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 A major obstacle in ovarian cancer treatment is the onset of ascites, an abnormal 

build-up of fluid in the peritoneal cavity. Using in vitro perfusion models, ascitic flow 

has been shown to drive epithelial-mesenchymal-transition (EMT) biomarker 

expression, promote epidermal growth factor receptor (EGFR) downstream signaling, 

and upregulate chemoresistance. Given the close ties between cell mechanics and 

behaviors, it is of interest to establish if mechanotransduction serves a role in cell 

signaling dysfunction. Here, we identified the mechanical behavior of tumor spheroids 

subjected to flow using Brillouin confocal microscopy, a non-contact optical method 

based on the interaction between incident light and microscopic mechanical waves 

within matter. We validated this technique by establishing a relationship with the 

traditionally derived Young’s modulus measured using atomic force microscopy and a 

parallel-plate compression device. Following characterization, we used Brillouin 

confocal microscopy to map mechanical properties of tumor spheroids embedded in a 



  

microfluidic chip and found that continuous flow for 7 days caused a decreased 

Brillouin shift (i.e., stiffness) compared to tumors in a static condition.  

 Another physical phenomenon related to ascites is dysregulated osmolality. 

Maintaining cell water homeostasis is driven by the transport of water to balance solute 

concentration and can have direct consequences on mechanics and biochemical 

signaling in cells. Recently, it was demonstrated in single cells that cell volume 

correlated with mechanical properties; but the effects in tumor spheroids which exhibit 

multi-cellular interfaces has remained unclear. Here, we derived relationships between 

osmolality and nuclear volume, tumor cell density, and Young’s modulus, and found 

the correlations in spheroids resembled single cell relationships previously described 

in literature. Additionally, we looked at the impact of osmotic shocks on E-cadherin 

junctions and found aggregates formed with a unique timescale compared to 

morphology. Lastly, we observed reversibility of the mechanical, morphological, and 

molecular properties which showed the tumor’s dynamic ability to respond to physical 

cues. Altogether, this work demonstrated how flow and osmosis associated with 

ovarian cancer ascites can trigger phenotype transformations. These findings warrant 

future investigations into how the regulation of mechanotransduction pathways can be 

harnessed to prevent chemoresistance and signaling dysfunction.  
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Chapter 1 : Overview of Thesis  

 

 Cells respond to physical cues using mechanotransduction, a process that 

converts mechanical inputs into biological outputs. [1–3] Specifically in cancer, cells 

are exposed to a variety of solid and fluid stresses in the tumor microenvironment, such 

as tension, compression, shear, osmotic, and fluid shear stress. [4] To understand the 

effects of these behaviors on cells, the tumor microenvironment has been recapitulated 

using in vitro models, which provide the ability to control specific mechanical and 

biochemical cues. [5] Moreover, these platforms can be adapted for mechanical 

analysis, microscopy, or a variety of biological assays to characterize cell phenotypes. 

Initial mechanobiology experiments were performed in 2-dimensional (2D) culture 

systems, but it is now recognized that cells have distinct behaviors when cultured in 3-

dimensions (3D) due to biophysical interactions with the extracellular matrix, 

neighboring cells, and fluid. The scope of this project is to identify how physical 

cues can impact mechanical behaviors in 3D culture systems.   

 This dissertation focuses on the mechanical effects related to ovarian cancer 

ascites. Ascites refers to the abnormal accumulation of fluid in the peritoneal cavity 

caused by tumors obstructing lymphatic drainage and increased vasculature 

permeability. Studying this phenomena is critical as it is associated with a poor patient 

prognosis and resistance to chemotherapy. [6–9] Two mechanical factors inflicted by 

ascites are fluid flow and osmosis. Flow facilitates the dissemination of malignant 

tumors throughout the abdomen and imposes shear stress at the cellular level. Recently, 

using a microfluidic platform it was shown that flow mimicking ascites caused 

upregulated chemoresistance compared to a static condition. [9] In addition, ascites are 
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associated with an osmotic imbalance known as hyponatremia, a decreased serum 

sodium level that occurs as a result of the failure to excrete water. [10] Understanding 

the mechanical consequences of tumors under flow and in osmotically disturbed 

environments can inform the development of novel therapeutic strategies to target 

cancer cell mechanical pathways. Thus, the overarching goals of this dissertation 

are to: (1) understand the effects of flow on mechanical properties of tumor 

spheroids and (2) identify the morphological, mechanical, and molecular 

consequences of water volume regulation in tumor spheroids. 

 Chapter 2 provides background information on ovarian cancer, ascites, cell 

mechanics, cell volume regulation, and the mechanical analysis methods mainly used 

in this work, Brillouin confocal microscopy and atomic force microscopy (AFM). In 

chapter 3, we describe experiments performed to validate the ability of Brillouin 

confocal microscopy to assess the mechanical properties of 3D tumor spheroids by 

comparing to traditional techniques, including AFM and a parallel plate compression 

device (MicroTester). Ovarian cancer spheroids were cultured using two popular 

techniques: (1) an overlay method on Matrigel and (2) ultra-low attachment plates. To 

alter the mechanical state, spheroids were immersed in PBS with varying levels of 

sucrose to induce osmotic stress. Spheroid mechanical properties were measured by 

Brillouin confocal microscopy, AFM, and the MicroTester. Finally, spheroids were 

treated with carboplatin, a chemotherapeutic commonly used to manage ovarian 

cancer, to determine treatment-induced effects on tumor mechanical properties. Results 

indicated that Brillouin confocal microscopy allows mechanical analysis with a limited 

penetration depth of ~ 92 µm for the Matrigel method and ~ 54 µm for low attachment 
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method. Brillouin confocal microscopy metrics displayed the same trends as the 

corresponding “gold-standard” Young’s moduli measured with stress–strain methods 

when the osmolality of the medium was increased. Spheroids treated with carboplatin 

showed a decrease in Brillouin frequency shift. This characterization study provided 

confidence in using Brillouin confocal microscopy to analyze mechanics of 3D 

spheroids with micron-scale three-dimensional resolution. 

 In chapter 4, we applied Brillouin confocal microscopy to evaluate the 

mechanical modulation of tumor spheroids in response to flow. Here, we used a 

perfusion model to mimic ascites and exposed tumors to 7 days of flow with a shear 

stress of 3 dyne/cm2. Our results indicated that ovarian cancer spheroids under flow 

had a significantly lower Brillouin shift compared to spheroids maintained in a static 

condition. We further dissected the role of distinct perturbations (e.g., shear flow, 

osmolality, nutrients) on tumor spheroid mechanical properties. The unique 

combination of a long-term microfluidic culture and noninvasive mechanical analysis 

technique provided insights on the effects of physical stress in ovarian cancer 

pathology. 

 In chapter 5, we sought to understand how osmoregulation impacted tumor 

morphology, mechanical properties, and cell-cell junctions. Previous work established 

relationships between osmolality, cell volume, and modulus in single cells; however, 

since tumors differ from single cells in that they possess multi-cellular interfaces, it 

was not obvious if they would behave similarly in response to osmotic shocks. Here, 

we subjected ovarian cancer tumor spheroids to hypotonic and hypertonic conditions 

using water and sucrose solutions and quantified nuclear volume, tumor cell density, 
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Young’s modulus, and E-cadherin expression. Our analysis found that tumor spheroids 

did indeed behave in a similar manner to single cells with comparable power-law 

exponents for relationships previously established between osmolality, cell volume, 

and modulus. We found the proportion between the minimum nuclear volume and 

isotonic nuclear volume to differ from previous work, suggesting that the osmotically 

responsive water volume could be cell dependent or differ in 2D versus 3D 

environments. We also looked at the reversibility of mechanics and morphology after 

5 minutes of osmotic shock and found spheroids had a robust ability to return to their 

original state. Finally, we quantified E-cadherin aggregates and observed a significant 

increase in aggregate size following 30 minutes of osmotic shock. Yet, these effects 

were not found just after 5 minutes, illustrating a temporal difference from mechanical 

and morphology properties. Interestingly, the osmotically induced cell adhesion 

changes which occurred at the 30-minute timepoint were reversible with isotonic 

medium. In a broader scope, this suggested that fluctuations in E-cadherin expression 

perceived to occur during cancer progression may be driven by physical stresses of the 

tumor microenvironment.  

 In chapter 6, we provide a conclusion of work, discussion of limitations, and 

future directions. Finally, chapter 7 includes a list of publications and presentations 

resulting from this dissertation.  
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Chapter 2 : Background 

2.1 Ovarian Cancer Disease Progression 

 Outcomes for advanced stage ovarian cancer continue to lag behind many other 

solid tumors with a 5-year survival rate of 49% and a 10-year survival rate of 31%. 

[11–15] For 2021, the American Cancer Society predicts approximately 21,410 women 

will receive a new diagnosis and 13,770 women will die from ovarian cancer. [15] A 

late-stage diagnosis, development of chemotherapy resistance, and on-set of ascites 

play a role in the high mortality rates associated with this disease. The typical 

progression of ovarian cancer is a multi-step process involving the (1) formation of 

tumors on the ovarian surface epithelium or in the fallopian tubes (2) outgrowth and 

expression of tumorigenic genes enabling the detachment of single cells or multi-

cellular clusters (3) dissemination via transcoelomic routes (less common routes are 

hematogenous and lymphatic) and resistance to anoikis (4) implantation of metastases 

in the peritoneal cavity (5) spread of metastases to distant organs, most frequently the 

liver (57%), as well as the lung (38%), bone (4%), and brain (1%). [16–20]  

Ovarian cancer tumors are classified as epithelial or non-epithelial. Epithelial 

tumors account for approximately 90% [15,21] of ovarian cancer cases and have five 

known histological subtypes which differ in pathology, site of origin, and behavior. 

These types include high-grade serous (70%), endometrioid (10%), clear cell (10%), 

mucinous (3%), and low-grade serous (<5%). [22] Endometrioid, clear cell, mucinous, 

and low-grade serous are classified as type I tumors and thought to originate from 

benign extraovarian lesions on the ovary. [23,24] Contrary, high-grade serous ovarian 

carcinomas are considered type II tumors which are more lethal and likely originate 
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from secretory or progenitor cells of the fallopian tube. [23] Somatic mutations 

(mutations acquired during disease development) vary based on histological subtype. 

Type I tumors are associated with PIK3CA, PTEN, KRAS, and BRAF gene mutations 

while Type II tumors almost always manifest TP53 mutations and can additionally have 

RB1, FOXM1, and NOTCH3 gene mutations. [23,24]  

Germline (inherited) mutations increase a woman’s likeliness to develop 

ovarian cancer. The relevant genes identified thus far include BRCA1, BRCA2, BRIP1, 

RAD51C, RAD51D, MSH2, MLH1, PMS2, MSH6, PALB2 and BARD1. [25,26] In 

addition, several hereditary and lifestyle factors may play a role in ovarian cancer 

development such as (1) hormone levels, (2) age of menarche and menopause, (3) 

fertility/infertility, (4) lactation, (5) benign gynecologic conditions (e.g. endometriosis) 

and gynecologic surgery, (6) birth control use, (7) hormone replacement therapy use, 

(8) obesity, (9) diet and nutrition, (10) physical activity, (11) smoking, alcohol, and 

drug use, and (12) ethnicity/race. [21,22] A longstanding theory is that ovarian cancer 

is related to recurring trauma of the ovarian epithelium; therefore, decreasing ovulation 

is postulated to reduce the risk. [27] In support of this hypothesis, studies indicate lower 

incidence rates of ovarian cancer occur in women who take estrogen and progestin 

combined birth control to prevent ovulation as well as women who reach menopause 

earlier. [28,29]  

Ovarian cancer is often referred to as a ‘silent killer’ because warning signs 

remain hidden until late stages. [30] Symptoms such as abdominal or pelvic bloating, 

pain, and a loss of appetite are non-specific and often assumed to be gastrointestinal 

issues. [31] The conventional diagnostic imaging methods to detect tumor masses are 
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transvaginal ultrasound or abdominal contrast-enhanced CT. In addition, the use of 

magnetic resonance imaging, or fluorodeoxyglucose-positron emission tomography 

have been explored. [32] Only two biomarkers for the detection of ovarian cancer exist 

which are Carbohydrate Antigen 125 (CA125) and Human Epididymis Protein 4 

(HE4). [33,34] Still, these biomarker tests are not able to be stand-alone diagnostic 

methods because normal conditions like menstruation can also cause elevated levels.   

The standard treatment of ovarian cancer is surgical debulking (i.e. destruction 

of tumor volume) followed by an intravenous platinum/taxane based chemotherapy 

regime, generally given once every 21 days for six cycles. [35] While the majority of 

patients receive some benefits from chemotherapy at the start, approximately 50–70% 

of patients undergo relapse and chemoresistance. [36] Patient responses are classified 

as: (1) platinum refractory: tumor progresses during first chemo-treatment (2) platinum 

resistant: recurrence within 6 months after completion of first-line treatment (3) 

partially sensitive: recurrence within 6–12 months (4) highly sensitive: recurrence after 

more than 12 months. [35]  

The recent development of poly (ADP-ribose) polymerase (PARP) inhibitors 

has provided a more positive outlook for patients. PARP is a family of nuclear enzymes 

which act to repair DNA damage, thus inhibiting them can destroy cancer cells. [37] 

Four PARP inhibitors, niraparib (Zejula), olaparib (Lynparza), Rucaparib (Rubraca), 

and veliparib have shown to improve patient outcome and Zejula, Lynparza, and 

Rubraca are FDA approved. [38–41]  

Another novel approach to treat ovarian cancer is the use of light-based 

therapies which can increase tumor specificity and overcome chemoresistance. [42–44] 
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For example, photodynamic therapy (PDT) involves dosing the patient with a 

photosensitizing (PS) agent and irradiating the tumor with a visible light source at a 

specific wavelength. Activation of the PS agent yields singlet oxygen production and 

causes the cells to produce intracellular reactive oxygen species (ROS) instigating cell 

apoptosis. [45,46] In a similar manner, photoimmunotherapy (PIT) harnesses the effect 

of ROS production to increase cell death; here, conjugation of monoclonal antibodies 

to the PS agents provides increase selectivity to the tumor. [43,45] Light-based 

therapies appear promising but continued investigations are needed regarding the 

safety, efficacy, and underlying mechanisms. 

