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Abstract

Cell contractility regulates multiple cell behaviors which contribute to both normal and 

pathological processes. However, measuring cell contractility remains a technical challenge in 

complex biological samples. The current state of the art technologies employed to measure cell 

contractility have inherent limitations that greatly limit the experimental conditions under which 

they can be used. Here, we use quantitative polarization microscopy to extract information about 

cell contractility. We show that the optical retardance signal measured from the cell body is 

proportional to cell contractility in two-dimensional and three-dimensional platforms, and as such 

can be used as a straightforward, tractable methodology to assess cell contractility in a variety of 

systems. This label-free optical method provides a novel and flexible way to assess cellular forces 

of single cells and monolayers in several cell types, fixed or live, in addition to cells present in situ 

in mouse tumor tissue samples. This easily implementable and experimentally versatile method 

will significantly contribute to the cell mechanics field.
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Cell contractility is crucial for numerous cell behaviors which contribute to normal and 

pathological processes. In this work, we demonstrate that quantitative polarization microscopy 

(QPOL) provides a readout of cell contractility. By modulating cell contractility, we show in 

multiple complex biological systems that the birefringence signal directly scales with cell 

contractility. This imaging method provide an easy and quantitative way to measure cell 

contractility without exogenous dyes or fluorescent labels.
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INTRODUCTION

Cellular contractility influences cell behaviors involved in both normal and pathological 

processes, including cell adhesion and migration, growth factor signal transduction, and cell 

differentiation[1–4]. In turn, cell contractility is influenced by the mechanical properties of 

the extracellular matrix (ECM)[5]. Notably, several pathologies, including cancer, are 

characterized by increased ECM deposition and crosslinking that results in increased 

stiffness of the microenvironment[6, 7]. As such, our ability to measure these contractile 

changes in cells is fundamental to our understanding of numerous disease states. Still, 

measuring the cell contractile state remains a challenge, particularly in complex 3D 

Wang et al. Page 2

J Biophotonics. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



biological samples. In this context, a tractable method that can measure cell contractility in 

3D could provide a critical tool for the mechanobiology field.

The existing technologies available to measure cell contractility require extensive technical 

skills, can be quite expensive system upfront, and usually suffer from low throughput and 

limited 3D application[8–11]. In addition, most biological materials are highly 

heterogeneous and have non-linear mechanical properties[12–14]. It is therefore challenging 

to measure and accurately compute cell contractility when using native ECM scaffolds[8, 

11, 15]. Given these limitations, there is a need for a technique that allows a more direct 

measurement of cell contractility. Quantitative polarization microscopy (QPOL) takes 

advantage of a material’s birefringent properties to image structures without additional 

exogenous dyes or fluorescent labels. QPOL can measure the changes in the birefringence of 

a material[16]. Of note, birefringent materials subjected to strain exhibit photoelasticity, 

which means that their birefringence changes proportionally to the applied strain. 

Interestingly, actin behaves as a birefringent material[17, 18], which could provide a direct 

readout of cell contractility that can be measured with QPOL. Thus, we hypothesize QPOL 

could be used to measure cell contractility in complex, heterogeneous in vitro systems 

without exogenous dyes or reporters.

In the work reported here, we adapted QPOL to directly measure cell contractility 

independently of the underlying substrate in both 2D and 3D. The optical retardance of 

highly invasive MDA-MB-231 tumor cells and non-tumorigenic MCF10A cells was 

measured using QPOL. The optical retardance signal is dependent on cell contractility based 

on experiments using the contractility inhibitor, Y27632, actin depolymerization agents, 

Latrunculin A and Cytochalasin D, and myosin activators, Calyculin A and Rho activator II. 

The optical retardance signal was found to increase proportionally to ECM stiffness for both 

cells seeded on polyacrylamide gels with tunable stiffness or cells embedded in type I 

collagen matrices of increasing density or crosslinking. Moreover, measurements of cell 

generated force by traction force microscopy (TFM) showed a positive linear correlation 

with the acquired retardance signal. The retardance signals of cells within confluent 

MCF10A monolayers, treated with a contractility inhibitor or activator, and tissue sections 

from low and high stiffness mouse tumors were also measured, demonstrating that QPOL 

can also provide valuable information about cell contractility in more complex biological 

systems. Our results highlight the potential of QPOL as a versatile, tractable tool to assess 

cell contractility.

