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Abstract
We report application of the knife-edge technique at the sharp edges of WS2 and MoS2 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. We 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 WS2 and MoS2 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, WS2 and MoS2 
monolayers
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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 KTiOPO4) 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 WS2 and 
MoS2, for evaluation of lateral resolution. In their single-layer 
form, TMDs have a D3h 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 (<1 nm) 
(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 MoS2 monolayer (Li et al., 2013). SHG and THG 
signals obtained by WS2 and MoS2 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 (Araújo 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 
WS2 and MoS2 (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.

Materials and Methods
NLSM Experimental Setup
Our custom-made NLSM system [detailed information can be 
found in Pajić 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 μm. 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: 0.1 μm, 0.2 μm, 0.5 μm, 1.0 μm, or 4.0 μm 
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 μm 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.

WS2 and MoS2 Monolayers

Synthesis
MoS2 samples were synthesized using a chemical vapor depos-
ition (CVD) technique, described in detail in Senkić et al. 
(2023). Samples were grown on two substrates: c-cut sapphire 
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and Si/SiO2, each with a 290 nm oxide layer thickness. The 
synthesis procedure is the same as described in Senkić 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 Senkić 
et al. (2023).

Similar to the MoS2 growth, DI water-based solutions were 
used for WS2. 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)6H2W12O40 · H2O (99.99% Sigma Aldrich). 
These solutions were mixed in equal parts, and the 10 μL 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/SiO2 substrate was first cleaned with argon 
gas, and then in an O2 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 
(ζ = 200 sccm). 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 (ζ = 0 sccm), the furnace 
further cooled to 500◦C, and the sample was completely re-
moved from the CVD furnace.

Transfer
MoS2 and WS2 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 μm thick) purchased from GEL-PAK com-
pany was cut into a rectangle slightly larger than the Si/SiO2 

substrate and positioned on top of the Si/SiO2 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/SiO2 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/SiO2 substrate, separating 2DM from the Si/SiO2 sub-
strate. After complete separation in a few minutes, the Si/SiO2 

substrate sinks into the solution, and PDMS with 2DM are left 

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 & 

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

Objective lens Magnification
Numerical 
aperture Immersion

Working 
distance (mm)

Chromatic aberration 
correction

Spherical aberration 
correction

EC Plan-NEOFLUAR 40× 1.30 Oil 0.21 Red and blue; green 
close

Blue, green

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

Deep blue and blue

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

Deep blue and blue

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

FWHMlat =
1
���
N

√
0.51 · λ

NA
(1) 

FWHMax =
1
���
N

√
1.77 · n · λ

NA2 (2) 

with λ representing excitation wavelength, n 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
WS2 and MoS2 monolayers can generate photoluminescence 
when excited in the 520–640 nm and 610–670 nm ranges 
(Rigosi et al., 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 μm 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 × 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 

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.

Fig. 2. (a) SHG image of a MoS2 flake. The image was recorded at an 
excitation wavelength of 800 nm using a 40 × 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 MoS2 monolayer flake. The profile was fitted using the error function, 
with the parameter for the quality of fit R2 = 99.8%.

Fig. 1. TPEF signal of a fluorescent bead with a nominal size of 0.2 μm. 
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 R2 = 97.5%. The sample was recorded using a 40 × 
1.3 objective lens at the excitation wavelength of 730 nm.
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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 MoS2 
monolayer in the SHG modality.

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 × 1.3 objective lens and the theoretical limit 
for the lateral resolution under the same measurement conditions. The 
results were obtained for a MoS2 monolayer in the SHG modality.

Fig. 5. (a) Calibrated 3D model of the MoS2 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 × 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 R2 = 99.7%. (c) Dependence of the axial resolution on the 
excitation wavelengths in the SHG modality for 40 × 1.3 and 20 × 0.8 
objective lenses.
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Resolution Assessment in SHG Modality
MoS2 and WS2 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 1

e2 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 × 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 

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 × 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 

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 μm (0.81 μm) 1.6 μm (0.87 μm)
Air 5.9 μm (0.55 μm) 6.7 μm (0.59 μm)

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

Fig. 6. (a) Typical intensity profile extracted at the edge of the WS2 monolayer flake in THG modality for a 40 × 1.3 objective lens. The profile was fitted 
using the error function, with the quality of fit parameter R2 = 99.6%. (b) Intensity distribution obtained by averaging the intensity of a chosen area of 60 ×  
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 R2 = 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 × 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 × 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 μm. 
To determine the axial resolution at a specific wavelength, 
we selected a homogeneous surface area from each image of 

the stack. Figure 5a 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 5c 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 × 0.8 objective lens. A similar trend can be seen for 
the 40 × 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 MoS2 monolayer 
flakes was recorded using a 40 × 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 WS2 monolayer flakes im-
mersed in glycerin with an excitation wavelength of 1,040  
nm and a 40 × 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 μm) 
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) μm. 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) MoS2 monolayer flake with glycerin as the embedding medium. (b) MoS2 monolayer flake with air as embedding medium. The figure clearly 
shows decreasing of the THG signal in air.

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.

THG (1,040 nm) Lateral Resolution (μm) Axial Resolution (μm)
20 × 0.8 40 × 1.3 40 × 1.3

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: n = 1.47 and n = 1, respectively.
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resolution. Here, too, significantly poorer results were 
achieved for the resolution in air.

An interesting observation is that the THG signal of MoS2 

monolayer flakes in glycerin differs from that in air. More spe-
cifically, the MoS2 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 MoS2 immersed in glycerin 
is presented, whereas Figure 7b demonstrates how the THG 
signal from the sapphire substrate dominates over the THG 
signal of the MoS2 monolayer flake. It is known from the 

literature that the χ(3) values of 2DMs depend on the excitation 
wavelengths (Autere et al., 2018, and references therein; Wang 
et al., 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 WS2 and MoS2 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 

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.
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monolayers strongly depends on the substrate- monolayer- 
medium combination and can either be enhanced or sup-
pressed. For example, MoS2 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 WS2 and MoS2 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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Krmpot A (2022). Label-free third harmonic generation imaging 
and quantification of lipid droplets in live filamentous fungi. Sci 
Rep 12(1), 18760. https://doi.org/10.1038/s41598-022-23502-4

Rabasovic M, Pantelic D, Jelenkovic B, Ćurčić S, Rabasovic M, Vrbica 
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Abstract: Y0.8−xGdxF3:Yb/Er mesocrystals with a biocompatible surface and diverse morphological
characteristics were successfully synthesized using chitosan-assisted solvothermal processing. Their
structural properties, studied using X-ray powder diffraction, Fourier transform infrared spectroscopy,
scanning and transmission electron microscopy and energy dispersive X-ray analysis, were further
correlated with the up-conversion emission (λexc = 976 nm) recorded in function of temperature.
Based on the change in the visible green emissions originating from the thermally coupled 2H11/2

and 4S3/2 levels of Er3+, the corresponding LIR was acquired in the physiologically relevant range
of temperatures (25–50 ◦C). The detected absolute sensitivity of about 0.0042 ◦C−1, along with the
low cytotoxicity toward both normal human lung fibroblasts (MRC-5) and cancerous lung epithelial
(A549) cells, indicate a potential for use in temperature sensing in biomedicine. Additionally, their
enhanced internalization in cells, without suppression of cell viability, enabled in vitro labeling of
cancer and healthy cells upon 976 nm laser irradiation.

