement where quantum
dot agglomerates were not observed), whereas fFMI revealed in
a single shot that the quantum dot suspension is polydisperse
and provided the spatial localization of agglomerates at the
moment of measurement, as is evident from the map of ACC
amplitudes, G, (Figure 2a, green-red pixels), the translational
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Figure 3. Spatial distribution of molecular numbers and diffusion time maps in live U-2 OS cells expressing monomeric or tetrameric eGFP. (a) 18.0
megapixel DSLR image of a spot-wise illuminated U-2 OS cell expressing monomeric eGFP. (b) Spatial distribution of molecular numbers (N.,,.)
across an optical section in the cell, with slight eGFP accumulation in the nucleus. (c) eGFP diffusion times (7) across the same section as in (b). (d)
The corresponding 7, distribution histogram shows that e GFP mobility inside the cell is rather uniform, 75, = (2.5 + 0.5) ms. (e) DSLR image of two
cells expressing eGFP,, acquired as described in (a). (f) Molecular numbers (N,,,) map reveals eGFP, prevalence in the cytoplasm. (g) eGFP,
diffusion time map in two adjacent cells. In the upper cell, the average diffusion time, 7, = (5.0 & 0.8) ms, is two times longer than the diffusion time
measured for eGFP in (d). This is in agreement, within the experimental error, with the expected theoretical difference of 1.6 times. In the lower cell,
where eGFP, degradation was observed, the average nuclear concentration was higher than in the upper cell, N ~ 12 versus N! ~ 6; 71, was the
same as in cells expressing monomeric eGFP, and a wider distribution of diffusion times ((h), green histogram, versus (d)) was observed. (h) Diffusion
time distribution histograms in the upper (red) and the lower (green) cell shown in (g).

diffusion time, 7, map (Figure 2b, green-red pixels), and the
distribution of diffusion times (Figure 2c).

Both, the conventional spFCS and the fEMI system, showed
marked differences in diffusion times between single quantum
dots, 75 = (200 + 50) ps (Figure 2e), and quantum dot
agglomerates, 77 flgf = (7 = 2) ms (Figure 2f). Importantly, the
characteristic decay times of ACC obtained using the fFMI
instrument and the conventional spFCS setup concurred, as is
evident from the overlap of the ACCs normalized to the same
amplitude, G,(7) = 1 at 7= 103.7 s, for individual quantum dots
(Figure 2e) and for quantum dot agglomerates (Figure 2f). This
observation is in line with calibration measurements showing
that the OVEs in the fEMI system are similar in size to that in the
conventional spFCS instrument.

Of note, the average diffusion time for single quantum dots
estimated from the diffusion time histogram, 74 = (600 +
100) us (Figure 2c), is evidently longer than the value
determined by fitting spFCS data, 785cd = (200 £ S0) us
(Figure 2e, magenta). This discrepancy, which is particularly
pronounced for molecules/particles with short diffusion times,
arises because of the comparatively low temporal resolution of
the matrix SPAD detector, due to which plateauing of the ACC
cannot be observed (Figure 2e). Consequently, the translational
diffusion time, estimated from the full width of the ACC at its
half-maximum (Figure 2e, black), will appear to be somewhat
longer than what it really is (Figure 2e, magenta). Using
fluospheres of different size, we could demonstrate that, the
longer the translational diffusion time, the less pronounced will
be this difference, and the diffusion coefficient could be correctly
determined (as shown in Section S$, Figure S2).

Small Differences in Translational Diffusion Time
between eGFP Monomers and Tetramers Could Be
Measured in Live Cells by fFMI. In order to assess the
precision of the fFMI system, its capacity to measure small
differences in translational diffusion time was probed using live
U-2 OS cells expressing monomeric or tetrameric eGFP, eGFP,
or eGFP,, respectively (Figure 3).

fFMI could also measure subtle differences in the translational
diffusion between eGFP (Figure 3c,d) and eGFP, (Figure 3gh,
red pixels and bars). It showed that translational diffusion of
eGFP monomers in U-2 OS cells is rather uniform across the
cell, with an average diffusion time 7p gpp = (2.5 % 0.5) ms
(Figure 3c,d), whereas the translational diffusion time of eGFP,
is about two times longer, 7p, .pps = (5.0 + 0.8) ms (Figure 3g,
upper cell; Figure 3h, red histogram). This difference, derived
from measurements in 10 cells in each group, is in agreement
with the theoretically expected value of 1.6 times.

fFMI also indicated cells where oligomeric forms containing
less than four eGFP molecules prevail. Such cells (Figure 3g,
lower cell) are identifiable through the shorter translational
diffusion time (Figure 3h, green histogram (lower cell) versus
the red histogram (upper cell)), higher average nuclear
concentration of fluorescent molecules, N ~ 12 versus Nu<!
~ 6 (Figure 3f), and wider distribution of diffusion times (Figure
3h, green histogram, versus Figure 3d). Lower size oligomers can
occur due to degradation processes. While eGFP is not
efficiently degraded by proteinases, the flexible linker is, due
to the specific construction of the plasmid where each eGFP
sequence is preceded by an ATG start codon.