MATERIALS AND METHODS

Reagents

Primary and secondary antibodies used were as follows: rabbit polyclonal anti-

phosphorylated myosin light chain 2 (Thr18/Ser19) (Cell Signaling Technology, #3674); 

Alexa 568 Fluor donkey anti-rabbit (ThermoFisher Scientific, A10042). Alexa Fluor 488 

Phalloidin (A12379) and 4’,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI, D1306) 

were obtained from ThermoFisher. Y27632, Latrunculin A, Cytochalasin D, Calyculin A 

were purchased from Calbiochem. Rho Activator II was purchased from Cytoskeleton. 

Dulbecco’s modified Eagle’s medium (DMEM), DMEM/F12, and PBS were purchased 
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from Gibco (Life Technologies); Fetal bovine serum (FBS) was purchased from Atlanta 

Biologicals; Epithelial growth factor (EGF) was purchased from Invitrogen; basic fibroblast 

growth factor (bFGF) was purchased from PeproTech; all other chemicals were from Sigma-

Aldrich.

Cell culture

Human breast tumor MDA-MB-231 cells were cultured in DMEM medium with 10% (vol/

vol) FBS and 1% (vol/vol) penicillin-streptomycin. Non-tumorigenic breast epithelial 

MCF10A cells were cultured in DMEM/F12 Media supplemented with 5% horse serum, 20 

ng mL−1 EGF, 10 mg mL−1 insulin, 0.5 mg mL−1 hydrocortisone, 100 ng mL−1 cholera 

toxin, and 1% (vol/vol) penicillin–streptomycin. Both cell lines were maintained at 37°C, 

humidified atmosphere of 5% (vol/vol) CO2 in air. All cell lines were tested for mycoplasma 

contamination, and experiments were conducted under mycoplasma-negative conditions. For 

single cell studies, cells were seeded onto polyacrylamide substrates or collagen-coated 

bottom cover glass MatTek dishes at 1000 cells mL−1. For monolayer studies, cells were 

seeded at 50,000 cells mL−1 and allowed to grow for 2 days to reach confluence. In some 

experiments, cells were pre-treated for 3 hours with Rho activator II (1 μg/mL) or for 30 min 

with either Y27632 (10 μM), Latrunculin A (2 μM), Cytochalasin D (5 μM), or Calyculin A 

(1 nM) to modulate cell contractility as described before[19]. Cells were fixed with 3.7% 

(vol/vol) formaldehyde in PBS for 10 min at room temperature. Alternatively, MCF10A cell 

monolayers were fixed with 3.7% (vol/vol) formaldehyde in microtubule stabilizing buffer 

(100 mM PIPES pH 6.8, 2 mM MgCl2 and 5 mM EGTA) at 37°C for 10 min. After fixing, 

all cells were washed with PBS three times. Cells were kept in PBS during the imaging 

process.

Mouse studies

All mice were maintained following a protocol approved by the Cornell University 

Institutional Animal Care and Use Committee. MMTV-PyMT transgenic and WT control 

mice, both on the FVB strain background, were obtained from the Jackson Laboratory. 

Female mice between 10 and 12 weeks old were euthanized by CO2 asphyxiation and 

necropsied. Mammary tumors were collected and snap frozen in liquid nitrogen. Snap frozen 

mouse tumor samples were embedded within OCT compound and processed in a cryostat to 

obtain 8 μm-thick sections. The tumor samples were immediately fixed after sectioning in 

4% (wt/vol) paraformaldehyde for 10 min at room temperature. The sections were then 

washed two times in PBS. Slides were mounted in Vectashield mounting media.

Alternatively, tumor organoids were obtained from freshly harvested tumors as 

described[20]. Briefly, freshly extracted tumors were kept in DMEM on ice. The tumors 

were then minced and digested for 40 min at 37°C in a DMEM/F12 solution supplemented 

with 0.5 μg mL−1collagenase IV, 0.2% (vol/vol) trypsin, 5% (vol/vol) FBS and 1 nM insulin. 

