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a b s t r a c t 

Epithelial ovarian cancers are among the most aggressive forms of gynecological malignancies. Despite 

the advent of poly adenosine diphosphate-ribose polymerase (PARP) and checkpoint inhibitors, improve- 

ment to patient survival has been modest. Limited in part by clinical translation, beneficial therapeutic 

strategies remain elusive in ovarian cancers. Although elevated levels of extracellular proteins, including 

collagens, proteoglycans, and glycoproteins, have been linked to chemoresistance, they are often miss- 

ing from the processes of drug- development and screening. Biophysical and biochemical signaling from 

the extracellular matrix (ECM) determine cellular phenotype and affect both tumor progression and ther- 

apeutic response. However, many state-of-the-art tumor models fail to mimic the complexities of the 

tumor microenvironment (TME) and omit key signaling components. In this article, two interpenetrat- 

ing network (IPN) hydrogel scaffold platforms, comprising of alginate-collagen or agarose-collagen, have 

been characterized for use as 3D in vitro models of epithelial ovarian cancer ECM. These highly tunable, 

injection mold compatible, and inexpensive IPNs replicate the critical governing physical and chemical 

signaling present within the ovarian TME. Additionally, an effective and cell-friendly live-cell retrieval 

method has been established to recover cells post-encapsulation. Lastly, functional mechanotransduction 

in ovarian cancers was demonstrated by increasing scaffold stiffness within the 3D in vitro ECM models. 

With these features, the agarose-collagen and alginate-collagen hydrogels provide a robust TME for the 

study of mechanobiology in epithelial cancers. 

Statement of significance 

Ovarian cancer is the most lethal gynecologic cancer afflicting women today. Here we present the de- 

velopment, characterization, and validation of 3D interpenetrating platforms to shift the paradigm in 

standard in vitro modeling. These models help elucidate the roles of biophysical and biochemical cues 

in ovarian cancer progression. The agarose-collagen and alginate-collagen interpenetrating network (IPN) 

hydrogels are simple to fabricate, inexpensive, and can be modified to create custom mechanical stiff- 

nesses and concentrations of bio-adhesive motifs. Given that investigations into the roles of biophysical 

characteristics in ovarian cancers have provided incongruent results, we believe that the IPN platforms 

will be critically important to uncovering molecular drivers. We also expect these platforms to be broadly 

applicable to studies involving mechanobiology in solid tumors. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Ovarian cancer remains the deadliest of all gynecological ma- 

ignancies [1] . Diagnoses at an advanced disease stage (III or IV) is 

outine among ovarian cancer cases. Clinically, advanced diagnosis 

n ovarian cancer is often related to rapid metastasis, transcoelomic 

outes of dissemination, and lack of early detection techniques 

2–6] . Despite conventional trends, the largest clinical trial on ovar- 

an cancers to date, tracking over two hundred thousand woman 

or up to 16 years, revealed that early detection does not yield sig- 

ificant survival advantage [7] . These findings reiterate metastasis 

s a fundamental clinical challenge. Moreover, they underline the 

mportance of establishing ovarian cancer-specific in vitro models 

o accelerate the discovery of effective therapeutic strategies and 

o better understand disease progression. 

Proteogenomic data from TCGA and single cell RNA-seq studies 

ndicate that tumor microenvironments (TME) are significant con- 

ributors to the poor overall and progression free survival in ovar- 

an cancer patients [8–13] . The TME components which include 

umor supporting cells and tumor secreted extracellular matrices 

ECM), form complex multifaceted interactions with cancer cells 

hat act to modulate chemoresistance [14–17] . Unfortunately, high 

evel cell-cell and cell-ECM interactions are often omitted in the 

urrently available in vitro model systems [18] . This in turn leads to 

nderrepresented cellular, molecular, and ECM heterogeneity, con- 

equently impacting clinical translation potential [18–21] . There- 

ore, in this work, we report on the fabrication and characteriza- 

ion of two accessible 3D scaffold platforms that duplicate criti- 

al biophysical and chemical signaling present within the ECM of 

pithelial ovarian cancers. These injectable scaffolds provide tun- 

ble stiffness and composition for varied niche environments, op- 

ical accessibility, and live-cell retrieval within an inexpensive and 

hysiologically pertinent TME. 

Structural and physical changes to the TME are pivotal hall- 

arks of metastasis, mediating both tumor progression and ther- 

peutic response [ 15 , 19 , 22–27 ]. In the ovarian TME, tumor sup-

orting cells secrete large quantities of ECM during the process of 

esmoplasia. Stromal desmoplastic response accompanies tumori- 

enesis in the majority of solid tumors and is a robust predictor 

f poor prognosis [ 20 , 23 , 25 , 26 , 28 , 29 ]. Since a third of ovarian can-

ers have their highest protein expression in genetic networks re- 

ating to ECM and adhesion [23] , it is imperative to characterize 

nd investigate the role of ECM in ovarian cancer outcomes. Com- 

ositionally, collagen type I and III are the most abundant pro- 

eins present within the ovarian stroma [ 30 , 31 ]. However in ovar-

an cancers, turnover of these fibrous proteins is acutely amplified, 

ith collagen type I in particular being replaced by extensive ne- 

reactive fiber structures [ 24 , 32–34 ]. Desmoplasia stiffens the TME 

hrough transcriptional dysregulation and resultant accumulation 

f ECM proteins [ 32 , 35–39 ]. The average Young’s modulus of the

varian tumor is approximately 5 kPa, but contains discrete regions 

ith moduli ranging from 16 to 35 kPa [ 40 , 41 ]. As a result, colla-

en scaffolds alone do not replicate the range of stiffness present 

ithin the TME. Since matrix stiffness is an important driver for 

ingle and collective cancer cell migration [15] , scaffold modulus 

ust be considered when modeling ovarian cancers, as we demon- 

trate in this report. 