Mapping the Heterogeneous Distribution and Dy-
namics of Molecules in Live Cells by fFMI. Having
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Figure 4. Spatial distribution of molecular numbers and diffusion time maps of glucocorticoid receptors (GR) before and upon ligand-induced nuclear
translocation in live U-2 OS cells. (a) DSLR image of a spot-wise illuminated unstimulated U-2 OS cell expressing eGFP-GR,,. (b) fFMI reveals the
spatial distribution of eGFP-GR, numbers (N,,,) across an optical section in the cell with their accumulation in the cytoplasm. (c) Spatial distribution
of translational diffusion times (7p,) across the same section as in (b). (d) Diffusion time distribution histogram in the cytoplasm of cells shown in (c).
(e) DSLR image showing eGFP-GR,, translocation to the cell nucleus after stimulation with dexamethasone. (f) Spatial distribution of molecular
numbers (N_,,,) reveals eGFP-GR, translocation from the cytoplasm to the cell nucleus. (g) fFMI map of eGFP-GR,, diffusion times (zp,), reflecting a
patchy distribution due to differences in eGFP-GR,, interactions with the surrounding molecules. (h) Diffusion time distribution histogram in the cell

nucleus shown in (g).

established that fFMI can measure small differences in
translational diffusion between cells that express uniformly
diffusing molecules of different size, we assessed its capacity to
map the heterogeneous distribution and nonuniform dynamic
behavior of a molecule in the same cell (Figure 4). We have
therefore chosen the glucocorticoid receptor (GR), a tran-
scription factor for which the heterogeneous distribution and
complex intracellular dynamics are well established and
characterized by conventional spFCS.>*~>°

fFMI readily revealed the nonuniform distribution and
uneven diffusion of fluorescently tagged wild type glucocorticoid
receptors (eGFP-GR,,) in the cytoplasm of untreated U-2 OS
cells (Figure 4a—d), showing that eGFP-GR,, concentration in
the periphery is lower, NfiZ &~ 1.25, and its diffusion time is
shorter, 75" = ~(0.8 + 0.2) ms, than in the perinuclear region
that is enriched in intracellular membranes, Nt); & 2.5 and 7" =
(4.0 £0.5) ms.

As expected, treatment of U-2 OS cells with the GR agonist
dexamethasone (100 nM Dex) induced eGFP-GR,, trans-
location from the cytoplasm to the cell nucleus (Figure 4). In the
nucleus (Figure 4e—h), eGFP-GR,, partitioned into different
domains, showing both an uneven distribution of molecular
numbers (Figure 4f) and “patchy” diffusion behavior (Figure
4g), revealing domains where eGFP-GR,,, motility is fast and
interactions with other molecules are scarce and/or nonspecific,
characterized by short diffusion times, as opposed to regions
where binding with higher affinities is observed; eGFP-GR,,
motion is therefore stalled, and diffusion times are longer.

Mapping Dynamic Processes in the Plasma Mem-
brane of Live Cells by fFMI. The capacity of the fEMI system
was tested for quantitative characterization of dynamic processes
in the plasma membrane. For this purpose, PC12 cells stably
transformed to express a G protein-coupled receptor (GPCR),
the wild type u-opioid receptor fused at the N-terminal end with
eGFP (eGFP-MOP), were used to map in live cells its spatial

surface density and lateral diffusion in the plasma membrane
(Figure S). As can be seen, the plasma membrane and the
perinuclear region, enriched with membranous structures of the
endoplasmic reticulum and the Golgi complex, could be easily
distinguished from the remaining cellular compartments and the
surroundings by fluorescence intensity imaging using the DSLR
camera under spot-wise illumination (Figure Sa). While the map
of the average number of molecules in the OVE (N,,,,) was noisy
due to low expression levels of eGFP-MOP (Figure Sb), the
translational diffusion time maps could be readily acquired,
rendering the plasma membrane and the membranous
structures in the perinuclear region clearly visible (Figure Sc).
fFMI revealed that the eGFP-MOP diffusion in the plasma
membrane (Figure S d, red) and in membranous structures in
the perinuclear region (Figure Sd, blue) is complex, and two
principal decay times were identified: 7,; = (1.0 + 0.5) ms and
Tpy = (100 + 20) ms (Figure 5d).

Mapping ex Vivo the Heterogeneous Distribution and
Dynamics of Molecules in Thick Tissue Specimen by
fFMI. While we have established that crosstalk between pixels is
not an issue for quantitative characterization of concentration
and diffusion in dilute solutions/suspensions (Figure 1f), it is
well-known that the main challenge for quantitative fluorescence
microscopy imaging of a thick specimen using multifocal optical
arrangement arises because out-of-focus light that originates
from bright structures in remote focal planes above/below the
sample plane can pass through adjacent pinholes. This increases
the background signal, i.e., reduces the SNR, and gives rise to
hazy images where the details that are normally observed in
confocal laser scanning microscopy are obscured in spinning
disk confocal microscopy.”” In order to probe the capacity of the
fFMI system to characterize dynamical processes in thick
samples, the concentration and nuclear dynamics of the
mCitrine-tagged Sex combs reduced (Scr) dimeric transcription
factor (mCitrine-(Scr),) were investigated in salivary glands
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Figure S. Dynamic lateral organization of mu-opioid receptor in the plasma membrane. (a) DSLR image of a spot-wise illuminated PCI2 cell
expressing eGFP-MOP. (b) Spatial distribution of eGFP-MOP numbers (N,,,,) across an optical section in the cell. (c) Spatial distribution of diffusion
times (7p) across the same section as in (b). (d) Corresponding diffusion time distribution histograms inside the cell (blue) and in the plasma

membrane (red).

from Drosophila third instar larvae bearing in the genome a
multimeric specific binding site of Scr (fkh250°"; see Section S2
and ref 38 for details). The results are presented in Section S6
and Figure S$4.

Bl DISCUSSION

Spatial filtering of fluorescence, which is at the heart of CLSM, is
achieved by conjugate focal plane arrangement of optical
elements and obstruction of out-of-focus light by detection
through a pinhole. This significantly improves the SNR of
fluorescence microscopy, enabling optical sectioning and
fluorescence imaging with high spatiotemporal resolution and
single-molecule sensitivity. Advantages for biomedical research
and diagnostics brought about by confocal imaging are so
numerous that it has been stated that “. . .confocal technology is
proving to be one of the most important advances ever achieved
in optical microscopy.”*® Confocal configuration was also shown
to be critical for FCS;*”°° by reducing the size of the OVE, a
significantly smaller number of solvent molecules was observed,
which efficiently reduced the background and enhanced the
signal-to-noise ratio. This, in turn, has enabled single-molecule
detection and short measurement time. The possibility to have
multiplexed confocal arrangements of excitation and detection
pathways is therefore essential for quantitative studies of fast
dynamic processes in live cells that require high spatiotemporal
resolution and single-molecule sensitivity.