The tumors were washed 3 times in DMEM/F12 and then treated with DNase for 4 min at 

room temperature. The organoids and single cells were then separated using differential 

centrifugation at 1000 rpm at least four times. Isolated organoids were then embedded 

within a 3D collagen gel. After 1 hour, a DMEM/F12 organoid branching media 
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supplemented with 1% (vov/vol) ITS growth supplement and 2.5 nM bFGF and allowed to 

invade for 24 hours.

Polyacrylamide substrate synthesis

Polyacrylamide (PA) gel substrates of different stiffnesses (0.5 kPa-30 kPa) were prepared 

and characterized as described previously[21]. Gels were functionalized with N-6-

((acryloyl)amino)hexanoic acid to allow covalent attachment of type I rat-tail collagen. Gels 

were polymerized and covalently bound to activated glass coverslips and were then coated 

with a 100 μg mL−1 collagen solution.

Collagen 3D scaffolds

Type I collagen was isolated from rat-tail tendons and extracted in 0.1% sterile acetic acid at 

4°C as described previously[22, 23]. Stiffness of the collagen scaffolds was controlled either 

by changing the collagen density or by increasing collagen crosslinking through non-

enzymatic glycation. Glycated collagen solutions were prepared by mixing 10 mg mL−1 

collagen stock solutions with 0.5 M ribose to form solutions containing 0, 50, or 100 mM 

ribose in 0.1% (vol/vol) sterile acetic acid on ice and then incubated for 5 days at 4°C. To 

prepare the 3D scaffolds, the collagen solutions were neutralized with 1 N sodium hydroxide 

and mixed with 1 M HEPES and sodium bicarbonate in 10x PBS, to form 1.5, 3 or 5 mg mL
−1 collagen gels with final concentrations of 1x PBS, 25 mM HEPES and 44 mM sodium 

bicarbonate.

Immunofluorescence

Fixed cells were first permeabilized with 0.02% (vol/vol) triton in PBS for 20 min. The cells 

were then immunostained for phosphorylated Myosin Light Chain 2 (p-MLC) (1:100 

dilution) in PBS overnight at 4 °C followed by Alexa Fluor 568 donkey anti-rabbit (1:200) 

for 1 hour at room temperature. Actin was stained with Alexa Fluor 488 Phalloidin (1:100). 

The cell nuclei were stained with DAPI (1:1000). Fluorescent images were acquired with an 

inverted Axiovert microscope (Zeiss).

Quantitative polarization microscopy

The polarization microscope is built on an inverted Axiovert microscope equipped with a 

Zeiss Axiocam 506 color camera. Briefly, a linear polarizer actuated by a motorized rotation 

stage (Thorlabs, max speed of 20 degrees sec−1) was positioned in the illumination plane 

above the condenser, and a circular polarizer (analyzer) was positioned in the imaging plane. 

Images were acquired using a 40× 0.9 NA polarization objective (Zeiss). Image sequences 

were acquired with 5 degree intervals of the rotating polarizer over a range of 0 to 180 

degrees using Zen software. Acquisition time for each individual picture was set at 20 ms. A 

timed delay of 2 s was used between each acquisition to allow rotation of the polarizing 

element. The polarized image sequences were then processed with a custom Matlab code to 

obtain a pixel-by-pixel retardance map. The resulting retardance images were then 

background subtracted and analyzed with ImageJ. The retardance of the whole cell was 

quantified as the average value of the background-subtracted retardance of the cell area.
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Traction force microscopy

For traction force microscopy assays, 5 kPa PA gels embedded with 0.5 μm diameter 

fluorescent beads (Life Technologies) were used. Cells were seeded on the PA gels and 

allowed to adhere for 24 hour. Transmission images of single cells were then taken 

immediately followed by fluorescent images of the bead field at the gel surface. A 

polarization image sequence of the same cell was immediately acquired. Since the QPOL is 

not equipped with an environmental chamber, a maximum of 5 cells per PA gels were 

imaged over a time span of 5 min. Cells were then removed with 0.25% (vol/vol) trypsin/

EDTA (Life Technologies) and a second fluorescent image of the bead field was captured. 