Keywords: optical thermometry; up-conversion; YF3; GdF3; chitosan; mesocrystals; cytotoxicity

1. Introduction

Lanthanide doped up-conversion nanoparticles (Ln-UCNPs) belong to the photolumi-
nescence materials whose optical activity, known as the anti-Stokes emission, is described
as a nonlinear optical process of the successive absorption of two or more photons, and
the emission of light with a shorter wavelength than the excitation one [1]. Their UC lumi-
nescence, superior to that of the transition metal ions doped counterparts, is based on the
unique electronic configuration of lanthanide ions, 4fn5s25p66s2 (n = 0–14). All lanthanides,
with the exception of ytterbium and cerium, have abundant ladder-like 4f energy levels,
with electrons having a low electron-phonon coupling strength due to the shielding from
the outer-lying 5s2 and 5p6 levels. With the removal of 6s2 electrons, 4f electrons become
optically active, either through 4f or 4f-5d transitions [2]. Among lanthanides, Er3+, Ho3+

and Tm3+ are considered to be the most effective activators [3], while Yb3+ is recognized
as an ideal sensitizer, due to its simple energy level and a relatively high cross-section
for absorption at 980 nm. When co-doped together in different host materials with a low
phonon energy (~350 cm−1), broad band gap (>10 eV) and high chemical stability, these
emit intense blue, green or red light under near-infrared (NIR) excitation. At present, the
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Ln-UCNPs emission covers the whole visible spectrum. Accordingly, Ln-UCNPs have
potential application in biomedicine for cell labeling or as theranostic agents, in forensics
for latent fingerprint visualization, and in security applications for anti-counterfeiting [3–5].
Their innovative use in photovoltaic, agriculture and thermal sensing in medicine has
recently been in the focus of scientific research [6–8]. In particular, temperature sensing,
which relies on change in the luminescence intensity ratio (LIR) of thermally coupled
energy levels of lanthanide ions, is highly sensitive, self-referenced and does not require
additional calibration. LIR-based thermometers are negligibly dependent on the extrinsic
factors and could be used for non-contact temperature measurements in diverse areas
and environments. To date, many different Ln-UCNPs are explored for this purpose. In
addition to the most efficient hexagonal NaYF4:Yb/Er phase, Ln-doped NaGdF4, YF3, Y2O3,
Y6O5F8, Ba3Gd2F12 and Y3Al5O12 are reported to have excellent temperature sensing capa-
bility, even when embedded in glass [9–14]. In order to be useful for in vivo temperature
sensing and photothermal therapy, Ln-UCNPs need to have a hydrophilic, biocompatible
surface, and need to be sensitive in the physiologically relevant range of temperatures.
The required surface features are usually ensured through subsequent coating with SiO2
or a biocompatible polymeric shell [15]. Another effective approach is in situ capping of
UCNPs with amino or carboxylic functional groups during synthesis [16]. As we showed
in our previous work, chitosan and poly lactic-co-glycolic acid used in the hydrothermal
synthesis of NaYF4:Yb/Er provides sufficient hydrophilicity and biocompatibility of UC-
NPs without affecting their luminescence efficiency and cell labeling capacity [17,18]. A
similar synthesis approach is used in the present study for obtaining Y1−xGdxF3:Yb/Er
UCNPs with a biocompatible surface. Er3+ is the most commonly used lanthanide ion for
LIR-based thermometry in the physiologically relevant range of temperatures due to the
outstanding thermal coupling between 2H11/2 and 4S3/2 energy levels, which is separated
by ca. 750 cm−1. While the maximal thermal sensitivity (S) of ~1%K−1 is determined for
YF3:Yb/Er UCNPs at 293 K [19,20], there is no data evidencing the thermal sensing capacity
of GdF3:Yb/Er UCNPs. It is shown that along with NIR bio-imaging and enhanced photo-
dynamic therapy [21], gadolinium-based UCNPs additionally provide a positive contrast
effect in T1-weighted magnetic resonance imaging. Accordingly, they could be used as
dual modality imaging agent biolabels [22]. Hence, the LIR-based temperature sensitivity
and potential cytotoxicity of both, GdF3:Yb/Er and YF3:Yb/Er particles synthetized via
chitosan assisted solvothermal synthesis, were investigated in this study.

2. Materials and Methods
2.1. Materials

All reagents were purchased from Sigma–Aldrich (St. Louis, MO United States) and
used as obtained. Rare earth (RE) nitrates [Y(NO3)3 × 6H2O, Gd(NO3)3 × 6H2O, Yb(NO3)3
× 5H2O and Er(NO3)3 × 5H2O], sodium fluoride (NaF, ≥99%), anhydrous ethylene glycol
(C2H6O2, 99.8%) and chitosan (CS, low molecular weight, 50,000–190,000 Da) were used for
Y0.8−xGdxF3:Yb0.18Er0.02 particles synthesis (x = 0, 0.15 and 0.8). In addition to the variation
in the gadolinium content, two concentrations of the precursor solution were used for the
synthesis of Gd0.8F3:Yb/Er, low (CRE

3+: 2.5 mmol, CS: 50 mg) and high (CRE
3+: 5 mmol,

CS: 100 mg), so samples are marked as shown in Table 1.

Table 1. Composition of samples and precursors.

Nominal Composition Sample Name CRE
3+ (mmol) CS (mg)

Y0.8F3:Yb0.18Er0.02 YF-L 2.5 50

Y0.65Gd0.15F3:Yb0.18Er0.02 YGF-L 2.5 50

Gd0.8F3:Yb0.18Er0.02 GF-L 2.5 50

Gd0.8F3:Yb0.18Er0.02 GF-H 5 100
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2.2. Synthesis of Y1−xGdxF3:Yb,Er Particles

Up-converting particles with a nominal compositions Y0.8F3:Yb0.18Er0.02, Y0.65Gd0.15F3:
Yb0.18Er0.02 and Gd0.8F3:Yb0.18Er0.02 were solvothermally synthetized in the presence of
chitosan using the following precursor: RE-nitrates were dissolved in 10 mL of deionized
water and mixed with 15mL of the chitosan solution; then, 10 mL of the NaF solution
(F+/RE3+ = 7) and 35 mL of ethylene glycol were added; the obtained precursor was stirred
for 20 min. The synthesis was performed with constant stirring (100 rpm) in a sealed PTFE
linen autoclave at 200 ◦C for 2 h. After cooling, the product of the reaction was separated
through centrifugation (8000 rpm), rinsed with ethanol and water several times, and dried
at 90 ◦C (2 h).

