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e Abstract

Three-dimensional quantitative phase imaging is an emerging method, which provides
the 3D distribution of the refractive index (RI) and the dry mass in live and fixed cells
as well as in tissues. However, an insufficiently answered question is the influence of
chemical cell fixation procedures on the results of RI reconstructions. Therefore, this
work is devoted to systematic investigations on the RI in cellular organelles of live and
fixed cells including nucleus, nucleolus, nucleoplasm, and cytoplasm. The research was
carried out on four different cell lines using a common paraformaldehyde (PFA)-based
fixation protocol. The selected cell types represent the diversity of mammalian cells
and therefore the results presented provide a picture of fixation caused RI changes in a
broader context. A commercial Tomocube HT-1S device was used for 3D RI acquisi-
tion. The changes in the RI values after the fixation process are detected in the
reconstructed phase distributions and amount to the order of 107>, The RI values
decrease and the observed RI changes are found to be different between various cell
lines; however, all of them show the most significant loss in the nucleolus. In conclu-
sion, our study demonstrates the evident need for standardized preparation procedures
in phase tomographic measurements. © 2020 The Authors. Cytometry Part A published by Wiley
Periodicals LLC. on behalf of International Society for Advancement of Cytometry.

e Key terms
holography; holographic tomography; refractive index; cell analysis; paraformaldehyde
fixation; quantitative phase imaging; tomographic phase microscopy

INTRODUCTIONS

Label-free three-dimensional quantitative phase imaging (3D QPI) is developing to
an important tool for visualization and measuring physical and biological properties
of cells and tissues (1, 2). Minimally invasive measurements of optical properties of
biological objects without chemical markers provide new information about the
investigated samples. The refractive index (RI), which is the basic optical parameters
in 3D QP], is closely related to the mass concentration in biological samples (3, 4).
Measuring and visualization of the 2D and 3D distribution of the RI quantifies in
detail morphological and biochemical internal structures of cells (5, 6) and tissues
(7, 8). In order to introduce this quantitative parameter to life science applications
and medical diagnostics, it is necessary to develop standard sample preparation and
data processing procedures for usage in laboratories. Standardized protocols for the
preparation of biological samples, for example, drying methods used for scanning
electron microscopy (SEM), paraformaldehyde fixation protocols for QPI and fluo-
rescence microscopy or tissue clearing as used for confocal microscopy, optical dif-
fraction tomography (ODT), optical coherence tomography (OCT) or Raman
microscopy, are critical for interlaboratory comparison of the results virtual staining
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(9), for remote diagnostics (7) as well as for novel methods of
enhanced 3D RI distribution determination and analysis by
use of artificial intelligence (AI) or machine learning (10-12).

Among a variety of 3D QPI methods, tomographic phase
microscopy (TPM) (13-15) represents a wide range of label-
free methods that aim to reconstruct volumetric distribution
of refractive index (RI). Within the TPM methods, the coher-
ent linear ODT represents the oldest and most-established
technique, which has recently created and demonstrated a
wealth of possibilities for 3D imaging of live and fixed cells
and tissues (16). This is already reflected in the presence of
commercial devices, namely the products of Nanolive Ltd
(17) and Tomocube, Inc. (18), which become more and more
popular among biomedical community. Both systems repre-
sent the laser-driven limited-angle variant of ODT (LAODT)
with holographic projections (latter referred as LA holo-
graphic tomography, LAHT) and the scanning illumination
configuration. It is relatively easy to implement and appropri-
ate for characterization of adhesive cells and cell cultures
directly on a Petri dish and tissues at sample slides. Unfortu-
nately, despite indisputable advantages, the principle of opera-
tion of LAODT is a source of its biggest drawback known as
the “missing cone” problem, namely there is a limited angular
range of illumination directions, within which the holo-
graphic projections can be acquired. This inherent property
of LAHT results in highly distorted tomographic reconstruc-
tions of analyzed samples along the optical axis of an optical
system when simple reconstruction procedures, like direct
inversion (19), are used. This problem may be solved through
hardware modifications either by using hybrid approach in
which the sample is rotated for consecutive LAHT recon-
structions and their spectra are combined for full object rep-
resentation (20) or by acquiring projections of a freely rotated
sample in a fluidic system (21). This, however, does not allow
to avoid any mechanical perturbation of the measured biolog-
ical object and it is difficult to implement for investigations of
samples at a Petri dish or a sample slide. In many LAHT sys-
tems, the “missing cone” problem is attempted to be solved
by using a software approach with the most popular
Gerchberg-Papoulis (GP) method with various regularization
schemes (22). The currently best algorithmic solution, which
offers increased reconstruction quality with highly minimized
LAHT artifacts, is the total variation iterative constraint
method (TVIC) combined with GP algorithm (23). Another,
recently introduced, approach, which shows ability to recon-
struct RI correctly in whole measurement volume, is utilizing
a deep neural network (DNN) (24). However, the method is
object specific and presently it is difficult for efficient usage in
the commercial systems.