Bead displacements between the stressed and null state were calculated using the LIBTRC 

analysis library developed by M. Dembo (Dept. of Biomedical Engineering, Boston 

University). The overall cellular force the total magnitude of the force, |F|, is the integral of 

the traction vector magnitudes over the total cell area[24]. Generated data points are from 3 

independent experiments for both MCF10A (n=8 cells) and MDA-MB-231 (n=12 cells).

Statistical test

Prism program was used for data analysis. Parametric one-way or two-way ANOVAs with 

post hoc Tukey’s honest significance test were performed where appropriate. P < 0.05 was 

considered statistically significant.

RESULTS

Quantitative Polarization Microscopy can measure the polarization signal from live and 
fixed samples

The QPOL system was built from a conventional inverted microscope by inserting a linear 

polarizer between the monochromatic light source and the condenser, with a circular 

polarization analyzer positioned after the objective (Fig. 1A). Using the equations derived 

for such a polarizer configuration[25], one can obtain the following function describing the 

pixel-by-pixel intensity, I:

I x, y = 1
2 I0 1 + sin 2 ϕ x, y − χ sinδ x, y (1)

Where I0 is the intensity of initial input, ϕ(x, y) is the orientation of the main birefringent 

axis of each component within the sample, χ is the orientation of the linear polarizer relative 

to the sample and δ(x, y) is the retardance of the light due to the sample birefringence. The 

transmitted light intensity of each image taken as the polarizer was rotated incrementally 

was documented. Each pixel of the resulting image sequence can then be best described as a 

periodic signal modulated by the nth orientation χ of the polarizer. The signal of the 

resulting pixel-by-pixel modulation can be obtained using the following coefficients:

a0 = Σi = 1
N 1

N I x, y, i ,a1 = Σi = 1
N 2

N I x, y, i sin χi,a2 = Σi = 1
N 2

N I x, y, i cos χi (2)

Wang et al. Page 6

J Biophotonics. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Which are the Fourier series coefficients that describe the signal average a0 and the 

fundamental frequencies a1 and a2. Then, the relationship between the amplitude of the 

measured signal swing and the retardance δ can be described as:

I0 + a1
2 + a2

2
1
2 = I0 1 + sin δ x, y (3)

Using the QPOL system, we proceeded to measure the retardance of MDA-MB-231 cells 

seeded on collagen-coated glass slides. Superposition of the QPOL signal with phalloidin 

stained cells showed regions where visible actin fibers clearly overlapped with the 

retardance signal (Fig. 1B). We then measured the retardance of both live and fixed MDA-

MB-231 cells. Both the live and fixed cells showed similar retardance distribution (Fig. 1C), 

and the fixation did not affect the measured average retardance (Fig. 1D). In addition, we 

also measured the retardance in live cells by collecting a series of time-lapse images of 

MDA-MB-231 cells (Fig. 1E). Overall, our results indicate that retardance signal can be 

obtained from both fixed and unfixed cells.

Cell contractility is correlated to optical retardance

Cell contractility is mainly dependent on acto-myosin mediated forces[5, 26]. In this 

context, we proceeded to assess how cellular optical retardance was related to actomyosin-

mediated cell contractility. To this end, we measured the retardance of MDA-MB-231 cells 

treated with either actin depolymerization agents, Latrunculin A and Cytochalasin D, the 

cell contractility inhibitor, Y27632, or the contractility activators, Calyculin A and Rho 

activator II. The actin depolymerizing agents Latrunculin A and Cytochalasin D are known 

inhibitors of cell contractility [27, 28]. Use of these agents resulted in loss of myosin 

activation (Y27632, Latrunculin A, and Cytochalasin D), actin depolymerization 

(Latrunculin A and Cytochalasin D), or increased myosin activation (Calyculin A, Rho 

activator II) compared to untreated samples (Fig. 2A). Concurrently, addition of these drugs 

led to significant changes in the measured retardance that were positively correlated with 

either the associated decrease or increase of cell contractility induced by these drugs (Fig. 

2B and C).