2.3. Characterization

The phase composition of the samples was examined using X-ray powder diffraction
(XRPD) at room temperature, using a Rigaku SmartLab diffractometer (Rigaku Europe,
Neu-Isenburg, Germany) with CuKα radiation and the 2θ scanning rate of 0.01◦/s. The
structural data for the powders were acquired through LeBail and Rietveld refinement in
Topas 4.2 (Bruker AXS GmbH, Karlsruhe, Germany) [23]. The morphology, particle size,
and chemical composition were examined using a scanning electron microscope (SEM,
Philips XL 30/EDAX-Dx4, Philips, Amsterdam, Netherlands) equipped with an energy
dispersive X-ray detector (EDS). Transmission electron microscopy (TEM) combined with
the selected area electron diffraction (SAED) study was performed on a JEOL JEM 2100
instrument (JEOL, Akishima, Tokyo, Japan) operated at an accelerating voltage of 200 kV.
Prior to this, the samples had been ultrasonically dispersed in acetone and deposited on
a holey carbon copper grid. DigitalMicrograph™ (DM, Gatan Inc., 3.7.4, Pleasanton, CA,
USA) software was used for phase identification based on the fast Fourier transform (FFT)
calculation of an image. The SEM images were used to analyze the particle size distribution.
For every sample, the dimensions of at least 50 particles chosen randomly were measured.
Fourier transform infrared spectroscopy (FTIR) was performed using a Nicolet iS10 FT-IR
Spectrometer (Thermo Scientific Instruments, San Diego, CA, USA) in the spectral range
from 400 to 4000 cm−1. Photoluminescence (PL) emission measurements were performed
at room temperature using a TE-cooled CCD fluorescence spectrometer (Glacier X, BWTEK,
Plainsboro, NJ, USA) and a 976 nm laser diode (single mode pigtailed BL976-SAG300 laser
diode of 976 nm, Thorlabs, Newton, NJ, USA). For temperature-dependent measurements
of PL intensity, a Peltier element (20 × 20 mm) was used along with the PID temperature
controller (Wavelength electronics WTC32ND-EV, Wavelength electronics Inc., Bozeman,
MT, USA) in the temperature range from 25 to 50 ◦C. The temperature of the upper surface
of the element, on which the sample was placed, was measured using a 10 kΩ thermistor,
bonded to the surface. The set temperature was maintained with the stability of 0.002 ◦C.
In order to avoid the local heating of the sample, the excitation was performed via laser
radiation in very short pulses of 10 ms, with frequency of 1 Hz, giving a fill factor of
1:100. The luminescent radiation was collected using a multimode optical fiber with a large
diameter (0.6 mm) and a large numerical aperture (0.22), and further introduced into the
spectrum analyzer. All spectrograms were recorded without pulse averaging and were
fitted with 5 separate Gaussian spectral lines, and appropriate integrals were used to find
the LIR.

2.4. Cell Lines

Human cells used for the testing of cytotoxic effects were ATCC cell lines MRC-5
(ECACC 84101801) and A549 (ATCC CCL-185). MRC-5 cells are normal human lung
fibroblasts, used as a general model in routine testing for cytotoxicity, even for testing
medical devices, as recommended by ISO 10993-5:2009(E) [24]. The A549 cell line is a line of
cancerous lung epithelial cells, chosen as a model for testing the influence on lung epithelial
cells, and also as a supplementary model for assessing the effect of materials on different
cell types. The cells of both lines were maintained in Dulbecco’s Modified Eagle Medium



J. Funct. Biomater. 2024, 15, 6 4 of 21

with L-glutamine, supplemented with 10% of fetal bovine serum and 100 U/mL of the
penicillin/streptomycin mix, in a humidified atmosphere at 37 ◦C and 5% CO2. The cell
medium was changed every 2 days. Cells were passaged before reaching 80% confluency,
using trypsinization with 0.1% trypsin/EDTA.

2.5. Cell Viability Assay

For assessing the cytotoxic effect of the samples, an MTT colorimetric assay was
performed. Cells (2 × 104 cells/well) were seeded in 96 well plates, followed by incubation
at 37 ◦C and 5% CO2 for 24 h. The medium was then discarded, and cells were exposed to
three different concentrations (10, 25 and 50 µg/mL) of the samples. Prior to addition to
the wells, the test samples were dispersed in the cell media, followed by vortex (3 × 1 min)
and ultrasonic dispersion for 3 min, to obtain suspensions. After 24 h of incubation
under the same conditions, the treatment medium was removed, and cells were carefully
washed using 1x phosphate buffered saline. FA fresh medium with 0.5 mg/mL of MTT
dye (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was then added and
plates were incubated for another 3 h, allowing for the formation of formazan crystals.
After the removal of the medium containing MTT, crystals were dissolved using DMSO
and by shaking the plate. Absorbance was recorded at 570 nm using a Multiskan plate
reader (Thermo Scientific Instruments, San Diego, CA, USA) and average survival was
calculated comparing the absorbance levels in treated cells with absorbance of non-treated,
control groups.

2.6. Cell Imaging by Laser Scanning Microscopy

For the visualization of GF-L uptake by A549 cells 50 µg mL−1 of sterile suspension
was filtered through 0.45 µm syringe filter to separate agglomerates that could provoke
saturation during imaging. Coverslips were cut into 8 × 8 mm square pieces and sterilized
by using ethanol and UV light. Then, they were placed at the bottom of 12 well plates.
Cells were trypsinized from flasks in which they were grown and seeded to the wells at the
density of 105 cells/mL. After seeding, cells were incubated for 24 h at 37 ◦C and 5% CO2
to allow attachment and proliferation. The medium was then replaced with the fresh
medium containing 50 µg/mL of GF-L nanoparticles, and plates incubated for another 24 h
with the treatment, at the same conditions. On the third day, cells were gently washed for
three times by using pre-warmed 1 × PBS, in order to wash out the remaining unbonded
mesocrystals. An amount of 4% paraformaldehyde was applied for 20 min to allow the
fixation of the cells. Then it was thoroughly washed with 1xPBS several times. Coverslips
containing fixated cells were removed from the wells and placed with the cell-covered
side facing down to the 20 µL drops of Mowiol on the microscopic slides. Samples were
then left to dry on the ambient temperature for 24 h before they were observed under laser
scanning microscopy.

Two-photon excited (auto)fluorescence of A549 cells and the up-conversion of GF-L
mesocrystals were recorded using a custom made nonlinear laser scanning microscope
with the excitation wavelengths of 730 nm and 976 nm, respectively. Microscope set-up
description is given elsewhere [17,18]. The signal was collected in back reflection, using
an oil immersion objective lens with high a numerical aperture (EC Plan-NEOFLUAR,
NA = 1.3; Carl Zeiss AG, Oberkochen, Baden-Württemberg, Germany). A visible wide
range bandpass filter (400–700 nm) was used to filter out the laser and transmit only the
signal. Obtained raw data was processed and analyzed using ImageJ software (1.47v,
National Institutes of Health, Bethesda, MD, USA).

2.7. Assessment of the Cell Morphology Parameters and Fluorescence

Cell morphology in culture was inspected via bright field microscopy before and after
the addition of treatment and during the incubation time. From the images obtained using
the laser scanning microscope, cell morphology parameters were assessed as follows, cell
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size, in terms of cell diameter, surface and nucleus/cytoplasmic ratio. Nuclear circularity
index was also calculated, as described in [25], using the Equation (1):

Circularity =
4π× area

(perimeter)2 (1)

To roughly estimate the amount GF-L mesocrystals association with different cells,
average fluorescence per cell was assessed by measuring the pixel intensity from the laser
microscopy images of MRC-5 and A549 with filtered fluorescence originating by GF-L
mesocrystals. All measurements were performed by using ImageJ software.

2.8. Statistical Analysis

All cell viability tests were performed in triplicate, and in three independent exper-
iments. The results of the viability of the treated cells were compared to the average
absorbance of untreated control cells, and are presented in diagrams as the average values
of the percent of survival, +/− standard deviation. Experimental and control groups were
compared depending on the number of samples via Student’s t-test or one-way analysis of
variance (ANOVA), followed by Tukey’s post hoc test, with p value being set to p < 0.05.

