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Abstract

Chemical fixation is nearly indispensable in the biological sciences, especially in circumstances 

where cryo-fixation is not applicable. While universally employed for the preservation of cell 

organization, chemical fixatives often introduce artifacts that can confound identification of true 

structures. Since biological research is increasingly probing ever-finer details of the cellular 

architecture, it is critical to understand the nanoscale transformation of the cellular organization 

due to fixation both systematically and quantitatively. In this work, we employed Partial Wave 

Spectroscopic (PWS) Microscopy, a nanoscale sensitive and label-free live cell spectroscopic-

imaging technique, to analyze the effects of the fixation process through three commonly used 

fixation protocols for cells in vitro. In each method investigated, we detected dramatic difference 

in both nuclear and cytoplasmic nanoarchitecture between live and fixed states. But significantly, 

despite the alterations in cellular nanoscale organizations after chemical fixation, the population 

differences in chromatin structure (e.g. induced by a specific chemotherapeutic agent) remains. In 

conclusion, we demonstrated that the nanoscale cellular arrangement observed in fixed cells was 

fundamentally divorced from that in live cells, thus the quantitative analysis is only meaningful on 

the population level. This finding highlights the importance of live cell imaging techniques with 

nanoscale sensitivity or cryo-fixation in the interrogation of cellular structure, to complement more 

traditional chemical fixation methods.
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1. Introduction

Direct cryo-fixation is regarded as the best method to preserve ultrastructure in biological 

samples [1–4]. Compared with other sample preparation protocols involving perfusions or 

immersions, cryo-fixation immobilizes molecules inside the sample within milliseconds [5] 

and does not alter the milieu in the specimen. In addition, structures prepared by cryo-

fixation are free of artifacts caused by chemical fixation, dehydration, cryo-protectants, or 

resin embedding, as is often the case in other sample preparations [6]. In general, high-

pressure freezing followed by direct imaging or freeze-substitution and ultramicrotomy is 

recommended for samples to be imaged with electron microscopy. However, there are 

circumstances where cryo-fixation is not possible or requires additional preparation. Large 

volume samples for instance, such as a whole mouse brain, can only be prepared by 

prolonged immersion for staining with osmium tetroxide before resin embedding, as has 

been done to completely map neuronal networks [7]. In biological studies, it is also 

frequently necessary to relate nanoscale structure with physical biochemical activity or 

functionality. To meet this end, tagging of specific molecules by gold [8] or fluorescence 

dyes [9,10], is almost inevitable. To arrest cell-dynamics and preserve the structure prior to 

tagging, in general, involves chemical fixation (e.g. using low percentage 

paraformaldehyde).

The realization that chemical fixation may cause unwanted structural or chemical changes 

inside biological specimens has seen much development in the past. On molecular level, 

extensive studies on the effects [11–17] of osmotic potentials, pH, and buffers of the 

fixatives on isolated proteins as well as tissue samples have been carried out. In clinical 

histology and cytology, the artifacts associated with fixation have been studied [18] and 

novel fixation-free methods have gained great interests through the years [19]. In terms of 

nanoscale cellular architecture, various research groups have reported morphological 

changes on specific organelles caused by fixations, such as the size and shape of vesicles and 

liposomes [16], using nano-resolution techniques like EM and AFM. Since most nano-

resolution techniques are invasive to some extent (EM needs frozen or dehydrated samples, 

AFM requires mechanical perturbation), morphological changes are observed from limited 

numbers of unpaired samples and are at best indirect evidence of the amount of physical 

alteration due to fixation. To gain a better understanding of the true alterations to 

ultrastructure during fixation, a direct measurement of a physical quantity representing 

nanostructure before and after fixation is required.