While the ECM in most tissues of the human body fits the defi- 

ition of a hydrogel, it exhibits mechanical properties far greater 

han mono-hydrogels, or hydrogels composed of a single poly- 

er component alone [ 42 , 43 ]. Similar to polymer composites, bio- 

ogical ECM can be classified as a semi-interpenetrating network 

semi-IPN) hydrogel [44] . These in situ semi-IPN structures are 

ormed when fibrous proteins are cross-linked, bonded, or mixed 

ith high molecular weight molecules ( i.e. glycosaminoglycans and 

olysaccharides, such as hyaluronic acid), thereby vastly improv- 
223 
ng the mechanical properties of the stroma [ 43 , 45 ]. We hypothe-

ized that ovarian ECM can be modeled by blending two polymer 

omponents, collagen type I with natural-derived polysaccharides, 

garose or alginate. In order to test this hypothesis, we created 

pecific gelation procedures to form agarose-collagen and alginate- 

ollagen semi-IPN hydrogels for use as in vitro ovarian ECM TME 

odels. 

The gelation kinetics of agarose, alginate, and collagen com- 

rises simultaneous gelling for both agarose-collagen and alginate- 

ollagen IPNs. This permits both integrated injection molding and 

ellular encapsulation for use in mechanobiology studies, includ- 

ng bioreactor stimulation, as shown previously [ 46 , 47 ]. Briefly, 

ollagen type I gelation is controlled by the entropy driven nu- 

leation of triple-helical collagen monomers, followed by lat- 

ral cross-linking of thin filaments forming fibers that undergo 

hysical entanglement with surrounding matrices. Agarose is a 

alactopyronase-based linear polysaccharide with a gelling tem- 

erature of approximately 35 °C that promotes hydrogen bonding 

hrough an ordered coil-helix transition. The gelled agarose forms 

n isotropic structure with an average pore size of 100 to 300 nm. 

eanwhile, alginate is an anionic polysaccharide comprised of β- 

 -mannuronic acid (M) and α- l -guluronic acid (G) blocks. Gelation 

n alginate occurs via divalent cation association with preferen- 

ial binding to co-operative G blocks greater than 20 monomers 

n length, forming an isotropic structure with pore sizes ranging 

rom 6 to 200 nm [ 4 8 , 4 9 ]. While agarose, alginate, and collagen

ype I have been used to model both cancer and human tissue 

reviously [ 33 , 50–59 ], these IPNs have not been fully characterized 

ithin the mechanical profile of epithelial ovarian tumors. Utiliz- 

ng these polymers to form semi-IPNs, we modeled the ovarian 

CM in vitro . Moreover, we investigated the microstructure asso- 

iated with each polymer component, alongside mechanical prop- 

rties, including shear modulus (G), porosity ( �), and permeabil- 

ty ( κ). We examined the cellular viability of ovarian cancer cell 

ines encapsulated in both IPNs for up to 48 h. For the first time, 

e also demonstrated live-cell retrieval from agarose-collagen IPNs 

nd performed mechanotransduction assays, utilizing correspon- 

ent alginate-collagen and agarose-collagen IPN modulus. Insofar 

s possible, results were compared directly to patient-derived ovar- 

an cancer xenograft tumors. 

. Materials and methods 

.1. Preparation of interpenetrating network hydrogels 

Stock solutions of 1%, 2%, and 3% (w/v) agarose (low gelling 

emperature; Boston Bioproducts, #P730) were prepared in RPMI 

rowth medium (Thermo Fisher Scientific, Waltham, MA), 1% an- 

ibiotic/antimycotic (Thermo Fisher Scientific), and 10% fetal bovine 

erum (FBS; Gemini Bio-Products, West Sacramento, CA). Stock so- 

utions of rat tail, high concentration (10 mg/mL; Ibidi GmbH, 

50,204) and low concentration (3 mg/mL; Cultrex, #344,310,001) 

ollagen type I were prepared on ice. For agarose-collagen IPNs, 

ow concentration collagen (for 1 mg/mL) or high concentration 

for 2 mg/mL and 3 mg/mL) were combined with 10X Phosphate- 

uffered saline (PBS; 10% final volume). The solution was then neu- 

ralized using 1% (w/v) NaOH (25.4 μL, 6 μL, and 9 μL for 1 mg/mL,

 mg/mL, and 3 mg/mL, respectively) and incubated on ice for 

0 min to control fiber nucleation. Ultra-pure distilled water was 

dded to collagen solutions to reach a final volume of 350 μL. 

olten agarose (400 μL, warm to touch, ∼40 °) was then mixed 

igorously with the appropriate collagen solution (with 10 0 0 μL 

ipettes). If required, cells were added at this step. The IPNs were 

ooled for approximately 15 min allowing for complete gelation. 