3. Results

The XRPD patterns, presented at Figure 1a. indicate that all samples crystallize in the
β-YF3 type orthorhombic crystal structure (S.G. Pnma), JCPDS 01-074-0911. In this structure,
the Y3+ ion is coordinated by nine F− ions. Its substitution by Gd3+, which has a larger
ionic radius (Gd3+:1.107 Å, Y3+:1.075 Å), led to an increase in crystal lattice parameters, due
to which, the shifting of the (020), (111), (210) and (121) reflections towards lower values of
2Θ is notable, Figure 1b. The XRPD structural refinement (Figure 1c,d, Table 2), reveals the
coexistence of two different particle populations in all samples (two phases of the same
composition were used to adjust the experimental pattern), both adopting the same Pnma
space group with similar unit cell parameters and a quite different crystallite size and strain.
The smallest difference in the crystallite sizes of two populations was detected in the GdF-L
sample, where both values were below 100 nm, Table 2.

Table 2. Refined microstructural parameters of Y1−xGdxF3:Yb/Er samples.

Sample
Unit Cell Parameters (Å)

CS (nm) Strain RBragg
a b c

YF-L
6.2926 (3) 6.8621 (3) 4.4984 (3) 207 (23) 0.323 (5) 1.1

6.3098 (5) 6.8605 (5) 4.4400 (5) 18 (1) 0.130 (1) 1.3

YGF-L
6.3331 (5) 6.8749 (5) 4.4453 (5) 20 (1) 0.120 (1) 1.6

6.3239 (5) 6.8713 (5) 4.5050 (2) 183 (10) 0.280 (2) 2.2

GF-L
6.4685 (4) 6.9586 (4) 4.4604 (4) 23 (1) 0.174 (6) 1.1

6.4590 (4) 6.9565 (4) 4.4011 (4) 64 (2) - 2.5

GF-H
6.4751 (4) 6.9490 (3) 4.4256 (8) 120 (6) 0.195 (3) 1.4

6.4885 (2) 6.9602 (2) 4.4318 (1) 37 (1) - 1.7

The size and the morphology of the synthetized particles were revealed by (SEM
and TEM. The particles obtained from the precursors with a low concentration have an
elongated shape similar to unshelled peanuts, the length of which decreases from 1 µm
to 300 nm as the gadolinium content increases, Figure 2. The particles appear to be non-
agglomerated and quite uniform in size. As observed in Figure 2, they are composed
of smaller nanocrystals and are porous to a certain degree. Their high purity and the
uniform distribution of all constituting elements (yttrium: Kα at 14.931 and Lα at 1.92 keV;
ytterbium: Lα at 7.414 and Mα at 1.404 keV; erbium: Lα at 6.949 and Mα at 1.521 keV;
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gadolinium; Kα at 6.053 and Mα at 1.181 keV; and fluorine: Kα at 0.677), are confirmed by
EDS elemental mapping, Figure 3.
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The TEM analysis of the YF-L and Gd-L samples confirms that the unshelled peanuts
-shaped particles are mesocrystals formed by much smaller monocrystals, Figures 4 and 5.
The shape of these monocrystals is slightly elongated in the YF-L particles. As evident
in Figure 4b, they are self-assembled to form rice-shaped mesocrystals by attaching to
each other along the longer edge. The development of moiré fringes, visible in Figure 4c,
suggests the internal displacement of crystal planes in elongated nanocrystals due to the
lattice defects. The SAED pattern, Figure 4d, shows indexed diffraction rings of (111), (210),
(311) and (321) crystal planes with d values of 3.20 Å, 2.85 Å, 1.80 Å and 1.60 Å, respectively.
All values align well with corresponding ones from the JCPDS 01-074-0911 card. The GdF-L
mesocrystals are composed of smaller quasi-spherical nanocrystals. Figure 5c, reveals
the presence of (111) crystallographic planes of gadolinium fluoride. In addition, the
monophase composition of particles is identified by the presence of the (111), (201), (112),
(122) and (240) planes with d values corresponding well to those obtained through the
XRPD analysis.
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Figure 5. TEM images (a–c) and SAED pattern of GF-L mesocrystals (d). Red lines in (c) indicate
crystal planes.

With the increased precursor concentration, a change in the particles’ morphology was
detected. The formation of rhombic mesocrystals with a layered structure, and the diagonal
length up to 0.4 µm, were revealed by the SEM analysis, Figure 6a,b. They are built by
orientational ordering and layering of thin plates, Figure 6c. As it is notable from the TEM
image shown in Figure 6e, the formation of plates is effectively guided by the oriented
attachment of rod-like Gd0.8F3:Yb0.18Er0.02 monocrystals whose indexed diffraction spots
are given in Figure 6f.

The Fourier transform infrared (FTIR) spectra of the synthetized samples and pure
chitosan presented in Figure 7, indicate the preservation of chitosan ligands onto the surface
of mesocrystals. According to the literature data [26–28], the spectrum of pure chitosan can
be classified as follows: broad band at 3500–3000 cm−1 (stretching vibration of hydroxyl
O-H which overlaps with amine N-H group); band at 2870 cm−1 (C-H bond in –CH3);
bands at 1651.7 cm−1 and 1587 cm−1 (C=O stretching (amide I) and NH stretching (amide
II), respectively); bands at 1417.9 cm−1 and 1374.1 cm−1(CH3 bending vibrations); band
at 1149.9 cm−1 (asymmetric vibration of the CO group); a band near 1060.2 cm−1 (CO
bending vibrations of the pyranose ring). The FTIR spectrum of the samples showed a
decrease in adsorption and a slight shifting of chitosan related bands at: 3399.9 cm−1 (-OH
and amine -NH group stretching), 1651.7 cm−1 (C=O stretching), 1557 cm−1 (protonated
amine stretching), 1373.5 cm−1 (CH2 bending) and 1080.4 cm−1 (CO bending), implying its
preservation at the particles surface.
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The viability of the MRC-5 and A549 cells exposed to the concentrations of 10, 25 and
50 µg/mL of YF-L and GF-L samples for 24 h, expressed as percentages of the control cells
viability, are shown in Figure 8. As observed from the graphs, all cells treated exhibited
more than 80% viability, at all concentrations of both samples. The cell viability was
highly preserved after a 24-h exposure, being above 80% for all examined concentrations of
both samples. There was a negligible difference between the groups treated with various
concentrations of GF-L, where no concentration dependency was observed. On the other
hand, the viability of A549 treated with YF-L at the concentration of 25 µg/mL, was found
to be slightly reduced compared to the viability of MRC-5 cells (at the same concentration).
These results confirm that both samples are outstandingly biocompatible with human cells.
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Figure 9a shows the UC emission spectra of all samples under 976 nm excitation.
The visible emissions from 2H9/2 → 4I15/2, 4F7/2 →4I15/2, 2H11/2,4S3/2 → 4I15/2, and
4F9/2 →4I15/2, transitions of Er3+ ions were detected at 409, 488, 520/550, and 659 nm,
respectively. As shown in Figure 9b, the population of the excited states in Er3+ ions are
due to energy transfer from the Yb3+ sensitizer. Initially, Yb3+ ions were excited from the
2F7/2 ground state to the 2F5/2 excited state through the absorption of the incident photons.
This energy is transferred further to the 4I11/2 state of the Er3+ ion. The population of the
4I11/2 state also occurs through the direct excitation of Er3+ ions from their ground 4I15/2
state. The population of the higher 4F7/2 and 4F9/2 Er3+ levels occurs either through energy
transfer from another excited Er3+ ion which is in close proximity, or through a two-step
energy transfer from Yb3+ to the neighboring Er3+ ions. The populated 4F7/2 state of Er3+