2.2 Implications of Ascites on Ovarian Cancer Progression 

The space between the parietal and visceral layers of the peritoneum is normally 

lined with fluid to reduce friction between the abdominal wall and organs. In >90% of 

stage III and IV ovarian cancer cases, an abnormal build-up of ascitic fluid occurs as a 

result of increased capillary permeability and impaired lymphatic drainage due to tumor 

obstruction. [47–49] Ascites contain tumor cells along with a variety of non-tumor cells 

including fibroblasts, adipocytes, mesothelial, endothelial and inflammatory cells. [49] 

In addition, ascites comprise tumorigenic cytokines such as interleukin (IL)-6, IL-8 

tumor necrosis factor (TNF), and vascular endothelial growth factor (VEGF). [49,50] 

Malignant ascites possess unique metabolic and protein signatures distinguishable from 

non-malignant cirrhosis ascites and serum; thus, malignant ascites has been viewed to 

be a promising candidate for patient-specific biomarker analysis. [51,52] To relieve the 

pain caused by abdominal pressure, patients will often have fluid drained repeatedly 

via paracentesis. [47] In addition, patients are often recommended to partake in a 
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decreased sodium diet to reduce water retention; however, recent studies suggest this 

could be a counterproductive approach since ascites is associated with hyponatremia, 

a low serum sodium level. [53] In fact, one study showed that patients abiding by a 

restricted sodium diet had higher levels of ascites compared to patients not restricting 

sodium. [54]  

To model ascites in vitro, several groups have developed and/or applied 

microfluidic platforms to analyze the continuous perfusion of medium over tumor 

cultures (summarized in table 2.1). [9,14,55–57]. Most crucially, these studies suggest 

flow induces (1) cell phenotypic changes resembling an epithelial-mesenchymal-

transition (EMT), (2) downregulation of focal adhesion complex proteins, and (3) 

chemoresistance. Specifically, an upregulation of epidermal growth factor receptor 

(EGFR) and vimentin with a decrease of E-cad, characteristic of EMT, has been 

observed. [14] EMT is historically related to the underlying reconfiguration of the 

cytoskeleton, elongated morphology, front/back polarity, and increased migration. [58] 

In cancer, EMT is suspected to be involved in metastasis and chemoresistance. [59] It 

was also shown that flow induced a downregulation of phospho-paxillin, phospho-focal 

adhesion kinase (FAK), and vinculin. [9] The focal adhesion complex acts to stabilize 

the cytoskeleton and a loss of FAK has been linked to a decrease in cell stiffness. [60] 

Furthermore, flow was found to induce chemoresistance to carboplatin which is 

potentially mediated by downstream activation of EGFR signaling members mitogen-

activated protein kinase/extracellular signal-regulated kinase (MEK) and extracellular 

signal-regulated kinase (ERK). [60] Collectively, these results potentially link 

mechanical markers with chemoresistance, but the correlation remains elusive. To 
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further investigate this relationship, we sought to directly quantify tumor mechanics 

under flow. 

Table 2.1 Summary of in vitro studies modeling flow 

Reference Major Findings 

Rizvi et al., 2013. [14] ▪ Compared static and flow cultures using same protocol 

as chapter 4 (7 days, 3 dyne/cm2) 

▪ Flow cultures resembled EMT 

▪ Flow caused upregulated epidermal growth factor receptor 

(EGFR) expression and vimentin 

▪ Flow caused downregulated E-cadherin protein expression  

Ip et al., 2016. [55] ▪ Compared static with flow cultures (0.02 dyne/cm2 for 

24 hours)  

▪ Stemness markers Oct-4, c-Kit (CD117), ATP-binding 

cassette G2 (ABCG2), and P-glycoprotein (P-gp) were 

upregulated under flow 

▪ Tumors under flow acquired resistance to cisplatin and 

paclitaxel  

Sun et al., 2019. [57] ▪ Compared static and flow cultures 

▪ Flow cultures had increased IL-8 protein production under 

shear stress of 0.5 – 2.0 dyne/cm2  

▪ IL-8 production increased up to 5 hours after shear stress 

was applied  

Nath et al., 2020. [9]  ▪ Compared static and flow cultures using same protocol 

as chapter 4 (7 days, 3 dyne/cm2) 

▪ Flow caused increased Phosphorylated-ERK1/2  

▪ Flow caused decreased phospho-paxillin and phospho-FAK 

and vinculin  

▪ Increased carboplatin resistance under flow  

Martinez et al., 2021. 

[61] 

▪ Oscillating tension, but not constant tension, caused cells to 

develop metastatic phenotype  

▪ Oscillating tension compared to constant tension caused 

increased cell migration, with decreased E-cadherin and 

increased Snail expression 

▪ Cells subjected to oscillating tension developed larger 

tumors when injected into mice 

 

2.3 Cell Mechanics Overview  

 Mechanical properties have been involved in nearly all cellular functions, e.g., 

migration, proliferation, gene expression, differentiation, apoptosis, [62–64] and in 
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tissue-level behaviors, e.g. morphogenesis, angiogenesis [65,66]. In cancer biology, it 

is now recognized that cross-talk between cells and physical cues from the 

microenvironment play a role in progression and metastasis. [4] The mechanical 

properties of cells can be influenced by a multitude of surrounding factors, such as solid 

stress, architecture of the substrate, fluid shear stress, etc. [67] In this work, we focused 

on flow and osmosis given the relevance to ovarian cancer ascites. Ultimately, 

understanding mechanotransduction pathways involved in tumorigenesis could be used 

to develop novel cancer therapies to control cell behaviors. [68] 

 Cells resemble sponges in that they are made up of a fibrous mesh consisting 

of the cytoskeleton, organelles, and macromolecules which are immersed in cytosol 

fluid. [69,70] For this reason, cells are often modeled as poroelastic biphasic materials, 

where fluid redistribution in response to deformation is determined by the poroelastic 

diffusion constant, which is influenced by the elastic modulus of the solid matrix, pore 

size of the cytoskeleton meshwork, and viscosity of the cytosol. [70] Cells have also 

been described as being viscoelastic, implying a dependence on probe frequency. 

[71,72] Importantly, mechanical analysis techniques use a wide range of probe sizes 

and frequencies; thus, one of the major efforts in recent years has been to standardize 

the relationships between various mechanical analysis techniques. [71] Therefore, one 

aim of our work was to utilize techniques operating in different regimes. 

 Sensing of mechanical stress at the cell surface is accomplished by several types 

of receptors/channels as listed in table 2.2. The most well-characterized 

mechanoreceptor are integrins, which bind to proteins such as collagen, laminin, and 

fibronectin on the ECM. [73–77] Integrins recruit focal adhesion complexes which can 
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lead to restructuring of the cytoskeleton and downstream activation of signaling 

pathways involving proteins such as Rho-associated protein kinase (ROCK), RHO, 

YAP, and TAZ. [78,79] 

Table 2.2 Mechanical receptors 

Channel/Family References 

Aquaporins [80] 

Integrins [81–83] 

Mechanosensitive G-protein-coupled 

receptors (GPCRs) 

[83] 

Mechanosensitive ion channels 

(“stretch-activated”) 

[81,83,84] 

Osmosensitive 

calcium (Ca2+) channel (OSCA) 

[85–87] 

PIEZOs  [85,88,89] 

Transient receptor potential (TRP) 

channels 

[83,85,90] 

 

 Mechanical triggers like fluid shear stress have been shown to activate receptors 

such as transient receptor potential (TRP) channels or PIEZOs which mediate Ca2+ 

signaling [91–93], or aquaporins, which facilitate water transport across the cell 

membrane. [80] However, more work is needed to understand if mechanical stress acts 

directly or indirectly on specific receptors.  

2.4 Water Volume Regulation 

Water volume regulation plays an important role in numerous cell processes 

including survival, migration, and proliferation. [94] Approximately 50 to 75% of the 

human body is composed of water, with 70 to 75% being stored in cells and the 

remaining volume in plasma and interstitial spaces. [95] Osmoregulation is the process 

the body uses to maintain a balance between solutes and water and is predominately 

carried out by the kidneys. On average, serum osmolality in humans is 286 mOsm/kg 
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H2O, but fluctuates depending on water and nutrient intake. [96] For instance, in the 

case of dehydration, the concentration of electrolytes in the blood rises. High serum 

osmolality triggers the pituitary gland in the brain to release antidiuretic hormone 

(ADH), also called vasopressin. ADH binds to vasopressin V2 receptors (V2R) on the 

basolateral membrane of cells in the cortical and medullary collecting tubules of the 

kidneys. [97] A cascade of signaling events initiates phosphorylation of aquaporin 

channels which provides a pathway for water to reabsorb into the cells, and thus results 

in less urine production. [97] Contrary, when serum osmolality levels are low, ADH 

production is impeded, and urine is diluted with water.  

 All cells participate in osmoregulation which 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. [98–101] Water transports in the direction towards the 

highest solute concentration to attain equilibrium. [95] The mobility of water across the 

lipid bilayer of the cell membrane is achieved by transmembrane diffusion through the 

lipid matrix and facilitated diffusion using aquaporins and other membrane proteins, 

such as glucose transporters. [95,102–104] Nuclear volume is also responsive to 

extracellular osmotic conditions; in this case, water volume is regulated by passive 

diffusion through nuclear pore complexes. [105,106] In response to unequilibrated 

osmotic states, cells undergo regulatory volume decrease (RVD) or regulatory volume 

increase (RVI). Specifically, swelling initiates RVD which activates K+ and Cl- efflux, 

whereas cell shrinkage prompts RVI and triggers a net NaCl uptake via Na+/H+ 

exchange, Na+-K+-2Cl- cotransport, and Na+ channels. [107–109] It is not clearly 
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understood how cell types differ in their efficiency and time to complete RVI and RVD 

under varying osmotic states. 

 Regulation of cell volume has been implicated in a variety of processes 

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

differentiation. [110–112] Specifically in cancer, water volume regulation is linked to 

behaviors such as metastasis, proliferation, and angiogenesis. [109,113,114] Research 

has demonstrated that aquaporin expression is altered in several cancer types including 

lung, breast, ovarian, and prostate. [110,114–116] Cancer can also coincide with 

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

H2O serum osmolality) [10,117] or syndrome of inappropriate secretion of anti-diuretic 

hormone (SIADH), where the body retains excess fluid. Specifically, in ovarian cancer, 

hyponatremia can arise in the manifestation of ascites, where elevated fluid levels occur 

in the peritoneal cavity. [47] In fact, a previous study showed 52.1% of patients with 

malignant ascites were affected by hyponatremia. [118] Other pathologies such as 

diabetes, sick-cell anemia, and cirrhosis can also cause disruptions in osmotic balances. 

[119,120] For instance, hyperosmolar hyperglycemic syndrome (HHS) is a 

complication that occurs in severe diabetes mellitus, where serum osmolality rises over 

320 mOsm/kg H2O. [121]  

2.5 Methods to Characterize Mechanical Properties of Cells and Tissues  

2.5.1 Overview of Technologies  

 The major advancements in mechanobiology have been driven by the 

development of technologies to quantify mechanical properties of cells. The most 

popular techniques today include the optical stretcher [122], micropipette aspiration 



15 

 

[123], atomic force microscopy [124], traction force microscopy [125], particle-

tracking micro rheology [126], magnetic twisting/pulling cytometry [127], and 

Brillouin confocal microscopy [128]. [129–133] In addition, mechanical properties of 

tissues have been measured using techniques such as ultrasound elastography, and 

magnetic resonance elastography which possess lower spatial resolution but larger 

depth penetration. [131] Here, we highlight the two techniques used in this work, 

Brillouin confocal microscopy and atomic force microscopy.   

 2.5.2 Brillouin Confocal Microscopy  

  Brillouin Light Scattering (BLS) is based on the interaction between 

light and acoustic phonons i.e., microscopic mechanical waves within matter. BLS 

originated nearly a century ago by physicists Léon Brillouin and Leonid Mandelstam. 

According to history, Leonid Mandelstam was the first to develop the theories behind 

photon-phonon scattering in 1918. Meanwhile, Léon Brillouin predicted light 

scattering based from thermal fluctuations and published this work in 1922. [134] 

Mandelstam later published work in 1926. [135] The name “Brillouin-Mandelstam” 

scattering is occasionally used, but most often, it is referred to as “Brillouin scattering”. 

In the last 15 years, transitioning from point-sampling spectroscopy to an imaging 

modality [136] has enabled numerous mechanobiology applications, including the 

study of plants [137,138], the cornea and other optical tissue [139–143], mouse embryo 

[144], zebrafish [145], bone [146], spheroids [147], cancer cell migration [148], and 

more. 

  In the Brillouin Confocal Microscopy set-up used in this dissertation (Figure 

2.1), backwards scattered light was collected at 180° and coupled into the Brillouin 
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spectrometer comprised of two stages of VIPA etalons arranged in cross-axis 

configuration. [128,149,150] A single mode linearly-polarized continuous wave laser 

(Torus, Laser Quantum) with a wavelength of either 660 nm or 532 nm was directed 

into an inverted microscope (Olympus IX81) where light was focused into the sample 

using an objective lens. A program created in-house (LabVIEW) was used to provide 

control of translational stages (Prior), image acquisition (Andor), region of interest 

selection, scanning step size, and exposure time.  

 

Figure 2.1 Brillouin confocal microscopy set-up 

(a) Brillouin Confocal Microscope configuration. Light at 660 nm was focused onto the sample 

and back scattered light was collected by the same objective lens and directed to the Brillouin 

spectrometer. (b) Optical pathway of 2-stage VIPA Brillouin spectrometer. C1-2: cylindrical 

lenses; VIPA1-2: virtually imaged phased array; S1-4: spherical lenses; SF: spatial filter, LP: 



17 

 

lens pair; Filter 1-2: linear variable neutral density filter; EMCCD: electron-multiplying 

charge-coupled device. 

 

 BLS is an inelastic process in which incident photons gain energy (anti-stokes) 

and lose energy (stokes). The shift in photon energy between incident and scattered 

light is the Brillouin frequency shift. Figure 2.2 shows an example Brillouin spectrum 

composed of stokes and anti-stokes peaks. The free spectral range (FSR) i.e., 

wavelength separation between adjacent peaks and GHz per pixel i.e., factor to convert 

image pixels to frequency were determined by calibrating with water and methanol 

which have known Brillouin shifts (water: 7.46 at 532 nm and 6.01 GHz at 660 nm; 

methanol: 6.48 at 532 nm and 5.22 GHz at 660 nm). In this work, we reported the 

Brillouin frequency shift (GHz) displayed by a color bar where warmer colors (red) 

corresponded to an increased Brillouin frequency (and increased longitudinal 

modulus).  

