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Abstract: Cell volume is maintained by the balance of water and solutes across the cell membrane 

and plays an important role in mechanics and biochemical signaling in cells. Here, we assess the 

relationship between cell volume, mechanical properties, and E-cadherin expression in three-

dimensional cultures for ovarian cancer. To determine the effect of water transport in multi-cellular 

tumors, ovarian cancer spheroids were subjected to hypotonic and hypertonic shock using water 

and sucrose mixtures, respectively. Increased osmolality resulted in decreased nucleus volume, 

increased Young’s modulus, and increased tumor cell density in ovarian cancer spheroids. Next, 

we looked at the reversibility of mechanics and morphology after 5 minutes of osmotic shock and 

found that spheroids had a robust ability to return to their original state. Finally, we quantified the 

size of E-cadherin clusters at cell-cell junctions and observed a significant increase in aggregate 

size following 30 minutes of hypertonic and hypotonic osmotic shocks. Yet, these effects were not 

apparent after 5 minutes of osmotic shock, illustrating a temporal difference between E-cadherin 

regulation and the immediate mechanical and morphology changes. Still, the osmotically induced 

E-cadherin aggregates which formed at the 30-minute timepoint was reversible when spheroids 

were replenished with isotonic medium. Altogether, this work demonstrated an important role of 

osmolality in transforming mechanical, morphology, and molecular states. 
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I. Introduction   

  Water volume regulation plays an important role in numerous processes across length 

scales, from organisms to cells. (1) Approximately 50 to 75% of the human body is composed of 

water, with 70 to 75% being stored in cells and the remaining amount in plasma and interstitial 

spaces. (2) On an organ system-level, the kidneys are responsible for maintaining a balance 

between solutes and water in serum. The average serum osmolality in humans is 286 mOsm/kg 

H2O, but fluctuates depending on water and nutrient intake. (3) In the case of dehydration, for 

instance, the concentration of electrolytes in the blood rises. (3) On a cellular system-level, 

osmoregulation is achieved by the exchange of ions (e.g. Na+, K+ and Cl-), organic osmolytes (e.g. 

sugars, polyols, amino acids, methylamines, and urea), and water to maintain an equal amount of 

solutes on the inside and outside of cells. (4–7) Accordingly, osmosis drives water flow from a 

low solute concentration to a high solute concentration. (2) The mobility of water across the lipid 

bilayer of the cell membrane and into the cytoplasm occurs, in part, by transmembrane passive 

diffusion through the lipid matrix and also via facilitated diffusion using aquaporins, 

transmembrane proteins that facilitate water flow, and other membrane proteins, such as glucose 

transporters. (2, 8–10) Water volume into the nucleus is further altered by passive diffusion 

through nuclear pore complexes. (11, 12) Whole cell and nucleus volume impact a variety of 

processes including cell cycle, energy metabolism, DNA repair, migration, proliferation, and 

differentiation. (13–18) Specifically in cancer, changes in whole cell and nucleus volume have 

been linked to behaviors such as metastasis, proliferation, and angiogenesis. (19–21) Furthermore, 

an overexpression of aquaporin transmembrane proteins has been found in several cancer types 

including lung, breast, ovarian, and prostate. (13, 20, 22–24)  
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Cell volume is influenced by both the physical environment, for example substrate stiffness 

(25), or fluid properties like osmolality. (26, 27) Pathologies such as diabetes, sick-cell anemia, 

and cirrhosis are examples of situations where disruptions in osmotic balances may occur. (28, 29) 

For instance, hyperosmolar hyperglycemic syndrome (HHS) is a complication that occurs in severe 

diabetes mellitus, where serum osmolality rises over 320 mOsm/kg H2O. (30)  In the context of 

cancer, conditions such as hyponatremia (< 130 mEq/L serum sodium levels or < 280 mOsm/kg 

H2O serum osmolality) (31, 32) or syndrome of inappropriate secretion of anti-diuretic hormone 

(SIADH), where excess fluid is retained, can occur in the tumor microenvironment. (29, 33) 

Specifically in ovarian cancer, an osmotic imbalance may be present due to elevation of fluid levels 

in the peritoneal cavity (ascites). (34, 35)  

 In this work, we sought to understand how mechanical properties, nucleus volume, and 

cell-cell adhesions of multi-cellular 3D ovarian cancer spheroids responded to changes in osmotic 

conditions. Here, we characterized changes in nucleus volume, density, and Young’s modulus in 