To meet this end, we employed the state-of-the-art live cell Partial Wave Spectroscopic 

(PWS) microscopy to monitor cell changes during fixation [20]. As a novel optical 

cytometry, PWS couples spectroscopy with microscopy [21] and its ability to access the 

nanoscale is grounded in a previously overlooked difference between resolution and 

detectability. While sub-diffractional length scales are not resolvable, they are still detectable 

through spectral analysis, as in the case of live cell PWS with sensitivity from 20 nm to 200 

nm [22]. At each pixel, an interference signal between the cell-substrate (glass or Petri dish) 

reflection and cellular refractive index (RI) variations is recorded.
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The standard deviation of the interference spectra (Σ) is proportional to a measure of the 

heterogeneity of the RI distribution. For macromolecules, the refractive index is generally 

linearly related to the mass-density by n = n water + αρ, where α is the refractive increment ~ 

0.17 cm3/mg for most biological specimens [23] (the special case includes pigmented 

molecules as hemoglobin and melanin). In other words, Σ represents the nanoscopic 

macromolecular arrangement: Σ increases with correlation length and standard deviation of 

the refractive index distribution, and refractive index distribution is proportional to the mass-

density distribution of the sample. Alternatively, in a fractal medium such as chromatin, this 

mass density distribution can be understood as a proportional change in the fractal 

dimension, D. There are five major advantages of using live cell PWS microscopy to study 

the change of ultrastructure during fixation: 1. Non-invasive measurement enables a one-on-

one comparison of ultrastructure of the same cells before and after treatment, 2. Native 

mass-density contrast imaging requires no additional treatment and introduces no structural 

alterations, 3. Nanoscale sensitivity reveals possible changes ranging from 20 nm to 200 nm, 

4. High-throughput imaging of around 15 s per frame facilitates statistical analysis, 5. Cells 

measured by in-vitro PWS experiments in liquid are suitable for further treatment such as 

staining and dehydration, therefore it is possible to conduct correlative experiments on the 

same cells with nanoscale resolving techniques like electron microscopy. Due to these 

features, PWS microscopy is the ideal system for studying the effects of chemical fixation 

on the cellular nanostructure.

Chemical fixation is conventionally employed for molecular biology applications like Hi-C, 

immunofluorescent, immunohistochemical experiments, clinical sample preservation, 

nanocytometry, and electron microscopy resin embedding. Consequently, the effects of the 

most commonly used protocols are of crucial importance in interpretation of the data. In this 

study, we employed PWS microscopy to analyze the changes in cellular ultrastructure 

induced by chemical fixation in the three most commonly used protocols: glutaraldehyde 

and formaldehyde fixed individual cells flat-embedded in Spurr resin for TEM [24], 4% PFA 

cell fixation [25] for immuno-labeling, and 95% ethanol (EtOH) cell fixation [26] for study 

of nucleic acids and clinical preparation. For the resin embedding study, we further prepared 

thin sections of the same cells imaged by PWS and obtained high-resolution TEM images of 

the cellular structure as a test of the quality of sample preparation. To quantitatively 

characterize the structural alterations, we compared the variously fixed cells directly to their 

live cells counterparts using the statistics of PWS Σ map in terms of mean value, coefficient 

of variance, skewness, kurtosis, and entropy. After aligning the PWS images at each fixation 

step, we calculated pixel-to-pixel cross correlation coefficient to quantify the similarity of 

the cellular structure before and after treatment. Finally, to analyze the ability of various 

fixatives (4% PFA, 2%GA + 2.5%FA, and 95% EtOH) to preserve clinically relevant 

differences between populations, we used as a model case-control system, HeLa cells treated 

with Daunorubicin, to compare with untreated partners before and after fixation. 

Daunorubicin (and doxorubicin) is commonly used chemotherapeutic agent known to induce 

a plurality of effects on cells, including intra-nuclear effects such as nucleosome expulsion, 

topoisomerase I inhibition, and DNA fragmentation [27]. Remarkably, even though 

chemically fixed cells are uncorrelated with their initial state, population level differences 

are maintained after cellular fixation. Consequently, this indicates that biologically relevant 
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nanoscopic structural information can be extracted even after fixation. In summation, we 

found that qualitative analysis was accurate for some experiments involving chemical 

fixation, but quantitative analysis of nanoscale structure may not be possible for all fixatives 

and may depend on the underlying structural perturbation under investigation.