 

 

Figure 2.2 Brillouin spectrum and Brillouin map 

(Left) Example of a Brillouin spectrum. Color bar represents intensity (Center) The anti-stokes 

and stokes correspond to the energy gained and loss, respectively, following the photon-phonon 

interaction. The distance between peaks is measured and the Brillouin shift is back calculated 

by knowing the free spectral range (determined during calibration). (Right) An example 

Brillouin map of a spheroid is shown where each pixel equates to one spectrum. The resolution 

of the Brillouin map is 1 μm/pixel. The color bar represents the Brillouin frequency shift, where 

a higher number/warmer color indicates a stiffer material. This measurement was acquired at 

532 nm.  
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 In a backscattering configuration, the Brillouin frequency shift (υB) is related 

to the to the longitudinal modulus (M′) by: 

 

𝑀′ =  
ρλ2υB

2

4n2
 

Eq. 1 

where ρ is the mass density, n is the refractive index, and λ is the incident wavelength. 

To estimate the error associated with the 
ρ

n2 terms, we use prior literature which has 

approximated tumor mass densities to be between 1.024 g/cm3 and 1.046 g/cm3. 

Density and index of refraction are related by the Gladstone-Dale formula: [151] 

𝑛 = 𝑛𝑚𝑒𝑑𝑖𝑢𝑚 + 𝐶 ∗ 𝛼 

where the 𝑛𝑚𝑒𝑑𝑖𝑢𝑚 and 𝛼 terms can be approximated to be 1.33 and 0.00185 [152], 

respectively in medium, and 𝐶 is the number of grams per 100 mL (102.4 and 104.6 

grams in this case). Here, the estimated index of refraction of spheroids ranges between 

1.519 and 1.524. Based on these estimates, the uncertainty associated with assuming a 

constant 
ρ

n2 term is approximated to be 0.66%.  

2.5.3 Atomic Force Microscopy  

Atomic force microscopy is one of the most popular techniques used in 

mechanobiology experiments. A cantilever probes the surface by pressing at a preset 

indentation rate and distance. A laser beam is deflected on the cantilever tip and 

detected by a photodiode. Multiplying the cantilever spring constant by the cantilever 

deflection gives the force. Force verses displacement curves are then generated to 

extract mechanical information like Young’s modulus. Probe selection is important to 
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define the spatial resolution and the information which is retrieved (e.g., cytoplasm vs. 

cortical stiffness in cells). For example, a sharp tip is useful for probing the cell surface, 

while a sphere/colloidal tip measures forces distributed throughout the cytoplasm. 

[153] In our work, we used a CP-qp-CONT-Au sphere colloidal probe (NanoAndMore 

USA Corp.) having a diameter of 3 - 5.5 µm and spring constant of 0.1 N/m according 

to the manufacturer. Force-displacement curves are most often analyzed using the 

Hertzian contact theory, which assumes the surface is frictionless, strains are small, and 

infinitesimal elastic deformation. [154] In this model, force and Young’s modulus are 

related by equation:  

F =
4

3
∙

E

1 − ϑ2
∙ √r ∙ δ

3
2 

Eq. 2 

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

ratio, and r is the probe radius. The Poisson’s ratio for cells is generally estimated to 

be 0.5 which assumes the material to be perfectly incompressible and isotropic. [153] 

An important limitation to consider with this model, is that it does not account for the 

material’s viscous components. [153] 
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Chapter 3 : Characterization of Ovarian Cancer Tumor Spheroids using 

Brillouin Confocal Microscopy 

3.1 Background 

It is widely accepted that cells sense and respond to mechanical cues in their 

microenvironment; however, the underlying causes of mechanical changes and the 

implications of altered mechanical properties in cancer progression remain areas of 

continued investigation. [4,76,163,164,155–162] A largely underestimated regulator of 

mechanical properties is osmotic pressure of the extracellular environment. On short 

time scales, i.e., immediately after adding the solute, changes in mechanical properties 

have been explained due to water efflux from cells and the resulting osmotic pressure 

gradient. [70,128,165,166] In single cells, several groups have explored the effects of 

hyperosmotic stress and have shown a positive correlation with Young’s modulus. 

[70,128,165,166] Yet, single cells do not adequately portray disease pathology. For this 

reason, many groups have sought to fabricate 3D tumors, organoids, or biomaterials to 

reflect mechanical and biochemical components of the microenvironment and thus 

investigate how cells respond to various environmental stimuli. [4,14,158,164,167,168] 

A major limitation of current technologies that measure the mechanical 

properties of biological samples is that they require contact with the sample and are 

severely limited in complex 3D matrix environments or other systems that do not offer 

direct access to cells. Therefore, a non-contact approach to extract the mechanical 

features of complex biological systems will be of value, particularly in cancer-related 

mechanobiology studies. One potential technology to address this need is Brillouin 

microscopy. Brillouin light scattering is a phenomenon where interaction of incident 

light with acoustic phonons within a material causes a frequency shift in the scattered 
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radiation. The Brillouin frequency shift is related to the longitudinal modulus of the 

sample, i.e., the ratio of stress-strain in a purely uniaxial setting at high-frequency 

(GHz). Thus, combining a high-resolution Brillouin spectrometer with confocal 

microscopy, will enable three-dimensional maps of material mechanics to be generated. 

3.2 Methods 

3.2.1 Cell Culture 

Epithelial ovarian cancer cells (NIH: OVCAR5) were grown in standard 

conditions using the recommended culture medium containing RPMI 1640 Medium, 

no phenol red, 10% Fetal Bovine Serum (FBS), and 1% Pen Strep. 

3.2.2 Culture of 3D Spheroids 

Culture of Spheroids using Matrigel Overlay Method: Corning® Matrigel® 

(Growth Factor Reduced (GFR) Basement Membrane Matrix Phenol Red-Free, 

*LDEV-Free #356231) was used as the extracellular matrix for the cultures. Matrigel 

was thawed overnight on ice at 4 °C. The following day, 250 μL of thawed Matrigel 

was pipetted into wells of a sterile glass bottom 24-well plate (Greiner bio-one 

Sensoplate, #662892). Matrigel was polymerized by incubating at 37 °C for 20 

minutes. 1 mL of 104 cells/mL OVCAR5 cells in medium supplemented with 2% 

Matrigel was added per well. Media was replaced every three days by gently aspirating 

old medium to not disturb spheroids attached to the Matrigel. 

Culture of Spheroids using Low Attachment Plates: Corning™ 96 Well Ultra-

Low Attachment Treated Spheroid Microplates (Fisher Scientific, #12-456-721) 

provided a method for growing larger spheroids without the need for Matrigel, 
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favorable for the MicroTester and AFM, where contact with the spheroid is required 

and the presence of Matrigel could skew the results. To prepare spheroids, 300 μL of 

OVCAR5 at a concentration of 105 cells/mL in OVCAR5 medium was added to 96 

wells and incubated at 37 °C for 3 days. 12-mm glass coverslips coated in collagen 

were prepared to provide a surface for spheroid attachment: Glass coverslips were 

initially sterilized with 70% ethanol. A composition Rat Tail Type I Collagen High 

protein concentration (Corning™, #354249, protein concentration: 10.21 mg/mL) and 

70% ethanol at a 1:4 ratio was prepared. 50 μL of the mix was added per coverslip and 

stored overnight at room temperature. On day 3 of spheroid growth, spheroids were 

removed from the 96-well plate by slowly pipetting with a 10 mL pipette tip and 

transferred to collagen coated coverslips. Spheroids were incubated in 37 °C for 24 

hours to provide time to attach. 

3.2.3 Brillouin Confocal Microscopy 

For 3D imaging (Figure 3.1), we performed raster scanning in the XY 

dimension and refocused to a new location along the Z axis to generate another stacked 

image. For all other measurements (Figures 3.2, 3.3, 3.4), images were acquired in the 

central XZ plane perpendicular to the Matrigel bed. The spatial resolution of the images 

depends on the NA of the objective lens; here, the lateral resolution was 1 µm and axial 

resolution was 2 µm. A post-processing algorithm developed in MATLAB was used to 

fit the Brillouin peaks to a Lorentzian function and extrapolate the average Brillouin 

frequency shift. Average spheroid Brillouin frequency shift was determined by 

excluding the locations pertaining to the surrounding medium and averaging values 

corresponding to the remaining spheroid structure. 
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The mechanical response of spheroids cultured using Matrigel was tested under 

3 osmotic conditions: 0, 500 mM, and 1000 mM sucrose. After 3 days of culture, 3 

spheroids in 3 separate wells, for a total of 9 spheroids per condition were tested. 

Brillouin imaging was performed immediately after the addition of sucrose. Images 

were acquired in the XZ plane with 1 µm resolution. Due to the poor signal penetration 

depth in the z-direction for low attachment spheroids, we imaged 100 µm x 100 µm 

sections in the XY plane where the signal was resolvable with 2 µm resolution. 

Spheroids cultured using the low attachment plates were subjected to 0, 62.5 mM, and 

125 mM sucrose. The decreased osmotic condition was required due to decrease signal 

intensity in the low attachment spheroids (Figure 3.2c.). A total of 6 spheroids were 

measured per condition. 

3.2.2 Young’s Modulus using Atomic Force Microscopy 

The Young’s modulus was measured using an Asylum MFP-3D-BIO AFM 

with CP-qp-CONT-Au sphere colloidal probe (NanoAndMore USA Corp.) having a 

diameter of 3 - 5.5 µm according to the manufacturer. The spring constant of the 

cantilever was measured to be 0.17 N/m, which was within a factor of 1.69 to the 

manufacturer’s nominal value of 0.1 N/m. AFM was performed using a 3 µm force 

distance, a 1 V trigger point (~8.7-8.8 nN), and a scan rate of 0.99 Hz. Force curves 

were fit to the Hertz model within Asylum’s Igor Pro-based software, using the 

equation 
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F =
4

3
∙

E

1 − ϑ2
∙ √r ∙ δ

3
2 

Eq. 3 

with δ as the measured indentation of the sample and Young’s modulus E as the fitting 

parameter. The Poisson’s ratio ϑ of the sample was assumed to be 0.45 and the tip 

radius of curvature r was approximately 2.1 µm. 

OVCAR5 tumor spheroids were cultured using the low attachment method and 

attached to collagen coated glass coverslips as previously described. Spheroids were 

placed in a Falcon® 50 mm x 9 mm Sterile Petri Dish (New Star Environmental and 

Laboratory Products #351006) and bathed in 4 mL of PBS with varying concentrations 

of sucrose (0, 500, and 1000 mM) warmed at 37 °C. Three 10 x 10 force maps spanning 

2500 μm2 (5 μm step size) were acquired per spheroid and 3 spheroids per sucrose level 

were tested. 

3.2.3 Young’s Modulus using MicroTester 

Spheroids were prepared using the low attachment protocol previous described. 

Spheroids were placed in a fluid bath of PBS-sucrose solution warmed to 37 °C. A total 

of 35 spheroids were measured in varying sucrose conditions: 0, 250, 500, 750, and 

1000 mM. A microbeam with a diameter of 152.4 µm, modulus 411,000 MPa, and 

length of 60 mm was fixed to a 2 mm x 2 mm compression plate and mounted to the 

vertical actuator. Data acquisition was performed using the software provided, 

SquisherJoy. Spheroids were compressed once in the Z-axis by ramping up to 75%, 

with a load time of 20 seconds, hold of 10 seconds, and recovery period of 20 seconds. 
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Data was exported to Microsoft Excel where analysis was performed. The Young’s 

modulus was calculated as the slope of the stress strain curve using the formula: 

E =
F/A

ΔL/L
 

Eq. 4 

where E is the Young’s modulus (µN/µm2), F is the force in (µN), A is the surface area 

of the spheroid (µm2), L is the height of the spheroid (µm), and ΔL is the displacement 

of the beam (µm). The surface area (A) was measured by assuming a circle as the shape 

of the surface. ImageJ was used to determine the diameter of the spheroid at 10% strain. 

[169] The length of the spheroid (L) was gathered by the SquisherJoy software, where 

cursors were placed prior to testing at the top and bottom of the spheroid. The Young’s 

modulus was analyzed between 0 and 10% strain where initial strain (0%) was assumed 

to be when the applied force reached 0.1 µN. Culture methods for mechanical testing 

using Brillouin, AFM, and the MicroTester are summarized in table 3.1. 

Table 3.1 Summary of techniques and culture method, duration, conditions, and 

number of samples for mechanical analysis 

Methods Summary 

Technique Culture 

Method 

Culture 

duration 

(days) 

Conditions 

(Sucrose 

Concentration 

mM) 

Samples per 

condition 

Brillouin Matrigel 3 0, 500, 1000 9 spheroids 

Brillouin Low 

Attachment 

4 0, 62.5, 125 6 spheroids 

AFM Low 

Attachment 

4 0, 500, 1000 3 spheroids (3 regions 

of interest per 

spheroid) 

MicroTester Low 

Attachment 

4 0, 250, 500, 750, 

1000 

8, 7,7, 7, 6 spheroids 

respectively 
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3.2.2 Osmotic and Carboplatin Treatments 

Osmotic Treatments: Concentrations of sucrose up to 1000 mM in Phosphate 

Buffered Saline (PBS, Dulbecco's phosphate-buffered saline, 1X) was added to the 

extracellular fluid of spheroids. A relationship between sucrose concentration and 

osmolality was established by measuring solutions with an Advanced® Micro-

Osmometer Model 3300 (Table 3.2). 

Table 3.2 Relationship between osmolality and sucrose concentration in PBS measured 

by an osmometer 

 

Sucrose 

Concentration 

(mM) 

Measured 

Osmolality 

(mOsm/kg H2O) 

Mean Standard 

Deviation 

0 285 4.58 

250 546 5.69 

500 847 1.53 

750 1141 11.50 

1000 1440 8.39 

 

Carboplatin Treatments: OVCAR5 tumor spheroids were cultured for 7 days 

using the protocol for forming spheroids with Matrigel as previously described. 