All materials associated with alginate-IPNs were obtained from 

he Sigma-Aldrich Co, unless otherwise stated. Stock solutions of 
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odium alginate (ISO, Waldo, ME) were prepared at concentrations 

f 1%, 2%, and 3% (w/v) in Dulbecco’s phosphate-buffered saline 

DPBS). Collagen solutions were prepared, as previously described, 

or a final IPN volume of 600 μL. Both the alginate precursor so- 

ution (250 μL) and ice-incubated collagen solution were collected 

1 mL syringe) and added to the back end of a luer-lock syringe 

1 mL). After locking the female connector to the front port of the 

yringe, the precursor solution was plunged to the top of the con- 

ector while avoiding the introduction of air bubbles. If required, 

ells were added to the top of this syringe. In a second luer-lock 

yringe, 125 μL of CaSO 4 (45 mM in DPBS) was loaded into the 

op port, avoiding the introduction of air bubbles. The luer-locks 

ere then connected and mixed vigorously ( ∼1 min). The plated 

lginate-IPNs were allowed to gel for 15 min. 

.2. Immunodeficient xenograft model and decellularization of 

atient-derived xenografts 

All animal experiments were conducted in accordance with the 

IH Guidelines for the Care and Use of Laboratory Animals and the 

nstitutional Animal Care and Use Committee (IACUC) of the Uni- 

ersity of Michigan. Patient cells were recovered from tumors af- 

er informed consent under approved IRB protocol, following pro- 

edures established previously [ 60 , 61 ]. Single cells were obtained 

rom tumors using the tumor cell dissociation kit (Miltenyi Biotech, 

an Diego CA) following manufacturer’s protocols, followed by 

0 μm filtration. The collected cells were recovered by centrifuga- 

ion and resuspended in a serum free medium. The patient sample 

tilized in this report was from the abdominal metastases of stage 

II high grade serous ovarian cancer (Pt412). NOD SCID gamma 

emale mice were purchased from Jackson Laboratories (Bar Har- 

or, ME), and injected with ovarian cancer spheroids created from 

atient-derived cells at age 8–12 weeks. The spheroids were initi- 

ted with 100 patient-derived cells on a hanging drop plate and 

llowed to grow for 7 days, as described previously [ 60 , 62 ]. On

ay 7, subcutaneous injections were prepared by carefully har- 

esting 10 spheroids using a pipette, supported within Growth- 

actor-Reduced Matrigel (Corning, NY), along with serum-free B27 

edium (1:1 ratio). Tumor size was measured once weekly using 

alipers. Mice were euthanized after humane endpoint of tumor 

olume of 1500 mm 
3 , and tumors were dissected. Tumors were 

iced and centrifuged (500 × g , 11 min), washed in 1X PBS ( × 3), 

nd washed in 1% SDS solution in 1X PBS at room temperature for 

8 h, replacing solution every 12 h. The tissue was then treated 

ith 1% Triton X-100 solution in 1X PBS for 60 min before a final

ash in 1X PBS ( × 3). Decellularized tumors were utilized for col- 

agen staining and imaging, porosimetry, and ultra-high resolution 

EM imaging. 

.3. Cell culture and live-cell retrieval 

Human ovarian cancer cell line OVCAR3 cells (ATCC, Manas- 

as, VA, USA) were cultured in 1640 RPMI growth medium sup- 

lemented with 1% antibiotic/antimycotic and 10% FBS. Cells were 

aintained routinely in tissue culture and passaged upon reach- 

ng 80% confluency or until ready for use in 3D culture. For all 

ydrogel studies, cells were collected using 0.25% trypsin-EDTA 

Thermo Fisher Scientific), pelleted, resuspended in 75 μL of RPMI, 

nd embedded into 600 μL alginate-collagen and 750 μL agarose- 

ollagen (cell density was 10 million cells/mL, unless otherwise 

oted; a slightly larger volume of agarose-collagen was used to 

ccount for volume loss during gel fabrication and transfer). Cell 

aden hydrogels were plated in 15 cm tissue culture plates and 

ubsequently cultured at 37 °C and 5% CO 2 in serum containing 

edium. In some instances cell laden hydrogels were manufac- 

ured utilizing OVCAR3 cell line stably expressing GFP. Fluorescent 
224
ctivated cell sorting was then used to separate the GFP + OVCAR3 
ompartment from degraded gel debris for downstream analysis. 