Cell contractility of both tumorigenic and non-tumorigenic cells has been reported to 

increase along with the increasing of substrate stiffness[21]. In addition, tumorigenic cells 

are typically more contractile than their non-tumorigenic counterparts[21, 29]. Therefore, we 

measured the retardance of tumorigenic MDA-MB-231 cells and non-tumorigenic MCF10A 

cells seeded on 2D collagen-coated polyacrylamide substrates with stiffnesses ranging from 

0.5 kPa to 30 kPa to mimic tumor stiffness as reported previously[30, 31]. Interestingly, the 

retardance signal of both cell lines increased as a function of substrate stiffness (Fig. 3A and 

B). Moreover, the average retardance of the MCF10A cells was significantly lower than for 

the MDA-MB-231 cells at all stiffness conditions (Fig. 3C). Both of these findings are 

consistent with our previous traction force measurements[21]. We performed TFM and 

QPOL measurements at the same time to further ascertain if the retardance signal was 

proportional to cell contractility. Notably, there was a strong positive linear correlation of the 
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force measurements with measures of the cell retardance in both MDA-MB-231 and 

MCF10A cells (Fig. 3D). Together, our data indicate that cell optical retardance signal is a 

function of its contractility.

To determine whether the QPOL system can measure cell contractility in 3D culture 

conditions, we embedded cells within a 3D type I collagen matrix. We first confirmed that 

we were indeed measuring actomyosin-mediated contractility using MDA-MB-231 cells 

embedded in 1.5 mg mL−1 type I collagen gels. Notably, the MDA-MB-231 cell retardance 

signal was significantly decreased compared to the control when either myosin was inhibited 

with Y27632 or when actin was depolymerized using Cytochalasin D or Latrunculin A, 

while the retardance signal was increased when cell contractility was increased with 

Calyculin A or Rho activator II (Fig. 4A and B). In addition, 3D collagen scaffolds were 

tuned through manipulation of collagen density or crosslinking. Collagen was crosslinked 

through a ribose-mediated glycation process using 0, 50 and 100 mM ribose to create 

collagen gels of stiffness of 175, 300 and 500 Pa respectively[32]. Under these conditions, 

the MDA-MB-231 cells retardance increased proportionally as a function of either collagen 

concentration or ribose concentration (Fig. 4C–F). Interestingly, the average optical signal 

from cell embedded within 500 Pa crosslinked collagen gels was comparable to the signal of 

cells seeded on 500 Pa polyacrylamide gels. Overall, the results above indicate that QPOL 

microscopy also provides a reliable assessment of cell contractility in 3D systems.

Measurement of cell contractility in complex biological samples using Quantitative 
Polarization Microscopy

We expanded our QPOL analysis to complex biological samples, including cell monolayers, 

ex vivo organoids and tumor tissues to further evaluate the capabilities of our technique. 

Measuring cellular contractility is difficult in these complex systems and in many cases has 

not been attempted[8, 10, 11]. In the case of epithelial cell monolayers, which are known to 

exert contractile forces through their cell-cell junctions[33], the retardance signal was 

localized around the cell edge and showed good overlap with the cobblestone architecture of 

the epithelial monolayer (Fig. 5A). Similar to what we had observed in single cells, use of 

the cell contractility inhibitor Y275632 significantly lowered the retardance signal compared 

to the control, while the use of Rho activator II increased the signal (Fig. 5A and B). To 

further evaluate the imaging capability of QPOL, we also investigated whether we could 

apply our technique to study cell invasion using an ex vivo 3D tumor organoid model. 

Interestingly, the cells invading in the 3D collagen scaffold showed retardance signal, 

indicating that QPOL could be potentially used to measure cell contractility of cells in the ex 
vivo 3D tumor organoid model (Fig. 5C). It has recently been reported that QPOL could be 

used to obtain relevant information from tumor samples stroma[34]. In this context, we used 

histological tumor sections from PyMT mice treated with or without β-amino proprionitrile 

(BAPN) treatment. BAPN inhibits collagen crosslinking, which results in mice having more 

compliant tumors and lower activation of cell contractility markers[35–37]. Several 

evidences indicate that cell contractility is expected to be lower in more compliant 

tumors[38]. Indeed, p-MLC staining of tumor sections confirmed that cells from mice 

treated with BAPN had lower cell contractility compared with those from the control group 

(Fig. 5D). Accordingly, we observed a lower QPOL signal in tumor sections from mice 
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treated with BAPN compared to the untreated control (Fig. 5E). These results are consistent 

with the reduced stiffness and contractility of tumor tissue observed in BAPN treated 

mice[22]. Of particular relevance, the quantification of the retardance revealed that we could 

distinguish between soft and stiff tumors (Fig. 5F). Together, our data indicate that QPOL is 

a potent approach to measure cell contractility under many conditions, including complex 

multi-cellular biological systems.