The RI distribution at cellular scale provided by 3D QPI
can be obtained by means of two typical approaches for anal-
ysis, such as measuring live cells or chemically fixed ones.
Chemical fixation of biological samples is common and often
necessary, especially when cryofixation is not applicable or
correlative imaging with other modalities like staining with
dyes or fluorescence markers is required. The chemicals used
to fix cells allow to preserve their shape, but they also
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introduce artifacts that affect sample structures or may inter-
fere with the measurement (25). The mechanisms of fixation
depend on the reagent used. Alcohol-based fixations dehy-
drate cells, can cause proteins to denature and precipitate in
situ (26, 27). Paraformaldehyde (PFA) induces covalent cross
links between molecules, effectively gluing them together into
an insoluble meshwork (28). Since chemical fixation strongly
can change the internal structure of cells, it is reasonable to
assume that it influences physical properties such as the RI
values as well.

In order to get reliable and repeatable QPI results, there is
a need for standardized preparation protocols of live and fixed
cells. However, currently, there is lack of information and data
about these procedures and their effect on RI values across vari-
ous cell lines. In previous studies, the RI of organelles from HeLa
cells (15, 29), HUH-7 cells (6), and Jurkat cells (30) was ana-
lyzed. The data published show that the RI values for specific
organelles are within similar limits but depend on the cell type.
In order to use QPI tools and RI as a biomedical marker, thus it
is necessary to collect data for a library of RI values for a wide
range of cell lines and their internal organelles. Previous studies
have also reported that there were changes in cell and tissue vol-
umes after fixation (31). Also, mechanical properties of samples
after PFA fixation were investigated (32) and the effects of
chemical fixation on the cellular nanostructure were analyzed
(25). However, a systematic approach for the determination of
the PFA fixation process effect on the internal structures of cells,
their RI distribution and dry mass changes after fixation have
not been fully elucidated. Up to now, there are just a few publi-
shed studies that carry out 3D RI measurements and such ana-
lyses have been conducted only for simple internal structures
such as lipid droplets (6) and only for slightly internally differen-
tiated cells (32).

This article aims to increase our knowledge on the effect of
cell fixation on RI distribution and cell mass density. For this
reason, the measurements by means of holographic tomography
on RAW 264.7 mouse macrophages, NIH-3T3 mouse embry-
onic fibroblasts, RLE-6TN rat lung epithelial cells and NRK-52E
rat kidney epithelial cells cell lines were carried out.

MATERIALS AND METHODS

Cell Lines and Cell Culture
In our study, we used four different cell lines that were cho-
sen in order to consider features and cellular diversity of dif-
ferent organs of origin (33): NIH-3T3 mouse fibroblasts
(connective tissue), NRK-52E rat epithelial cells (kidney),
RLE-6TN alveolar epithelial cells (lung), and RAW 264.7
mouse macrophages (immune system). Moreover, the cell
lines were selected as they were found highly feasible for
usage in earlier in vitro studies on the analysis and mecha-
nisms of various different cytotoxic nanomaterials (33-35)
and the successful application in the exploration of novel
approaches for the label-free quantification of nano-cytotoxic
effects and to probe the uptake of nanoparticles (36).

We performed all experiments with commercially avail-
able cell lines. All cell lines were cultured according to
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standard cell culture procedures without antibiotics. RAW
264.7 mouse macrophages, obtained by ATCC (No. ATCC®
TIB-71TM), were cultured in Dulbecco’s modified eagle
medium (DMEM) supplemented with 10% focal calf serum
(FCS), 1 mM pyruvate, and 2 mM glutamine, passaged twice
a week. NIH-3T3 mouse embryonic fibroblasts, obtained by
ATCC (No. ATCC® CRL-1658TM), were cultured in DMEM
supplemented with 10% FCS, 1 mM pyruvate, and 2 mM glu-
tamine, passaged three times a week. NRK-2E rat kidney epi-
thelial cells, obtained by ATCC (No ATCC® CRL-1571TM),
were cultured in DMEM supplemented with 10% FCS, 1 mM
pyruvate, and 2 mM glutamine, passaged twice times a week.
RLE-6TN rat lung epithelial cells, obtained by ATCC
(No. ATCC® CRL-2300TM), cultured in Roswell Park Memo-
rial Institute (RPMI) medium supplemented with 10% FCS,
1 mM pyruvate, and 2 mM glutamine, passaged twice times a
week, passages 5-25 used for holotomography experiments.