iral vectors were purchased from Sigma Aldrich and packaged at 

he University of Michigan Viral Vector Core. Agarase and alginase 

nzymes were utilized for agarose-collagen and alginate-collagen 

PN degradation respectively (Sigma Aldrich, St. Louis, MO). Briefly, 

or agarose-collagen IPN, the cell laden agarose gel was coarsely 

inced and moved to 15 mL conical tubes containing RPMI cell 

rowth medium (500 μL) and agarase enzyme (150 U). Hydrogel 

amples were left submerged in enzyme for approximately 45 min, 

tirring with a sterile spatula and pipetting (10 0 0 μL pipettes) at 

 min intervals. The final cell slurry was then filtered (100 μm ny- 

on mesh; Thermo Fisher Scientific) into a 50 mL conical tube with 

0 mL of fresh medium. The solution was then passed through the 

ame filter ( × 2) before centrifuging (400 × g ) and suspending 

n fresh cell growth medium. For cell laden alginate-IPNs, hydro- 

els were scraped into a 50 mL conical tube containing medium 

2 mL) and alginase enzyme (50 U). After 15 min, a pipette (10 0 0

L pipettes) was used to break up the hydrogel into a consistent 

olution before following the filtration steps above. 

.4. Microscopy and measurement of collagen content 

Second harmonic generation (SHG) images were obtained using 

 Leica SPX8 laser scanning confocal microscope with an excitation 

avelength of 860 nm and a collection window of 425 to 435 nm. 

 40 × water emersion lens with a 100 Hz scan speed was utilized 

o capture z stacks of 1024 × 1024 pixels (129.17 μm × 129.17 μm) 

ith a 0.5 μm step size and a final z-height of 7.5 μm for each

mage. Collagen density and fiber spacing analysis were performed 

sing custom Matlab scripts. Briefly, images were thresholded and 

ither fiber area or average fiber intersection to a grid overlay 

ere measured respectively. Hydrogels and decellularized tumors 

ere histologically processed for staining, briefly samples were 

rocessed, embedded in paraffin, and sectioned to a thickness of 

.5 μm. Slides were stained with sirius red (Chondrex, Woodinville, 

A) and imaged using a Nikon E800 light microscope to visualize 

ollagen content. Live-cell viability imaging was performed using 

 calibrated inverted microscope (Olympus IX81, Japan, equipped 

ith an ORCA R2 cooled CCD camera and CellSens software). High 

esolution live-cell imaging was performed using a Leica SPX8 

ultiphoton laser scanning confocal microscope with a 60 × oil 

bjective. For live-cell viability studies, 50 μL of hydrogel with 2 

illion cell/mL were spread thinly across each well of a Millicell 

Z 4-well glass slide (Millipore, Burlington, MA), medium was ex- 

hanged every 24 h. At the final time point, calcein-AM (0.728 μM; 

iotium, #B2261) and ethidium homodimer (1.456 μM; Biotium, 

40,010) were added to each well. Fluorescent images were taken 

ollowing a 10 min incubation. 

.5. Electron microscopy and porosimetry 

Hydrogels and decellularized tumors were fixed in 2.5% glu- 

araldehyde overnight at 4 °C and 1% osmium tetroxide for 1 hour 

t room temperature prior to dehydration in an ethanol series, crit- 

cal point drying (Leica EM CPD300), sputter coating with 2–5 nm 

old, and then imaged with a TESCAN Mira3 resolution scanning 

lectron microscope at 40,0 0 0 × and 16,0 0 0 × magnification. Hy- 

rogels and decellularized tumors were dehydrated in bulk using a 

ater to ethanol dehydration (2:1, 1:2, × 2 100% ethanol) followed 

y an ethanol to hexamethyldisilazane (HMDS) series (5:1, 4:2, 3:3, 

:4, 1:5, × 2 100% HMDS; ≤ 45 min/step) and an overnight off- 

as in a chemical safety hood. Samples were then processed using 

 mercury porosimeter (Micromeritics Mercury Porosimeter Auto- 

ore V) in a 3 cm 
3 stem and analyzed for pore structure and per-

eability (MicroActive AutoPore V9600 Version 1.02). 
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.6. Characterization of mechanical properties 

Oscillatory rheometry (ARES, TA Instrument, New Castle, DE) 

as used to determine IPN shear moduli. Tests were performed us- 

ng a 25 mm parallel plate geometry. Frequency sweeps were per- 

ormed at 0.5% strain value with frequency ranging from 100 rad/s 

o 0.1 rad/s derived from the linear portion of strain sweep tests 

t 0.3 Hz. The storage modulus, G’, loss modulus, G’’, and resultant 

omplex modulus, G 
∗, were recorded. Poisson’s ratio of 0.49 was 

ssumed for the hydrogels and utilized to convert shear modulus 

o elastic modulus [63–65] . 

.7. Flow cytometry sorting and wound healing assay 

OVCAR3 cells were sorted for viability after hydrogel degra- 

ation using FACS. Briefly, cells were recovered by centrifugation 

nd resuspended in FACS buffer with 300 μmol/L 4 ′ ,6-diamidino-2- 

henylindole (DAPI). Cells were processed through a flow cytome- 

er, using forward and side scatter to isolate viable DAPI-negative 

ingle cells. Gates were established using 2D tissue cultured OV- 

AR3. GFP + OVCAR3 cells were cultured in IPN hydrogels of vary- 

ng stiffness for 48 h. Cells were then harvested and sorted by FACS 

o fully separate the cells from any remaining gel debris (dia. > 

00 μm). Cells were then plated in 24-well plates at a density of 

0 0,0 0 0 cells/mL for 12 h in serum-containing medium before cre- 

ting a wound with a 200 μL micropipette tip. Cells were then 

insed with PBS, replaced with serum-starved medium, and re- 

urned to the incubator. Fluorescent images at 4 × magnification 

ere taken on an inverted microscope at the 0 hr, 12 hr, 24 hr, 

nd 48 hr time points. Wound edge progression was measured and 

ompared to the initial wound using ImageJ. 