DISCUSSION

In this work, we show that it is possible to measure cell contractility using QPOL 

microscopy in both 2D and 3D. Notably, we demonstrate that the retardance signal is 

linearly proportional to the cell contractility state in both 2D and 3D using contractility 

modulating drugs. The retardance signal scales with matrix stiffness-mediated cell 

contractility increases in both polyacrylamide and collagen gel systems. Using QPOL, we 

are able to distinguish between the differential contractility of highly invasive MDA-

MB-231 cells and non-tumorigenic epithelial MCF10A cells based on the retardance signal. 

We then demonstrate that QPOL can be used to assess cell contractility in complex 

biological systems, including cell monolayers, tumor sections, and ex vivo tumor organoids 

embedded in 3D matrix.

While QPOL can be used to access cell contractility in 2D directly, the most significant 

advantage of QPOL is that it can be used to measure contractility of cells in complex 

biological samples with quantifiable results comparable to 3D TFM. Measuring cell 

contractility in 3D systems has proven to be a difficult challenge, most notably considering 

that most native ECM components are mechanically heterogeneous and non-linear[14, 39, 

40]. Indeed, ECM mechanical properties must be known to correctly assess a stress-strain 

field propagation and thus the forces generated in a system. In addition, the currently 

available methods are computationally intensive and require technical expertise. Notably, 

our QPOL technique is based solely on the inherent birefringent properties of the cell and 

does not require prior knowledge of the ECM mechanical properties. This allows 

measurement of cell contractility in highly heterogeneous biomaterials with non-linear 

mechanical properties such as collagen gels. Of note, the collagen used in our experiments 

also exhibited birefringent properties[34], which could be a source of noise and account for 

some of the background signal. However, the resolution of our system did not allow us to 

image individual collagen fibers. It remains possible that, with the correct sensitivity to 

change in retardance, QPOL could be used to measure the strain in the ECM scaffold.

While we have not examined the ability of this system to perform time lapse in depth, the 

signal similarity between alive and fixed cells does suggest QPOL could be a powerful tool 

to gain more insight in the role of cell contractility in several time-dependent processes. One 

important possible limitation is the speed of acquisition between successive images, which is 

limited by the rotation speed of the polarizer. Acquisition of a full dataset takes 

approximately 72 s with our current setup when rotating the polarizing element in 5 degree 

steps. A slow acquisition speed presents an issue since cells may have the time to change 

their morphology over the course of the multi-images acquisition, thus shifting the spatial 

position of the birefringent components between each frame. Notably, the rate of membrane 
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protrusion and the speed at which a cell can migrate can be as high as 10 μm min−1 [41, 42]. 

Any slight frame-to-frame shift can introduce artifacts from the computational step that 

provides false retardance signals. In addition, the traction forces exerted by a cell in some 

individual focal adhesions can fluctuate by as much as 50% over 10 seconds[43], potentially 

changing the overall mechanical stress in a cell and resulting in a perturbed QPOL signal. 

The use of polarization components with quicker response time, such as a spatial light 

modulator or fast rotation stage, to keep the acquisition time below a few seconds would 

help limit the apparition of such artifacts. Alternatively, the use of freshly fixed samples 

avoids this problem altogether.

QPOL is a powerful and versatile technique to measure cell contractility under many 

conditions, including single cells and cells inside complex biological samples, by taking 

advantage of the cells’ inherent birefringent properties and the concept of photoelasticity. 

However, actin is not the only optically birefringent material in the cell. Other cytoskeleton 

components such as microtubules also exhibit a high degree of birefringence [17, 44]. 

However, normal expression of cytoskeletal components do not appear to be significantly 

affected by changes in matrix stiffness or contractility [45], indicating that variation of the 

QPOL signal we observe here is mainly due to changes in cell contractility. However, 

different cell types are known to express varying amounts of actin, intermediate filaments 

family members, or microtubules [46–48]. In addition, several actin accessory proteins 

effectively act as cytoskeletal crosslinkers that can alter cell mechanical properties [49, 50]. 