Medium changes occurred on days 3 and 6 of culture. On day 7, spheroids were dosed 

with 500 µM carboplatin in 1 mL of medium while non-treated groups were refreshed 

with 1 mL of medium. After 96 hours of incubation in 37 °C, the Brillouin shift of non-

treated and treated cells were measured. To retrieve Brillouin shift of the spheroids, the 

extracellular medium was removed by thresholding values less than 7.65 GHz and the 

Brillouin shift was average across the remaining area of the spheroid. Experiments were 

performed using a previous set up which used a green laser (λ = 532 nm). Brillouin 
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shifts using a green laser (λ = 532 nm) is related to the Brillouin shifts using a red laser 

(λ = 660 nm) by multiplying by the ratio of wavelengths; Red Brillouin Shift = Green 

Brillouin Shift * (532/660). A total of 19 non-treated and 20 treated spheroids were 

measured in three separate rounds. 

3.2.3 Statistical Analysis 

For osmotic pressure experiments, a one-way ANOVA was used to compare 

groups. For the carboplatin treatment experiment, a paired t-test assuming equal 

variances was used to compare to the non-treatment group. All statistics were 

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

3.3 Results 

3.3.1 Mechanical Mapping of Spheroids using Brillouin Confocal Microscopy 

A series of corresponding Brillouin XY cross-sectional images, taken at 12.5 

µm step along the Z depth axis, are shown in Figure 3.1a and demonstrate the 3D 

sectioning capability provided by the confocal nature of Brillouin measurements. For 

the rest of the paper, to perform Brillouin imaging on a large population of spheroids, 

we scanned one depth-section (XZ plane) per spheroid; we chose the XZ plane cutting 

through the central axis of the spheroid, to maintain consistency in the assessed location 

across measurements. An example brightfield image in the XY plane of a spheroid 

cultured using the Matrigel method and corresponding Brillouin map in the XZ plane 

is shown in Figure 3.1b. High resolution Brillouin images revealed tumor spheroids to 

be a heterogenous conglomeration of cells. The subcellular sites with the highest 

Brillouin shifts are predicted to be nuclei, based on a previous analysis of single cells. 
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[149] Areas of Brillouin shifts as low as the liquid medium were observed within 

spheroids, probably indicating regions with no cells and no matrix. 

 
Figure 3.1 Brillouin imaging of tumor spheroids 

(a) Images acquired in the XY plane of a tumor spheroid. Color bar represents the 

Brillouin shift in GHz, where an increased Brillouin shift is related to an increased 

longitudinal modulus. Images were acquired with a resolution of 1 µm per pixel and 

exposure of 0.15 seconds per pixel. (b) An example Brillouin map and brightfield 

image of a spheroid cultured using Matrigel measured in the XZ plane (perpendicular 

to the Matrigel surface). 

3.3.2 Penetration Depth of Brillouin Confocal Microscopy for Tumor Spheroid 

Analysis 

As with any optical technique, the penetration depth achieved by Brillouin 

microscopy in non-transparent samples is limited. Here, we analyzed the signal 

intensity as a function of depth for spheroids on Matrigel and in low attachment cultures 

(Figure 3.2). We overlaid cells on Matrigel (Figure 3.2a) and in 96 Well Ultra-Low 

Attachment Treated Spheroid Microplates which resulted in the formation of spheroids 

in suspension, without an exogenous extracellular matrix (Figure 3.2b). [170] The 

sizes of spheroids cultured using both techniques depend on culture time and seeding 

density. Previous work has shown that OVCAR5 cells overlaid on Matrigel form 
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heterogenous spheroids with a bimodal size distribution, which we observed as well. 

[171] Consistent with the culture duration for mechanical testing, we analyzed Matrigel 

spheroids on day 3 having a diameter of ~50 µm and low attachment spheroids on day 

4 with a diameter of ~850 µm. As expected, the signal intensity of light through 

scattered medium decreased exponentially. The relationship between signal intensity 

(I) and depth (z) is commonly written as I = I0e−βz where I0 is the incident light 

intensity and β is the scattering coefficient. In figure 3.2c., we show the natural log of 

the normalized intensity ln (
I

I0
) = −βz and found the scattering coefficient β for low 

attachment spheroids to be significantly greater than Matrigel spheroids (p ≤ 0.0001) 

(Figure 3.2c). 

To approximate the maximal penetration depth for Brillouin signal analysis, we 

assumed that a minimum of 3000 counts of incident light intensity was required to 

retrieve the Brillouin shift. We quantified the intensity at varying penetration depths 

and predicted that spheroids grown using the Matrigel method up to a diameter in the 

Z direction of ~92 µm could be measured.  Low attachment spheroids had greater 

opacity compared to the Matrigel method, thus the penetration depth was reduced to 

~54 µm. In both the Matrigel and low attachment spheroids, increasing extracellular 

osmolality using PBS with sucrose decreased the signal penetration depth. A 

penetration depth to enable Brillouin measurements was obtained for concentrations of 

sucrose of up to 1000 mM for Matrigel spheroids and up to 125 mM for low attachment 

spheroids. 
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Figure 3.2 Signal penetration depth of tumor spheroids using Brillouin confocal 

microscopy  

(a) Brightfield image (Objective: 60X) of a spheroid after 3 days of culture using the Matrigel 

method. (b) Brightfield image (Objective: 10X) of a spheroid after 4 days of culture using the 

low attachment method. (c) Depth in the z axis (µm) vs. natural log of normalized intensity for 

Matrigel and low attachment spheroids. A comparison of liner fits showed that the signal 

intensity in the low attachment method was significantly lower than the Matrigel method (p ≤ 

0.0001). A total N of 5 spheroids per condition were measured.  

 

3.3.3 Mechanical Behavior of Tumor Spheroids Assessed using Brillouin 

Confocal Microscopy 

To alter the mechanical properties of the spheroids, we immersed them in 

hyperosmotic solutions of PBS with up to 1000 mM of sucrose. We observed an 

increased Brillouin shift with increased osmolality of the solution in both Matrigel and 

low attachment spheroids (Figure 3.3a, b). The two methods, however, demonstrated 

similar trends in dependency between osmolality and Brillouin shift: Figure 3.3c 

overlays both Figure 3.3a and Figure 3.3b measurements and shows a linear 

relationship between osmolality and Brillouin shift, independent of the spheroid size 

and culture method. 
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Figure 3.3 Osmotic shock effect on Brillouin shift of tumor spheroids 

(a) Increased osmolality of extracellular solution for spheroids cultured using Matrigel method 

caused an increased spheroid Brillouin Shift. Data points represent the average Brillouin shift 

of a spheroid. A total N = 9 spheroids per condition were mapped. (b) Increased osmolality of 

spheroids cultured by low attachment method caused increased Brillouin shift. Due to stronger 

opacity in the low attachment method, a lower sucrose concentration was used compared to the 

Matrigel method. Data points represent the average Brillouin shift of a single spheroid. A total 

N = 6 spheroids per condition were mapped. (c) Brillouin shift was linearly related (R2 > 0.99) 

to the osmolality of the PBS-sucrose solution, independent of culture method. 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 (****). 

3.3.4 Correlation of Mechanical Behavior of Tumor Spheroids with Atomic 

Force Microscopy and MicroTester 

To validate the ability of Brillouin Confocal Microscopy to analyze the 

mechanical properties of tumor spheroids, we evaluated spheroids undergoing similar 

osmotic changes using two standard approaches to extrapolate Young’s modulus based 

on deformation of the sample: Atomic Force Microscopy and Micro-Scale Mechanical 

Tester (MicroTester). For these experiments, the spheroids were cultured using the low 

attachment technique. Using AFM, (Figure 3.4a) we found an increase in Young’s 

modulus with increased osmolality (Figure 3.4b). Similarly, using the MicroTester, 

(Figure 3.4c) we found that the Young’s modulus increased with increasing osmolality. 

The Young’s modulus at 0 to 10% strain was evaluated and an exponential relationship 

(R2=0.95) was found between Young’s modulus and increasing osmolality (Figure 

3.4d). The averages and standard deviations for each condition are found in table 3.3. 
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Figure 3.4 Effect of osmotic shock on Young’s modulus 

(a) Example of spheroid attached to a collagen coated glass coverslip measured using AFM. 

(b) Increased osmolality caused an increased Young’s modulus measured by AFM. Each data 

point represents the average of one force map spanning an area of 2500 µm2 (10 x 10 pixels). 

Three spheroids were measured with three force maps per spheroid (N = 9 force maps) (c) 

Example of spheroid being contacted by MicroTester parallel compression plate. 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 (****). (d) Increased osmolality 

exhibited an exponential relationship with Young’s modulus measured by the MicroTester. A 

total N = 8, 7,7, 7, 6 spheroids were acquired for 0, 250 mM, 500 mM, 750mM, and 1000 mM 

conditions, respectively 
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Table 3.3 Results summary for mechanical testing of spheroids under varying sucrose 

concentrations 

Results Summary 

Technique Culture Method Sucrose (mM) Mean ± Standard Deviation 

Brillouin Matrigel 0 6.33 ± 0.03 GHz 

500 6.67 ± 0.07 GHz 

1000 6.93 ± 0.07 GHz 

Brillouin Low Attachment 0 6.32 ± 0.04 GHz 

62.5 6.37 ± 0.02 GHz 

125 6.42 ± 0.03 GHz 

AFM Low Attachment 0 0.96 ±0.18 kPa 

500 2.42 ±1.09 kPa 

1000 4.25 ±1.23 kPa 

MicroTester Low Attachment 0 42.32 ± 26.69 Pa 

250 86.35 ± 140.13 Pa 

500 168.47 ± 156.81 Pa 

750 329.12 ± 314.43 Pa 

1000 562.09 ± 246.82 Pa 
 

 Using an approximation of 1.37 for the refractive index and 1.08 g/cm3 for 

density [128], we can estimate the longitudinal modulus and derive a relationship with 

the Young’s modulus acquired using AFM (figure 3.5).  
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Figure 3.5 Relationship between Young’s modulus and longitudinal modulus 

Tumor spheroids were immersed in 0, 500 mM, or 1000 mM sucrose solutions. AFM Young’s 

modulus was performed on spheroids fabricated using the low attachment method while 

Brillouin shift was acquired for nodules made using the Matrigel method. The longitudinal 
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modulus was calculated from the Brillouin shift using an approximation of 1.37 for the 

refractive index and 1.08 g/cm3 for the density. Laser wavelength was 660 nm. Each data point 

represents the mean. Standard deviations and individual measurements are plotted in figures 

3.3 and 3.4. For Young’s modulus, three spheroids were measured with three force maps per 

spheroid (N = 9 force maps). For longitudinal modulus, a total N = 9 spheroids per condition 

were measured.  

 

3.3.5 Effect of Carboplatin on Brillouin Shift 

Finally, we evaluated the mechanical effect of carboplatin treatment on 3D 

tumor spheroids. Carboplatin is a commonly used anti-cancer chemotherapeutic to 

manage ovarian cancer. We acquired brightfield images in the XY plane and Brillouin 

maps in the XZ plane. Compared to no treatment controls, spheroids showed evidence 

of morphological changes after carboplatin treatment (Figure 3.6a). We also found 

carboplatin to cause a significant decrease in Brillouin shift (p ≤ 0.0001) corresponding 

with a disrupted structure compared to the control group (Figure 3.6b). These results 

were consistent with previous literature showing HeLa cells undergoing a significant 

decrease in stiffness and damaged morphology following treatment with paclitaxel. 

[172] More recently, Margueritat et al. used Brillouin Confocal Microscopy to quantify 

tumor mechanics post chemotherapy and showed the tumor core had decreased drug 

efficacy. [173] Since OVCAR5 cells cultured on Matrigel form 3D spheroids with a 

bimodal size distribution,[171] the relationships between tumor size, treatment 

response and mechanical properties will be important to investigate in future studies. 

In addition, the possibility that drug resistant tumor cell populations have a decreased 

stiffness due to a more metastatic behavior should not be ruled out and would be an 

interesting experiment for the future. 



35 

 

 

Figure 3.6 Brillouin shift of spheroids treated with carboplatin  

(a) Brightfield images and corresponding Brillouin maps of no treatment and carboplatin 

treated spheroids. Color bar represents Brillouin shift (GHz) represented in both 660 nm and 

532nm incident wavelengths. (b) Brillouin Shift of no treatment 500 µM carboplatin measured 

using Brillouin. A threshold of 7.65 GHz was used to isolate spheroids from surrounding 

medium. The Brillouin shift was significantly lower in the 500 µM carboplatin group compared 

to no treatment group (****p ≤ 0.0001). Each data point represents the average Brillouin shift 

per spheroid. A total of N = 19 control spheroids and N = 20 treated spheroids were measured. 

Statistics to analyze significant differences between groups were performed using a t-test. 

3.4 Discussion 

The mechanical properties of cells and extracellular components play critical 

roles in cell behaviors such as migration, differentiation, proliferation, and survival. 

[4,157,159,174,175] The need for technologies to quantify mechanical properties on a 

cellular level is widely recognized; thus, in the past two decades, tools including AFM, 

micropipette aspiration, optical stretchers, microfluidics, and microrheology have been 

developed. [129–133] Despite each of their strengths, analysis of 3D in vitro cultures, 

which are increasingly prevalent, requires destruction of the sample. AFM and 

micropipette aspiration both require direct contact with the sample, thus preventing the 

analysis of experiments involving spheroids encapsulated in 3D microenvironments or 

within microfluidic devices. [130,133] Both optical stretchers and microfluidic 

channels have enhanced the ability for high throughput mechanical analysis but they 

require deformation of the sample. [129,130,133] Microrheology is useful for assessing 



36 

 

the effects in 3D microenvironments; however, this technique is still invasive and 

involves tracing microparticles undergoing Brownian motion, so the data output 

typically involves trajectories of paths rather than mapping of the entire cell structure. 

[130,132] 

Brillouin Confocal Microscopy is an all-optical method that can resolve 

mechanical information in 3D in vitro cultures without contact and with micron scale 

resolution. However, Brillouin does not provide information for traditional metrics 

such as Young’s modulus. Thus, to align with gold standard technologies, we 

performed a validation to study the mechanical properties of ovarian cancer spheroids. 

We evaluated two different culture techniques since each showed benefits contingent 

on the mechanical analysis technology. We observed Brillouin to be advantageous 

compared to AFM and the MicroTester in measuring 3D tumor spheroids in overlay 

cultures on Matrigel. AFM analysis of spheroids cultured using Matrigel posed 

challenges due to the interference of the gel with the probe and forces felt beneath the 

spheroid caused by the low Young’s modulus of Matrigel. To isolate adherent 3D 

spheroids from the underlying Matrigel matrix, centrifugation and enzymatic methods 

have been used, but these methods are highly disruptive to the spheroids. Culturing on 

Matrigel was also unfavorable for MicroTester analysis which requires samples to be 

greater than 50 µm and attached to a hard surface. Of the two culture techniques, we 

found the low attachment method to be better suited for AFM and the MicroTester. On 

the other hand, Brillouin had challenges in imaging spheroids generated by the protocol 

used here for low attachment cultures due to the large size and opacity of the spheroids. 