.8. Gene expression analysis 

After 48 h in culture, cell laden hydrogels were digested at 4 °C 
vernight in 1 mL of buffer RLT (with 10% β-Mercaptoethanol). 

NA purification was performed using the RNeasy mini kit (Qia- 

en, #74,106, Germantown, MD) as specified in the manufacturer’s 

rotocol. RNA concentrations were determined using a Nanodrop 

Nanodrop Technologies, Wilmington, DE). Gene expression was 

nvestigated through RT-qPCR for a variety of genes involved in 

etastasis, Rho/Rock, YAP/TAZ, collagen binding, and MAPK/MEK 

ignaling. Primers utilized for RT-qPCR are tabulated in Supple- 

entary Table S1. RT-qPCR was performed using 96 well plates 

nd Power SYBR Green PCR master mix (Applied Biosystems, 

LT4367659, Thermo Fisher Scientific, Waltham, MA) on 7900HT 

ystem (Applied Biosystems) through the Advanced Genomics Core 

t the University of Michigan. The 2 ��CT method was used to com- 

are the lower (E 1 ) and higher (E 2 ) matrix stiffness to the 2D con-

rols. Three to 6 biological replicates per condition were analyzed 

ith three technical replicates per plate. 

.9. Statistical analysis 

All data were reported as mean ± SD of triplicate experiments 

nless otherwise noted. Differences between groups were com- 

ared by the two-tailed Student’s ( t -test), one-way analysis of vari- 

nce, or by Mann-Whitney U test and analyzed using GraphPad 

rism version 7.0 software (GraphPad Software, San Diego, CA). 

. Results 

.1. Collagen type i is distributed homogeneously in discrete regions 

f semi-IPNs 

To inform key design criteria for the ovarian TME matrices, 

he material characteristics were compared directly to decellular- 
225 
zed patient-derived xenograft tumors (DPDXT; Fig. 1 A). Xenografts 

ere produced in immunodeficient mice by subcutaneous injec- 

ion of patient-derived ovarian cancer spheroids (harvested at day 

). At the humane endpoints, xenograft tumors were collected and 

ecellularized as previously described [66] . For IPN fabrication, 

garose-collagen and alginate-collagen were mixed and gelled in 

lass molds utilizing 3% (w/v) polysaccharide precursor solutions 

nd collagen type I ( Fig. 1 B). Collagen type I concentration varies 

etween 1 mg/mL to 3 mg/mL within the ovarian TME [ 50 , 67 , 68 ].

ence, three collagen concentrations (1 mg/mL, 2 mg/mL, and 

 mg/mL) were synthesized in 3% (w/v) agarose and 3% (w/v) algi- 

ate precursor solution to replicate this range in vitro , stained with 

irius red, and qualitatively compared to DPDXTs. 

Collagen fiber analysis was performed on 3% (w/v) precursor 

lginate and agarose solutions as they had the highest viscosity, 

nd therefore proved most difficult to mix. The polymerization 

emperature of collagen affects the balance of hydrophobic and 

lectrostatic interactions and hydrogen bonding between collagen 

onomers and fibrils [69–71] . Lowering the temperature favors 

ateral fibril and fiber growth. Incubation for 10 min at 0 °C post 
ollagen neutralization was important to generate both a homoge- 

ous dispersion of collagen fibers and a larger average fiber diam- 

ter. Further, as agarose and alginate polymerize faster than colla- 

en fibers, collagen presented a discontinuous morphology when 

ixed ( Fig. 1 C,E). These gelling kinetics are also why agarose- 

ollagen and alginate-collagen hydrogels are classified as simulta- 

eous semi-IPNs. To further characterize the fibrous collagen dis- 

ribution, we utilized SHG microscopy, imaging the same sample 

hickness to visualize collagen microstructure in agarose and al- 

inate IPNs (3%), and DPDXTs, respectively ( Fig. 1 E,F). Homoge- 

ous, discrete regions of collagen were visualized in each sample. 

ollagen fiber area density and average distance between fibers 

ere calculated using a custom MATLAB script ( Fig. 1 G,H). Colla- 

en fiber area increased stepwise for both IPN systems from 1 to 

 mg/mL collagen. Similarly, average fiber distance decreased with 

ollagen concentration. However, average fiber distance was gener- 

lly larger in alginate and may be accounted for by differences in 

hermodynamics and/or mixing protocols (pipette versus syringe). 

he patient-derived xenograft tumor fiber quantification appeared 

o most closely resemble IPNs containing 3 mg/mL collagen, al- 

hough significant differences remain in terms of fiber length and 

idth. 