Presently available state-of-the-art instruments for massively
parallel FCS measurements, such as the systems described in refs
29 and 31, rely on the use of light sheet illumination and point-
wise detection via an electron multiplying charge coupled device
(EMCCD) camera® or a SPAD matrix detector.”*® In these
arrangements, a selected plane in the sample is illuminated at a
defined z-position by a micrometer-thin light sheet that is
perpendicular to the optical axis of the detection objective lens.
The advantage of light sheet illumination over a confocal
arrangement comes from the specific illumination of an area that
is significantly larger than the cross sectional area of the confocal
volume element. The disadvantage of light sheet illumination as
compared to multiplexed confocal arrangement comes from the
nonuniformity of the light sheet over longer distances, which
means that the area over which OVEs of the same size are
obtained is restricted. In addition, structures in the specimen
that absorb/scatter the excitation light distort the light sheet,
and the size of the OVEs is not uniform across heterogeneous
samples.”””! To circumvent these problems in light sheet based
microscopy imaging, the sample needs to be repositioned and

precisely rotated, which is a limiting factor for the study of fast
dynamical processes. It also complicates sample preparation and
mounting, and sample preparation procedures are considerably
more complex for light sheet microscopy than for confocal
1mag1ng ! Such restrictions do not exist for fEML. Here, the limit
in number of focal spots is set by the intensity of the single-beam
laser and the dark count of individual SPADs that comprise the
matrix detector.

The advantage of the SPAD matrix detectors over EMCCD
cameras primarily lies in the temporal resolution, which is
inherently low in EMCCD cameras because of the slow readout
and frame-transfer processes. At present, the temporal
resolution of EMCCDs is in the millisecond range, at best,
whereas the temporal resolution of SPADs is easily in the
microsecond and even submicrosecond range. Thus, SPAD
matrices hold the promise to significantly improve the temporal
resolution of fluorescence microscopy imaging, allowing a 100-
to 1000-times better temporal resolution. Furthermore, no
analogue measurement of voltage or current is needed for
SPADs, so no additional noise is added by the readout process.
Finally, the SPAD detector is typically less sensitive than
EMCCD to electromagnetic interference due to electro-
magnetic radiation generated by other equipment.

The disadvantage of SPAD matrix detectors over an EMCCD
stems mainly from the variability in dark count rates between
individual detectors, which gives a nonuniform SNR over an
image frame (Figure 1f). This, however, is not too big a problem
for fEMI; while differences in dark count rates affect the signal
intensity, the outcome of temporal autocorrelation analysis is
not significantly affected and the average number of molecules in
the OVE and the diffusion time could still be accurately
determined by autocorrelation analysis even though the SNR is
not exactly the same in all foci. Of course, this is only possible
when the SNRis sufficiently high in all foci. If this is not the case,
the amplitude of the autocorrelation curve becomes unreliable.

Another well-known limitation associated with SPADs is
related to afterpulsing.32’62’63 In the present camera, afterpulsing
is observed in the ACCs as a prominent and fast-decaying peak
at lag times, 7 < 100 us (Figure 2e, black; Figure 2f, green;
Section S6, Figure S4g, blue). Afterpulsing is more prominently
observed in measurements where low signal intensities were
measured, e.g, individual quantum dots (Figure 2e, black)
versus bright quantum dot agglomerates (Figure 2f, green).
However, afterpulsing-related distortion of ACCs may be
c1rcumvented by cross-correlating the signals between two
detectors,”” by subtracting the contrlbutlon of afterpulsing
from the ACCs,*> and by SPAD de51gn
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Despite the limitations of currently available technologies for
massive production of SPADs, which restrain the temporal
resolution and affect quantitative characterization in live cells as
discussed above, the data presented here compellingly show that
it is possible to achieve a massively parallel confocal arrangement
and quantitative confocal imaging with single-molecule
sensitivity without scanning via massively parallel FCS. This
yields quantitative confocal imaging with an unprecedented
temporal resolution, which in the present setup is 21 us/frame.
We have demonstrated that massively parallel analysis of
fluorescence intensity fluctuations by temporal autocorrelation
and spatiotemporal cross-correlation analyses can be achieved,
yielding 1024 ACCs in about 4 s and about 24 000 CCCs in 45 s.
The use of the graphic processing unit (GPU) is a major
advantage for the calculation of CCCs, since the number of
CCCs is much larger than the number of ACCs. The FPGA
approach described in ref 30 calculates ACCs in real time, but
the memory constraints would not allow the calculation of
CCCs as well. Hence, a combination of these two approaches
will likely be the best for future applications.