2. Results

2.1. PWS microscopy visualization of fixation process

In this work, we utilized live cell PWS microscopy to quantitatively study the effect of 

chemical fixation on the cellular nanoarchitecture. In brief, HeLa cells (ATCC) were grown 

on glass-bottom 5 ml petridishes and imaged as previously described at 37 C and 5% CO2 in 

cell appropriate media (for full description, see Materials and Methods). After acquisition of 

live cell structure, cells were processed with one of the tested protocols (4% PFA, 95% 

EtOH, and TEM resin-embedding). To control for possible changes in the cellular nano-

architecture due to naturally occurring time-dependent reorganization, sequential live cell 

measurements were taken one minute apart for comparative analysis. While there are 

numerous criteria by which one could define whether the fixative employed preserved the 

underlying cellular features, we focused on understanding the effects on both spatially 

dependent and spatially independent (bulk) properties. As described above, statistical 

analysis of the underlying structural transformation was performed by measuring both 

changes in bulk properties (mean intensity, variance, skewness, kurtosis, and entropy) as 

well as by measuring spatial variations using a pixel-to-pixel cross correlation for various 

regions of interest (see Materials and Methods for complete characterization). An ideal 

fixative would preserve both the bulk properties and the spatial features of the live cell state.

The fixatives employed in this work had common minor effects on microscopic features, 

such as cell size, cell-cell contacts, or organelle location (Fig. 1). For instance, as is 

commonly seen, we observed that 95% EtOH caused significant cellular shrinkage due to 

dehydration (Fig. 1(D)), whereas 4% PFA had a negligible effect on cell size (Fig. 1(B)). 

Furthermore, while 4% PFA and 2% FA-2.5% GA have different utilizations, they produce 

similar microscopic cellular features (Fig. 1(F)), owing to their action as cross-linking 

agents.

Upon PFA fixation (Fig. 1(B)), micron-scale clustered regions formed, as indicated by the 

high value globules inside the nuclei, while the cytoplasm remained relatively intact. 

Comparatively, for the 95% ethanol fixed sample (Fig. 1(D)), we observed a significant 

increase of the overall Σ values throughout the cell. Finally, preparation of TEM resin-

embedded cells required additional steps in addition to fixation: 1. 2.5% GA and 2% FA 

fixation (Fig. 1(F)), 1% OsO4 post-fixation (Fig. 1(G)), and serial ethanol dehydration (Fig. 

1(H)). After GA-FA fixation, the nucleus showed similar changes as those observed in PFA 

fixation, with the formation of discrete micron-scale clusters. Σ intensity continued to 

increase after osmium staining, and increased furthermore after serial ethanol (Fig. 1(G) and 

Fig. 1(H)).
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2.2. Correlation analysis of overall Σ distribution from cell to cell

To characterize the effects of these fixatives on the nanoscale organization, we analyzed 

properties of the cellular nanoarchitecture due to the live-to-fixed transition. To fully 

quantify changes in bulk statistical properties of the cellular mass-density distribution, we 

calculated the mean, coefficient of variance (CV), kurtosis, skewness, entropy of Σ for the 

nucleus and cytoplasm in at least 60 cells for each fixation group. We plotted the mean Σ in 

nuclei and cytoplasm respectively for all experimental conditions (Fig. 2) to compare the 

difference in the nanostructural alterations induced by different fixatives. The percentage 

change in mean Σ for nuclei and cytoplasm is listed in Table 1. For full characterization of 

bulk properties and number of cells measured, see SI Table 1–5.

In our control measurements of live cells imaged 1 min apart, we observed a conservation of 

mean Σ in both the nucleus (Fig. 2(A)) and the cytoplasm (Fig. 2(B)) with a Pearson 

correlation coefficient of 0.9 in the nucleus and 0.8 in the cytoplasm. Furthermore, other 

statistical properties of the nuclear and the cytoplasmic structure, such as coefficient of 

variation (CV), skewness, kurtosis, and entropy remain highly correlated and approach a 

Pearson correlation coefficient of 0.9 in live cell control measurements (Table 1, SI Fig. 4 

and SI Table 6). Significantly, none of the fixatives employed in this study resulted in full 

preservation of all of the bulk statistical parameters in the nucleus and cytoplasm regions 

between live and fixed cells. For instance, 4% PFA fixation produced a relatively strong 

correlation (correlation coefficients were larger than or around 0.5) in the cytoplasm region 

except for entropy. The performance of PFA in nucleus was even less impressive than in the 

cytoplasm region (Table 1, SI Fig. 4). Likewise, 95% EtOH fixation produced a weak 

correlation (correlation coefficients were smaller than 0.4) for all bulk properties except for 

cytoplasm mean value and entropy. As shown in Fig. 2, mean nuclear and cytoplasmic Σ are 

weakly correlated after fixation with a Pearson correlation coefficient of 0.31 for the 

nucleus.