3D tumor spheroids following stimulation with hypo- and hyper-osmotic shocks. We chose to 

analyze nucleus volume due to the technical advantage of isolating nuclear volume in a 3D 

structure using confocal microscopy with nuclear dyes and since previous work has shown that 

eukaryotic cell volume and nucleus volume scale together at a constant ratio. (26) We also 

investigated whether water regulation influenced the expression of E-cadherin, an adhesion 

molecule that binds with cytoplasmic catenins (e.g. p120-catenin, α- catenin, β-catenin) to form 

adhesive plaques between neighboring cells. (36) Given that mechanics of the surrounding 

microenvironment can alter E-cadherin expression and localization (37, 38), and osmolality 

influences cell mechanics (26), there is reason to believe that E-cadherin expression may have ties 

to volume regulatory mechanisms. Finally, since dynamic phenotypic changes are relevant 
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throughout the metastatic cascade, (39) we determined whether the morphological, mechanical, 

and molecular effects induced by osmotic stress were reversible. 

I. Materials and Methods 

A. Cell Culture 

 Epithelial ovarian cancer cells (NIH: OVCAR5) were grown using standard procedures. 

Cells were cultured using RPMI 1640 Medium (Gibco®, #11835030) supplemented with 10% 

Fetal Bovine Serum (FBS) and 1% Penicillin-Streptomycin. Cells were stored at 37°C and 

passaged regularly (every 3-5 days). 

B. Spheroid Formation 

 Spheroids were formed using a Corning™ 96-Well, Ultra-Low Binding, U-Shaped-Bottom 

Microplate (Corning™ #4515). Cells were diluted to a concentration of 15,000 cells/mL and 

transferred to an MTC-Bio 25mL Reagent Reservoir (Pipette.com, #P8025-1S). 100 µL 

(approximately 1500 cells) were added to each well the low attachment plate using a Rainin Pipet-

Lite™ 12 channel manual pipette (Pipette.com, #L12-200R). Cells were incubated overnight at 

37°C to allow for spheroids formation. 

C. Polyacrylamide Gels 

 Polyacrylamide gels were fabricated using a previously established protocol. [33], [34] 

First, a cotton swab was used to treat the bottom of an 18 mm circular glass coverslip (Electron 

Microscopy Slides, #72229-01) with 0.1 M NaOH. 200 µl of 3-Cover glasses were coated with 

Aminopropyltrimethoxysilane (APTMS) for 3 minutes and subsequently washed thoroughly with 

dH2O. 400 µl of 0.5% glutaraldehyde was added to the cover glasses for 30 min followed by 

washing with dH2O. Top coverslips were coated with RainX on one side with a cotton swab for 5 



6 

 

minutes and washed with dH2O. Gels with a 1.1 kPa shear modulus were made by combining 94 

μl of acrylamide (AA), 15 μl of N,N′-methylene-bis-acrylamide (bis), and 391 μl of phosphate 

buffered saline (PBS). 1.5 μl of Tetramethylethylenediamine (TEMED) and 5 μl of 10% by weight 

Ammonium Persulfate (APS) was added to the AA/bis/PBS solution to catalyze polymerization. 

Solutions were mixed with a 1 mL pipettor set to 400 μl to avoid air bubbles. 20 μl of the solution 

was pipetted onto each 18 mm diameter glass coverslip. The RainX coated glass coverslip was 

sandwiched on top of the gel and let sit for 15 minutes to allow the gel to solidify. PBS was added 

to each gel for another 15 minutes. The top coverslip was then removed using a razor blade and 

tweezers. 200 µL of 1mg/mL solution of Sulfo-SANPAH in 50mM HEPES and 0.25% DMSO 

was added to the dishes and placed under a UV lamp for 6 minutes to enable crosslinking. Gels 

were washed with 50 mM of HEPES. The crosslinking process was performed twice. At the end 

of the crosslinking, gels were washed 3 times with 50 mM HEPES. Gels were then coated with 1 

mL of a Rat Tail Collagen Coating Solution (50 µg/ml, Sigma Aldrich, #122-20). Gels were stored 

overnight at 4 °C in a 35 mm FluoroDish Cell Culture Dish (World Precision Instruments, #FD35-

100). 