B CONCLUDING REMARKS

The quantitative, time-resolved confocal fluorescence micros-
copy imaging approach developed here retains the capacity to
perform optical sectioning and is empowered by the abolish-
ment of scanning, thus allowing simultaneous data acquisition in
all points in an image frame with a submillisecond temporal
resolution (here 21 ps/frame). It provides, with diffraction
limited spatial resolution, quantitative information about
location-specific differences in the concentration and mobility
of the molecules, which cannot be otherwise deduced. The
possibility to characterize the fast cellular dynamics of
molecules: quantitatively, nondestructively, with the ultimate
sensitivity and with unprecedented temporal resolution, enables
us to address how biomolecules are integrated via chemical
reactions and transport processes into dynamical self-regulated
networks through which emergent properties, such as gene
transcription and signal transduction, arise at the higher level of
organization and at longer spatio-temporal scales.
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Abstract. The present study describes utilization of two photon excitation fluorescence (2PE) microscopy for
visualization of the hemoglobin in human and porcine erythrocytes and their empty membranes (i.e., ghosts).
High-quality, label- and fixation-free visualization of hemoglobin was achieved at excitation wavelength 730 nm
by detecting visible autofluorescence. Localization in the suspension and spatial distribution (i.e., mapping) of
residual hemoglobin in erythrocyte ghosts has been resolved by 2PE. Prior to the 2PE mapping, the presence of
residual hemoglobin in the bulk suspension of erythrocyte ghosts was confirmed by cyanmethemoglobin assay.
2PE analysis revealed that the distribution of hemoglobin in intact erythrocytes follows the cells’ shape. Two
types of erythrocytes, human and porcine, characterized with discocyte and echinocyte morphology, respec-
tively, showed significant differences in hemoglobin distribution. The 2PE images have revealed that despite
an extensive washing out procedure after gradual hypotonic hemolysis, a certain amount of hemoglobin local-
ized on the intracellular side always remains bound to the membrane and cannot be eliminated. The obtained
results open the possibility to use 2PE microscopy to examine hemoglobin distribution in erythrocytes and esti-
mate the purity level of erythrocyte ghosts in biotechnological processes. © 2017 Society of Photo-Optical instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JB0.22.2.026003]

Keywords: multiphoton fluorescence microscopy; ultrafast lasers; hemoglobin; label-free imaging; erythrocytes; erythrocyte ghosts.
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1 Introduction Recently, we have reported the production of drug encapsulated
porcine and bovine erythrocyte ghosts by gradual hypotonic
hemolysis in much higher quantities than those described in lit-
erature so far.'> However, it was noted that after the hemolysis
process a certain amount of hemoglobin remains in the final sus-
pension of the resulting erythrocyte ghosts.'* The fraction of this
so called residual hemoglobin, which cannot be easily elimi-
nated from the system, significantly affects subsequent encap-
sulation processes and encapsulated drug releasing profile."
Although this residual hemoglobin can be determined by the
spectrophotometric method (e.g., cyanmethemoglobin method),
data on spatial distribution of hemoglobin at the single cell level
in erythrocytes and remaining erythrocytes ghosts are scarce.
Demonstrated spatial redistribution of hemoglobin throughout
intact erythrocytes in patients with vascular disorders'® pro-
motes the importance of this parameter monitoring in disease
diagnosis as well.

Based on the aforementioned wide applicability of erythro-
cytes in biomedical research and diagnostic tests, it is important
to have a reliable microscopy method for single cell analysis,
including spatial distribution of hemoglobin. Although phase
contrast microscopy traditionally represents a fast method for
tracking changes of erythrocytes during the gradual hypotonic
hemolysis and appearance of erythrocyte ghosts,'”"'*!® it does
not provide enough information for detailed morphological
analysis. Unlike the phase contrast microscopy that visualizes

Two photon excitation fluorescence (2PE) microscopy as an
advanced technique offers the possibility for noninvasive,
label-free high resolution imaging of living cells and deep tis-
sues by using the fluorescence emission from the endogenous
fluorescent molecules.'™ The near-infrared radiation generates
2PE signals of endogenous fluorophores, such as tryptophan,
riboflavines, nicotinamides, collagen, elastin, and so on, and
thus provides rich morphological and biochemical information
of biological systems.*® Less investigated and reported is the
intrinsic fluorescence of hemoglobin, the main intracellular
component of erythrocytes, which emits a strong Soret fluores-
cence with the peak at 438 nm upon two-photon excitation by
femtosecond pulses in red and near-infrared region (600 to
750 nm).”® Such optical properties of hemoglobin opened the
possibility to use 2PE microscopy as a tool for label-free imag-
ing of erythrocytes, even in vivo.’

In addition to the well-known physiological functions
of erythrocytes, they serve as a natural blood compartment par-
ticipating at the same time in biodistribution, metabolism, and
action of certain drugs.' Furthermore, intentional usage of
human and animal erythrocytes, erythrocyte membranes (i.e.,
ghosts), and their nanoderivatives presents modern approach in
terms of prolonged and controlled drug delivery systems.'!'™!*

*Address all correspondence to: Aleksandar J. Krmpot, E-mail: krmpot@ipb.ac
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all the changes of the index of refraction regardless of their ori-
gin, 2PE microscopy has high chemical selectivity, thus ena-
bling the visualization of the distribution of certain chemical
compounds. Confocal microscopy, scanning electron micros-
copy, transmission electron microscopy, and atomic force
microscopy are considered as the most powerful tools for struc-
tural analysis of various cells, including erythrocytes. However,
these methods mandatorily include cell fixation and/or labeling
which might influence the fragile cell structure.'” So far, large
numbers of optical microscopic techniques have been utilized
for erythrocyte imaging. Comparative study of stained cells
by confocal and unstained cells by holographic microscopy
has been elaborated as shown in the work of Rappaz et al.”
Scanning microphotolysis (Scamp), also referred to as fluores-
cence recovery after photobleaching, has been employed for
erythrocyte examination either in a linear®! or in a two photon,
i.e., nonlinear, regime.”> Volumetric imaging of erythrocytes
using photoacoustic microscopy has been described by
Shelton et al.,”> while the same method in combination with
confocal microscopy is used for hemoglobin oxygen saturation
measurements., as shown by Wang et al.>* 2PE was combined
with stimulated Raman scattering for hemoglobin imaging in
mouse retina.”> Even second harmonic generation (SHG)
microscopy, usually accompanied with 2PE as another modality
of nonlinear microscopy, has been utilized for label free imaging
of human erythrocytes membrane exposed to various glucose
concentrations in phosphate buffered saline (PBS).? In addition
to demonstration of the imaging possibilities of hemoglobin by
the aforementioned techniques, 2PE has recently been applied in
examination of particular biomedical problems related to eryth-
rocytes: tracking blood vessels within the tissues*’ and photo-
physical characterization of sickle cell disease hemoglobin.