.2. Semi-IPN ultrastructure demonstrates homogenous porosity and 

nterspersed collagen fibers 

In order to compare the in vivo tumor ultrastructure to that of 

emi-IPNs, SEM imaging was conducted. Since SEM imaging at high 

esolution is incompatible with wet microstructure and nanoarchi- 

ecture of the IPN polysaccharide compartment, critical point dry- 

ng (CPD) was utilized for sample preparation. The fixed DPDXTs 

nd IPN samples of varying alginate and agarose precursor con- 

entrations (1%, 2%, and 3%) were dehydrated via CPD for direct 

EM imaging ( Fig. 2 ). Both IPNs displayed muted architecture at 

he solid gel-air interface, attributed to elevated surface tension 

uring gelation. To avoid imaging at the IPN surface, we fractured 

he dehydrated hydrogels prior to sputter coating. In accordance 

ith previous literature, ordered fibrous structures were observed 

ithin the DPDXTs ( Fig. 2 A) [ 24 , 34 ]. To demonstrate scale, an ovar-

an cancer cell was also demarcated in situ ( Fig. 2 A, far right panel).

PNs at a final collagen concentration of 1 mg/mL were com- 

ared to collagen-free agarose and alginate hydrogels ( Fig. 2 B,C). 

hick collagen fibers were visible, interspersed within the web-like 

ightly packed agarose and alginate hydrogels, and were in agree- 

ent with diameters previously observed ( Fig. 1 ). The web-like na- 

ure of agarose-collagen IPNs has been reported by others [ 52 , 72 ].
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Fig. 1. Collagen formation within semi-interpenetrating network hydrogels. A. Xenograft, ovarian cancer patient derived tumors (top) were decellularized for downstream 

analysis (bottom). Bar segments = 1 mm. B. Injection molded 3% (w/v) agarose in the presence of 1 mg/mL collagen (top; dark pink) and 3% (w/v) alginate in the presence 

of 1 mg/mL collagen (bottom; tan). C, D. Histological stains (sirius red) of 3% (w/v) agarose and alginate hydrogels with increasing collagen content (1 mg/mL, 2 mg/mL, 

and 3 mg/mL) and decellularized tumors (slice thickness = 7.5 μm). E, F. Second harmonic generation (SHG) imaging of agarose-collagen and alginate-collagen IPNs plus 

decellularized tumors; reflecting conditions used for histology (sample thickness = 7.5 μm). G. Quantification of fiber area in SHG images; representative image of fiber area 

thresholding (top). H. Quantification of average fiber distance in SHG images; representative image threshold plus mesh overlay (top). All data points represent mean ±
SDs with superimposed data points (alginate = tan, agarose = dark pink, decellularized tumors = gray); asterisk and hash-mark denotes significance P < 0.05 compared to 

decellularized tumors, determined by one-way analysis of variance (ANOVA) followed by post-hoc Mann-Whitney U-tests. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 
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ith pore size measured to be less than 1 μm, cell mobility would 

e obstructed in all IPN conditions. While not physiologically accu- 

ate, immobilization is a property generally desired in studies in- 

olving 3D mechanotransduction [ 15 , 46 , 47 ]. Likewise, homogenous 

ore size and distribution ( Fig. 2 C) allow for excellent load transfer, 

omogenous fluid perfusion flow, and consistent diffusional char- 

cteristics [15] . 

In addition to SEM, porosity ( �) and permeability ( κ) were 

easured using a mercury porosimeter. This procedure required 

arge, dehydrated sample volumes (approximately 1.5 cm 
3 per run) 

nd therefore made the use of CPD unrealistic. We instead em- 

loyed HMDS dilution series for a cost effective and improved 

ample turnover rate. Samples were dehydrated via sequential 

olutions starting with aqueous and proceeding through ethanol 

100%), HMDS (100%), and an overnight off-gassing step. CPD was 

tilized as a gold standard and samples prepared via HMDS were 

ompared directly to those prepared via CPD with SEM (Supple- 

entary Fig. 1). Alginate and 1% (w/v) agarose IPNs did not pre- 

are well with HMDS and were therefore not recorded (data not 

hown). Relative diffusion rates of 3–5 kDa FITC conjugated dex- 

ran were also measured in IPN samples of varying alginate and 

garose precursor concentrations (1%, 2%, and 3%) with 1 mg/mL 

ollagen (Supplementary Fig. 2). A ratio of 3–5 to 10 kDa FITC 

onjugated dextran were measured in the exponential phase of 

iffusion (hour 3 of the 6 IPN conditioned outlined above) and 

ere normalized to each 1% (w/v) polysaccharide condition respec- 
226 
ively (Supplemental Table 2). The porosity and permeability of 2% 

w/v) agarose with 1 mg/mL collagen was 46.31 ± 20.32% and 

.03 × 10 −11 ± 4.06 × 10 −11 cm 
−2 , respectively, and closely re- 

embled previous literature [ 73 , 74 ]. The porosity and permeability 

f 3% (w/v) agarose with 1 mg/mL collagen was 55.67 ± 6.54% and 

.68 × 10 −12 ± 1.23 × 10 −12 cm 
−2 , respectively, and for DPDXTs 

as measured as 39.76 ± 4.89% and 2.58 × 10 −11 ± 2.04 × 10 −11 

m 
−2 , respectively. Although modest decreases to visual pore size 

ere seen with increased agarose content, they were not recog- 

ized by porosimetry. DPDTXs were observed to contain perme- 

bility comparable to that of 2% (w/v) agarose with 1 mg/mL colla- 

en. The diminished porosity of the DPDTXs may indicate that the 

orous nanoarchitecture was somewhat collapsed by HMDS dehy- 

ration. 