Finally, in the TEM resin-embedding protocol, the least significant changes occurred during 

GA-FA fixation, as the correlation coefficients of these stages are similar to PFA fixation, 

with correlation coefficient of 0.42 between live cell state for PFA fixation and 0.43 for 

GA/FA fixation. However, the correlation coefficient was 0.22 after Os staining and 0.44 

after serial ethanol dehydration with the live cells. After resin infiltration, the correlation 

coefficient of mean value in the nuclear region dropped to 0.33.

2.3. Spatial cross correlation analysis of pixelated Σ distribution

To estimate the efficacy of fixation for quantitative studies, pixel-to-pixel cross correlation 

coefficient (CCC) was employed. We compared the absolute CCC between live cells and 

cells after fixation (Fig. 3(A)). Intuitively, the alignment of pre- and post-fixation PWS maps 

can significantly influence the spatial correlation. Therefore, before spatial CCC analysis, 

we performed a non-biased, optimal alignment of the pre- and post-fixation PWS maps by 

maximizing the cross-correlation of the bright field images (full details can be found in S.I. 

Fig. 1).
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During the TEM-resin preparation, we further analyzed the influence of previous fixation 

step to the next fixation step, we also calculated the relative CCC between two subsequent 

steps (e.g. GA-FA to live cells, OsO4 to GA-FA, etc.) (Fig. 3(B)).

Under physiological growth conditions due to normal cellular dynamics, we observed the 

pixel-to-pixel CCC of around 0.5 for both nucleus and cytoplasm regions. For all fixations in 

this study, the absolute CCC after fixation was less than 0.4 in both the nucleus and the 

cytoplasm. 95% EtOH fixation, in particular, gave less than 0.1 with error bars extending 

into negative CCC for cytoplasm. Here, a negative correlation means there is a flip in the 

value distribution (relatively high values before fixation become relatively low values after 

fixation). Thus, the observance of a negative correlation indicates that fixation is potentially 

inverting the organization of underlying structures. However, as the magnitude of CCC is 

low, it is impossible to deduct the Σ (structure) distribution within population before 

fixation. Likewise, through analysis using the relative CCC, we observed CCC continued to 

drop as we went through GA-FA fixation, OsO4 post-fixation, and serial ethanol 

dehydration.

2.4. Mean Σ difference for daunorubicin treatment and influence of ethanol fixation

In addition to alterations after fixation within individual cells, we also tested the ability of 

different fixatives to preserve the difference between populations. Daunorubicin, as an 

intercalating agent, would induce chromatin structural changes. We used Daunorubicin 

treated HeLa as a model case system and compared with the untreated HeLa cells. 

Interestingly, live cell PWS detects a dramatic change of Σ on the time-course of a few 

minutes (< 15 min) in live cells treated with Daunorubicin (Fig. 4). Using this as a model 

system to study fixation, we treated cells with 10 μM Daunorubicin for 15 min before 

fixation. Cells were then re-imaged after fixation and compared with untreated controls in 

both the live and fixed cell state. Surprisingly, EtOH fixation maintained population level 

differences in Σ (Fig. 4).

3. Discussion

3.1. PWS microscopy visualization of fixation process

In live cells (Fig. 1(A)(C)(E)), nuclei were distinctly identifiable from the cytoplasm due to 

the inherent difference in their internal nanoscale structure. As described previously, higher 

Σ represents an increase in the nanoscale mass-density heterogeneity, which indicates more 

variations in nanoscale structure. In the nucleus, this heterogeneity arose in part due to 

differential chromatin compaction, with regions of dense chromatin clusters neighboring 

open surfaces [28]. Upon fixation, different levels of changes occurred throughout the cells. 

PFA and GA-FA fixation preserved on a macro scale the distinction between nucleus and 

cytoplasm, possibly due to their similar cross-linking interaction with cellular component. 