In the future, a lower initial seeding density could be used to form smaller spheroids 
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and ensure whole spheroid measurements with Brillouin. Consequentially, the low 

penetration depth of Brillouin signal may limit applications to cancer bio-mechanics 

studies. For instance, hypoxic cores are introduced in spheroids greater than 200 μm. 

[176] Whereas, our findings show the maximum penetration depth of Brillouin signal 

is ~92 µm for Matrigel spheroids and ~54 µm for low attachment spheroids. 

Additionally, extracting mechanical properties from real tissue specimens may better 

mimic the in vivo mechanical state due to the extracellular matrix and tumor cell 

heterogeneity. However, opacity and size of a biopsy sample may inhibit such 

measurements. Accordingly, until further advances are made in the Brillouin 

technology, experimental designs must be coordinated with the current specifications. 

Both protocols appear to be uniquely advantageous; for example, Matrigel can 

vary batch-to-batch thus producing variable results; yet, depending on the cell line, the 

method yields a collection of heterogenous tumors in the same well, so mechanics in 

conjunction with migration and proliferation can be determined. [171] Finally, it is 

important to acknowledge the differences in sampling resolutions for each of the three 

systems used to assess the mechanical properties of the 3D tumor spheroids. Brillouin 

can create maps of the entire spheroid in three axes, although here we reduced the maps 

to one average value for comparison. AFM can generate a map with micron resolution 

as well, but only in one axis while the MicroTester only generates a single value per 

sample. Thus, the optimal technology choice is dependent on both culture technique 

and sampling interests. 

As shown in this work, the mechanical measurements in 3D tumor spheroids 

performed by Brillouin microscopy correlate with the gold standard mechanical 
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measurements. Using AFM, we found that OVCAR5 spheroids had an average 

Young’s modulus of 0.96 kPa in PBS. Because the tip of the AFM probe was 

approximately 5 µm, the Young’s modulus of a spheroid was resolvable to the level of 

single cells. A similar range of Young’s moduli have been previously reported for other 

ovarian cancer cell lines: OVCAR4: 1.120 kPa, HEY: 0.884 kPa, OVCAR3: 0.576 kPa, 

and HEYA8: 0.494 kPa. [174] In comparison, non-malignant immortalized ovarian 

surface epithelial cells had a Young’s modulus of 2.472 kPa. [174] Using the 

MicroTester, we found that OVCAR5 spheroids had an average Young’s modulus of 

42.32 Pa in PBS and an exponential correlation was observed with increasing sucrose 

concentration. The Young’s modulus of spheroids composed of mesenchymal stem 

cells was previously measured using the MicroTester and was found to be on a similar 

scale of 42.28 ± 6.14 Pa at 20% strain. [177] 

In the present study, Brillouin shift evaluated optically, and Young’s modulus 

determined by AFM and MicroTester, all increased with increasing osmolality. 

Previous reports measuring single cells subjected to hyperosmolar conditions provided 

similar results. [128,165,166] It is believed that increasing osmolality causes water 

efflux from cells, reduction of cell volume, and crowding of the intracellular space. In 

our experiments, a reduction in tumor volume was visible immediately following 

sucrose addition. [165,166] The relationship between cell volume and cell stiffness has 

spawned further questions on how cells regulate volume and behavioral consequences. 

Guo et al., recently showed that changes in cell volume, due to either osmotic stress or 

matrix stiffness, influenced stem cell differentiation. [166] The consequences of cell 

volume changes in cancer cells is less understood but may be highly relevant in 
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tumorigenesis, where cancer cells experience a variety of external physical stresses. 

[164,178] 

A critical next step is to identify Brillouin sensitivity to changes in cell stiffness 

due to different phenomena, such as solid/liquid fraction changes, variation in cell 

contractility, crowding of intracellular space, or cytoskeletal 

polymerization/crosslinking. Recent work revealed that at high water content (>95%), 

Brillouin measurements are strongly affected by water content compared to traditional 

mechanical testing systems to the point of practically being unable to characterize 

mechanical effects in highly hydrated gels. [179,180] However, in single cells and 

tissues, which have approximately ~70% water content, Brillouin shift and Young’s 

modulus have both been shown to be sensitive to water content. [128,181] Thus, a 

strong correlation between Brillouin microscopy and traditional mechanical testing is 

generally observed and Brillouin technology appears to be sensitive to several relevant 

phenomena such as collagen crosslinking/branching, [140] chromatin decondensation 

[149] and activation/inhibition of actin polymerization. [128] 
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Chapter 4 : Mechanical Properties of Tumor Spheroids under Shear Flow 

4.1 Background 

 A major cause of disease progression in patients with ovarian cancer is the 

accumulation of ascitic fluid within the abdomen. [55] Approximately 89% of patients 

with stage III or IV ovarian cancer develop ascites. [7,182] The cause of fluid retention 

is not well-established and thought in-part to be due to lymphatic obstruction. 

[7,183,184] Palliative care such as paracentesis via percutaneous drainage or catheter 

drainage is frequently used to reduce ascites; however, symptoms can reappear in as 

little as 10 days. [47,185,186] Not only does fluid accumulation raise intra-abdominal 

pressure [19] and cause discomfort to the patient, but ascites facilitates cell phenotypic 

modulations and intervenes with treatment success. The clinical presence of ascites is 

indicative of increased transcoelomic metastasis [19], resistance to chemotherapy [7], 

and upregulated markers associated with poor prognosis, such as vascular endothelial 

growth factor (VEGF). [183,185,187] 

 While increasing evidence supports the role of ascites as a negative prognostic 

indicator in advanced-stage ovarian cancer, the impact of mechanical stress (i.e., flow-

induced shear stress) on aggressiveness, and poor sensitivity to treatment, in ovarian 

cancer remains understudied. Recent studies [11, 12] demonstrated an increase in 

epithelial to mesenchymal transition (EMT), marked by changes such as increased 

spindle-like morphology, loss of E-cadherin, and upregulated vimentin, in 3D 

OVCAR5 tumors grown under continuous flow for 7 days [14], compared to equivalent 

static cultures. A concomitant flow-induced increase in expression and activation of 

the epidermal growth factor receptor (EGFR) was observed. Elevated EGFR signaling 
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activity is understood to promote proliferation, invasiveness, and cell survival. [9] The 

experimental parameters used in this study informed the conditions used in the present 

study.  

 More recently. Nath et al. [12] demonstrated that flow-induced shear stress 

conferred resistance to carboplatin, compared to equivalent static cultures, despite 

higher drug uptake under flow. [12] This flow-induced resistance to carboplatin was 

associated with increased signaling of mitogen-activated protein kinase/extracellular 

signal-regulated kinase (MEK) and phosphorylated extracellular signal-regulated 

kinase (p-ERK). A variety of receptor tyrosine kinase (RTK) networks regulate 

MEK/ERK signaling, including the EGFR, which was confirmed to be upregulated 

under flow. [12] Interestingly, low-dose anti-EGFR photoimmunotherapy (PIT) 

resulted in comparable cytotoxic response in static and flow cultures, suggesting a role 

for targeted photochemistry-based therapies as part of rationally-designed 

combinations. [9] 

 Ip et al. [55] used the human ovarian carcinoma SKOV-3 cell line formed into 

spheroids and embedded them on a 2-hydroxyethylmethacrylate (poly-HEMA) coated 

glass slide. Exposing tumors to both 0.002 dyne/cm2 and 0.02 dyne/cm2 for 24 hours 

induced gene expressions corresponding to EMT characterized by increased Snail, 

Slug, and N-cadherin, with decreased E-cadherin. Upregulated stem cell marker gene 

expressions were also observed including octamer-binding transcription factor 4 (Oct-

4), c-Kit (CD117), ATP-binding cassette G2 (ABCG2) and P-glycoprotein (P-gp). [55] 

Moreover, flow increased chemoresistance after treatment of cisplatin (25 μM) or 

paclitaxel (100 nM). [55]  
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 While molecular consequences under flow are partially established, there 

remains inadequate information on how exposure to flow modulates mechanical 

properties. Mechanical properties of cells and tissues are known to play a critical role 

in cancer behaviors such as migration, survival, and proliferation. [155,159,188] In 

ovarian cancer particularly, prior studies indicate ovarian cancer cells have a lower 

Young’s modulus in contrast to benign cells, suggesting they are more susceptible to 

physical change under longitudinal forces; however, the exact mechanisms causing this 

behavior is not clear. [174,189–192] As flow confers a physical stress and has been 

shown to induce elongated morphology [193], we expected that mechanical properties 

(i.e. stiffness) would be modulated under flow compared to static conditions.  

 A limitation to standard mechanical analysis techniques is the need for contact 

with the sample, therefore making analysis of spheroids embedded within a perfusion 

device impossible. To solve this issue, we apply Brillouin confocal microscopy, an all-

optical approach based on an interaction between incident photons and thermally 

excited acoustic phonons within a material. [136] The Brillouin frequency shift 

describes the inelastic scattering of photons which is related to the longitudinal 

modulus at high frequency. A high Brillouin shift indicates a rigid material, while 

liquid-like medium such as cytosol will result in a lower shift. [194] As biological 

samples exhibit frequency dependent behaviors and are nearly incompressible, the 

Brillouin-derived longitudinal modulus probes different properties from traditional 

stress-strain tests. [141] However, correlative studies demonstrate that a log-log linear 

relationship exists between the Brillouin longitudinal modulus and Young’s modulus 

in biological tissues and cells. [128,141,142] Specifically, we recently demonstrated 
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matching trends of the Young’s modulus derived using AFM and the Brillouin-derived 

moduli in tumor spheroids, thus validating the use of Brillouin microscopy for 

mechanical evaluation in these samples. [147] 

 As previously mentioned, in the work presented here, we used the same 

perfusion platform, flow rates, and seeding densities described by Rizvi et al. [14], 

where a range of seeding densities and flow rates were evaluated. The conditions that 

resulted in consistent tumor growth and modulation of biological parameters over a 7-

day timeframe (potentially mimicking physiologically-relevant conditions that are 

permissive to tumor growth), were then selected. [14] The shear stress conferred by the 

selected flow rate (~3 dyne/cm2) is based on evidence that peritoneal shear stresses are 

in the range of 0.14 dyne/cm2 to 11 dyne/cm2. [195] In the present study, the mechanical 

properties of 3D tumor spheroids were characterized on day 7, and it was found the 

Brillouin shift was significantly lower under flow, compared to spheroids in a static 

condition. To explain these differences, we considered that beyond shear stress, tumors 

in flow were exposed to cumulatively lower osmolality and higher nutrients compared 

to the static condition, where medium was replenished on days 3 and 6. The role of 

osmolality on mechanics was evaluated by measuring the Brillouin shift of static 

spheroids with varied frequency of medium changes. Our results demonstrate a strong 

association between the extracellular fluid osmolality and the Brillouin shift of 

spheroids. However, the cumulative history of osmolality did not influence the 

Brillouin shift, implying that osmotic differences between flow and static conditions 

were likely short-lived compared to the mechanical effects conferred by shear stress. 

We also examined the role of nutrients by changing fetal bovine serum concentrations 
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and found effects on tumor growth but no differences in the Brillouin shift. Our findings 

of a decrease in tumor spheroid stiffness under flow constitute an important question 

pertaining to the role of mechanical properties in ovarian cancer progression. 

4.2 Methods 

4.2.1 Cell Culture  

Epithelial ovarian cancer cells (NIH: OVCAR5) were grown in standard culture 

medium containing RPMI 1640 Medium (Gibco®, #11835030) no phenol red, 10% 

Fetal Bovine Serum (FBS), and 1% Penicillin-Streptomycin. For low nutrient 

experiments, the FBS percentage was reduced to 1% or 0.1%. Static Tumor Spheroids: 

Corning® Matrigel® (Growth Factor Reduced (GFR) Basement Membrane Matrix 

Phenol Red-Free, *LDEV-Free #356231) was prepared by thawing overnight on ice at 

4 °C. The following day, 250 μL of Matrigel was pipetted into wells of a pre-chilled 

sterile glass bottom 24-well plate (Greiner bio-one Sensoplate, #662892). Basement 

membranes were incubated at 37 °C for 20-30 minutes for gelation. Meanwhile, 

OVCAR5 cells were resuspended in medium with a concentration of 104 cells/mL and 

1 mL was added per well. To replenish cell medium in the cultures, a 1 mL pipette was 

angled on the side of the well and medium was slowly aspirated and refilled. For flow 

vs. static experiments, cell medium was replenished on days 3 and 6. For medium 

change frequency experiments, spheroids were exposed to either no change in medium 

for 7 days, change day on day 3/6, or a daily change of medium for 7 days. Osmolality: 

20 µl of medium within each well was extracted and osmolality was measured using 

an Advanced® Micro-Osmometer Model 3300. Spheroid Size: ImageJ was used to 

obtain the spheroid area using an in-house developed macro. [169] Images were 
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imported and ‘find edges’, ‘make binary’, and ‘analyze particles’ commands were 

successively performed. 

4.2.2 Perfusion Chamber 

The assembly of this device is previously described in literature. [147] Briefly, a 

double-sided adhesive (DSA) film (ARcare 90485; Adhesives Research) designed with 

3 channels was pressed onto a glass cover slip. 20 µl of Matrigel was pipetted evenly 

into the channels of the DSA/glass coverslip assembly. The top sticky side of the DSA 

was removed and a polymethyl methacrylate (PMMA) part was placed on top. The 

DSA/PMMA construct was held together using screws. 100 cm tubing was inserted 

into the three inlet holes using an epoxy resin and hardener. In the same manner, 40 cm 

tubing was connected to the outlet. Cells were loaded into a 1 mL syringe at a 

concentration of 1*106 cells/mL and loaded into a syringe pump (Harvard Apparatus, 

Pump 11 Pico Plus #170-2213). The selected concentration was previously established 

to enable matching cell adherence densities with the static condition. [14] The syringe 

was connected to the tubing using an 18-G blunt needle and run at a flow rate of 

100µl/min for 5 minutes to introduce cells into tube. The 1mL syringe was removed as 

cells reached the inlet of the microfluidic chip. A second syringe of 20 ml was filled 

with medium supplemented with 2% Matrigel and attached to the syringe pump. The 

pump was run at a flow rate of 100 µl/min to introduce cells/medium from tube to chip 

for 5 minutes. Finally, the pump was run at a flow rate of 2 µl/min for 7 days and the 

syringe of 2% Matrigel medium was replaced as needed. The microfluidic chip 

assembly was stored at 37 °C. A schematic of the microfluidic chip is shown in Figure 

4.1.  