.3. Semi-IPNs recapitulate the shear moduli of in vivo tumors 

To validate that IPN moduli replicated that of the ovarian TME, 

e began by synthesizing a series of agarose-collagen and alginate- 

ollagen IPNs with fixed collagen concentrations (1 mg/mL). Al- 

ering the collagen concentration between 1 mg/mL to 3 mg/mL 

s not thought to significantly affect the mechanical properties 

f agarose/collagen and alginate/collagen IPNs within the present 

ange [ 51 , 75–77 ]. Limited by the viscosity of alginate precursor 

oncentrations, 3% (w/v) produced the highest stiffness achievable 

tilizing luer-lock syringe mixing. Increasing polysaccharide con- 



E.N. Horst, C.M. Novak, K. Burkhard et al. Acta Biomaterialia 146 (2022) 222–234 

Fig. 2. Comparison of nanoarchitecture observed in semi-IPN hydrogels and in the ECM of decellularized tumors. A. SEM reveals ordered fibrous structures throughout 

decellularized patient derived ovarian cancer xenograft tumors. Left and center panels show two different representative images. Right panel shows an ovarian cancer 

cell within the matrix. B. Thick interpenetrating collagen fibers are observed throughout agarose-collagen and alginate-collagen (1 mg/mL) IPNs (1% to 3% of precursor 

alginate and agarose; w/v) with dense, well defined pore structure. C. Control agarose and alginate hydrogels ranging from 1% to 3% (w/v) without the presence of collagen, 

demonstrate modest variation of pore size with increased hydrogel content. (For interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 

227 
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Fig. 3. Rheological analysis of agarose and alginate IPN hydrogels. Parallel-plate rheometric evaluation of: A. shear storage modulus (G’), B. shear loss modulus (G’’), C. 

complex shear modulus (G ∗) for 1% (w/v) to 3% (w/v) agarose and alginate hydrogels with 1 mg/mL collagen, for n ≥ 4. All data points represent mean ± SDs with 

superimposed data points (alginate = tan, agarose = dark pink); asterisk and hash-mark ( ∗ , #) denotes significance P < 0.01 between conditions of either agarose-collagen or 

alginate-collagen respectively, while ampersand (&) denotes significance P < 0.01 between IPNs, determined by one-way analysis of variance (ANOVA) followed by post-hoc 

Mann-Whitney U test. 
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ent yielded stable hydrogels that were measured by parallel plate 

heometry. Both IPN systems spanned the average elastic mod- 

li reported in ovarian tumors (5 kPa; Fig. 3 ). In accordance with 

revious literature, agarose and alginate IPNs displayed a nearly 

inear relationship between complex shear modulus and percent 

eight to volume ratio in this region [ 78 , 79 ]. Complex shear mod-

lus in agarose-collagen hydrogels spanned a 5 fold range, with 

imilar shear moduli previously reported for 1% (w/v) agarose plus 

 mg/mL collagen IPN hydrogels [52] . 

.4. Semi-IPNs support live-cell imaging and maintain ovarian cancer 

ell viability during 3D growth and post cell-retrieval 

Beyond replicating the mechanical environment of ovarian tu- 

ors, we sought to verify cellular viability and optical accessibility 

ithin 3D platform for up to 48 h. To confirm that semi-IPNs can 

ecapitulate ovarian TME, we encapsulated the immortalized high 

rade serous ovarian cancer cell line, OVCAR3, within 3% agarose 

r alginate plus 1 mg/mL collagen IPN hydrogels. Live-cell viability 

as assessed with fluorescent microscopy at the 0, 24, and 48 hour 

ime points using calcein-AM and ethidium homodimer ( Fig. 4 A). 

verage cell viability was maintained above 80% for the duration 

f 48 h in 3D platforms ( Fig. 4 B). Utilizing high resolution multi-

hoton microscopy, we verified optical accessibility within agarose 

nd alginate IPN platform systems by observing calcein-AM and 

thidium homodimer stained OVCAR3 cells (48 hr; Fig. 4 C). We 

ext investigated live-cell retrieval after encapsulation in 3D plat- 

orm. Live-cell retrieval from agarose hydrogels had been previ- 

usly considered impossible [80–84] . Using a prolonged agarase 

nzyme degradation (45 min) in combination with gentle mixing 

nd stirring (5 min intervals), we discovered that encapsulated OV- 

AR3 cells were recoverable from agarose-collagen IPN hydrogels. 