For example, overexpression of α-actinin alone can increase the apparent stiffness of the cell 

[51]. Of note, the number of crosslinks present in a polymer network can influence its 

photoelastic response [52]. Therefore, it is quite possible that the cell lineage could influence 

the baseline birefringent signal as well as the mechanical load distribution within the 

cytoskeleton. If such is the case, one would have to be careful before using QPOL to 

compare between cell types of widely different lineages without performing exhaustive 

calibration. Importantly, though, it remains that based on our results in different 

experimental conditions, including from in vivo tissue sections and ex vivo tumors, QPOL 

can easily distinguish between the contractility states of similar cells. Recent work by 

Eldridge et al. utilized quantitative phase imaging, an approach that also relies on changes in 

the optical properties of cells, to measures cellular stiffness [53]. Quantitative phase imaging 

measures the overall phase retardance due to change in refraction index. Interestingly, local 

changes of the intracellular birefringence would also result in a proportional modulation of 

the phase, suggesting that the two metrics may be related. Taken together, these observations 

highlight how cellular optical properties are modulated by the underlaying mechanical 

properties of the cell.

At the subcellular level, previous work has shown that actin stress fibers are mainly under 

tensile load due to the action of myosins [54, 55]. Interestingly, the elastic energy stored in 

actin fibers is highly heterogeneous in a cell and depends on the underlying cytoskeleton 

architecture and connectivity [55]. In addition, the strain measured in individual actin stress 

fibers fluctuates along its length [56], highlighting the anisotropic nature of cytoskeletal 

mechanics. Furthermore, work done with intracellular stress tomography indicates that 

mechanical stress can focalize far away from the point of force application [57]. Numerical 

simulations suggest that stress concentration could occur in the perinuclear region of a 
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spreading cell in numerous conditions [58, 59]. In this context, the distribution of the QPOL 

signal we observe could be representative of the heterogeneous nature of the intracellular 

strain field. However, further work will be required to fully determine how the QPOL signal 

is related to cytoskeleton mechanics at the subcellular level.

Overall, our results show that QPOL microscopy can be used to obtain information on cell 

contractility under different conditions, including single cells as well as complex biological 

samples such as cell monolayers, ex vivo tumor organoids, and tissue sections. Furthermore, 

we were able to distinguish between cells from soft and stiff tumors samples using our 

method. An obvious advantage is that QPOL can be used to measure a signal that is 

proportional to cell contractility in 2D and 3D systems without any exogenous labels, 

independent of the substrate mechanical properties, and with minimal computational need. 

Overall, QPOL provides a powerful platform to study cell contractility in physiologically 

relevant settings, such as tumor progression.
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Figure 1 |. 
Setup of the QPOL system and effects of fixation on cellular retardance.

(A) Optical diagram of QPOL showing the position of optical component including the 

illumination (Illum.) and the acquisition camera (CCD). (B) Fluorescent image of a MDA-

MB-231 cell showing fibrillar actin along with the corresponding retardance (Retardance) 

signal. Magnified views of regions 1 and 2 (numbered dashed boxes) from each image set 

are provided. (C) Images showing the comparison between the transmitted light (Trans) and 

retardance (right) immediately before (Live) and after fixation (Fixed) of a MDA-MD-231 

cell seeded on collagen-coated glass slides. (D) Corresponding quantification of the average 

retardance of live (n=39) and fixed cells (n=39). (E) Image sequences showing the 

retardance of a live MDA-MB-231 cell over the course of 120s. (Data presented as mean ± 

SEM, Scale bar = 25 μm, NS indicates p>0.05).
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Figure 2 |. 
Contractility modulating drugs alter the retardance of MDA-MB-231 cells.