46 

 

 
Figure 4.1 Brillouin confocal microscopy setup integrated with microfluidic chip 

Schematic of the set-up integrating Brillouin confocal microscopy with a perfusion chamber 

for the growth of adherent ovarian cancer spheroids under flow. Medium was perfused through 

the microfluidic chip for 7 days in an incubator at 37°C and on the microscope stage during 

measurements.  

 

4.2.3 Brillouin Confocal Microscopy 

 The configuration of Brillouin used here has been previously described in the 

background. [147] A single longitudinal mode laser (Torus 532 or Torus 660, Laser 

Quantum) with a wavelength of either 660 nm or 532 nm was used. Measurements 

comparing flow and static conditions were acquired in a previous set-up which utilized 

a 532 nm laser. To offer minimal absorption-mediated damage to samples, we now 

utilize a 660 nm light source. [196] The laser was directed into the side port of an 

inverted microscope (Olympus, IX81) where light was focused through an objective 

lens into the sample. Backwards scattered light was then collected by the same 

objective lens and coupled into the Brillouin spectrometer. The Brillouin spectrometer 
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is comprised of a two stage virtually imaged phased array (VIPA) in a cross-axis 

configuration. [136] Calibration was performed prior to the measurements using water 

(7.46 at 532 nm and 6.01 GHz at 660 nm) and methanol (6.48 at 532 nm and 5.22 GHz 

at 660 nm) which was further used to calculate the free spectral range (FSR) and 

convert the image in pixels to a frequency (GHz per pixel). Using a post-processing 

algorithm developed in MATLAB, the Brillouin spectrums were fit to a Lorentzian 

function and the Brillouin shift was obtained. To quantify average Brillouin shifts per 

spheroid, a threshold was used to remove the values corresponding to the surrounding 

medium of the Brillouin maps and the remaining pixels were averaged. Brillouin maps 

were acquired in the XZ plane using a 60X/0.7 NA objective lens which has an 

approximate spatial resolution of 1 μm and axial resolution of 2 μm. We report the 

Brillouin elastic contrast to normalize the numerical values between experiments and 

wavelengths. The use of a dimensionless quantity 𝜈𝐵 was proposed by Antonacci et al. 

[197] where 𝜈𝐵 = 𝜈𝐵/𝜈𝐵
(𝑊)

− 1, such that 𝜈𝐵 is the measured Brillouin frequency shift 

of the sample and 𝜈𝐵
(𝑊)

 is the Brillouin frequency shift of distilled water.  

 

4.2.4 Statistical Analysis  

For the flow experiments, a paired t-test assuming equal variances was used to 

compare to the non-treatment group. For medium exchange and nutrient 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. 
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4.3 Results 

4.3.1 Spheroids Decrease Brillouin shift under Flow  

To probe the cellular-mechanical effects of flow, we utilized Brillouin confocal 

microscopy, which enables access to tumors adhered onto Matrigel within a perfusion 

chamber. Measurements were acquired following 7 days of continuous perfusion of 

medium. As a control, tumors spheroids were adhered onto Matrigel in static cultures 

using a 24-well plate. Three independent experiments were performed with a total of 

N = 26 static spheroids and N= 27 flow spheroids. Brillouin maps were acquired along 

the XZ axis with 2 µm step size in both dimensions. Figure 4.2a shows three 

representative Brillouin images from the three independent experiments. As shown in 

figure 4.2b, spheroids in the static condition had an average Brillouin shift (532 nm) 

of 7.92 ± 0.02 GHz (0.062 ± 0.003 Brillouin elastic contrast) while the tumors under 

flow had an average Brillouin shift (532 nm) of 7.85 ± 0.02 GHz (0.052 ± 0.003 

Brillouin elastic contrast).  

We used an empirical correlation between longitudinal and Young’s modulus 

previously obtained on spheroids to estimate the corresponding Young’s modulus. 

[147] Longitudinal modulus (𝑀′) is defined as 𝑀′ =
𝜌𝜆2Ω2

4𝑛2  where 𝜌 is the mass density, 

𝜆 is the optical wavelength, Ω is the Brillouin shift, and 𝑛 is the refractive index. We 

estimated the refractive index to be 1.37 and density is 1.08 g/cm3, similar to that of 

single cells. [128] This equates to a longitudinal modulus of 2.55 MPa for static 

spheroids and 2.51 for flow spheroids, corresponding to approximately a 13% decrease 

in Young’s modulus. 



49 

 

 

Figure 4.2 Static vs. flow Brillouin shift  

(a) Representative Brillouin maps from 3 independent experiments of static and flow 

conditions. Brillouin images were acquired in the XZ plane perpendicular to the stage. The 

color bar scale indicates the Brillouin shift in GHz where an increased value (warmer color) 

indicates a stiffer material. Scale bar = 50 μm. (b) (Left axis) Comparison of static and flow 

conditions. Each data point represents the average Brillouin shift per round.  Three independent 

rounds of measurements were performed to acquire a total of N = 26 spheroids for the static 

condition and N = 27 spheroids for the flow condition. A paired t-test between rounds showed 

a significant reduction (***p ≤ 0.001) of the Brillouin shift under flow compared to static. 

Brillouin shifts were acquired using a 532 nm laser. (Right axis) Conversion of Brillouin shift 
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to Brillouin elastic contrast, 𝝂𝑩 = 𝝂𝑩/𝝂𝑩
(𝑾)

− 𝟏, such that 𝝂𝑩 is the measured Brillouin 

frequency shift of the sample and 𝝂𝑩
(𝑾)

 is the Brillouin frequency shift of distilled water.  

4.3.2 Effects of Frequency of Medium Change on Osmolality and Growth of 

Tumor Spheroids  

To explain differences in Brillouin shift between flow and static, we proposed the 

fluid osmolality of medium could influence mechanics. We first evaluated the 

osmolality of medium with varying renewal frequencies: no medium change (red 

squares), medium change on days 3 and 6 (black circles), and daily medium change for 

7 days (green triangles) (Figure 4.3). No medium change caused a significant rise (p ≤ 

0.0001) in osmolality (mOsm/kg H2O) compared to the daily medium change and 

medium change on days 3/6. The control PBS (blue diamonds) shows the variability of 

the osmometer system (292 ± 3 mOsm/kg H2O). As expected, in static cultures if the 

medium is not replenished, waste builds up causing a rise in solute particles inside the 

well. Another apparent effect of medium change frequency was on tumor growth. As 

shown in Figure 4.4a, b, spheroids that experienced no medium change over a course 

of 7 days had significantly smaller spheroid areas (µm2) compared with spheroids that 

either experienced medium changes on days 3/6 (p ≤ 0.01) or daily (p ≤ 0.0001).  
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Figure 4.3 Osmolality of medium with varying change frequencies over 7 days 

(a) Osmolality of medium over time measured using an osmometer. No medium change (red 

squares) resulted in a rise in osmolality compared to medium changes on days 3/6 (black 

circles) and daily medium changes (green triangles). PBS was used to show the variability of 

the osmometer (blue diamonds). Each data point represents the average of 3 measurements. An 

ANOVA analysis was performed and showed a significant (****p ≤ 0.0001) increase in the 

osmolality of the no change condition compared to the daily condition on day 7.  There was no 

significant difference between the change day 3/6 and daily osmolality on day 7, indicating that 

the osmolality of the static and flow experiment previously performed was not significantly 

different. 

 

 

Figure 4.4 Effect of medium change frequency on spheroid size 

(a) Brightfield images of adherent ovarian cancer spheroids in static cultures on day 7 for three 

experimental conditions: no medium change (left panel), medium changes on days 3/6 (middle 

panel), and daily medium changes (right panel). Scale bars = 500 μm. (b) Spheroid area on day 

7 for the three medium change conditions shown in (a). 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 (****). 
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4.3.3 Brillouin Shift Corresponds to Medium Osmolality, but not Cumulatively 

Given that medium change frequency influences osmolality, we sought to determine 

the role of osmolality on mechanics. On day 7, Brillouin maps of tumor spheroids were 

acquired in the XZ plane using 1 μm step size (Figure 4.5a). Spheroids with no medium 

change for 7 days had an average Brillouin shift of 6.42 ± 0.01 GHz (0.068 ± 0.001 

Brillouin elastic contrast) while spheroids with daily medium changes had a 

significantly lower Brillouin shift of 6.36 GHz ± 0.02 GHz (0.058 ± 0.003 Brillouin 

elastic contrast) (p ≤ 0.0001).  

We next asked if there was a cumulative effect of osmolality changes on the 

Brillouin shift. Here, we tested whether changing the medium on day 7 of the no 

medium change group would maintain an increased Brillouin shift, or regress to the 

daily medium change condition. Interestingly, we found that these spheroids reduced 

their Brillouin shift immediately after the medium was changed. The average Brillouin 

shift after the medium change on day 7 was 6.37 ± 0.01 GHz (0.060 ± 0.002 Brillion 

Elastic Contrast), which was not significantly different compared to the daily medium 

change condition (Figure 4.5b, c). Altogether, these results demonstrated that 

osmolality influences tumor mechanics with short-time scales. The lack of a cumulative 

effect of osmolality on the Brillouin shift supports the idea that the differences observed 

between flow and static conditions in Figure 4.2 are minimally affected by osmolality 

since the osmotic states were matched on day 7 (Figure 4.3).  
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Figure 4.5 Cumulative effect of osmolality on Brillouin Shift  

(a) Brillouin maps of spheroids grown with no medium changes (top row) and with daily 

medium changes (bottom row). Images were acquired in the XZ plane, perpendicular to the 

Matrigel. (b) (Left Axis) The average Brillouin shift in the no medium change group (red 

squares) was significantly greater than the average Brillouin shift in the daily medium change 

group (green triangles) (****p ≤ 0.0001). A comparison between the Brillouin shift of the daily 

medium change and no medium change spheroids for which medium was replenished on day 

7 (grey X’s) resulted in no significant differences, demonstrating that having a history of a 

higher osmolality did not influence the mechanical properties. (Right axis) Conversion of 

Brillouin shift to Brillouin elastic contrast. 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 (****). A total of N = 5 spheroids per condition were analyzed. (c) Brillouin 

maps corresponding to the no medium change + change on day 7 condition.  
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4.3.4 Nutrient Supply does not Affect the Brillouin Shift  

 In our previous experiment, we varied the frequency of medium changes; 

however, there was also a variation of the level of nutrients supplied. For example, 

changing the medium every day provided ~700 μl of FBS total compared to no medium 

changes, which provided ~100 μl of FBS total. Thus, we asked whether differences in 

the availability of nutrients have a direct effect on the mechanical properties of tumors. 

To test this, spheroids were cultured for 7 days in 1mL of medium supplemented with 

0.1%, 1%, and 10% FBS. As expected, higher levels of nutrients caused more growth 

as pictured in Figure 4.6a. On day 3, we measured the Brillouin shift of 9 spheroids 

per 0.1% FBS and 10% FBS conditions and found no significant differences between 

the groups (Figure 4.6b). Similarly, we measured the osmolality of the medium and 

found no significant differences (Figure 4.6c). Our findings demonstrate that changes 

in nutrients have a negligible effect on tumor mechanical properties, compared to 

osmolality, which has a strong effect (Figures 4.3, 4.4, 4.5). In addition, the growth of 

spheroids in these altered FBS concentration conditions appears to be independent of 

Brillouin shift.  

 

 

Figure 4.6 Effect of nutrients on spheroid growth and Brillouin shift 

(a) Brightfield images of spheroids on day 7 cultured in 0.1%, 1%, and 10% FBS conditions. 

Scale bars = 500 μm. (b) (Left axis) A t-test analysis revealed no significant differences 

between the Brillouin shift of spheroids grown in 0.1% FBS and 10% FBS medium. Three 
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spheroids per well in 3 separate wells were acquired for a total N = 9 spheroids. (Right axis) 

Conversion of Brillouin shift to Brillouin elastic contrast. (c) Osmolality of 0.1% FBS, 1% 

FBS, and 10% FBS culture medium incubated for 3 days in tumor cultures had no significant 

difference. Each data point represents one measurement acquired using an osmometer (N = 3 

measurements per condition).  

4.4. Discussion 

Here, we present the application of Brillouin confocal microscopy to investigate the 

mechanical properties of adherent ovarian cancer spheroids grown in a perfusion 

chamber and subjected to flow for 7 days. It was found that flow caused a decrease in 

Brillouin shift (i.e., softening of the tumor spheroid). We then performed a series of 

experiments to test other variables implicated in the flow and static conditions. In 

addition to shear stress, tumors under flow experienced a cumulatively lower 

osmolality and higher nutrient supply compared to the static control where medium 

was replaced on day 3 and 6. To examine the contribution of osmolality on Brillouin 

shift, we altered the frequency of medium changes in static spheroids and found that 

higher fluid osmolality directly corresponded to an increased Brillouin shift. The lowest 

Brillouin shift was observed in the daily medium change condition, which had a 

Brillouin elastic contrast of 0.058 ± 0.003. However, we saw that having a cumulative 

osmolality difference, or history of higher osmolality did not affect mechanics. This 

was demonstrated by changing the medium on day 7 of spheroids where medium was 

previously not replenished. The Brillouin elastic contrast of no medium change + 

change day 7 had a Brillouin elastic contrast of 0.060 ± 0.002, which was not 

significantly different from the daily medium change group. Combined with the 

evidence that spheroids under flow showed a significant decreased Brillouin elastic 

contrast (0.052 ± 0.003) compared to the daily medium change condition, and that the 

change day 3/6 medium osmolality is not significantly different from the daily medium 



56 

 

osmolality (Figure 4.3), we suspected osmotic influences were negligible in our flow 

versus static experiments. Finally, we showed that while higher FBS supplementation 

enhanced spheroid growth, there were no effects on mechanical properties. Altogether, 

we attribute the observed decrease in Brillouin shift under flow to shear stress effects, 

with minimal contributions due to osmolality differences. Nonetheless, we emphasize 

the importance of considering osmolality differences during experimental designs. 