D. Transfer of Spheroids 

 Collagen coated polyacrylamide gels were washed three times with PBS. A Rainin Pipet-

Lite™ 12 channel manual pipettor set at 50 μl was used to move spheroids to an MTC-Bio 25mL 

Reagent Reservoir. Then, 2 mL of medium and spheroids was transferred to each collagen-coated 

gel.  

E. Osmotic Shock 
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 Hypotonic shocks were performed by mixing medium with dH2O at ratios of 1:3 and 1:1. 

Hypertonic shocks were performed with 500 mM and 1000 mM sucrose added to medium. 

Osmolality of solutions were measured with an Advanced® Micro-Osmometer Model 3300 using 

freezing point depression. Recovery: For nucleus volume, density, and Young’s modulus recovery 

experiments, hyper/hypo-osmotic shocks were performed for 5 or 30 minutes, followed by 

restoration with isotonic medium for the same duration as the osmotic shock. 

F. Nucleus Volume Imaging and Analysis  

 Live tumor spheroids were stained with NucBlue™ Live ReadyProbes™ Reagent (Hoechst 

33342, Thermofisher, #R37605) and fluorescent images were acquired using an Olympus 

FLUOVIEW FV3000 confocal microscope and 30X/1.05 NA silicon oil-immersion objective lens 

(UPLSAPO) with a step size of 0.71 µm. Altogether, 51 nuclei were measured for the control 

condition and 27 nuclei for the osmotic shock conditions. Nuclei were selected randomly in the 

spheroids. Analysis: Z-stack Olympus (.oir) files were imported into ImageJ, where individual 

nuclei were cropped. (40) Image stacks (.tiff) were further analyzed in MATLAB using the 

‘isosurface’ function and using the function ‘boundary’ to create a 3D ellipsoid mesh. The radii of 

the spheroids along the x, y, and z dimensions was used to calculate the volume using the equation 

𝑉 =  
4

3
𝜋𝑥𝑦𝑧.  

G. Cell Density Imaging and Analysis  

 Images were acquired with the Olympus FLUOVIEW FV3000 and 30X/1.05 NA objective 

lens. Three locations were randomly selected per spheroid and cells within the area were manually 

counted using ImageJ. The density was calculated by dividing the number of cells by the area of 

the image. Since image areas differed based on optimization, the density was normalized to an 
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area of 100 x 100 µm2. 5 independent experiments were completed with a total of 15 images per 

condition. 

H. Atomic Force Microscopy  

 A JPK NanoWizard 4a Atomic Force Microscope was employed in force contact mode to 

generate Young’s moduli maps of live spheroids. To probe the cells, a CP-qp-CONT-Au sphere 

tip (Nanoandmore) with a diameter range of 3 - 5.5 µm was used. Measurements were performed 

using a 2 µm force distance, extend speed of 2.0 µm/s, and relative setpoint of 2.0 nN. Three 10 x 

10 µm force maps with a step size of 1 µm/pixel were generated per spheroid. A total of 6 spheroids 

per condition were acquired. To extract the Young’s modulus, force curves were fit to the Hertz 

model using the JPK Data Processing Software and following equation: 

𝐹 =
4

3
∙

𝐸

1 − 𝜗2
∙ √𝑟 ∙ 𝛿

3
2 

Eq. 1 

where δ is the measured indentation of the sample, E is the Young’s modulus, ϑ is the Poisson’s 

ratio, assumed to be 0.5, and r is tip radius of curvature, assumed to be approximately 5 µm.  

I. E-cadherin Staining Assay 

 Polyacrylamide gels with a 1.1 kPa shear modulus (G’) were prepared as described 

previously. Tumor spheroids formed in a low attachment plate with 1,500 cells/well were seeded 

onto the gels. Four hours after transfer to polyacrylamide gels, medium was changed to a 

hypertonic (1000 mM sucrose) or hypotonic (25% media + 75% dH2O) solution for 5 or 30 

minutes. For recovery experiments, hypertonic and hypotonic conditions were replenished with 

isotonic medium for same duration as the shock (either 5 or 30 minutes). Control spheroids in 
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isotonic medium were also prepared. Spheroids were subsequently fixed using 4% formaldehyde 

for 15 minutes at room temperature. Cells were rinsed three times in 1X PBS for 5 minutes each. 