In this work, we report label-free imaging of two kinds of
erythrocytes, porcine and outdated human ones, at single cell
level by 2PE microscopy, with the specific aim of investigating
the spatial distribution (i.e., for mapping) of hemoglobin within
intact erythrocytes and residual hemoglobin in erythrocyte
membranes obtained after a gradual hypotonic hemolysis proc-
ess. Furthermore, the quantity of residual hemoglobin was
determined by analysis of 2PE images relative to the hemoglo-
bin concentration in intact erythrocytes. This investigation
opens the possibility to use 2PE microscopy as a tool for quality
assessment of erythrocytes and erythrocyte membranes as a
starting material in various biotechnological processes, such as
the production of erythrocyte-based drug delivery systems'>!3
or isolation of hemoglobin.'®?° Additionally, 2PE microscopy
could help in revealing the ability of erythrocyte membranes,
originating from different species, to bind different amounts
of hemoglobin. Since various processes require various levels
of purity, this information is important for the selection of
raw material.

2 Materials and Methods
2.1 Blood Samples

Porcine slaughterhouse blood and human outdated blood were
used as starting biological materials. Porcine blood was taken
from the jugular veins of Swedish Landrace swine and collected
in a sterile glass bottle with 3.8% sodium-citrate as an antico-
agulant, at slaughterhouse “PKB Imes” in Belgrade, Serbia.
Blood samples were transported at ambient temperature and
processing started 2 h after the collection. The outdated
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human erythrocyte concentrates were from the Institute for
Transfusiology and Hemobiology, Military Medical Academy,
Belgrade, Serbia. The erythrocytes were enriched by the
standard procedure and preserved in saline-adenine-glucose-
mannitol solution (each 100 mL contains 0.900 g dextrose
monohydrate, 0.877 g sodium chloride, 0.0169 g adenine, and
0.525 g mannitol) for 42 days at 4°C. The outdated cell packs
were anonymized prior to distribution, and the link to the
donor was broken. If not used for the research, the cell packs
would have been discarded.

2.2 Preparation of Erythrocytes and Erythrocyte
Membranes (i.e., Ghosts)

Both porcine and human erythrocytes were precipitated by
blood centrifugation at 2450 X g for 20 min at 4°C. The plasma
and leucocytes were carefully discarded by vacuum aspiration.
The precipitated erythrocytes were resuspended in isotonic
saline solution (0.9% NaCl), washed twice by centrifugation,
and finally resuspended in an isotonic PBS, pH 7.2 to 7.4
(0.8% saline buffered with 10 mM sodium phosphate). Porcine
and human erythrocyte ghosts were prepared by gradual hypo-
tonic hemolysis'>?* by using hypotonic 35-mM sodium phos-
phate/NaCl buffer for porcine and 5-mM sodium phosphate
buffer for human erythrocytes (30 min, flow rate 150 mL/h.)
After the hemolysis, the erythrocyte ghosts were precipitated
by 40 min centrifugation at 3220 X g, at 4°C. Erythrocyte ghosts
were washed out three times in the buffer solution used for
hemolysis and finally in PBS solution. Concentration of hemo-
globin in suspensions of erythrocytes and residual hemoglobin
in erythrocyte ghosts were determined by the cyanmethemoglo-
bin method.*® To quantify residual hemoglobin, prior to the
determination of the concentration, erythrocyte ghosts were
dispersed in 1 mL of isotonic PBS containing 1% w/w of Triton
X100 detergent.

2.3 Experimental Setup for 2PE

The homemade two-photon microscopy experimental setup is
similar to that reported in our previous study.>’ The schematic
of the setup is given in Fig. 1. The train of the femtosecond

N
—(O- Bulb
/Cl)\ "

Fig. 1 Schematic of the imaging system: Ti:Sa, Ti:Sapphire laser,
VNDF, variable neutral density filters, GSM, galvo scanning mirrors,
L1 and L2, lenses, DM, dichroic mirror (short pass), Obj., microscope
objective, Sam., sample, Con., condenser, Bulb, bulb for bright-field
imaging illumination, TL, tube lens, BS/M, beam splitter or mirror,
Cam., camera, F, filter, PMT, photomultiplier tube.
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pulses is generated by the Ti:Sapphire laser (Coherent, Mira
900-F). The repetition rate is 76 MHz, and pulse duration is
160 fs. The galvoscanning mirrors (Cambridge Technologies,
6215H) are used to raster-scan the samples.

The laser beam is expanded in order to fill the entrance pupil
of an objective (Carl Zeiss, EC Plan-NEOFLUAR, 40 x /1.3
oil). A short-pass dichroic mirror (Thorlabs, M254H45) reflects
the laser beam toward the objective, and transmits the signal
toward the camera (Canon, EOS 50D) and the photomultiplier
tube (PMT) (RCA, PF1006). The tube lens forms the sample
image on the camera and/or PMT. The camera is used to take
the bright-field image of the samples (green light in Fig. 1). The
high intensity fluorescence can be seen by camera (blue light in
Fig. 1). The commercial cameras usually have an infrared block-
ing filter. We removed this filter from our camera in order to see
the backscattering/backreflection of the laser spot from the sam-
ple/cover slip which facilitated the alignment of the system. This
is possible due to the fact that a small portion of the laser light
leaks through the dichroic mirror (leakage of the laser is not
shown in Fig. 1). A drawback of the infrared filter removing is
the false coloring of the bright-field images. Thus, our bright-
field images are greenish.