The potency of a cell’s perception to a variety of microenvironmental mechanical 

stresses such as fluid shear stress, osmolality, and ECM solid stresses remains 

unknown. Likely, cells sense multiple cues which can compete or synergize to 

influence a cell’s action. [198] Combined with previous works which analyze the 

molecular effects of tumor spheroids under flow, there appears to be a relationship 

between decreased tumor stiffness and activation of EGFR and EMT signaling events. 

Yet, understanding the correlation between mechanics and biochemical signaling 

requires a deeper investigation. The fact that fluid shear stress promotes cytoskeletal 

rearrangement and differential expression of junctional molecules is consistent with 

observations of the effects of fluid shear stress on vascular endothelial cells. 

[163,199,200] While the upstream flow sensing molecules and mechanisms remain 

unknown, cytoskeletal remodeling is accompanied by changes in cell stiffness in 

endothelial cells [200–202], suggesting that our observed changes in spheroid stiffness 

could be related to cytoskeletal remodeling. 

The strong relationship between water fraction and mechanical properties warrants 

a discussion on the contribution to mechanical properties by solid and fluid components 

within cells and other biological materials. Recently, Guo et al., revealed a strong 
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relationship between cell volume and mechanical properties independent of 

perturbation method in single cells (e.g., substrate stiffness, osmotic shock, cytoskeletal 

perturbation). Han et al. also demonstrated in tumors that cells at the periphery were 

both softer and larger. [203] Here, the strong relationship of medium osmolality and 

the Brillouin shift was substantiated when we found that the mechanical properties 

could be instantaneously reversed by changing the surrounding fluid osmolality.  

Given Brillouin microscopy is an optical approach, this technology offers unique 

experimental advantages compared to traditional testing systems such as atomic force 

microscopy (AFM) which require contact with the sample. However, the longitudinal 

modulus probed by Brillouin scattering is not directly related to the Young’s modulus 

measured by conventional methods. Indeed, the difference in frequency probed (GHz 

vs quasi-static) and the near incompressibility of biological materials make the two 

moduli vary by orders of magnitude in absolute values. Nevertheless, numerous 

experiments find strong correlations in biological samples, including cells, tissues and 

spheroids. [128,142,147,204] These studies establish an empirical log-log linear 

relationship to allow estimating the changes to elastic modulus based on changes in 

Brillouin-derived longitudinal modulus. [128,142,147,204] This is because both 

moduli are similarly affected by underlying properties such as polymerization, polymer 

branching, liquid-solid fraction and network tension. [128,142,147,166,204,205] In 

recent years, several papers have been dedicated to the topic, specifically in terms of 

dependence on water content. In highly (~95%) hydrated materials, Brillouin 

signatures are strongly affected by hydration and thus become an unreliable estimator 

of traditional mechanical properties [179,180]; instead, in the regime of cells, tissues 
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and spheroids, where we expect the water content to be approximately 70%, it has been 

shown that Brillouin technology can be used to estimate traditional mechanical 

properties after proper calibration. [139,206] 

Our study has several limitations which are important to discuss. First, results were 

evaluated using a single ovarian cancer cell line. Therefore, the effects observed here 

cannot be generalized until assessments on other ovarian cancer and non-cancerous cell 

lines are performed. Second, spheroids are formed across multiple depths [9,14], yet 

imaging was performed in one XZ plane; thus, any heterogeneity and directionality 

dependencies of flow on intratumoral mechanics was disregarded in our analysis. 

Third, the physiological relevance of osmolality of the tumor microenvironment is 

largely unknown in the context of ovarian cancer. Particularly, there is a vital need to 

characterize the osmolality of ascites. Here, we use a perfusion model where fresh 

medium was supplied. Other groups suggest the use of a perfusion system with medium 

recirculation, which would inevitably trigger a higher osmolality over time. As 

gathered from our experiments and the work of others, understanding the contributions 

of osmolality and shear stress, among other physical factors such as substrate stiffness, 

are critical to appropriately model the clinical state. Therefore, careful consideration of 

these factors should be made in the design of future perfusion systems. Finally, here 

we test a single time-point (7 day) and shear stress (3 dyne/cm2). Measuring at varying 

durations and rates could give insight to time and stress-dependencies on mechanics.  

To conclude, this study analyzes the response of mechanical properties to flow by 

utilizing Brillouin confocal microscopy, an optical approach with uniquely enables 

access to confined tumors within a microfluidic chip. Previously, flow has been shown 
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to alter cell morphology, protein/gene profile, and chemoresistance [9,14,175,193]; 

here, we show flow also alters mechanical properties. Given this initial evidence of a 

link between mechanics and chemoresistant phenotype, altering cell mechanics could 

be considered as a therapeutic target in the future. 
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Chapter 5 : Water Transport Regulates Nucleus Volume, Cell Density, and 

Young’s Modulus in Tumor Spheroids 

5.1 Background   

An overlooked phenomenon associated with cancer is osmotic dysregulation. Here, 

we focused on ovarian cancer which typically results in ascites, the retention of water 

in the peritoneal cavity caused by leaky vasculature and obstruction of lymphatic 

drainage. [207,208] Ascites has been clinically associated with hyponatremia, a 

decreased serum sodium and osmolality level, suggesting that tumors are exposed to 

abnormal osmotic microenvironments. [10,118,120,209] Given evidence that the tumor 

microenvironment influence cell phenotypes, considering the effects of cancer in the 

presence of hypotonic and hypertonic fluids is crucial. It is well described that 

mechanical properties of cells play an imperative role in behaviors such as migration, 

gene expression, differentiation, proliferation, and apoptosis. [210–212] Thus in the 

long-term, understanding the consequences of microenvironmental cues on cell 

mechanics has the potential to guide the development of novel therapies to target 

mechanical signaling pathways and regulate cancer behavior.  

On several accounts, literature has described a robust relationship between 

osmotically induced cell volume and mechanics. [84,128,147,166] However, these 

studies have mostly been performed on single cells, which do not actively incorporate 

cell-cell adhesions, a fundamental property allowing for spheroid formation and an 

important attribute of the in vivo state. Thus, here we sought to understand how ovarian 

cancer tumor spheroids acted in response to volume modulations. To regulate water 

transport, we provoked tumor spheroids using hypotonic and hypertonic shocks.  
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First, we characterized nuclear volume, density, and Young’s modulus 

relationships in 3D tumor spheroids and compared to relationships derived in literature 

for single cells. One of the striking behaviors of cancer is the changeover of phenotypes 

during various stages of metastasis. [213] For example, cells are thought to undergo an 

epithelial-mesenchymal-transition (EMT) and reverse states via a mesenchymal-

epithelial-transition (MET). [214] Thus, one objective was to see if osmotic stress-

induced morphology and mechanical effects were reversible.  

As opposed to single cells, spheroids possess adhesion junction molecules which 

are responsible for linking cells together. Thus, we looked to see whether water 

regulation influenced the expression of the epithelial cell-cell adhesion marker, E-

cadherin (E-cad). E-cad is particularly interesting to study in cancer given that a loss is 

historically associated with an epithelial-mesenchymal-transition. [215,216] Overall, 

this work contributes to a deeper understanding on the mechanical, morphological, and 

molecular relationships in response to the physical stress of dysregulated osmolality. 

5.2 Methods 

5.2.1 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). 
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5.2.2 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 then 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 

spheroid formation. 

5.2.3 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 ul 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 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 1 mL pipette set to 400 ul to avoid air 

bubbles. 20 μl of the solution was pipetted onto each 18mm diameter glass coverslip. 

The RainX coated glass coverslip was sandwiched on top and gels were let sit for 15 
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minutes to allow 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 50mM 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 FluoroDish Cell Culture Dish 

- 35mm, 23mm well (World Precision Instruments, #FD35-100). 

5.2.4 Transfer of Spheroids 

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

Rainin Pipet-Lite™ 12 channel manual pipette set at 50 μl was used to move spheroids 

to an MTC-Bio 25mL Reagent Reservoir. Then, 2 mL of the spheroids were transferred 

to each collagen-coated gel.  

5.2.5 Osmotic Shock 

 Hypotonic shocks were performed by mixing medium with dH2O at ratios of 

1:3 and 1:1. Hypertonic shocks were performed using 500mM and 1000 mM sucrose 

with medium. Osmolality of solutions were measured with an Advanced® Micro-

Osmometer Model 3300 using freezing point depression. Recovery: For cell volume, 

density, and Young’s modulus recovery experiments, hyper/hypo-osmotic shocks were 

performed for 5 or 30 minutes, following by restoration with isotonic medium for the 

matched duration of the osmotic shock. 
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5.2.6 Cell Volume Imaging and Analysis  

 Nuclear volume fluorescent images were acquired using an Olympus 

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

objective lens (UPLSAPO). Analysis: Z-stack Olympus (.oir) files were imported into 

ImageJ, where single nuclei were cropped. [169] Nucleus 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 spheroid along the x, y, and 

z dimensions were used to calculate the volume using the equation 𝑉 =  
4

3
𝜋𝑥𝑦𝑧.  

5.2.7 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 area of 100 x 100 µm2. 

5.2.8 Atomic Force Microscopy  

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

contact mode to generate Young’s moduli maps of 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 
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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. 5 

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.  

5.2.9 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, media 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 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 (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 
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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 

aggregate size of dense E-cadherin regions. A total of 5 spheroids per condition were 

analyzed. 

5.2.10 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. 

5.3 Results 

5.3.1 Measuring Nuclear Volume in Tumor Spheroids 

 First, we explored the consequences of water transport on cell morphology. To 

understand the timeframe which morphology changes occur due to osmotic shocks, we 

captured consecutive images every 5 seconds and saw that tumor spheroids 

increased/decreased surface areas within the first 5 minutes of hypotonic/hypertonic 

shocks, respectively. Therefore, we extrapolated that nuclear volume would be affected 

as early as 5 minutes after the osmotic shock. The longest duration post-osmotic shock 

nuclear volume was measured was 40 minutes. Within this time frame, it did not appear 

that cells activated regulatory volume decrease or increase mechanisms. 

 To quantify nuclear volume, three cells were randomly selected per spheroid, 

as indicated by the ‘x’ marks on the example shown in figure 5.1a. For each nucleus, 

confocal stacks of DAPI fluorescent images were acquired (Figure 5.1b). Prior work 
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has demonstrated cell volume and nuclear volume scale proportionally. [166] Thus, 

here we quantified nuclear volume since a clear boundary was established by a non-

fluorescently stained cytoplasm which made analysis easier. An in-house constructed 

algorithm in MATLAB was used to identify the x, y, and z dimensions and calculate 

volume (Figure 5.1c). In each of the experiments to follow, 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 figure 

5.1d, 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 assess the relationships between osmolality and nuclear volume, we 

plotted on a logarithmic scale (log 𝑌 = 𝜅 log 𝑥 + log α) where the slope 𝜅 refers to the 

power and 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) (Figure 5.1e). The power 𝜅 was consistent to a previous correlation 

by Guo et al., where osmotic pressure and volume of single cells (seeded on 

polyacrylamide gels with a shear modulus of 1.2 kPa) were related by a power of -0.63. 

[166]  

 Given a change in cell volume, we hypothesized that osmotic stress would also 

result in a cohesive spatial movement of cells. To analyze this effect, we quantified 

tumor cell density. Previously, it was found in breast cancer spheroids, that after 5 days 

a spatial gradient developed where cells near the periphery became larger and loosely 

packed, while cells in the core were smaller and tightly packed. [203,217] Here, we 

calculated tumor cell density by manually counting the number of nuclei per area in a 
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similar fashion as the operation of a hemocytometer. As shown in figures 5.1f and 5.2, 

increased osmolality corresponded to higher packed nuclei. Quantifying this 

relationship revealed a positive correlation between osmolality (mOsm/kg H2O) and 

density (cells per 100 * 100 μm2). The logarithmic relationship between osmolality and 

nuclear density, implied that density plateaued at increasing hypertonic conditions, 

indicating a potential maximum packing density of cells was reached.  

 

 

Figure 5.1 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 

spheroid 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). 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 

spheroids. (f) Density calculated as cells per 100 x 100 μm area at varying osmotic conditions. 
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Each data point represents the average of 3 images captured within a single spheroid. N = 6 

spheroids per condition. 

 

 

 

Figure 5.2 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. 

 

5.3.2 Link Between Osmolality and Young’s Modulus 

 Next, we analyzed the effects of osmolality on mechanical properties of 

spheroids using atomic force microscopy. Prior correlations in single cells showed that 

hypertonic shocks increase the Young’s modulus due to an efflux of water and 

compression of intracellular contents. [128,166] On the other hand, water influx has 

been shown to reduce Young’s modulus. Here, we analyzed three regions per spheroid, 

each consisting of a 10 x 10 force map with a step size of 1 μm. (Figure 5.3a). Figure 

5.3b shows the variance of the Young’s modulus for an example spheroid in isotonic 

medium. Using AFM, we found an inverse correlation between osmolality (mOsm/kg 

H2O) and Young’s modulus (Pa). Our analysis showed these parameters were related 
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by log10 𝑌 = −0.21 + 1.08 ∗ log10 𝑋 (r2 = 0.85) which matched a prior correlation 

obtained in single cells, which also had a power of ~1. [128] (Figure 5.3c).  

 

Figure 5.3 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 spheroid. A total N = 5 

spheroids per condition were analyzed. 

 

Furthermore, when plotting cell volume verses Young’s modulus, as shown in Figure 

5.4, we found a power of ~-2, which was nearly identical to a previous correlation 

obtained in single cells. [166] Overall, the tumor spheroid model resembled the 

morphology and mechanical response to water regulation observed in prior single cell 

measurements. [128,166]  
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Figure 5.4 Correlation between nucleus volume and Young’s Modulus 

Nucleus volume from figure 5.1e and Young’s modulus from 5.3c 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 spheroid. 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).  

 

5.3.4 Tumor Spheroids can Recovery Volume, Density, Young’s Modulus after 

Osmotic Shocks 

 Next, we tested the reversibility of nuclear volume, density, and Young’s 

modulus perturbations. Here, tumors were exposed to 5 minutes of 25% medium or 

1000 mM sucrose and subsequently replenished with isotonic medium. As shown in 

figure 5.5, there was a complete recovery of all three parameters showcasing the ability 

of cells to adapt their morphology and mechanics in response to osmotic environments. 
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Given the extreme osmotic conditions tested in our experiments, we suspect that 

morphological and mechanical effects in an in vivo state would also be reversible.   

 

 

Figure 5.5 Nuclear 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 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.    