A blocking buffer was prepared by mixing 0.5 ml normal goat serum (Cell Signaling, #5425), 0.5 

ml 20X PBS, 9.0 ml dH2O, and 30 µl Triton™ X-100. 1 mL of the blocking buffer was added to 

the dishes for 1 hour. E-cadherin Rabbit mAb Alexa Fluor® 488 conjugate antibody (Cell 

Signaling, #3199) was added at 1:200 dilution and dishes were incubated overnight at 4°C. Cells 

were imaged using the Olympus FLUOVIEW FV3000. Analysis: ImageJ was used to convert the 

images to .PNG files and 16-bit. A threshold minimum was set to 20 counts to remove the 

background noise. The “analyze particles” function set to a size of 0 to 100 pixels2. Circularity of 

0 to 1.0 including holes was used to calculate the average clump size of E-cadherin. A total of 5 

spheroids per condition were analyzed. 

J. Statistical Analysis  

 For all experiments, a one-way ANOVA was used to compare groups. All statistics were 

performed using GraphPad Prism7. *≤ 0.05 ** ≤ 0.01, *** ≤ 0.001, **** ≤ 0.0001. 

II. Results and Discussion 

Measuring Nucleus Volume in Tumor Spheroids 

 First, we explored the consequences of water transport on spheroids and nucleus 

morphology. To understand the timeframe over which morphology changes occur due to osmotic 

shock, we captured consecutive images every 5 seconds. We observed an increase in tumor 

spheroid surface area following a hypotonic shock and a decrease in tumor spheroid surface area 

following a hypertonic shock, with distinct morphological differences appearing within the first 5 

minutes of shock (Fig. 1, supplementary movie 1, 2). Based on these observations, we 
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hypothesized that nucleus volume would also be affected as early as 5 minutes after the osmotic 

shock.  

 

Figure 1 Timeframe of changes in spheroid morphology due to osmotic shock 

(a) A representative image from movie (supplementary video 1) shows whole spheroid morphology due 

to a hypotonic shock performed with 25% medium and 75% water. Spheroids appeared to increase tumor 

area at the 7-minute time frame and return to its original size following approximately 5 minutes of 

replacement with isotonic medium. (b) A representative image from movie (supplementary video 2) shows 

the effects of whole spheroids morphology due to a hypertonic shock performed with 1000 mM sucrose in 

medium. Spheroids decreased tumor area at the 7:20 minute time frame and returned approximately 6 

minutes after exposure to isotonic medium to its original size.  

 

 To quantify nucleus volume, three cells were randomly selected per spheroid, as indicated 

by the ‘x’ marks on the example (Fig. 2 a). While previous research has identified larger cell 

volumes at the periphery compared to the core (41), in the spheroids tested here, we did not observe 

heterogeneity based on distance within the spheroid.  We hypothesize this could be due to culture 

time, since Han et al., showed heterogeneity appeared on day 5, but here we quantified after 3 days 
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of culture. The number of replicates per condition was 9 spheroids except for the control condition 

which was 17 spheroids. For each nucleus, confocal stacks of DAPI fluorescent images were 

acquired (Fig. 2 b). We measured cell volume and mechanical properties approximately 5 minutes 

after incubation with either sucrose or water mixtures.  Within this timeframe we did not observe 

regulatory volume increase (RVI) or regulatory volume decrease (RVD) taking place. (42, 43)  It 

is possible that after an extended period, cells would return to their original state.  

Here, we quantified nucleus volume based on DAPI fluorescence and applied an in-house 

constructed algorithm in MATLAB to identify nucleus x, y, and z dimensions and calculate 

volume (Fig. 2 c). In each of the following experiments, two hypotonic (25% medium and 50% 

medium) and two hypertonic (500 mM and 1000 mM sucrose) conditions were tested. 100% 

medium was used as the control. As reported in fig. 2 d, the average osmolalities (mOsm/kg H2O) 

were 71 ± 0 (25% medium), 139 ± 1 (25% medium), 278 ± 2 (control), 846 ± 17 (500 mM sucrose), 

and 1427 ± 35 (1000 mM sucrose). To report the relationship between osmolality and nucleus 

volume, data was plotted on a logarithmic scale (log 𝑌 = 𝜅 log 𝑥 + log α) where the slope 𝜅 refers 

to the exponent of the linear plot 𝑌 = α𝑥𝜅. Osmolality (mOsm/kg H2O) and nucleus volume (μm3) 

were related by an inverse correlation, log10 𝑌 = 4.08 − 0.41 ∗ log10 𝑋 (r2 = 0.80) (Fig. 2 e). The 

non-linearity of the osmotic-nucleus relationship appears to be due to the nucleus reaching a 

minimum volume at hyperosmotic shocks.  