A beam-splitter or the mirror is used to reflect part of the
signal or the complete signal to the PMT. An interference filter
in front of the PMT removes scattered laser light. This filter is
transparent for visible (415 to 685 nm) light, while blocking the
IR and UV. Since the excitation wavelength is chosen in such a
way that fluorescent signal comes predominantly from hemo-
globin (Soret fluorescence), using the broadband filter ensures
that all the fluorescent light will be collected, even from the
wings of the fluorescent spectrum which is important in the case
of relatively low excitation efficiency (see Sec. 2.4). This pro-
vides good signal-to-noise ratio and high contrast of images.
Erythrocytes (hematocrit 5%, i.e., 5% suspension) and ghosts
in the amount of 20 ul. were allowed to settle onto a micro-
scopic slide. Afterward, coverslips were put above settled cells
and fixed to microscope slides. Imaging of erythrocytes and
erythrocyte ghosts was performed at 730-nm excitation
wavelength.

2.4 Excitation Wavelength

The excitation wavelength is of the great importance in this
study and it has to be carefully selected according to its avail-
ability and the properties of the samples. Selection of the wave-
length can significantly affect the chemical selectivity of the
imaging, providing excitation of the specific and desired objects,
and quality of the images by means of excitation efficiency and
fluorescence strength. The excitation wavelength in this study is
selected to be 730 nm by the following criteria:

— We have tested different excitation wavelengths within a
Ti:Sapphire laser tuning range (700 to 1000 nm). Our
excitation spectrum is consistent with the spectrum shown
in study of Zheng et al.,” i.e., the excitation is the most
efficient for the shortest wavelengths.

— The 2PE signal from hemoglobin at 650-nm excitation
wavelength is reported to be more efficient’ but we
were not able to utilize shorter wavelengths than 700 nm
due to the laser tuning range (700 to 1000 nm). Also, there
is a significant leakage of the laser light to the PMT for
wavelengths shorter than 730 nm. The cut-off wavelength
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of the dichroic mirror (hot mirror M254H45, Thorlabs,
Inc.) is (700 + 10) nm with transmission >97% for wave-
lengths longer than 710 nm, whereas full width at half
maximum of the laser line is ~12 nm.

— The 2PE signal from glass (coverslips and microscope
slides) is pronounced for wavelengths shorter than
730 nm. Thus, 730 nm is the shortest possible choice
for the excitation wavelength to produce still high quality
images.

3 Results and Discussion

In this study, erythrocyte membranes (ghosts) were prepared by
gradual hypotonic hemolysis starting from slaughterhouse por-
cine and outdated human erythrocytes. During the process of
gradual decrease of ionic strength of the solution surrounding
erythrocytes, they swell and hemoglobin molecules leak out,
leaving intact erythrocyte membranes.'>!""!%2° Preparation of
ghosts was followed by an extensive washing out procedure
(to remove extracellular hemoglobin released from lysed eryth-
rocytes). However, a small amount of hemoglobin, so called
residual hemoglobin, always remains bound to membranes in
resulting erythrocyte ghosts.'

Here, 2PE microscopy was used to quantify the relative
decrease in hemoglobin’s content at the end of the applied proc-
ess of hemolysis and reveal its localization in the examined
samples. All 2PE images are of the high quality by means of
good signal-to-noise ratio, high visibility (contrast), high
pixel resolution, and without or with minimal postmeasurement
processing.

Bright-field microscopy images and corresponding auto-
fluorescence 2PE images of starting porcine and human eryth-
rocytes are presented in Figs. 2 and 3, respectively. 2PE images
are acquired in 1024 x 1024 pixels resolution upon 30 times
averaging of raw fluorescence signal. Intensity of pseudo-red
color corresponds to the 2PE signal intensity.

According to image dimensions (30 X 30 zm?) and physical
resolution of our experiment, which is limited by diffraction and
measured to be ~300 nm,’! the minimal pixel resolution for
faithful imaging of the object is set by Nyquist criterion to
200 x 200 pixels. In our case, 1024 x 1024 pixel resolution
ensures that we overfill the Nyquist criterion and contribute
to the high quality of the images.

As evident from Figs. 2(b) and 3(b), it is possible to notice
localization of hemoglobin’s content even from suspensions of

(b) PI
| I
5pum 0

Fig. 2 Suspension of porcine erythrocytes: (a) bright-field microscopy
image, (b) corresponding 2PE image revealing localization of hemo-
globin; black, the lowest 2PE signal, red, the highest 2PE signal. 3-D
model of examined human erythrocytes. (Video 1. MPEG, 6.16 MB
[URL: http://dx.doi.org/10.1117/1.JB0O.22.2.026003.1]).
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Fig. 3 Suspension of human erythrocytes: (a) bright-field microscopy
image, (b) corresponding 2PE image revealing localization of hemo-
globin; black, the lowest 2PE signal, red, the highest 2PE signal. Note
that field of view (scale bar) is different than in a Fig. 2. It was changed
because the region of interest was wider.

erythrocytes. Also, a 3-D model of examined human erythro-
cytes is displayed in Video 1.

Due to the presence of erythrocytes’ methemoglobinreduc-
tase, hemoglobin in blood is predominately in its native ferrous
form®? which is desirable for the 2PE signal measurement. 2PE
images and examination of hemoglobin distribution in a single
erythrocyte for both examined types are given in Fig. 4. This
result demonstrates that the resolution of the 2PE microscopy is
good enough for the analysis of erythrocytes at the single cell
level. As with the images in Fig. 3, these 2PE images are the
results of averaging 30 individual images. Pseudocoloring cor-
responds to the 2PE signal intensity. No further processing of
the image was performed, the data points in graphs represent
the raw 2PE signal levels.