For the experiments with fixation, cells were harvested and
seeded into Tomodishes (Tomocube, Inc., Daejeon, Republic of
Korea) from the culture and cultivated overnight (for RAW
264.7-30,000 cells per Petri dish, for NIH-3T3, NRK-52E, RLE-
6TN - 10,000 cells per Petri dish in 800 pl of medium). Then
the medium was removed and dishes were washed with
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
buffered medium (with 850 mg/l NaHCO5; Lonza HEPES buffer
1 M, 17-737E). 3D-QPI measurements were performed with spe-
cial medium prepared to preserve stable pH value, without CO,
atmosphere, with 10x DMEM (Biochrom, order F 0455),
4 mM L-glutamine (200 mM, sample Biochrom, order K0283),
20 mM HESPES (1 mM, Biochrom, order L1613), 1 mM
sodium pyruvate (100 mM, Biochrom, order 1L0473), 10% FBS
Good (PAN Biotech), 850 mg/l NaHCOj; (7.5% sodium bicar-
bonate, Biochrom, order L1713). In the next step, the dish was
prepared for the 3D-QPI measurements by mounting in the
above-mentioned medium and covered with a cover glass or
provided to further fixation procedures.

Fixation Protocol
Paraformaldehyde fixation is one of the most widely used fix-
ation methods in cell biology and histopathology. Most

frequently used concentrations of the fixative solution are 4%
or 2% PFA for standard fixation protocols. An advantage of
PFA fixation is the preservation of cell structures and anti-
gens. In this study, 2% PFA solution was used. For fixation,
overnight cultivated cells were washed with warm phosphate
buffered saline (PBS, Sigma, Dulbecco’s Phosphate Buffered
Saline, order D8537, with MgCl, CaCl), with the same density
as for experiment with live cells. In the next step, 2% PFA
(electron microscopy sciences, 16% paraformaldehyde, metha-
nol free) in PBS (without MgCl, CaCl) as a fixation solution
were added and left for 2 h at the room temperature. Then
dishes were washed three times with PBS (without MgCl,
CaCl), and a glass cover slip as placed on the top of the dish.

Data Acquisition and 3D Refractive Index
Reconstruction

The 3D refractive index distribution in cells was obtained by
means of a limited-angle holographic tomography (LAHT)
approach, which is the one of the most popular version of
optical diffraction tomography in biomedical applications (2,
14, 22). In LAHT, the projections required for the 3D RI
reconstruction are captured as individual holographic images
of a sample that had been illuminated from different angles
by scanning object illuminating beam while the camera and
the sample are stationary. The hologram acquisition was per-
formed using a commercial off-axis Mach-Zehnder interfero-
metric setup with a digital micromirror device, DMD (HT-1S;
Tomocube Inc., Daejeon, Republic of Korea) (Fig. 1a). The
incident angles of an object illumination beam were rapidly
scanned by projecting a series of binary holograms on the
installed DMD (37, 38). The light scattered by the sample was
transmitted to the camera by means of an imaging system
consisting of an objective lens (60X, numerical aperture
NA = 0.8) and a tube lens. The object beam interfered with a
plane reference beam on the camera plane and in-plane off-
axis holograms were captured. 3D-QPI measurements were
performed in the laboratory with ambient temperature of
(25°C). Additional effort has been made to properly calibrate
the instrument and to follow the same measurement protocol

1.39
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Figure 1. (a) Optical set-up of the applied holotomographic microscope (HT-1S, Tomocube Inc., Daejeon, Republic of Korea), MO -
Microscope objectives, M — Mirrors, DMD - digital micromirror device (adapted from reference (25)); (b) 3D Rl distribution visualization;
(c) refractive index distribution on x-y, x-z, and y-z cross sections in live cell from NIH3T3 line. Cross sections location is marked with red,

dashed lines. [Color figure can be viewed at wileyonlinelibrary.com]
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during the whole study (one calibration procedure per five
measurements).