 Given the changes in both cell volume and spheroid volume observed in supplementary 

videos 1 and 2 as a result of osmotic shock, we hypothesized that osmotic stress would result in a 

cohesive spatial movement of cells. To analyze this effect, we quantified tumor cell density by 

manually counting the number of nuclei per area. As shown in figs. 2 f and S1, increased osmolality 

caused cells to become more tightly packed, while decreased osmolality caused cells to become 
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more loosely packed. Our data, along with previous literature, suggests that nucleus volume and 

density are linked in spheroid models and this relationship can even develop intratumorally. (41, 

44)  

 

Figure 2 Relationship between osmolality and nucleus volume 

(a) A representative image of a spheroid cultured using low-attachment spheroid dishes and transferred to 

a polyacrylamide gel coated with collagen. Spheroids became adhered to the surface after approximately 4 

hours of incubation. Three nuclei at random locations within the spheroids were selected for volume 

analysis, as indicated by “X” symbols. Scale bar = 100 μm. (b) Example fluorescent image of nucleus 

stained with DAPI. Scale bar = 5 μm. (c) Representative image of nucleus volume calculated in MATLAB. 

(d) Osmolality of conditions acquired using an osmometer. Each data point represents one measurement 

and a total of 3 measurements were acquired. (e) Nucleus volume comparison between conditions: 25% 

medium + 75% dH2O (red circles), 50% medium + 50% dH2O (orange squares), control (green upward-

triangles), 500 mM sucrose (blue diamonds), 1000 mM sucrose (purple downward-triangles). In total, 27 

nuclei were measured for all conditions except for the control in which 51 nuclei were measured.  Each 

data point represents the average of 3 nuclei in a spheroid. (N = 9 spheroids for all conditions except the 

control where N = 17 spheroids). (f) Density calculated as cells per 100 x 100 μm area at varying osmotic 

conditions. Each data point represents the average of 3 images captured within a single spheroid. N = 6 

spheroids per condition. 

Link Between Osmolality and Young’s Modulus 
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 Next, we analyzed the effects of osmolality on the mechanical properties of spheroids using 

atomic force microscopy (AFM) (Fig. 3 a). We analyzed three regions per spheroid, each 

consisting of a 10 x 10 force map with a step size of 1 μm as shown in Fig. 3 b. Using AFM, a 

correlation between osmolality (mOsm/kg H2O) and Young’s modulus (Pa) was observed. 

Young’s modulus increased when water effluxed from the cell due to the compression of 

intracellular contents, and a concomitant decrease in Young’s modulus was observed when water 

entered the cell. (26, 45) Osmolality and Young’s modulus were related by log10 𝑌 = −0.21 +

1.08 ∗ log10 𝑋 (r2 = 0.70), which matched a prior power-law relationship between osmolality and 

Young’s modulus obtained in single cells, where power 𝜅 was ~1. (45) (Fig. 3 c).  

 

Figure 3 Osmolality and Young’s Modulus 

(a) Example brightfield image of a tumor spheroid adhered to a polyacrylamide gel coated with collagen. 

AFM probe location is represented by *. (b) Representative AFM map with 100 points total (10 x 10 μm 

with 1 μm step size). Color bar ranges from 350 Pa to 700 Pa. (c) Young’s Modulus acquired for varying 

conditions: 25% medium (red circles), 50% medium (orange squares), control (green upward-triangles), 

500 mM sucrose (blue diamonds), and 1000 mM sucrose (purple downward-triangles). Each data point 

represents the average Young’s modulus of three 10 x 10 μm maps (1 μm step size) collected per spheroids. 

A total N = 5 spheroids per condition were analyzed. 