Based on the results in Fig. 4, we have confirmed that human
erythrocytes have the normal morphology of biconcave disco-
cytes,*® whereas porcine erythrocytes have an echinocyte mor-
phology. Such morphology of porcine erythrocytes is not a sign

0

2 z

c c

> >

5 ©] $ (d)
> 0.08 Z 0.08

2 2

g g

= £

2 0.04 g 0.04

Q

& g

? b

£ 0.00 £ 0.00

3 0 2 4 6 3 0 2 4

distance (um) distance (um)

Fig. 4 Representative raw 2PE image of (a) human and (b) porcine
erythrocyte. 2PE signal is presented in pseudocolor. Distribution of
2PE signals, i.e., hemoglobin concentration through the diameter
of (c) human and (d) porcine erythrocyte. Black curves are raw
data plot, red curves are obtained upon adjacent points averaging.
Note that the two images are not recorded under the same experimen-
tal conditions; the intensities are not mutually normalized, thus they
cannot be compared.
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of some pathological condition but represents a common artifact
in handling of porcine blood.**

Hemoglobin, which is the dominant component of erythro-
cytes, follows the cells’ shape which can be easily observed by
comparing the bright field and 2PE images. For human eryth-
rocytes, its lowest density is observed to be in the central area
[Fig. 4(a)], and in peripheral parts, its distribution was homo-
geneous. This finding is in agreement with the reported spatial
distribution of hemoglobin in healthy human erythrocytes
examined by confocal Raman spectroscopy>” and atomic force
microscopy.*® On the other hand, for porcine erythrocytes, 2PE
revealed a significant accumulation of hemoglobin in cells’ pro-
trusions. As shown in the study by Parshina et al.,*® amphibian
(frog) nucleated and mammalian (rat) nonnucleated healthy
erythrocytes have a homogeneous distribution of cytosolic
hemoglobin. Our results indicate that the deviations from the
biconcave morphology of porcine erythrocytes probably affect
the distribution of hemoglobin and lead to its accumulation in
the cell protrusions. Taking into account that various patho-
logical conditions are accompanied by uneven distribution of
hemoglobin,'®’ the developed method might be useful in their
diagnosis. Until now it was described that isolated sickle cell
disease hemoglobin (HbS) and malaria-infected red blood
cells could be analyzed and photophysically characterized by
multiphoton microscopy.?®3#

The overall presence of residual hemoglobin in the final
suspensions of erythrocyte ghosts was primarily determined
by cyanmethemoglobin assay (Fig. 5). The concentration of
residual hemoglobin was 7.21 and 1.76 g/L for the porcine
and human samples, respectively. This reflects the decrease
in concentrations of hemoglobin by 95% and 99% in the sus-
pension of erythrocyte ghosts compared to the starting suspen-
sions of porcine and outdated human erythrocytes, respectively.
These amounts of residual hemoglobin in erythrocyte ghosts are
consistent with the range reported in other studies.***° However,
the localization of residual hemoglobin in the suspension still
remains unknown.

In addition to the spatial distribution of hemoglobin in intact
human and porcine erythrocytes, images of residual hemoglobin
in erythrocyte ghosts also can be obtained by 2PE (Figs. 6 and 7,
respectively). The intensity of the 2PE signal depends on the
concentration of the hemoglobin, but also on the pulse peak
power, pulse duration, repetition rate, focal volume, excitation
wavelength, etc. It is a nontrivial and time consuming task to
quantify the dependence of the 2PE signal on hemoglobin con-
centration. In other words, it is almost impossible to determine
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Il Erythrocyte
ghosts

120 +

(2]
o
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Concentratlon of Hemoglobin (g/L)
o
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Fig. 5 Concentration of hemoglobin in erythrocytes and their ghosts

obtained by gradual hemolysis. The concentration was determined by
spectrophotometric cyanmethemoglobin method.
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Fig. 6 Mixed suspension of human erythrocytes and resulting eryth-
rocyte ghosts: (a) bright-field microscopy image; (b) 2PE image;
(c—g) 2PE signal profiles along the corresponding lines at (b) image.
Profiles 3 and 4 are given in magnified vertical scale in (f) and
(9) graphs. Black curves are raw data plot, red and green curves
are obtained upon adjacent points averaging.

absolute concentration from the 2PE signal since one has to keep
all other parameters constant in separate measurements. In order
to evaluate the local change (i.e., decrease) in hemoglobin
content after the hemolysis, we mixed the ghosts with intact
erythrocytes. In this way, we can evaluate the local content
of hemoglobin, i.e., distribution of hemoglobin across erythro-
cytes and ghosts, and not just an average value for a whole cell
or suspension. From the image data we obtained, the variation of
intensity along appropriately chosen representative lines is
shown in Figs. 6(b) and 7(b). The line is chosen in a way to
intercept at least two erythrocytes and two ghosts which provide
up to eight representative points positioned in the proximity of
the membrane within the cells for comparison of 2PE signals.
Note that the signals from the chosen points provide highly
localized data for the comparison, opposite to the cyanmethemo-
globin assay, which is intrinsically an averaging method. This
ensures the same excitation parameters for both erythrocytes and
erythrocyte ghosts. The above procedure ensures that the peak
ratio from the 2PE intensity profile is equal to the concentration
ratio in the untreated erythrocyte(s) and the ghost(s). We empha-
size that this simple step enables us to determine changes in the
content of residual hemoglobin in ghosts relative to the starting
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Fig. 7 Mixed suspension of porcine erythrocytes and resulting
erythrocyte ghosts: (a) bright-field microscopy image; (b) 2PE image;
(c—-g) 2PE signal profiles along the corresponding lines at (b) image.
Profiles 3 and 4 are given in magnified vertical scale in (f) and
(g) graphs. Black curves are raw data plot, red and green curves
are obtained upon adjacent points averaging.

content of hemoglobin in intact erythrocytes, but not the abso-
lute concentration.