The phase and amplitude (the complex amplitude) of the
scattered light were retrieved from the recorded holograms
and then processed for reconstruction of the 3D RI map
(Fig. 1b). The tomographic reconstruction algorithm is based
on the Fourier diffraction theorem (19) under the first-order
Rytov approximation (39). In short, during this procedure,
the 2D Fourier spectrum of the measured complex amplitude
of a sample illuminated at a certain angle is mapped to the
surface of a hemisphere called the Ewald sphere in the 3D
Fourier space. The 3D Fourier space filled with the spectra is
than 3D inverse Fourier transformed providing a 3D RI dis-
tribution. However, due to the limited angle of numerical
aperture of the imaging system (NA = 0.8), there is missing
some information in the 3D Fourier spectrum of the sample.
To fill this information, the iterative constraint algorithm is
executed to the tomograms reconstructed from the diffraction
algorithm. The detailed descriptions of the reconstruction
algorithm and its constrains implemented in the commercial
software (TomoStudio 2.6.24, Tomocube, Inc., Daejeon,
Republic of Korea), which was used for 3D refractive index
calculations can be found elsewhere (40). However, the
applied tomographic reconstruction procedure does not fully
overcome the “missing cone” problem and anisotropic resolu-
tion along z-axis (41). This is illustrated for the example of
representative RI cross sections in the (x-z) and (y-z) planes
that are depicted in Figure lc. On the other hand, it was
shown that the RI distribution in the best focused (x-y) plane
provides the retrieval of very stable and highly accurate values
(41, 42). Therefore, in this work, it was decided to perform
the systematic analysis of refractive index in live and fixed
cells based on the 2D RI values distribution reconstructed at
the best focused plane of the analyzed samples.

Refractive Index Images Processing

The full scheme of the evaluation process for the retrieval of
refractive index images is illustrated in Figure 2. At the first
stage, the holograms acquired through the 3D-QPI micro-
scope were used for determination of the three-dimensional
distribution of the refractive index of the sample by utilizing
the TomoStudio software. All 3D visualizations were ren-
dered using the open-source tomography platform tomviz
(43). Next, the 2D RI distributions (x-y plane) were selected
manually from 3D RI data, starting from default middle
position in the reconstruction and introducing manual cor-
rection for the position based on the best contrast of the sub-
structures. Each selected 2D RI image underwent global
(whole cells) and local (internal cell organelles) segmentation
by using a MATLAB R2018b (MathWorks Inc., Natick, MA)
script.

The global segmentation was performed automatically by
an algorithm based on the cluster method (44). From a seg-
mented image, the refractive index of whole live and fixed
cells and cell surfaces were calculated. The average values of
RI and surface were calculated for both live and fixed cells for
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each cell line and the differences in the average values were
determined and analyzed. The refractive index of cells is
closely related to the cellular dry mass, which is an important
biophysical parameter and thus also was analyzed in our
study. As described with details in reference (6) the mass con-
centration Am(x, y, z) of biomolecules highly correlates with
the spatial distribution of the refractive index difference An
(x,,2) = ny(%,),2)-Nimedium between the sample refractive index
ng (in this study, the spatial cellular refractive index) and the
homogeneous refractive index #,eqium Of the of the surround-
ing medium:

Am(x,y,z) = éAn(x,y,z) (1)

The parameter a in Eq. (1) is denoted as the specific
refractive increment and has been determined for human pro-
teins to o = 0.190 ml/g with a standard deviation of
0.003 ml/g (3). In our work, the cellular dry mass was calcu-
lated for each cell by integration of the spatial distribution of
the mass concentration Am(x,y,z) as obtained by Eq. (1) from
the corresponding cellular refractive index distribution. The
dry mass was calculated only for live cells, as the relationship
between mass concentration and refractive index change is
unknown for fixed cells.

The local segmentation of internal organelles (nucleus,
nucleolus, nucleoplasm, and cytoplasm) in the RI images was
performed manually by using a MATLAB R2018b script.
Based on the segmented images, the average, local RI of these
organelles were determined. The average values of the local
refractive index between live cells and PFA fixed cells were
compared. The RI difference between nucleolus and nucleus,
nucleolus, and cytoplasm were determined and the changes
of this difference before and after PFA fixation were
analyzed.

Statistical Analysis

The statistical analysis of global and local refractive index,
surface and global dry mass was carried out using MATLAB
R2018b scripts. Descriptive parameters were presented in
Figure 4 as mean &+ the errors—95% confidence intervals of
the average and in Figure 5 as median, minimum, maximum
of a data with all outliers included. Relative changes of the RI
difference between nucleolus and nucleus, nucleolus and cyto-
plasm were determined and the changes of this difference
before and after PFA fixation were calculated and the signifi-
cance of the differences was assessed by the Student’s t test,
or by the Mann-Whitney U test, if the assumption of nor-
mality was not met (which was evaluated by Shapiro-Wilk
test). Statistical significance level was P < 0.05.