ions relax radiatively to the ground 4I15/2 state or non-radiatively decay to the 2H11/2
and 4S3/2 states, from which radiative de-excitations to the ground 4I15/2 state generate
green emission at 520 nm (2H11/2→ 4I15/2) and 550 nm (4S3/2 → 4I15/2). Red emission
appears due to the 4F9/2 → 4I15/2 de-excitation which could be additionally intensified
by the non-radiative 4F7/2 → 4F9/2 relaxation. The strengthening of the red emission in
YGF-L and Gd-H samples could be a consequence of the appearance of an additional
mechanism which involves a successive energy transfer by three photons excitation, as it is
corroborated in our previous work [29] and also in [30], but further studies are needed to
confirm it. Weak blue emission at 409 nm is due to radiative relaxation of the highest 2H9/2
state, which is populated by successive energy transfer [29,31–33]. Since the intensity of
each emission is determined by the probability of radiative and non-radiative transitions in
particles, as well as their crystallinity, the calculated CIE color coordinates differ, as it is
shown in Figure 9c.
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Evidently, the luminescence of YF-L and GF-L samples is much stronger than that
of the YGF-L and GF-H ones. For these samples, temperature sensing capability was
determined in the physiologically relevant range of temperatures from 25 ◦C to 50 ◦C,
using the LIR method. The LIR method for temperature measurement utilizes the intensity
ratio of emissions from a pair of closely spaced upper levels, that can be considered as
thermally coupled (TCL) [34]. TCL means that these levels have such a small energy
difference that the higher level is thermally populated from the lower, so that their relative
population follows a Boltzmann distribution. The LIR of spectral lines arising from the
transitions from the TCLs level to a common terminal level is [35]:

LIR(T) =
IH(T)
IL(T)

= B·e−
∆EHL

k·T (2)

where IH,L are the luminescence intensities from the upper (H) and lower (L) TCLs to
the terminal level radiative transition; ∆EHL—the energy difference between these two
levels; k—the Boltzmann constant; and T—the absolute temperature. B is the temperature
invariant parameter depending on the host material.

The potential of a material for temperature measurement applications is quantified
through the absolute and relative change in the LIR with temperature. The absolute
sensitivity of LIR to temperature is given by the partial derivative:

Sa =

∣∣∣∣∂LIR
∂T

∣∣∣∣ = ∆EHL

kT2 ·B·e−
∆EHL

k·T (3)

The relative sensitivity is given by:

Sr =
Sa

LIR
=

∆EHL

kT2 ·100% (4)

The accuracy and precision of an LIR-based temperature measurement system depend
on the sensitivities given above, and also on many characteristics of the measurement
system, among which the signal/noise ratio in the captured spectrogram is the most im-
portant. However, all characteristics that cause measurement uncertainty can be jointly
quantified by the standard deviation of the measured LIRs, obtained over many measure-
ments, taken at a certain fixed temperature. If we denote this quantity by σa, the precision
of the temperature measurement ∆T can be calculated by the expression:

∆T =
σa

Sa
(5)



J. Funct. Biomater. 2024, 15, 6 13 of 21

The accuracy of the measurement is, to the great extent, equal to the precision ∆T
defined above, but it also includes additional non-measurable parameters, such as the
accuracy of setting the real sample temperature and a possible error due to local heating,
which both we considered negligible.

The green parts of spectrograms recorded for YF-L and GF-L in the physiologically
interesting temperature range of 25 ◦C to 50 ◦C, are shown in Figure 10a,b. A clear decrease
in the intensity of individual lines with increasing temperature is clearly notable. The
difference in the change rate in the intensity of individual lines is not visible to the naked
eye because of the relatively narrow temperature range. In the Yb-Er3+ type systems, TCL
levels which are of interest are usually 4S3/2 and 2H11/2 levels of Er3+, and their transitions
to the level 4I15/2, are taken to calculate the LIR. These transitions are traditionally labeled as
550 nm and 520 nm in Figure 9b, although they have slightly different values, as can be seen
in Figure 10. Also, it is evident that there are more than these two lines in the luminescence
spectra shown in Figure 10, and that line intensities cannot simply be read as the local
maxima of the spectrograms. Therefore, more realistic values of the centers and widths of
these lines were obtained by deconvoluting of the recorded spectrograms, using the fitting
that assumes a Gaussian shape of the lines. The initial values for the deconvolution process,
performed using MATLAB, were determined from the spectrograms as the positions and
widths of the obvious peaks. The resulting LIRs for different temperatures are shown in
Figure 11a,b.
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The obtained experimental data can be fitted using Equation (2), although in such a
narrow temperature range, the linear approximation is quite correct. The slope of both lin-
ear curves is equal to Sa = 0.0042 ◦C−1, which can be considered as the absolute sensitivity
for temperature measurement in the temperature interval of interest. The relative sensitivity
has, according to Equation (4), strong temperature dependance, but it can also be approxi-
mated with a constant value in the interval of interest, which is equal to Sr ≈ Sa/LIR310,
where LIR310 is the LIR in the middle of the interval, see Figure 11. The relative sensitivities
are therefore 0.38%/◦C and 0.53%/◦C, for YF-L and GF-L samples, respectively. These
values are smaller than those obtained using (4) when the energy differences ∆EHL of the
levels whose centers are read as local maxima of the spectrogram in Figure 10 are used.
This phenomenon is described in [36], while later in [37] is shown that it occurs, to a greater
or lesser extent, in most of the investigated materials. It is mainly caused by non-radiative
energy transitions, overlapping the TCL spectra, and luminescence originating from other
energy levels.

The measurement uncertainty in this work was determined as the standard deviation
of LIR measurement, taken separately for both samples on the set of results obtained in
32 consecutive measurements at the temperature of 37 ◦C. These quantities in principle
depend on temperature, but in our measurements, we consider the value obtained at 37 ◦C
as a valid one over the relatively narrow temperature range. The calculated values of the
uncertainty for the YF-L and GF-L samples are σYF = 0.0036 and σGF = 0.0028, respectively.

The precisions of measurement ∆TYF of 0.84 ◦C and ∆TGF of 0.67 ◦C for the YF-
L and GF-L samples, respectively, are calculated using Equation (5). These values are
slightly higher than those reported in other studies of similar systems [8], which is due
to the lower relative sensitivity, discussed in the text above, and the higher noise in the
spectrogram originating from the recording method, based on a single laser pulse of 10 ms,
without averaging.