 Furthermore, when plotting nucleus volume versus Young’s modulus (Fig. S2), we found 

a power of ~-2, which was nearly identical to a previous correlation obtained in single cells. (26) 

Overall, we found tumor spheroids resembled the morphology and mechanical response to water 

regulation observed in prior single cell measurements. (26, 45)  
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Tumor Spheroids can Recovery Volume, Density, Young’s Modulus after Osmotic Shocks 

 Next, the reversibility of nucleus volume, density, and Young’s modulus perturbations 

were tested. Understanding the effects of the microenvironment on the plasticity of morphological 

and phenotypic expression is of interest to study since cells experience versatile states including 

EMT and mesenchymal-epithelial-transition (MET) throughout cancer progression. Here, tumors 

were exposed to 5 minutes of 25% medium or 1000 mM sucrose and subsequently replenished 

with isotonic medium. There was a complete recovery of all three parameters demonstrating that 

osmotic effects are non-permanent. (Fig. 4). Our results corroborate previous findings showing, 

for example, that human colon carcinoma HT29 tumors cultured under 10 kPa of stress for 5 days 

using dextran relaxed back to the original volume. (46) Additionally, it was found that the temporal 

response of p27Kip1 expression  reversed hours after volume, corresponding to the time of protein 

synthesis. (46) This is consistent with our results showing E-cadherin response acting on a longer 

time scale then morphology.  

 

 

Figure 4 Nucleus volume, density, and Young’s modulus after recovery 

Measurements were acquired after a 5-minute osmotic shock and 5-minute replenishment with isotonic 

medium. Values are normalized to the average of the control group. A one-way ANOVA analysis revealed 

no significant difference between groups. Mean and standard deviation are displayed. (a) Recovery of 

nucleus volume. Each data point represents the average volume of 3 nuclei. A total of N = 9 spheroids per 
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condition were acquired. (b) Recovery of density. Each data point represents the average of three images.  

A total of N = 6 spheroids were analyzed. (c) Recovery of Young’s modulus. Each data point represents 

the average of three 10 x 10 µm maps with 100 points total. N = 3 for control group and N = 5 for osmotic 

shock groups.    

 

Effect of Osmotic Shock on E-cadherin Expression 

 As shown in supplementary movie 1 and 2, morphology changes occurred within the first 

5 minutes of osmotic shock; thus, we sought to identify whether concomitant molecular changes 

occurred. Spheroids were subjected to either 25% medium or 1000 mM sucrose for 5 or 30 minutes 

(Fig. S3). A control group with isotonic medium was also prepared. Spheroids were fixed and 

stained for E-cadherin using the protocol described in the methods section. To quantify E-cadherin 

aggregate size, we developed an algorithm in ImageJ. First, intensities of pixels less than 20 counts 

(background noise) were removed from the image. Next, we used the ‘particle analysis’ function 

to outline edges, fill holes, and to quantify the size of aggregates (Fig. S4 a). It was observed that 

E-cadherin was evenly distributed on the periphery of cells in the control spheroids (Fig. S4 b). 

 In our analysis to determine the timescale of E-cadherin effects, we found that a 30-minute 

osmotic shock caused increased E-cadherin protein aggregate size; in contrast to the negligible 

effects observed after a 5-minute osmotic shock. (Figs. 5, S5, S6). The delay likely signified that 

E-cadherin signaling acts on a timescale that is independent of changes in morphology. To evaluate 

the reversibility of molecular effects, spheroids were replenished with isotonic medium for a time 

equivalent to the initial shock (i.e., either 5 minutes or 30 minutes). Similar to prior mechanical 

and morphology recovery experiments, molecular E-cadherin distribution returned to baseline 

(Fig. 5). These observations support previous evidence on the strong influence of the tumor 

microenvironment and ability of cells to reverse their E-cadherin phenotype. (47) The specific role 

of E-cadherin protein aggregate size requires further analysis, but this preliminary work 
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emphasizes a potential relationship between E-cadherin aggregation, water volume regulation and 

mechanical properties.   

 

Figure 5 E-cadherin aggregate size analysis  

Quantification of E-cadherin aggregate size (a) No change in aggregate size after 5 minutes of osmotic 

shock was observed. (b) A significant increase in aggregate size was found following 30 minutes of 25% 

medium and 1000 mM osmotic shocks. Aggregate size reduced to match the control condition after 

spheroids were re-immersed for 30 minutes in isotonic medium.  A total of N = 5 spheroids were analyzed 

per condition. Statistics to analyze significant differences between groups were performed using a one-way 

ANOVA, where p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), p ≤ 0.0001 (****). 