RESULTS

Global Refractive Index of Cells before and after PFA
Fixation

Figure 3 shows the three-dimensional reconstructions, the
two-dimensional refractive index distributions within the
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Figure 2. Evaluation pipeline for analyzing global and local biophysical parameters of cells based on holotomography measurements.
[Color figure can be viewed at wileyonlinelibrary.com]

NIH3T3 RAW 264.7 NRK-52E RLE-6TN

3D RI
Distribution

2D RI
Distribution

Bright field

Figure 3. Representative 3D rendered isosurface images of an entire 3D RI distribution, 2D cross section of the Rl distribution within the
best focal plane and complementary captured bright field images of living NIH3T3, RAW 264.7, NRK-52E, RLE-6TN cells. [Color figure can
be viewed at wileyonlinelibrary.com]

corrected focused plane and corresponding bright field images performed complementary utilizing an inverted microscope
of representative cells from the investigated NIH-3T3, RAW (iMIC, TilPhotonics, Grifelfing, Germany) with a 20x micro-
264.7, NRK-52E, RLE-6TN cell lines. Bright field imaging was scope objective (Zeiss LD Acroplan, 20x/0.4 Korr). Live cells
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were measured in earlier mentioned physiological buffer
medium (Mmedium = 1.3379, 334 mOsmol/kg) and fixed cells
were analyzed in PBS (Sigma, order D8537; npps = 1.3332,
287 mOsmol/kg). Due to differences in molecular density and
the significantly higher molecular density of nucleolus, it is
easy to distinguish between different cellular organelles in
NIH-3T3, NRK-52E, RLE-6TN cells. The spherical, more
condensed structure and higher mass density of RAW 264.7
macrophages made finding the best focus plane in the recon-
struction of these cells more difficult. In NIH-3T3, NRK-52E
and RLE-6TN cells, internal structures can be easily identified
based on the 3D-QPI measurements. In RAW 264.7 cells, the
nucleus and nucleolus were better visible than other organ-
elles and their refractive index can be measured much easier
than other structures.

For statistical analysis, measurements on individual cells
were performed. To investigate the effect of PFA fixation on
cells, for each cell type live and fixed cells from lines NIH-
3T3 (nive cells = 88, Miixed cells = 59)) RAW 264.7 (myye celts = 126,
M cans — 154)) NRK-52E (nlive cells = 68, Mfived cells = 87)) RLE-
6TN (Myive cells = 605 Mfxed cells = 54) were measured in N = 2
independently conducted experiments. Statistical analysis was
carried out on the global and local RI of the cells, cell surface
area and dry mass. Measurements were performed in a room
temperature (T = 25°C) and the time delay between two sub-
sequent measurements was approximately 1 min. Comparison
of the average value of refractive index in whole cells before
and after fixation (mean =+ errors as 95% confidence intervals
of the average) is shown in Figure 4. The global mean value
of RI in live RAW 264.7 cells is the highest from all measured
cell lines (nrawaes7 = 1.3666 £ 0.0004). Mean values of cells
from three other lines are similar in the range of thousandths
(amsrs = 1.3448 & 0.0006, nnpk - sp = 1.3426 + 0.0003,
NriE—eTN = 1.3438 £ 0.0006). After fixation, the cells indicate
a significant decrease in refractive index. The largest change
occurs in the macrophages (Angawaes7 = 0.0131), accompa-
nied with a slight increase in the surface area on the selected
cross section (ASgawzess = 21.7 pm?). The cells from the
other lines also tend to a decreased refractive index after the
fixation process, the RI change is found in range of thou-
sandth (AnNIH3T3 = 0.0025, AVINRK _5E = 0.0045, A”RLE
_e¢r~n = 0.0035), but in the case of these cell lines, the surface
area on the selected cross section, contrary to macrophages,
decreases significantly (ASnrasts = 196.8 pm?,  ASnrk
_sop = 412.7 m?, ASpip_ern = 196, 7 pm?).

As the specific refractive increment relates the change in
refractive index with an increase in biomolecular mass density
(a0 ~ n), the results from average RI obtained by systematic
measurements with the 3D-QPI system of four cell lines were
converted to the average density of the cellular dry mass.
Fibroblast cells (line NIH3T3) and epithelial cells (lines NRK-
52E and RLE-6TN) show a similar average global mass den-
Slty (PNIH3T3 = 7471 pg/pm3 4 0.003, PNRK — 52E = 7.459 pg/
pm’ £ 0.002, prig_ern = 7.466 pg/um’® + 0.004), while the
average density of macrophages from line RAW 264.7 is
much higher (prawzesr = 7.592 pg/pm’ + 0.002).