 

5.3.5 Effect of Osmotic Shock on E-cadherin Expression 

 Most epithelial cells express e-cadherin, an adhesion molecule which 

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

bridges between neighboring cells. [218] E-cadherin is thought to play an important 

role in metastasis and be a biomarker of EMT. [216,219–222] Yet, how the tumor 

microenvironment impacts e-cadherin expression remains elusive. Previously, we 

observed that morphology changes occurred in the first 5 minutes of osmotic shock, 

thus we sought to identify if molecular changes occurred simultaneously. In addition, 

it is unclear why marker expression changes appear to fluctuate throughout cancer 
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progression. Thus, we sought to determine if e-cadherin spatial distribution effects were 

permanent or reversible. 

 Here, spheroids were subjected to either 25% medium or 1000 mM sucrose for 

5 or 30 minutes (Figure 5.6a). A control group with isotonic medium was also 

prepared. In the recovery experiments, spheroids were replenished with isotonic 

medium for the equal duration as the initial shock (5 or 30 minutes). 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 

quantify the size of aggregates (Figure 5.6b) 

 First, it was found that spheroids in the control condition displayed an even 

distribution of E-cadherin on the periphery of cells (Figure 5.6c). In our analysis to 

determine the timescale of e-cadherin effects, we found that a 30 minute osmotic shock 

was sufficient to cause increased E-cadherin protein aggregate size; yet negligible 

effects occurred after 5 minutes of osmotic shock. (Figures 5.7, 5.8, 5.9). The delay 

likely signified that cadherin signaling acts on an independent timescale from 

morphology. When tumors were re-immersed into isotonic medium, we saw that like 

prior mechanical and morphology recovery experiments, molecular E-cadherin 

distribution returned to its original state.  
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Figure 5.6 E-cadherin experiment design and control  

(a) 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). (b) 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 a cluster (aggregate size) is reported. (c) Control spheroids 

showed E-cadherin on the periphery of cells. Scale bar = 100 μm for all images.  
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Figure 5.7 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 were observed after 5 

minutes of hypotonic and hypertonic shocks. Scale bar = 100 μm for all images.   
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Figure 5.8 E-cadherin expression 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 performed by adding replenishing 

spheroids with 30 minutes of isotonic medium. 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 5.9 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 

control condition after spheroids were re-immersed for 30 minutes in isotonic medium.  
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 (****). 

5.4 Discussion 

 To summarize, the goals of this work were to 1) compare morphology and 

mechanical responses due to water transport between tumor spheroids and single cells 

2) analyze e-cadherin junctions in response to osmotic shock and compare timescales 

of molecular effects with morphology 3) determine if osmotic shock drives permanent 

or reversible mechanical, morphology, and molecular variations.  

 As expected, a higher osmolality (500 mM sucrose and 1000 mM sucrose) 

caused a smaller nuclear volume and increased Young’s modulus due to the efflux of 
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water. Whereas lower osmolality (25% and 50% medium) produced a larger nuclear 

volume and lower Young’s modulus due to water influx. The logarithmic relationship 

between osmolality and nuclear volume implied that cells reached a minimum volume 

of 659 ± 110 µm3, which represented the volume of solid-like components (i.e., 

chromatin, nucleolus, proteins, etc.) and osmotically unresponsive water, i.e., water 

associated with protein conformation. The minimum nuclear volume equated to a loss 

of ~41% of the control nuclear volume (1120 µm3). In comparison, the minimum whole 

cell volume measured by Guo et al. was 2053 ± 30 µm3, which equated to a loss of 

~73% (control whole cell volume = 7646 µm3). [166] The discrepancies in volume loss 

may be attributed to differences of osmotically unresponsive water between cell types. 

[223,224] In addition, 2D versus 3D culture has been shown to cause unique responses 

to osmotic shocks, even in comparisons between the same cell lines. [110] 

 Using an in-house algorithm to quantify dense E-cadherin aggregates, we found 

an increased protein aggregate size following 30 minutes of osmotic shock, but not 

after 5 minutes. We suspect the time-dependency is due to trafficking of E-cadherin 

molecules, which is thought to be accomplished via endocytosis and occurs on minute-

time scales. [225,226] Despite the formation of protein aggregates at 30 minutes, 

replenishing spheroids in isotonic medium for an additional 30 minutes caused 

redistribution of E-cadherin to the cell periphery. There is limited knowledge on how 

E-cadherin aggregates influence adhesion strength in tumors, but prior work in 

endothelial cells have shown that a punctate distribution of VE-cadherin is related to 

decreased adhesion strength and perturbed barrier integrity. [227]  
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 A clinically translational aspect of this work was the observation that 

mechanical, morphology (Table 5.1) and molecular perturbations were reversible. 

These in vitro experiments indicated that cells have an ability to adapt to new 

environments with minute timescales. A major challenge in cancer treatment has been 

the differential expression of markers found at varying disease stages. [63,228] Thus, 

this work provided evidence that physical cues may be crucial in facilitating 

transformations like EMT or MET across varying tumor sites and/or intratumoral 

heterogeneity.   

Table 5.1 Summary of percent difference from respective osmotic control 

Percent difference of nucleus volume, density, and Young’s modulus normalized with respect 

to the control group for 25% medium, 1000 mM sucrose, 25% medium recovery, and 1000 

mM sucrose recovery. Percent change (%) = 100 * (experimental - control) / control. 

 

 25% Medium 1000 mM 

sucrose 

25% medium 

recovery 

1000 mM 

sucrose 

recovery 

Nucleus Volume 81 ± 38% (****) -41 ± 10% (***) 1 ± 15% (n.s.) -16 ± 21% (n.s.) 

Density -39 ± 7% (****) 32 ± 11% (****) 4 ± 4% (n.s.) 3 ± 9% (n.s.) 

Young’s 

Modulus 

-50 ± 9% (n.s.) 431 ± 220% 

(****) 

8 ± 19% (n.s.) 12 ± 29% (n.s.) 

 

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

implicated in protein folding transport, chromatin condensation, proliferation, 

differentiation, and migration. [70,111,112,166,229–231] This work highlighted an 

important role of water regulation in nucleus volume, Young’s modulus, density, and 

e-cadherin expression. Importantly, this work was performed in a single cell line 

(OVCAR5), thus it is not certain that the relationships we observed here can be 

generalized to other cell types. Another limitation is a lack of clinically relevant values 

of the osmolality in various fluids relevant to disease states (e.g plasma, peritoneal 

cavity, urine, etc.). Particularly in ovarian cancer, it is important to understand how 



80 

 

hyponatremia may influence mechanical, morphological, and molecular properties and 

should be accounted for when designing treatment strategies such as chemotherapy or 

peritoneal drainage. [118,232,233]  
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Chapter 6 : Conclusion and Future Directions 

6.1 Mechanical Effects due to Flow and Osmosis  

 This dissertation highlighted the effects of flow and osmotic stress, associated 

with ovarian cancer ascites. Ascites is a dangerous condition which arises in most cases 

of ovarian cancer and has been shown to promote tumor dissemination, activate 

members of the EMT and EGFR signaling cascades, and upregulate chemoresistance. 

[9,14] Given that mechanical properties of cells play a crucial role in behaviors such as 

migration, gene expression, proliferation, and apoptosis, it is important to understand 

how the ascites microenvironment alters tumor mechanical properties. [210–212] 

Overall, our results indicated both flow and osmosis significantly drive mechanical 

changes. 

 To study the mechanics of tumors under flow, we used Brillouin confocal 

microscopy, a non-contact mechanical analysis modality, which enabled the 

examination of tumor spheroids embedded in a microfluidic chip. [128] We found that 

tumor spheroids under flow had a decreased Brillouin shift (i.e., decreased stiffness) 

compared to spheroids in a static condition. Given that tumors under flow were exposed 

to a cumulatively lower osmolality and higher nutrient supply, we next examined the 

mechanical contribution of medium change frequency and fetal bovine serum in static 

conditions. We found that increasing the frequency of medium changes, i.e., 

maintaining a lower osmolality, caused a lower Brillouin Shift compared to cultures 

with no medium changes, i.e., having a higher osmolality. By replenishing the medium 

on day 7 of cultures which previously had no medium changes, we established that 

having a history of increased osmolality and lowered nutrients did not affect spheroid 
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mechanics. This evidence confirmed that the lowered Brillouin shift of tumors under 

flow was likely driven by shear stress, as opposed to osmolality or nutrients. 

Furthermore, we observed that varying fetal bovine serum concentrations did not 

directly impact mechanics, thus demonstrating that osmolality was responsible for 

altering mechanics in the medium change frequency experiments.  

 Given the significant role of osmolality in regulating tumor spheroid 

mechanical properties, we next delve into a deeper investigation on the relationships 

between water transport, morphology, and molecular behaviors. Here, we used a 

traditional-contact modality to quantify tumor spheroid mechanics, atomic force 

microscopy. We found hypotonicity caused tumor softening and hypertonicity induced 

tumor stiffening. When comparing cell volume relationships to mechanical properties, 

we found that spheroids and single cells possessed similar trends. Based on evidence 

that ascites induces both shear stress and hypotonic conditions, we suspect metastases 

in the peritoneal cavity would be subjected to decreased mechanical properties as well 

as underlying molecular changes. [10,14] A future step is to identify the 

mechanoreceptors involved in sensing osmotic stress and flow. 

 While this work was limited in the use of a single ovarian cancer cell line, all 

cancer types undergoing a metastatic progression inevitably experience measures of 

stress related to fluid as a result of lymphatic, interstitial or blood flow. [234] Thus, 

assessing the generalizability of the mechanical effects is another future direction.  

 Throughout this work, we found several instances of reversible mechanical, 

morphological, and molecular behaviors in tumors. In chapter 4, we showed the 

mechanical properties of tumor spheroids in a static condition were directly impacted 
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by the medium change frequency (i.e., osmotic properties of extracellular fluid). 

However, having a history of culture in a higher osmotic environment did not leave any 

lasting effects on the mechanical state when they were reimmersed in isotonic medium. 

Another instance of reversibility was found in chapter 5, in which tumors immersed in 

extreme hypotonic and hypertonic fluids reversed nucleus volume, density, Young’s 

modulus, and e-cadherin distribution. These results gave insight on how physical cues 

of the tumor microenvironment can directly regulate cell phenotypes. Still, there 

remains many questions on the link between physical properties and fluctuation of cell 

states relevant to cancer progression, such as EMT and MET. 

6.2 A Potential Link Between Mechanics and Chemoresistance 

 In chapter 4, we showed that flow caused a reduced stiffness of tumor spheroids 

compared to the static condition. As shown in figure 6.1, a previous study led by our 

collaborators who used same protocol, found that flow upregulated p-ERK and EGFR 

and downregulated p-Paxillin, p-FAK, and vinculin. [9,14] Additionally, as shown in 

figure 6.2, flow caused increased resistance carboplatin, despite higher platinum 

uptake. [9,55] The link with softening of the tumor spheroid and tumorigenic 

characteristics under flow appears to align with studies indicating a decrease in cancer 

cell stiffness is associated with a poorer prognosis. [131,235] However, it remains 

unclear on the mechanoreceptor responsible for sensing flow and the downstream 

signaling mechanisms facilitating upregulated chemoresistance.  
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Figure 6.1 Molecular changes due to flow 

Figure from Nath et. al., Journal of Clinical Medicine, 2020 [9]. Western blot analysis 

of tumors in static versus flow conditions. Flow increased p-ERK, EGFR, and 

decreased vinculin, p-paxillin, and p-FAK expression.   
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Figure 6.2 Increased chemoresistance under flow 

Figure from Nath et. al., Journal of Clinical Medicine, 2020 [9] (a) Representative images of 

static and flow no treatment and carboplatin treatment groups. (b) Quantification of the 

normalized viable tumor area revealed a significant increased cytotoxic resistance in tumors 

under flow (two-tailed t test; ** p < 0.01; N = 9). (c) Intracellular platinum content was higher 

for tumors under flow (Mann-Whitney test; * p ≤ 0.05; N = 3).  

6.3 Improvements in Modeling the Tumor Microenvironment 

 In this work, we employed several 3D culture techniques including the overlay 

of spheroids on Matrigel, low-attachment spheroids on collagen/polyacrylamide gels, 

and a perfusion model. However, these aforementioned in vitro models had a limited 

level of complexity. For example, in the perfusion model used in chapter 4, 

improvements can be made by adding endothelial cells to understand the impact of 

flow on endothelial-tumor cross-talk. [236]  

 Another shortcoming of in vitro modeling is a lack of information on solid and 

fluid parameters related to the clinical state. Many physical parameters associated with 

ovarian cancer ascites remain unclear such as, fiber architecture, matrix geometry, 
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porosity, osmotic pressure, hydrostatic pressure, fluid viscosity, shear stress, etc. These 

parameters could be quantified by acquiring patient-derived tumor and fluid samples. 

Moreover, the use of organoid models, where tumors are extracted from patient 

samples, as opposed to cell lines would be beneficial to retain heterogeneity and disease 

features. [237] 

  This work contributed a couple additional lessons regarding the future 

development of 3D models. First, highlighted in chapter 4, the medium change 

frequency and surrounding osmolality of the tumors drastically influenced tumor 

properties. Thus, osmolality needs to be accounted for in the design of microfluidics or 

organ-on-a-chip systems, especially when considering the recirculation of medium 

which could cause a build-up of waste. Second, in our tumor spheroid model we found 

that the relationships between volume and stiffness resembled previously established 

relationships in single cells. [237] Future efforts to validate the spheroid aggregate 

models against patient samples would be important to understand the model’s accuracy. 

6.4 Technology development   

 Finally, mechanical analysis technologies are the crux to advancing our 

understanding of the interaction between mechanics and diseases. All mechanical 

analysis techniques suffer a similar drawback in analysis rates. Biological assays such 

as flow cytometry can sample cells at a rate of ~10,000 cells/second. Contrary, most 

mechanical analysis techniques measure on orders of 10 cells/hour or 100 cells/hour. 

[238–240] To overcome this limitation, continuous flow methods have been proposed 

to measure cells at speeds of 1,000 cells/hour, thus bridging the gap slightly. [240] Non-

contact modalities like Brillouin confocal microscopy have a clear advantage in that 
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they do not require perturbations to the sample to assess mechanical properties. Yet, 

improvements in the areas of resolution and depth penetration are ongoing issues. 

Furthermore, integrating ‘omics’ genetic/protein analysis techniques with mechanics is 

an exciting opportunity for development. [238] 

  



88 
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