(A) Representative fluorescence images of MDA-MB-231 cells stained for actin and p-MLC 

(p-Myosin) seeded on collagen-coated glass slides and treated with vehicle (Ctrl), Y27632, 

Cytochalasin D (CytoD), Latrunculin A (LatA), Calyculin A (CalA) or Rho activator II 

(Rho). The merged image includes the DAPI stained nucleus in blue. (B) Transmitted light 

(left) and computed retardance (right) images of the cells treated with Y27632, CytoD, 

LatA, CalA or Rho along with (C) the corresponding average retardance (Ctrl n=83, Y27632 

n=84, LatA n=89, CytoD n=114, CalA n=85). (Data presented as mean ± SEM, Scale bar = 

25 μm. ** indicates P<0.005, **** indicates P<0.0001 vs Ctrl).
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Figure 3 |. 
Retardance correlates with substrate stiffness-mediated cell contractility.

(A) Transmitted light (Trans) and retardance (Retardance) images of MDA-MB-231 cells 

seeded on polyacrylamide substrates with a range of stiffness (0.5, 1, 5, 10 and 30 kPa) and 

on glass. (B) Transmitted light and retardance images of MCF10A cells seeded on 

polyacrylamide substrates with the same stiffness values as in (3a). (C) Corresponding 

quantification of the average retardance as a function of increasing stiffness for both MDA-

MB-231 (0.5 kPa n=77, 1 kPa n=80, 5 kPa n=94, 10 kPa n=90, 30 kPa n=88, glass n=87) 

and MCF10A (0.5 kPa n=77, 1 kPa n=90, 5 kPa n=110, 10 kPa n=96, 30 kPa n=105, glass 

n=93). Data presented as mean ± SEM. (D) Scatter plot of the retardance of single cells as a 

function of the total traction forces for MDA-MB-231 (n=12) and MCF10A (n=7) cells. The 

resulting data was fit with the linear regression (dashed line) and confidence interval (95%). 

The R2 value is also provided. (Scale bar = 25 μm)
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Figure 4 |. 
Retardance of MDA-MB-231 cells embedded in 3D type I collagen matrix.

(A) Transmitted light (Trans) and retardance (Retardance) images of MDA-MB-231 cells 

treated with either vehicle (Ctrl), Y27632, Cytochalasin D (CytoD), Latrunculin A (LatA), 

Calyculin A (CalA) and Rho activator II (Rho) along with (B) the corresponding average 

retardance (Ctrl n=163, Y27632 n=71, LatA n=67, CytoD n=89, CalA n=73, Rho n=70). (C) 
Transmitted light and retardance images of MDA-MB-231 cells embedded in 1.5, 3, and 5 

mg mL−1 type I collagen matrix along with (D) the corresponding average retardance (1.5 

mg mL−1 n=74, 3 mg mL−1 n=71, 5 mg mL−1 n=75). (E) Images showing the transmitted 

light and retardance images of MDA-MB-231 cells embedded in ribose-crosslinked collagen 

type I matrix along with (F) the corresponding average retardance (0 mM n=71, 50 mM 
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n=73, 100 mM n=73). (Data presented as mean ± SEM, Scale bar = 25 μm, * indicates P< 

0.05 and ** indicates P<0.0050, **** indicates P<0.0001 vs Ctrl).
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Figure 5 |. 
Cell contractility influences the retardance of complex biological samples in vitro, ex vivo 
and in vivo.

(A) Transmitted light (Trans) and retardance (Retardance) images of MCF10A cell 

monolayers treated with the vehicle (Ctrl), Y27632 or with the Rho activator II (Rho) along 

with (B) the corresponding average retardance (n=45). (C) Retardance of ex vivo tumor 

organoid isolated from a MMtV-PyMT mouse and embedded within a 3D collagen gel. The 

inset image shows the increased signal intensity in the invading cells. (D) Representative 

fluorescence images of tumor tissue sections from PyMT mice stained for p-MLC (p-

Myosin; red) and actin (Merge; green) and treated with vehicle (Ctrl) or BAPN (BAPN). (E) 
Transmitted light and retardance images of mammary tumor sections with (BAPN) or 

without (Ctrl) BAPN treatment along with (F) the corresponding quantification of the 

retardance of Ctrl (n=4 mice) and BAPN (n=4 mice) treated tumor sections from individual 

MMTV-PyMT. Each tumor section was imaged in five different locations. (Data presented 
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as mean ± SEM, Scale bar = 25 μm, * indicates P< 0.05, ** indicates P<0.0050, **** 

indicates P<0.0001 vs. Ctrl)
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