To monitor the intracellular uptake and non-specific cell labelling in vitro, GF-L un-
shelled peanuts-shaped particles were incubated with MRC-5 and A549 cells. Laser scan-
ning microscopy images are shown in Figures 12 and 13. The bright field images of the
cells shown in Figures 12a and 13a, reveal that a characteristic fibroblast-like shape was
preserved in all cells incubated with GF-L, so they maintained same growth pattern as
non-treated control cells. A pseudo color images of the cells auto-fluorescence upon femto-
second excitation at 730 nm are shown in Figures 12b and 13b, whilst the pseudo color
images of GF-L mesocrystals upon excitation at 976 nm are given in Figures 12c and 13c.
Overlapping the images marked with “b” and “c” in Figures 12 and 13 implies that GF-L
mesocrystals (visible as green fluorescence spots) are positioned in the cells cytoplasmic
area adjacent to the plasma membrane, in both cell lines. Such positioning, without disturb-
ing cells nuclei confirms successful cell labeling and enables the sensing of the temperature
in cells. Laser scanning microscopy images were used further to assess the cell morphology
parameters and “occupation degree” of cells by mesocrystals (based on the fluorescence).
Obtained results are presented in Figure 14. In both cell types, none of the tested morpho-
logical parameters exhibited statistically significant change following the treatment with
the GF-L mesocrystals. Cell diameter, surface and nucleus/cytoplasmic ratio remained of
the approximately the same values as in non-treated cells. Nucleus circularity index was
also unchanged. As regarding fluorescence levels in MRC-5 and A549, normal cells had
around 26% lower pixel intensity (fluorescence) per cell as compared to cancer cells. How-
ever, despite this statistically noteworthy result, the difference is not compelling enough to
provide selectivity towards cancer cells labeling.
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Figure 12. Laser scanning microscopy images of MRC-5 cells incubated with 50 µg mL−1 of GF-L
mesocrystals; bright field image of cells (a), cells auto-fluorescence upon femto-second excitation
at 730 nm (b), image of GF-L mesocrystals upon continuous wave excitation at 976 nm (c), and
their positioning in cells, revealed through co-localization of the cell auto-fluorescence and the GF-L
photoluminescence (d).
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Figure 13. Laser scanning microscopy images of A549 cells incubated with 50 µg mL−1 of GF-L
mesocrystals; bright field image of cells (a), cells auto-fluorescence upon femto-second excitation
at 730 nm (b), image of GF-L mesocrystals upon continuous wave excitation at 976 nm (c), and
their positioning in cells, revealed through co-localization of the cell auto-fluorescence and the GF-L
photoluminescence (d).
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sented by *(d). 
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Figure 14. Comparison of cell morphology parameters in terms of average surface, diameter and (in
inserts) nucleus/cytoplasmic ratio in control and GF-L-treated group of MRC-5 (a) and A549 cells (b);
nuclear circularity indexes of control and treated cells (c); average fluorescence per cell, as calculated
from the pixel intensity in filtered images. Measurements were performed by using laser microscopy
images and ImageJ software. Statistical significance threshold was p < 0.05 and is represented by *(d).

4. Discussion

According to the phase diagram of NaF-YF3 and YF3-GdF3 systems [38], the crystalliza-
tion of the following fluorides could be achieved in function of temperature, NaYF4 in two
forms (cubic α phase, Fm-3m; and hexagonal β phase, P63/m), and three crystal structures
of the Y1−xGdxF3 phases (orthorhombic β phase, Pnma; hexagonal, P63cm; and trigonal,
P-3c1 phase). Contrary to our previous work, where we obtained the β-NaYF4:Yb,Er phase
under identical processing conditions [39], since the YF3 and GdF3 phases show complete
miscibility, all samples synthesized in this study, independent of stoichiometry, have the
same orthorhombic crystal structure. The XRPD analysis revealed a change in the unit
cell parameters due to the substitution of ytterbium by gadolinium and the coexistence of
two different particle populations in all samples, which is associated with the formation
of monocrystals.

Considerable progress has so far been made in the synthesis of YF3 particles with dif-
ferent morphologies, such as truncated octahedral-, quadrilateral-, hexagonal-, spherical-,
octahedral-, and bundle-like nanocrystals [40]. We also reported the change in the morphol-
ogy of the YF3 monocrystal during EDTA-assisted hydrothermal synthesis—provoked by
the modification of the processing parameters [29], as well as the compositional change
which occurred in the course of sonication [41]. In this study, the change in the particle
morphology was detected with the rise of the Gd concentration. In the GF-L sample, a
decreased size of particles (compared to the YF-L and YGF-L samples) could be associated
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with the higher charge density on their crystal surface, which slows the diffusion of nega-
tively charged fluoride ions leading to a reduction in the crystal growth rate [42]. With the
rise of the gadolinium precursor concentration, a change in the morphology is detected. A
high tendency towards self-organization of elongated Gd0.8F3:Yb0.18Er0.02 monocrystals
into two-dimensional rhomboidal layers is probably due to the anchoring of branched
chitosan ligands, which are present in a higher content in the GF-H sample.

The existence of chitosan ligands at the particle surface ensures that mesocrystals have
a low cytotoxicity. A low cytotoxicity of chitosan-capped YF3:Yb,Er nanoparticles toward
human breast cancer MCF-7 cells and GdF3:Yb3+/Er3+/Li+ hollow spheres, reported in
the literature [43,44], is in agreement with the results obtained in this study. The viability
of both, MRC-5 and A549 cells was highly preserved after a 24-h exposure, being above
80% for all examined concentrations of YF-L and GF-L particles. As demonstrated in our
previous study [17], the presence of chitosan amino functional groups at the αNaYF4:Yb,Er
UCNPs surface enhances their use for in vitro cell labelling. The same feature is confirmed
here for GF-L unshelled peanuts-shaped particles. Their successful incubation in the
cytoplasmic region of MRC-5 and A549 cells enables the visualization of cells, and also
creates condition for in situ measuring of cell temperature. Morphological parameters of
the cell, and especially nucleus, are considered to be indicators of the change in cellular
physiological condition. As it is shown here, GF-L mesocrystals did not induce significant
change in cell size parameters, excluding large-scale processes such as early-stage necrosis
(necrotic volume increase) [45]. Homeostasis of nucleus/cytoplasmic ratio, indicative for
many cellular physiologic activities, changes in growth and also pathological processes,
was also unchanged [46]. Furthermore, the nucleus circularity index showed that there
was also no change in the nucleus morphology. Nuclear circularity index values close to
1 indicate a normal, circular nucleus [25]. All of these parameters in the range of normal cell
values did not exclude possibility of mesocrystals affecting the structures and physiology
of the cells, but they did show that no morphology- and physiology-changing effects took
place. This, together with the results from viability testing using MTT, is overall a good
indication of biocompatibility of tested samples at this stage of research. This is of crucial
importance, because mesocrystals obtained in this study have potential for application in
temperature sensing in the physiologically relevant range of temperatures.

The absolute sensitivity of 0.0042 ◦C−1, and the accuracy of 0.84 ◦C (YF-L) and 0.67 ◦C
(GF-L) is somewhat lower than the previously published ones related to strongly agglom-
erated and irregularly shaped Y0.78Yb0.2Er0.02F3 particles obtained through solid-state
reactions [19] and from glass ceramics embedded with YF3:Yb,Tm,Er nanocrystals syn-
thesized using a melt-quenching method [20]. Both were determined for the much wider
temperature range, in which the population of Er3+ 2H11/2 and 4S3/2 thermally coupled
levels is governed by the Boltzmann distribution, and is not comparable with the thermal
sensitivity of the GF3:Yb,Er phase due to the absence of published data.