Cytometry Part A @ 99A: 388-398, 2021

Decrease of Local Refractive Index in Organelles of
Cells after PFA Fixation across Four Cell Lines

Figure 5 shows representative local average refractive index
data from live and fixed cells in 2% PFA solution. RAW
264.7, NIH-3T3, RLE-6TN, and NRK-52E cells were grown
under standard protocols and then measured with 3D-QPI as
described above. For all data sets minimum, maximum and
outliers are included. The red line shows the median of the
data. Literature data on the refractive index of individual cel-
lular organelles in measured cell lines are insufficient as a
basis to reject outliers. In each cell line, four cellular organ-
elles were analyzed: nucleus, nucleolus, nucleoplasm, and
cytoplasm. The region of interest in each measurement was
chosen manually (see example in Fig. 2). The results retrieved
from the local refractive index analysis show that the
nucleolus has the highest value of refractive index from
the analyzed organelles across all four cell lines
(nRAW264.7 = 1.3720 £ 00006, NNIH3T3 = 1.3497 + 00008,
NNRK-52E = 1.3507 4 0.0006, NRLE—6TN — 1.3494 + 00008) In
RAW 264.7 and NRK-52E cells, the nucleus has lower refrac-
tive index than the cytoplasm (45). In cells from the NIH-3T3,
NRK-52E, RLE-6TN cell lines, RI values in nucleus, nucleo-
plasm and cytoplasm are similar to each other within the
range of 0.002. However, organelles in RAW 264.7 cells do not
represent this tendency. There are significant differences
between refractive index values before and after fixation in the
analyzed cell organelles in all cell lines. In all cell lines, in all
organelles, there is decrease of refractive index after fixation.
In cells from NIH-3T3, NRK-52E, RLE-6TN lines, the largest
decrease in RI is observed in the nucleolus. In the case of
RAW 264.7 line, the major decrease in RI value after fixation
occurs in the cytoplasm (An = 0.016). The findings for the
average values in Figure 5 are also reflected by the data from
each of the two independently performed experiments that are
plotted as bar diagrams in Figure S1.1 of the Supporting Infor-
mation file S1. The results from both measurement series show
for all four investigated cell lines highly similar refractive index
values and tendencies, with respect to the intracellular
compartments.

Effect of Paraformaldehyde Cell Fixation on Image
Contrast in 3D-QPI Measurements

The refractive index values inside the cells, in the internal
organelles, were compared before and after fixation. The anal-
ysis showed that in three out of four cell lines (NIH-3T3,
NRK-52E, RLE-6TN) the refractive index difference between
nucleus and nucleolus and between nucleus and cytoplasm
decreases, thus reducing the contrast in the RI image. Signal-
to-noise ratio for fixed cells decreased and lower values of An
after the fixation process indicate a lower quality and lower
contrast of an image. This is most visible in cells from the
NRK-52E line (for illustration see upper right panel in Fig. 6),
where the difference between nucleus and nucleolus, and
between nucleus and cytoplasm decreases the most
(by 0.0048, 0.0041, respectively). In the case of cells from the
RAW264.7 macrophages, the differences between nucleolus-
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Figure 5. Comparison of the average refractive index values between live and fixed cells (median, minimum, maximum of a data and all
outliers) in four cell lines: (a) NIH-3T3 mouse embryonic fibroblasts, (b) RAW 264.7 mouse macrophages (c) NRK-52E rat kidney epithelial
cells, (d) RLE-6TN rat lung epithelial cells. In each cell line four cellular organelles were analyzed: Nucleus, nucleolus, nucleoplasm and
cytoplasm. [Color figure can be viewed at wileyonlinelibrary.com]
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nucleus and nucleolus-cytoplasm increase after the fixation
process and thus increase the contrast of the image (see
Fig. 6a,b). The increase in the refractive index difference
between the nucleus and the cytoplasm before and after fixa-
tion is significantly greater than the increase in the difference
between the nucleolus and the nucleus.