However, unlike with PFA fixation, GA-FA fixation caused asymmetric cytoplasmic 

changes. EtOH treatment blurred the spatial distinction greatly, especially within the peri-

nuclear region, increased to comparable values of the nucleus (Fig. 1(D)). The values of Σ 
also increased significantly after EtOH fixation, which is possibly induced by volume-

shrinkage (dehydration by EtOH). Qualitatively, 4% PFA and 2.5% GA and 2% FA fixations 
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did not alter the microscopic cellular features, which was not the case in 95% ethanol 

fixation. However, while 4% PFA and 2.5% GA and 2% FA preserved the microscopic 

morphology, they produced distinct influences on the spatial distribution of the underlying 

nanoscale topology.

3.2. Correlation analysis of overall Σ distribution from cell to cell

As described previously, an ideal fixative solution would at least maintain overall properties 

of the cellular nanoarchitecture. In particular, bulk features such as the mean and CV of the 

nuclear or cytoplasmic Σ should remain correlated from cell-to-cell after fixation and spatial 

features. For example, in live cells measured 1 min apart, both the correlation coefficient and 

linear coefficient of the mean Σ value should approach 1. In this context, a high correlation 

coefficient indicates the cellular topology (nanoscale mass-density distribution) remains 

intact after fixation. However, the fact that none of the fixatives tested in this work preserved 

all of the bulk statistical parameters indicates that considerable structural changes occurred 

during fixation process. Interestingly, in comparison of 95% EtOH fixation alone with TEM 

resin-embedding serial EtOH dehydration, the serially dehydrated samples are significantly 

more correlated with live cells (correlation coefficient after 95% EtOH fixation was 0.31), 

potentially caused by a partial preservation of those cellular structures by GA-FA and OsO4 

fixation.

3.3. Spatial cross correlation analysis of pixelated Σ distribution

In quantitative structure-function relation studies, the usage of fixation is not only to 

preserve the structure, but also to near-instantaneously arrest cell-dynamics. In this context, 

studies of the nanoscopic structure-function relationship in eukaryotic cells depend on 

accurately preserving the spatial distribution of nanoscale features (ideally, the nanoscale 

mass-density distribution should remain exactly the same before and after fixation). In ideal 

circumstances, the pixel-to-pixel CCC after fixation should be higher than the CCC between 

two live cell measurements taken 1 min apart, as the structure in live cells is constantly 

evolving even at these short time-scales. As shown in Fig. 3(A), the CCC of live cells 

imaged 1 min apart is around 0.5 for both nucleus and cytoplasm region. So an ideal fixation 

would yield a higher CCC value, as it should arrest cellular dynamics. However, for all 

fixations in this study, the less than 0.4 CCC and even less than 0.1 CCC in the case of EtOH 

for cytoplasm, suggests extremely weak or no correlation at all before and after fixation. 

This means that even though the macroscale features are likely to be preserved, the 

nanoscale spatial structural distribution has gone through dramatic changes during fixation, 

and it is challenging to relate the cellular nanostructures before and after fixation.

3.4. Mean Σ difference for daunorubicin treatment and influence of chemical fixation

Surprisingly, all three fixations (4% PFA, 2%GA + 2.5%FA, 95% Ethanol) maintained 

population level differences in the nanoscopic structural information, as it preserved the 

differences in nuclear mean Σ (Fig. 4). This suggests that while nanoscopic organization is 

transformed during fixation, it may be possible to still extract clinically meaningful 

nanoscopic information after fixation. As a result, PWS measurement presents a robust 
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method for systematically analyzing preparation protocols aimed at studying nanoscopic 

structural features when fixation cannot be avoided.

4. Conclusion

Using live cell PWS, a nanoscale live-cell microscope utilizing spectral analysis, we 

presented the first direct comparison between cells at different stages of fixation as well as a 

systematic analysis of the difference in the nanoscale topology of live and fixed cells. In 

summary, PFA and GA & FA fixations are more capable of preserving the overall cellular 

structures and are sufficient in enabling qualitative structural analysis than 95% EtOH 

fixation. For quantitative analysis, we found that all fixation protocols tested showed low 

spatial correlation (pixel-to-pixel cross correlation) in their mass-density distribution, and it 

is not intuitive to build a straightforward quantitative relation between the structures 

measured before and after fixation. While this may not be possible in all cases, these results 

indicate that live cell imaging or cyro-fixation should be used whenever possible in place of 

chemical fixation. Additionally, while direct fixation with commonly used fixatives (PFA, 

GA, EtOH) causes dramatic changes in cellular topology, it can still be used for comparative 

population analysis of the chromatin nanoarchitecture.