5. Conclusions

Biocompatible Y0.8−xGdxF3:Yb/Er mesocrystals with an unshelled peanuts-like, and
rhombic-layered structure were obtained using chitosan-assisted solvothermal processing.
These structures are built from much smaller monocrystals, whose tendency towards self-
organization is governed by the quantity of preserved chitosan ligands at their surface. The
difference in charge density inside the crystals, induced by the increase in the gadolinium
content in the YF3 host matrix, resulted in a minor change in local symmetry of dopant
ions, due to which the shape and intensity of Er3+ emission lines varied. The change in the
visible green emission intensity with temperature, originating from the thermalization of the
2H11/2 and 4S3/2-4 levels of Er3+, is used for testing their capacity for temperature sensing.
The detected absolute sensitivity of 0.0042 ◦C−1, the accuracies of 0.84 ◦C (Y0.8Yb0.18Er0.02F3)
and 0.67 ◦C (Gd0.8Yb0.18Er0.02F3), in vitro cell labeling capacity, and the low cytotoxicity to
both, MRC-5 and A549 cells, make them suitable for further optimization towards more
specific application in biomedicine.
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Abstract: Adaptive changes in mitochondrial morphology are associated with changes in the 

mitochondrial function and metabolic fitness of eukaryotic cells. We previously described in 

young hyphae of the filamentous fungus Phycomyces blakesleeanus a dramatic effect of an increase 

in ambient temperature during growth: a 3°C warmer environment compared with a control 

temperature of 22°C resulted in the appearance of long elongated (“tubular”) mitochondria 

accompanied by an increase in lipid droplet density. Here, we examined how cooler ambient 

temperature (18°C) during growth affects mitochondrial morphology in P. blakesleeanus 

compared with the control grown at 22°C. We used two-photon fluorescence imaging (TPEF) of 

live hyphae stained with the vital mitochondrial dye rhodamine 123. Extraction of relevant 

parameters (number, size, and shape of mitochondria) from TPEF images was performed using 

the Ilastik machine learning-based software. The suitability of the Ilastik analysis was compared 

with the Particle Analysis (ImageJ). Cold treatment resulted in the appearance of tubular 

mitochondrial morphology that was absent in the control group. Tubular mitochondrial 

morphology appears to be an adaptive feature that occurs in both warmer and colder conditions 

and is likely part of the stress response.  

 

Keywords: Phycomyces, Imaging, TPEF, Machine-learning, Ilastik 

 

 

1. Introduction  

 

Mitochondria are very plastic organelles capable      of morphologically adapting in 

order to meet cellular needs. The conditions that require more efficient quality control or 

greater respiratory capacity lead to fragmentation or fusion of mitochondria, 
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respectively [1]. We have previously shown that a 3°C warmer environment induces the 

appearance of tubular mitochondria in the filamentous fungus Phycomyces blakesleeanus 

[2]. Here we investigate the effects of a 3°C cooler environment on mitochondrial 

morphology. 
 

2. Methods  

 

Hyphal cells of the unicellular filamentous fungus Phycomyces blakesleeanus (Burgeff), wt 

(NRRL 1555(−)), were grown in illuminated stationary plates at 22°C for 16-21 h, as 

described previously [3], or at 18°C for cold treatment.  Mitochondria stained with 5 μM 

rhodamine123 (Rhd123) were imaged in vivo by two-photon fluorescence microscopy 

(TPEF) of hyphae. Images were obtained from five separate cultures. For two-photon 

excitation of Rhd123, we used a Ti:Sa laser tuned to 800 nm (160 fs pulse duration, 76 

MHz repetition rate) focused with the Zeiss Plan Neofluar 40x1.3 objective. The signal 

was detected through a MF530/43 bandpass interference filter (ThorLabs, USA). Details 

of the experimental setup for TPEF were described in [4]. Raw images were analyzed in 

both Ilastik and ImageJ Particle Analysis software packages using individually 

thresholded images to achieve high-quality segmentation of the bright structures 

representing mitochondria. Only images with a sufficiently high signal-to-noise ratio (to 

clearly distinguish the structures from the background) were analyzed. Statistics: 

ANOVA with multiple comparisons and Holm-Sidac correction, and an unpaired two-

tailed t test with Welch’s correction for unequal variances. Confidence levels for 

statistical significance were: 0.05 (*), 0.01 (**), 0.005 (***). 

 

3. Results and Discussion 

 

TPEF images showed that Rhd123-stained mitochondria of different shapes and sizes 

were distributed throughout the control hyphae (n = 6) and that there was no 

conspicuous region of high density in the growing hyphal tip (Fig. 1a, left). In cold-

treated hyphae (n = 12), there was a similar range of mitochondrial shapes and sizes as 

in the control group, except for some longer mitochondria (Fig. 1a, right). To quantify 

mitochondrial morphology in an efficient and accurate manner, we trained a machine 

learning-based software routine in Ilastik to sort them into groups: round, ellipsoid, and 

elongated. The classifications obtained, such as the example shown in Fig. 1b (a colored 

mask superimposed on the image), matched well with the initial images. The same 

images were subjected to ImageJ Particle Analysis (Fig. 1c), and the obtained      

morphological measures were compared with the Ilastik-derived data for each hypha 

(Fig. 1d,e). The number of mitochondria determined by ImageJ was significantly lower 

than the number counted by Ilastik (p < 0.0001) (Fig. 1d left), while the total area 

occupied by mitochondria was similar in ImageJ and Ilastik (p=0.46) (Fig. 1d right). 

Visual inspection of the ImageJ-generated masks confirmed that many individual 

mitochondria were not well separated. Therefore, we analyzed the Ilastik     -generated 

dataset in more detail. The results are shown in Fig. 2.  
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Figure 1. Mitochondrial morphology analysis from P. blakesleeanus hypha TPEF images. a.) 

Representative TPEF images of Rhd123-stained hypha grown in control (22°C) and cool (18°C) 

conditions. The color bar on the right, blue indicates lowest signal values. b-c.) Results of 

segmentation during image analysis using Ilastik (b) and Particle Analysis in ImageJ (c). d.) 

Comparison of values obtained by Ilastik and ImageJ analysis: Mitochondrial density (left) and 

percent of hyphal area occupied by mitochondria (right). All points are shown, with obtained 

linear fit coefficients: for mitochondrial density, k = 0.44 ± 0.04 (18°C) and k = 0.36 ± 0.05 (22°C); 

for % area under mitochondria, k = 0.76 ± 0.3 (18°C) and k=1.2±0.4 (22°C). e.) Representative 

examples of shapes of mitochondria for each of the main morphology groups: round, ellipsoid 

and elongated. Scales are shown in the bottom of images: a.)10 μm (left) and 20 μm (right); b.) 10 

μm; c.) 10 μm. 

 

We found that the number of mitochondria per unit area of hyphae (Fig. 2a) was lower 

in the 18°C group, which is consistent with the expected changes in mitochondrial 

morphology toward greater connectivity during adaptation to stress. On the other hand, 

the finding that the total area under the mitochondria (Fig. 2b) decreased with cooling 

suggests an increase in mitophagy, or alternatively, that increased fragmentation of 

mitochondria resulted in a portion of very small structures below the detection limit 

(submicron size). Overall, these results suggest that the dynamic restructuring of the 

mitochondrial network occurs in cooled hyphae. We examined a subset of representative 

hyphae from both groups in more detail. The density of each morphological type was 

similar in both groups, so the data were pooled (Fig. 2c). The length of the mitochondria 

in each morphological group is shown in Fig. 2d for the 22°C group and in Fig. 2e for the 

18°C group. Significantly longer elongated (tubular) mitochondria were found in the 

18°C group compared with the 22°C group (Fig. 2f). 
 