DiscussioN

The refractive index values of cells are directly connected
to the dry mass concentration of the specimen and thus is
an important biophysical feature, with prospects to be applied
in digital phase histopathology or remote diagnostics (7)
supported by deep learning procedures. The results in
Figures 2-6 show that 3D-QPI allows reliable high-quality
measurements of the refractive index already for quite low cell
numbers compared to other techniques, like flow cytometry
(46), but for measuring larger cell populations, as done in this
study, an automated segmentation tool for the cellular com-
partments is essential to make this process more feasible for
routine usage in laboratories. Here, for statistical analysis, mea-
surements of individual cells were performed; hence, the
acquired data are limited (in agreement with the findings in
reference (29)). In order to introduce an 3D-QPI-based tool for
further extensive medical analysis, the tools for analysis of 3D
refractive index reconstructions should be further automated.
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RI values of live cells and cell organelles are still not
standardized and appear to be cell type dependent as indi-
cated by the results in Figures 4 and 5. There thus is a need
to standardized preparation protocols of live and fixed cells
measurements to have reliable quantitative data that is com-
parable across different laboratories and users. The retrieved
refractive index values of RAW 264.7 cells (Fig. 4) are compa-
rable to those published earlier (47, 48). The refractive indices
of the other cell lines that were investigated in this study, to
the best of our knowledge, have not been published before.
The comparison with data from other cell types published
show that the refractive index values are within similar limits
but dependent on the cell type (48). In order to use QPI tools
and refractive index data as a biomedical marker, it is neces-
sary to create a library of refractive indices for wide number
of cell lines and their internal organelles.

In Figure 5, the median values of the cytoplasm RI in liv-
ing cells, in two cell lines RLE-6TN and NIH3T3 are found to
be lower than the median value of the RI of nucleus (RLE-
9TN: ARI = —0.0007, NIH3T3: ARI = —0.0003), but, in con-
trast, for RAW 264.7 and NRK-52E cells the median RI of
cytoplasm in living cells is higher than that of nucleus (RAW
264.7: ARI = +0.0037, NRK-52E: ARI = +0.0002). This is
contrary to the information published in the literature (45,
49), where it was shown that the refractive index of the
nucleus is lower than RI of cytoplasm. However, isolated cel-
lular nuclei or cells in suspension were studied there, and the

NRK-52-E

L
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»
mitochondrion ———
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Figure 6. Differences in Rl between (a) nucleolus-nucleus and (b) nucleolus-cytoplasm in all the cell lines with image comparison of
contrast change of live and fixed cells on the example of two the most affected cell lines: NRK-52E and RAW 264.7. [Color figure can be

viewed at wileyonlinelibrary.com]
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isolation process or state of the cell could have affected the
value of the refractive index of the nucleus. It should also be
taken into account that in the spatial resolved measurements
made for this study, the refractive index values of the nucleo-
plasm is lower than RI of cytoplasm across all four lines and
that the RI of nucleolus is much higher than RI of cytoplasm,
which was also reported in Kim’s paper (29).

Our experimental results show that PFA fixation of cells
causes a refractive index decrease across all four investigated
cell lines (Fig. 4a). Moreover, the average dry mass and sur-
face area retrieved from in focus cross sections were found
reduced after PFA fixation compared to those of the living
cells (Fig. 4b). These effects may be explained by dissolution
of cell membrane lipids, dissolved intracellular solutes and
fixation induced shrinking due to PFA induced protein cross-
link effects. In early published data (31), a RI increase after
PFA fixation was reported. However, in (31), the research was
conducted on HeLa cells and different cell fixation procedures
were applied, which may be an explanation for these refrac-
tive index differences. In our study, it was found that changes
in refractive index before and after fixation process are differ-
ent across all four cell lines (Fig. 4). The highest decrease of
RI after fixation occurs in RAW 264.7 cells, the lowest in the
NIH-3T3 cell line.

Analysis of the cells cross-sectional areas (Figs. 4b, ¢) has
revealed that cells from three PFA-treated cell lines (NIH-
3T3, NRK-52E, RLE-6TN) are shrunken, which is in good
agreement with earlier observations (27, 31, 32). The average
area change is different for each cell line. The highest shrink-
age is found for NRK-52E cells. In cells from the RAW 264.7
cell line, the average area slightly increases after fixation (25,
50). The data acquired in this article support the results from
previous studies (26, 31, 32, 45). PFA fixation also caused for-
ming of micron scale clusters in nucleus, the nanostructure of
cells is changed (25). Furthermore, the cells surface roughness
is larger in PFA-treated cells (32). Even though, it was proven
that it is still possible to extract clinically relevant nanoscopic
information after fixation.