5. Materials and methods

5.1. Cell culture

Hela Cells (ATCC) were cultured in RPMI 1640 supplemented with 10% fetal bovine serum 

(FBS) between passages 5–20. Unless otherwise noted, PWS microscopy measurements 

were obtained from live cells grown on uncoated size-1 glass coverslips attached to 50 mm 

petri dishes (MatTek, Ashland Massachusetts). Petri dishes were seeded with between 

10,000 and 50,000 cells in 2 ml of RPMI-1640 at the time of passage. For correlative, step-

by-step analysis with transmission electron microscopy, cells were seeded at the time of 

platting onto gridded size 2 german-glass bottom Petri dishes (MatTek Corp.), with cells and 

the grid on different focal planes. Cells were allowed at least 24 h to adhere to the glass 

bottom and grow. All cells were imaged when confluence was between 40–60% of the 

surface area using a stage-top incubator (In Vivo Inc.) at 37 °C in a 5% CO2.

5.2. PWS microscopy measurement

The PWS system was built onto a commercial Leica DMIRB microscope as previously 

described. We used broadband light (500–700 nm) from a xenon lamp, and focused this light 

onto the same plane as Kohler illumination (NA of illumination = 0.15, NA of collection = 

1.25) by an objective lens. The backscattered image from the cells passed through a liquid 

crystal runnable filter (Cri) tuned 500–700 nm with spectral resolution of 7 nm. We then 

projected the resulting monochromatic image with a 40× magnification CMOS camera 

(Hamamatsu ORCA-Flash 2.8). The pixel size of the object plane is 250 nm by 250 nm.
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5.3. Live cell time lapse PWS imaging as control

As the structure of cells can evolve in time, Hela cells in PWS built-in incubator 1 min apart 

as control to characterize influence of the live cell activity on cellular mass-density 

distribution change (SI. Fig. 2).

5.4. Paraformaldehyde (PFA) and ethanol fixation study

For PFA study, we fixed Hela cells with 4% PFA (EMS) for immunofluorescence study for 

20 min at room temperature. For EtOH study, we fixed the Hela cells with 95% ethanol for 

20 min at room temperature. We performed PWS measurement before and after treatment 

for both experiments.

5.5. Flat embedding in Spurr’s Resin for TEM fixation study

The experiments conducted to test the structural changes during TEM resin section sample 

preparation are shown in Fig. 1.

5.5.1. Fixation of Glutaraldehyde (GA) and Formaldehyde (FA)—Fixative was 

consisted of 2.5% GA (EMS) and 2% FA (EMS) in 1× PBS (Dulbecco’s Phosphate-

Buffered Saline) with pH adjusted to 7.4 by NaOH (Sigma Aldrich). Cells were immersed 

for 1 h at room temperature for sufficient fixation.

5.5.2. Fixation of Osmium Tetroxide (OsO4)—We drained the GA and FA fixative and 

rinsed the cells with DI water for 3 times, 5 min each time. We post-fixed the cells with 1% 

OsO4 (EMS) prepared by DI water for 45 min at room temperature. After post-fixation, we 

removed OsO4 solution and rinsed the cells with DI water for three changes of 10 min.

5.5.3. Serial ethanol dehydration—To not disturb the cells’ attachment to the glass 

bottom, we performed serial ethanol dehydration followed by flat embedding directly in the 

original Petri dish. Cells are gently dehydrated by immersion in ethanol prepared by DI 

water of different gradient (30%, 50%, 70 &, 85%, 95%) for 10 min each before fully 

dehydrated in 100% ethanol for four changes of 10 min. Step 1, 2, 3 and PWS measurements 

were conducted in sequence as shown in Fig. 5.