3. Conclusions 
 

The tubular morphology of mitochondria is an adaptive feature that occurs under colder 

conditions, similar to the changes previously observed in warmer environments, and is 

likely part of the stress response. Slight changes in ambient temperature can elicit a 

mitochondrial response, that is, dynamic changes in morphology. 
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Figure 2. Parameters of mitochondrial morphology obtained from Ilastik image      analysis, 

shown as box and whiskers plots enclosing the 25th and 75th percentile range with the line 

representing the median and the whiskers extending to the minimal and maximal value, all 

points shown. (a.,b.,f.) Comparison of hypha grown at 18°C (n=12) and at 22°C (n=6). T-test with 

Welch’s correction: a.) Mitochondrial density (defined as the number of mitochondria per 1000 

μm2 of hypha area). b.) Mitochondrial area in a hypha normalized to the area of that hypha (% 

area under mitochondria). c.) The density of mitochondria belonging to each morphological type 

(round, ellipsoid, elongated) from pooled subsets of Control (n =3) and Cold-treated (n=4) hypha 

images. Anova with Holm-Sidac correction. d-e.) The length (d) of mitochondria belonging to 

each morphological type in hypha grown at 22°C (graph in 2d.) and 18°C (graph in 2e.) shown as 

average value and SD in each hypha (18°C group, n=4 and 22°C group, n=3). f.) Average length of 

elongated mitochondria. T-test with Welch’s correction. 
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retains its degree of dispersion for one week. Therefore, this model is a suitable
candidate for further research and development of a lipid-based dosage form for
Alendronate sodium.
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Microscope resolution is the shortest distance between two points on a sample that
can be distinguished as separate entities. Due to the wave nature of light and
the phenomenon of diffraction, it is fundamentally limited: even under theoreti-
cally ideal conditions and optical components, the microscope has a finite resolu-
tion.

In this paper, we determined lateral and axial resolution of a nonlinear laser scan-
ning microscope by measuring its point spread function (PSF) in two ways: by imag-
ing fluorescent beads using two-photon excited fluorescence (standard method),
and by using monolayers of molybdenum disulfide – MoS2 (non-standard method),
obtained by chemical vapor deposition [1], which, due to the lack of central sym-
metry, efficiently generate second harmonic signal.

Parameters such as the numerical aperture of the objective and the excitation wave-
length contribute to the resolution, so it changes depending on the current set-
ting of the microscopic system. Measurements were performed for two different
objectives and several standard excitation wavelengths, depending on the type of
sample. As expected, the best resolution was obtained for the objective with the
largest numerical aperture (40x 1.3) and the shortest excitation wavelength (730nm):
Rlat = 260nm, Rax = 1648nm. In addition, the values obtained by the non-
standard method are closer to the theoretical values of the resolution, because the
contributions of the out-of-focus signal are significantly smaller due to the two-
dimensional nature of the layers. This implies that it is better to use this type of
sample to determine the resolution of the microscope. The measured PSF can be
further used to deconvolve the images obtained on this microscope.

Due to its properties such as large penetration depth of incident radiation and label-
free imaging, as well as the possibility of obtaining 3D models, our microscope is
widely used in examination of the samples of biological origin, such as: erythrocytes
[2], chitinous structures [3], human colon tissue [4], collagen and dentin.
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Leukemia is the most common type of cancer found in children. It accounts for
around 33% of all malignant diseases in pediatrics.

Differential scanning calorimetry DSC is a highly sensitive technique that measures
temperature-induced conformation changes in proteins. As such, it is useful in mea-
suring the exact values of concentration, conformation and interaction between pro-
teins and other molecules and allows for observing specific insignificant changes
in blood plasma and CSF (cerebrospinal fluid), related to various pathological pro-
cesses. This way, plasma and CSF proteins could serve as biomarkers for the diag-
nosis and monitoring of the disease.

In this study we have used DSC to compare alterations in the protein thermal de-
naturation profiles of blood plasma and CSF, taken from children with acute lym-
phoblastic leukemia (ALL), with the corresponding fluids from other children in
continuous remission with healthy clinical and hematological statuses, used as con-
trols.

Here we present DSC measurements of blood plasma in children in cases with
leukemic infiltration present in the bone marrow. In some cases they are about
newly developed disease or relapsed one, and in other cases about Non-Hodgkin’s
lymphoma with secondary spread to the bone marrow and also lymphoid blast crisis
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Microscope resolution is the shortest distance between two points on a sample that can be distinguished 

as separate entities. Due to the wave nature of light and the phenomenon of diffraction, it is 

fundamentally limited: even under theoretically ideal conditions and optical components, the 

microscope has a finite resolution. 

In this paper, we determined the lateral and axial resolution of a nonlinear laser scanning microscope 

by measuring its Point Spread Function (PSF). The measurement was preformed in two ways: by 

imaging fluorescent beads using two-photon excited fluorescence (standard method), and by using 

transition metal dichalcogenide monolayers of molybdenum disulfide and tungsten disulfide (cutting 

edge method). The monolayers - obtained by chemical vapor deposition [1], efficiently generate second 

harmonic (SHG) signal due to the lack of central symmetry. The monolayers were also used for 

determination of the lateral resolution of third harmonic generation (THG) microscopy. 

Measurements were performed for different objectives and several standard excitation wavelengths, 

depending on the type of sample. As expected, the best resolution was obtained for the objective with 

the largest numerical aperture and the shortest excitation wavelength. In addition, the values obtained 

by the non-standard cutting edge method are closer to the theoretical values of the resolution, because 

the contributions of the out-of-focus signal are significantly reduced due to the two-dimensional nature 

of the layers. The measured PSF can be further used to deconvolve the images obtained on this 

microscope. 

Due to its properties such as great depth of penetration of incident radiation and label-free imaging, as 

well as the possibility of making 3D models, our microscope is widely used in examining samples of 

biological origin, such as: erythrocytes [2], chitin structures [3], human colon [4], collagen, dentin, etc. 

 

      
 

Figure 1. Left: WS2 (mono)layers; right: fluorescent beads of different diameters (4µm and 1µm).  
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There is a great technological interest in synthesis of lanthanide doped upconverting 

nanoparticles (UCNPs) with controlled crystal phase, morphology and intense luminescence 

properties suitable for biomedical use. A conventional approach for synthesis of such 

particles comprises decomposition of organometallic compounds in an oxygen-free 

environment, followed either with a ligand exchange, or biocompatible layer coating. 

Biocompatible NaY0.65Gd0.15F4:Yb,Er nanoparticles used in this study were synthesized 

through chitosan assisted one-pot hydrothermal synthesis and were characterized by X-ray 

powder diffraction (XRPD), Fourier-transform infrared (FTIR) spectroscopy, scanning 

electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM/EDS) and 

photoluminescence measurement (PL). Due to the presence of the amino groups at their 

surface, excellent biocompatibility and notably low cytotoxicity against MRC-5 cells (line of 

normal human fibroblasts) and A549 cells (human lung cancer cells) were detected using 

MTT assay. Furthermore, upon 980 nm laser irradiation, particles were successfully used in 

vitro for labeling of both, MRC-5 and A549 cells.   
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A powder of Cu0.2Ni0.5Zn1.0 Mn1.3O4 composition for custom thermistor was prepared by 

using a certain mixture of metal oxides and solid state reaction at 1000 °C/4h in air. The 

obtained thermistor powder was milled in the planetary ball mill and agate mill for a 

prolonged time to achieve submicron powder. The prepared thermistor powder was further 

characterized by using XRD and SEM techniques. After that, the thermistor powder was 

pressed into small disc-shaped samples and sintered at 1150 °C/2h. The sintered samples were 

also characterized by using XRD and SEM. The main electrical properties such as nominal 

resistance R and thermistor exponential factor B were measured in the climatic test chamber. 

After that, the thick film paste was prepared using the same powder, an organic vehicle and a 

glass frit. The paste was printed on alumina substrate, dried at 150 °C / 30 min and sintered in 
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