The influence of chemical substances on the contrast in
phase measurements was previously studied and a chemical
preparation was searched for which the contrast would
improve (51-53). Fixation allows to stop the vital processes
and degradation of the cells; they serve to stabilize the fine
structural details of cells and tissues prior the examination. In
our study, a nonuniform decrease in the refractive index of
individual organelles after the fixation across all four cell lines
caused changes in the difference between the refractive index
of the nucleus and the nucleolus, and the nucleolus and cyto-
plasm (Figs. 5, 6) and thus resulted a change of the contrast.
Higher ARI results in a higher visibility of nucleolus (for
illustration see upper right panel in Fig. 6). The largest
decrease in the difference between the nucleus and cytoplasm
occurs in NRK-52E and is 3.884-107°, the smallest changes in
contrast were observed in the RLE-6TN and NIH-3T3, where
the difference between the nucleus and cytoplasm after fixa-
tion decreases within the range of 3-10™* to 5-107. In these
three cell lines, fixation with PFA caused lower contrast. The

situation is different when measuring the RAW 264.7 macro-
phages. In these cells, fixation causes an increase in the refrac-
tive index difference between the nucleolus and the nucleus
(lower panel of Fig. 6) and between the nucleolus and the
cytoplasm, where increase is significant and equals to
5.773-107>. The contrast improvement for fixed RAW 264.7
cells was already clearly observable during the conduction of
the measurements. Moreover, in a complementary performed
documentation, living and fixed cells were observed with
bright field microscopy under white light illumination (see
Fig. S1.2 in the Supporting Information). For NIH-3T3 fibro-
blasts, NRK-52E kidney cells and RLE-6TN macrophages, the
bright field image contrast for fixed cells was found lower
than for living cells. Instead, RAW 264.7 macrophages
appeared with increased contrast of the intracellular struc-
tures. These observed bright field image contrast changes cor-
relate with the determined refractive index differences
between the internal cellular organelles after fixation and the
images that are plotted in Figure 6. The reduced bright field
image contrast can be explained by the decreased refractive
index difference between internal cell compartments as
detected for NIH-3T3, NRK-52E, RLE-6TN cells that leads to
reduced sample induced diffraction patterns. Contrary, a
higher contrast of the intracellular organelles can be explained
by an increase of the refractive index differences, as measured
for the RAW 264.7 cells, that causes increased diffraction
effects in the bright field images, respectively. Any future
experimental study applied in medical or basic research, that
focuses on the RI of cells and their compartments, should
take these findings into account when fixed and live cells are
analyzed.

CoNcLusioNs AND FUTURE PROSPECTS

In our study, we have presented in detail the significant
impact of PFA fixation on the global refractive index of cells
and the local spatial RI distribution that is related to their
intracellular organelles. We found that fixation causes in most
of the investigated cell types a decrease in global and local
refractive index and also in the related dry cell mass density.
We have also shown that depending on the cell line these
changes are different. In addition, we have noticed that in
immunological cells (such as RAW 264.7 macrophages) PFA
fixation caused an increase in refractive index and dry mass
density. For the future implementation of quantitative phase
imaging techniques, for example, toward remote diagnostics
supported by machine learning procedures, it is necessary to
take into account these differences between live and fixed
preparations (54). In order to obtain reliable data for fixed
cells and tissues using QPI techniques, it is also necessary to
use standardized preparation processes of cell cultures for the
measurements.

All measurements in this study have been performed
using 3D-QPI techniques. This allowed us to perform 3D
measurement and visualization of the cells and to retrieve the
local refractive indices of cellular organelles. Due to the aniso-
tropic distribution of the RI along the z-axis and the
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challenges of three-dimensional segmentation of internal
structures, the analysis was conducted based on the best
focused 2D cross sections. For future developments, it is cru-
cial to extend the analysis to volumetric refractive index
values by improvement of the tomographic reconstruction
algorithms (23, 55) and the enhancement and automation of
3D segmentation processes based on machine learning and
neural networks.

Finally, the results of our research show that it is difficult
to determine the rules of for conversion factors to describe
the RI changes between fixed and live samples in case of
machine learning procedures which can be considered, for
example, in the interpretation or inter-laboratory diagnostics.
Therefore, procedures need to be standardized to allow a reli-
able interpretation of QPI images acquired with different
equipment at different locations and for an efficient applica-
tion of machine learning algorithms. For this reason, it is also
important to build in the future detailed libraries of refractive
index values for biological samples. Round robin tests
between different laboratories can also contribute as an
important step to standardize cell culture preparation and
measurement procedures to speed up the development of QPI
technologies and AI-based diagnostics.

In conclusion, the PFA fixation process significantly
affects the global and local refractive index of cells with signif-
icant impact in quantitative phase imaging. This effect is cell
line dependent and has to be taken into account when using
QPI data for reliable cell studies in life sciences, as well as for
diagnostics and for machine learning procedures design.
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