5.5.4. Flat embedding—Dehydrated cells were infiltrated with Spurr’s resin (EMS) in 

ethanol (1:1) for 1 h at room temperature and then switched to Spurr’s resin in ethanol with 

higher concentration (2:1) overnight at room temperature. At this step, we conducted PWS 

measurement to visualize the cell structure with resin infiltration. Further infiltration by 

100% Spurr’s resin for 2 h was conducted on the second day. Fresh Spurr’s resin was used 

for flat embedding and polymerized for 2 days in a 65 °C oven.

5.5.5. TEM sample preparation and imaging—After polymerization, 200 nm sections 

were obtained by ultramicrotome (Leica UC7) with a diamond knife (Diatome) and post 

stained with 1% uranium acetate aqueous solution (EMS) for nanostructure imaging by 

TEM to examine the quality of fixation in this protocol. HT7700 (Hitachi) TEM with a 

bottom-mounted CCD camera (Orius) was operated at 120 kV to capture high-contrast 

micrographs for cellular nanostructure analysis. For each cell on the sections, we stitched 
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high-magnification images (usually 10–20 pictures) with a pixel size of 5 nm with MosaicJ 

[29] in FIJI [30] to form high-resolution images of the whole cell (SI. Fig. 3).

5.6. Chemical fixation influence on daunorubicin treatment study

Three fixatives were tested separately (4% PFA, 2.5%GA+2%FA, 95% EtOH). Live Hela 

cells were treated with 10 μM Daunorubicin for 15 min before fixation. PWS measurements 

were conducted at three time-points: before any treatment, after Daunorubicin before 

fixation, and after fixation. Another batch of live Hela cells were chemically fixed only and 

imaged by PWS.

5.7. Quantification of structural changes

First of all, we aligned the PWS images of the same cells by MATLAB (The MathWorks 

Inc.) by picking the combination of rotation and translation with the highest cross 

correlation coefficient of the two bright field images (SI Fig. 1). After alignment, we 

carefully cropped the nuclei from cytoplasm using Photoshop CS6 (Adobe). To quantify the 

structural changes during the transition from live to fixed cells, we compared the spatial 

distribution of mass-density before and after fixation in terms of mean value, coefficient of 

variance, skewness, kurtosis, and entropy in nuclei and cytoplasm separately. Correlation of 

the bulk properties between live cells and treated cells was estimated by correlation 

coefficient and linear coefficient. We also calculated the pixel-to-pixel cross correlation 

coefficient of nuclei to quantify the microscopic changes caused by sample preparation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PWS measurement of Hela Cells at different stages of fixation. The higher value (redder) 

indicates higher level of mass-density heterogeneity. (A) (C) (E) show live Hela cells 

without any treatment. (B) After 4% PFA fixation. (D) After 95% EtOH fixation. (F)–(H), 

after 2.5% GA and 2% FA, after 1% OsO4, and after serial ethanol dehydration. Color scale: 

(A) (B) (E) (F) from 0.005 to 0.15, (D) from 0.005 to 0.5, (G) and (H) from 0.05 to 0.25. 

The inset squares are higher magnification images of nucleus and cytoplasm region.
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Fig. 2. 
Correlation of the bulk properties between live cells and cells at different stage of 

treatments. We plotted the mean Σ in both nucleus (A) and cytoplasm (B) of live cell before 

treatment against the value after treatment. For (A), each data point represents one full 

nucleus. For (B), each data point represents one field of view in PWS measurement, may 

contain cytoplasm for multiple cells. (C) Enlarged nuclear and cytoplasmic mean Σ for live 

cells measured 1 min apart.
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Fig. 3. 
Pixel to pixel cross correlation coefficient (CCC) of PWS values in the nucleus and 

cytoplasm region. (A) Absolute CCC between live cells and cells at different fixation stage. 

(B) Relative CCC between cells at current and previous stage.
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Fig. 4. 
Mean Σ value of the nuclear region for HeLa cells. (A) Live HeLa cells before and after 

treated with Daunorubicin. (B) HeLa cells fixed by different fixatives without Daunorubicin 

and HeLa cells treated with Daunorubicin then fixed by EtOH.
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Fig. 5. 
Workflow of monitoring TEM Resin section sample preparation by PWS.
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