 

III. Conclusion 

 This study was guided by three major objectives: 1) to assess the changes in morphologic 

and mechanical responses due to water transport in tumor spheroids 2) to determine if osmotic 

shock drives permanent or reversible mechanical, morphology, and molecular variations; and 3) 
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to analyze changes in the distribution and expression of E-cadherin in response to osmotic shock 

and compare timescales of molecular effects with morphology.  Our results demonstrated a non-

linear osmotic-nuclear volume relationship as shown by the Ponder-Van't Hoff (48) plot (Fig. S7) 

which has also been shown in single cells. (26, 49) Subjecting cells to decreased osmolality (25% 

and 50% medium) results in an increased nucleus volume and decreased Young’s modulus due to 

water influx, whereas an increased osmolality (500 mM sucrose and 1000 mM sucrose) results in 

a decreased nucleus volume and increased Young’s modulus due to the efflux of water.  

 It remains unclear if an inverse volume-modulus correlation is universal across all cell 

types; but, it is likely that cells have unique properties based on their specific regulatory volume 

mechanisms and fraction of solid components in the cell. (26, 50–52) Wu et al. previously observed 

that the ratio between nuclear volume and cell volume was unique for different cell types (brain, 

breast, colorectal, lung, ovarian, pancreatic, prostate, melanoma). (53)  For example, in the ovarian 

cancer cells used in the present study, the minimum nucleus volume following hyperosmotic shock 

was 659 ± 110 µm3, corresponding to a solid fraction of the nucleus of ~60%. Guo et al. subjected 

bone marrow mesenchymal stem cells to hyperosmotic shock and found the solid fraction to be 

smaller, ~27% (minimum cell volume = 2053 ± 30 µm3, control whole cell volume = 7646 µm3). 

(26) These differences in osmoregulation between cell types may be related to cell-cell adhesion 

interactions. For example, recently it was shown that cells that lack E-cadherin expression (MDA-

MB-231) responded less to osmotic changes compared to cells with higher E-cadherin expression 

levels (non-malignant MCF-10A, malignant MCF-7 and MDCK). (50) Another factor driving the 

sensitivity to osmotic stress may be the fraction of osmotically unresponsive water i.e. the amount 

of water bound to intracellular constituents which is not displaced under osmotic stress. (27, 54, 

55)  
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 Our data suggest an important link between osmolality and the cell-cell adhesion marker, 

E-cadherin, which has not been studied previously. The interest to study E-cadherin was based off 

its prominent role in mediating numerous cell processes relevant to tumorigenesis including 

polarity, motility, and survival. (56, 57) Specifically, downregulated E-cadherin expression has 

been related to increased tumor aggressiveness, poor survival, perturbed barrier integrity, 

uncontrolled growth, increased aquaporin expression, and loss of contact inhibition. (58–64) Here, 

we quantified the size of fluorescently tagged E-cadherin and found that osmotic shock caused 

aggregation. Interestingly, spatial changes in E-cadherin distribution occurred on a longer 

timescale than the immediate morphological and mechanical response to osmotic shock.  E-

cadherin aggregation was only observed following 30 minutes of osmotic shock, but not after 5 

minutes. Finally, we showed E-cadherin returned to its original state after reimmersion in isotonic 

medium. Future studies should assess the stability and maturity of these junctions after reassembly 

to confirm that E-cadherin completely recovers function. (65–67) In addition, a deeper 

understanding on the cytoplasmic localization of E-cadherin during aggregation, as well as the 

effect of osmotic shock on other molecules downstream of E-cadherin, is warranted.  

  In conclusion, osmoregulation is a critical process, which has been shown to be implicated 

in protein folding transport, chromatin condensation, proliferation, differentiation, and migration. 

(14, 15, 26, 68–71) This work highlighted an important role of water regulation in nucleus volume, 

Young’s modulus, density, and E-cadherin expression. We found that all parameters could be 

reversed to its original state when provided with an isotonic condition after an osmotic shock. 

Given the extreme osmotic conditions tested in our experiments, we suspect that morphological, 

mechanical, and molecular effects in an in vivo state would also be reversible. Importantly, this 

work was performed in a single cell line (OVCAR5), thus we emphasize the importance of future 
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research to analyze other cell types. While we compare our 3D work to previous 2D work, given 

that we used an ovarian cancer cell line and Guo et al. used a bone marrow mesenchymal stem cell 

line (26), an important next step would be to perform similar experiments using the same cell line 

in both culture conditions. Additionally, a difference between 2D and 3D cultures can be the 

presence of extracellular matrix (ECM) proteins which may alter the response to osmotic shock 

based on how the osmolyte penetrates throughout the matrix. (72) 

Finally, an interesting next step is to delve into the relationship between mechanical 

properties and the molecular events related to cell volume regulation.  A classic model for cell 

volume regulation is the “pump and leak” mechanism in which the Na+ pump (Na+/K+ ATP-ase 

[NKA]) stabilizes cell volume (5, 73). Understanding whether targeting ion activity influences 

mechanical properties, or vice versa, could be a useful approach to gain control over behavioral 

properties such as the migration of cancer cells. 