There is no significant autofluorescence signal upon two
photon excitation at 730 nm from any other common molecular
species that can be found in erythrocytes and which could
significantly affect the obtained results, except hemoglobin.
Namely, lipids and saccharides are essentially nonfluorescent,*!
while aromatic amino acids as constituents of proteins, such
tryptophan, phenylalanine, and tyrosine, have an absorption
maximum of 280 nm*' and cannot contribute significantly
to autofluorescence generated by two-photon excitation at
730 nm. Pyridine nucleotides NADH and NADPH have an
absorption maximum of 340 nm*? and FAD has two excitation
maxima at 360 and 450 nm. According to their excitation maxi-
mum, they could contribute the autofluorescence generated by
two-photon excitation at 730 nm. However, their molar ratios to
hemoglobin within erythrocytes (calculated based on data given
in several studies)® ™ are completely negligible.

As can be seen from Figs. 6 and 7, after the conversion of
erythrocytes to empty erythrocyte membranes, fluorescence
emission from hemoglobin significantly decreased, but was
still detectable. Therefore, the applied process that we used
allows the production of ghosts; however, a certain amount
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of the hemoglobin always remains bound to the membrane.
Comparing the peak values from Figs. 6(d) and 6(e) (red curves)
to those in Figs. 6(f) and 6(g), one can estimate lower fluores-
cence emissions for both porcine and human erythrocyte ghosts
in comparison to respective erythrocytes. Our results suggest
that residual hemoglobin in the suspension was localized on
the intracellular side of the ghost membranes. The 2PE signal
in the internal volume of both, human and porcine erythrocyte
ghosts, is at the noise level, thus hemoglobin content is
negligible.

These results support already reported data on hemoglobin’s
ability to bind to erythrocyte membranes via a transmembrane
protein, e.g., band 3*° or some other cytoskeleton proteins via
a globin chains.”” This phenomenon that we have confirmed
by 2PE microscopy could be used as a valuable marker of inevi-
table oxidative damages*® emerged during in vitro storage and
erythrocytes handling. The higher concentration of residual
hemoglobin obtained in porcine ghosts relative to initial concen-
tration can be explained by specific membrane lipid composi-
tion and their high susceptibility to oxidative stress induced
by reactive oxygen species® related to a lower level of enzymes
protectants against oxidative damages.>

Erythrocyte ghosts are extensively studied systems and have
numerous potential applications. In addition to their usage as
controlled drug delivery systems, they represent one of the
most promising in vitro systems for drug partitioning studies
and determination of the drug partition coefficient Kps.>! In
food science they are used for an estimation of antioxidant
activity of different nutritional compounds.’>>® Erythrocyte
ghosts are suitable models for investigating membrane transport
phenomena,®* glucose translocation through biological mem-
branes,> uptake and metabolism of different compounds,*®
etc. It is interesting to note that despite their widespread appli-
cation, there are no studies estimating residual hemoglobin
although it may significantly affect the quality of the final prod-
uct. Apart from the mentioned study that suggests a positive
correlation between the total content of membrane-bound
hemoglobin and the level of oxidant stress,*® it has been shown
that iron from membrane-bound hemoglobin catalyzes the
formation of reactive oxygen species which attack the cell
membrane. This leads to peroxidation of membrane unsaturated
lipids and disturbed structure and function of the membrane®’
and may directly affect the quality of the final product and/or
obtained results.

In addition to using 2PE microscopy for analysis of erythro-
cyte ghosts as in the mentioned model or drug delivery systems,
the results of this study also open a possibility of using 2PE
microscopy in analysis of the spatial distribution of hemoglobin
in erythrocytes in different physiological and pathological con-
ditions. The spatial distribution of hemoglobin within erythro-
cytes can give information of the oxygen-transport capability
and help by providing accurate diagnosis and appropriate treat-
ment in erythrocytes disorders both in humans and animals.

4 Conclusion

In this study, we have demonstrated that 2PE microscopy can
be used in analysis of the spatial distribution of hemoglobin
in erythrocytes and erythrocyte ghosts, at an individual cell
level. Although the maximal excitation efficiency for hemoglo-
bin is at shorter wavelengths, high quality images can still
be obtained using femtosecond pulses at 730 nm directly from
a Ti:Sa oscillator. As opposed to the common spectroscopic
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methods such as cyanmethemoglobin assay that is intrinsically
averaging, providing results for hemoglobin concentration drop
after the hemolysis process in the bulk sample, 2PE microscopy
gives results on hemoglobin localization and its fluorescence
intensity change in randomly chosen points within the ghost-
erythrocytes sample. Obtained results suggest that residual
hemoglobin in erythrocyte ghosts, either human or porcine
ones, is located mainly near the cell membrane rather than
uniformly distributed. In addition, 2PE microscopy enables
imaging of the distribution of hemoglobin in the protrusions of
erythrocytes with morphology of echinocytes, thus it can be
used for mapping of hemoglobin in erythrocytes morphologi-
cally different from the normal discocytes.

High-quality, label- and fixation-free visualization of hemo-
globin can be achieved at 730-nm excitation wavelength. The
2PE fluorescence signal from residual hemoglobin at represen-
tative points near the cell membrane in the ghosts was reported
to have lower intensity than at the corresponding points in intact
erythrocytes. Obtained results suggest that residual hemoglobin
in erythrocyte ghosts is located mainly near the cell membrane
rather than uniformly distributed.

In such a way, through an application of 2PE microscopy
hemoglobin distribution in erythrocytes together with residual
hemoglobin content and distribution in the resulting erythrocyte
ghosts can be directly and relatively easily estimated. The pro-
posed method could be of significant importance for identifying
different pathological or nonpathological conditions and appli-
cation in material selection in biotechnological processes.
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