 Particularly in ovarian cancer, it is important to understand how conditions like ascites or 

hyponatremia may influence mechanical, morphological, and molecular properties and should be 

accounted for when designing treatment strategies such as chemotherapy or peritoneal drainage. 

(35, 74, 75) Moreover, in the clinic, quantifying osmolality in various fluids relevant to disease 

states (e.g plasma, peritoneal cavity, urine, etc.) will be helpful to guide in vitro experiments.  
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Supplementary Figures:  

 

Figure S1 Effect of osmotic shock on tumor cell density 

(Top) Brightfield images of tumor spheroids (scale bar = 100 μm) (bottom) DAPI stained images (scale bar 

= 10 μm) at varying osmotic conditions: 25% medium (red circle), 50% medium (orange square), control 

(green upward-triangle), 500 mM sucrose (blue diamond), and 1000 mM sucrose (purple downward-

triangle). Higher osmolality caused an increased density. 
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Figure S2 Correlation between nucleus volume and Young’s Modulus 

Nucleus volume from fig. 2 e and Young’s modulus from fig. 3 c plotted.  For nucleus volume, mean and 

standard deviation are displayed where each data point represents the average of 3 nuclei in a spheroid. A 

total N = 9 spheroids were analyzed for all conditions except for the control condition where N = 17. For 

Young’s  modulus, the mean and standard deviation are plotted where each data point represents the average 

Young’s modulus of three 10 x 10 μm maps (1 μm step size) collected per spheroids. A total N = 5 spheroids 

per condition were analyzed. Colors of data points refer to the varying osmotic conditions: 25% medium 

(red), 50% medium (orange), control (green), 500 mM sucrose (blue), and 1000 mM sucrose (purple).  
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Figure S3 E-cadherin experiment design  

E-cadherin staining protocol. Spheroids were immersed in 25% Medium or 1000 mM sucrose osmotic 

shock conditions for 5 or 30 minutes. For recovery experiments, spheroids were replenished with isotonic 

medium for the equivalent duration of the original shock (5 or 30 minutes). 

 

 

 

 
 

Figure S4 E-cadherin analysis method and control  

(a) Example analysis of E-cadherin aggregate size performed in ImageJ. Low intensity background noise 

was eliminated using a threshold. Remaining high intensity pixels were analyzed using a particle analysis 

technique where pixels close in proximity were grouped together. The average size of an aggregate is 

reported. (b) Non-treated control spheroids showed E-cadherin on the periphery of cells. Scale bar = 100 

μm for all images.  
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Figure S5 E-cadherin localization after 30 minutes of osmotic shocks 

Representative images of E-cadherin expression after a 30-minute osmotic shock with 25% medium and 

1000 mM sucrose. Recovery experiments were conducted by replenishing spheroids with isotonic medium 

after 30 minutes. E-cadherin aggregates appeared in both the 25% medium and 1000 mM sucrose following 

the 30-minute shock. E-cadherin recovered back to the original state when immersed in isotonic medium. 

Scale bar = 100 μm for all images. 
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Figure S6 E-cadherin expression after 5 minutes of osmotic shock  

Example images of E-cadherin expression after 5 minutes of 25% medium or 1000 mM sucrose osmotic 

shocks.  Recovery experiments were performed by replenishing spheroids with 5 minutes of isotonic 

medium. No effects on E-cadherin aggregate size was observed after 5 minutes of hypotonic and hypertonic 

shocks. Scale bar = 100 μm for all images.   

 

 

Figure S7 Ponder-Van't Hoff Relationship 

A non-linear behavior is observed between osmolality and volume meaning the nucleus does not behave as 

an ideal osmometer. This observation can be explained by the physical limitations in the cell. A non-linear 

nuclear volume-osmolality relationship aligns with previous research. The y-intercept of the hyper-osmotic 

region (calculate by a line fit y = 0.3x+0.6) indicates that the solid fraction of the nucleus was 60% (V/Viso 

= 0.6) 