n contrast, the live cells were retrieved from alginate gels using 

 gentle dissolution strategy. Cell viability was measured via man- 

al cell counting for 1%, 2%, and 3% (w/v) agarose and alginate hy- 

rogel conditions, each displaying an average viability greater than 

5% (Supplementary Fig. 3). In situ culture conditions were dupli- 

ated for cell-retrieval, whereby hydrogels were degraded, filtered, 

nd sorted via flow cytometry for cellular viability ( Fig. 4 D), like- 

ise we verified cell retrieval from alginate-collagen encapsulation 

 Fig. 4 D). Retrieved OVCAR3 cells maintained significantly high via- 

ility ( > 75%), measured via flow cytometry ( Fig. 4 E). A minor drop
228
n cell viability was observed in agarose hydrogels at the 48 hour 

ime point. To investigate whether this was due to prolonged expo- 

ure to the agarase enzyme, we performed a 48 hour study in 2D 

nd found the required enzyme concentration did not significantly 

mpact cellular viability (Supplementary Fig. 4). 

.5. Semi-IPNs support mechanical transduction of ovarian cancer 

ells 

We next investigated whether changes to scaffold stiffness im- 

acted the migrational behavior of OVCAR3. Agarose and alginate 

ydrogels are generally considered bioinert in ovarian cancer cell 

odels, thus the cells do not directly interact via chemical signal- 

ng with these polymers. Physical stimulus are instead transduced 

rom the polysaccharide scaffolding through physical entanglement 

f collagen fibers via binding motifs (GFOGER, DDR1, and DDR2) 

85] . Given that collagen concentration in DPDTXs most closely re- 

embled IPNs with a final concentration of 3 mg/mL ( Fig. 1 C –H),

e chose this collagen content to inform cellular transduction for 

his study. 

Stiffness of alginate and agarose within the present range are 

rders of magnitude greater than 3D collagen gels alone. Chang- 

ng collagen content within this range has negligible impact on 

PN modulus [ 51 , 75–77 ]. Informed by our investigation into IPN 

heometry ( Fig. 3 ), we chose the lowest (E 1 ) and highest (E 2 ) possi-

le moduli reproduced by the agarose and alginate IPN gels (Sup- 

lementary Fig. 5). The GFP + OVCAR3 cells were encapsulated in 

lginate and agarose hydrogels with 3 mg/mL collagen for 48 h. 

ells were then recovered, sorted by flow cytometry for GFP ex- 

ression, and plated on 2D tissue culture plates for migrational 

ssessment via wound healing assay. In order to minimize expo- 

ure time with the 2D surface, OVCAR3 cells were placed on 2D for 

2 h. Migration was then analyzed for 48 h post-wound, to avoid a 

eversion of phenotype. Changes in phenotype due to ECM stiffness 

ave been described in a variety of cell types [ 40 , 86–91 ]. Capac-

ty for cellular adherence was also found to be affected by the 3D 

latforms, and both washing and medium exchange had to be per- 

ormed with care to avoid shearing-off cells. Cells that had been 

ncapsulated in pliable matrices (E 1 ) took significantly longer to 

ll the wound in comparison to cells grown on 2D plates ( Fig. 5 A,

). This effect was abrogated by cells grown in stiffer matrices (E 2 ). 

s mechanotransduction relating to ovarian TME stiffness is highly 
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Fig. 4. Optical accessibility, cell viability, and live-cell retrieval from IPN scaffolds. A. OVCAR3 cells were encapsulated in 3% agarose + 1 mg/mL collagen and 3% algi- 

nate + 1 mg/mL collagen for 0, 24, and 48 h respectively. Fluorescent images of calcein-AM and ethidium homodimer stained cells were captured using an inverted light 

microscope. B. In situ cell viability between each condition and time point did not show significance. C. Encapsulated OVCAR3 cells were imaged via multiphoton high 

resolution microscopy, displaying high degree of optical accessibility. D. OVCAR3 cells were recovered after encapsulation for 0, 24, and 48 h in 3% agarose + 1 mg/mL 

collagen and 3% alginate + 1 mg/mL collagen. Recovered cells were analyzed for cell viability via flow cytometry. E. Flow-based quantification of recovered cell viability. 

All data points were plotted ( n = 3); asterisk de notes significance P < 0.01 compared to each other condition, determined by ANOVA followed by post-hoc analysis. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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ontested in vitro [ 25 , 40 , 92–94 ], we assessed gene expression cor-

esponding to the three contending molecular pathways (YAP/TAZ, 

ho/Rock, and MAPK/MEK) (Supplementary Fig. 6). Genes involved 

n integrins, serpin, and MAPK activation were found to be signifi- 

antly upregulated in response to stiffer matrix (E 2 ) ( Fig. 6 ). 

. Discussion 

With diverse compartments of acellular and cellular activity, 

varian cancer cells are inundated with a variety of biochemical 

nd biophysical signals [ 18 , 27 , 46 , 95 ]. Many of these signals in-

uence cellular phenotype, and when absent from in vitro sys- 

ems prohibit productive clinical translation and drug discovery. 

hile in vivo models, such as patient-derived xenografts (PDX) re- 

apitulate many of these stimuli (and are widely considered the 

old standard), they are time-consuming and expensive to pro- 

uce. Comprehensive in vitro models are therefore a vital alter- 

ative to generate biologically relevant, high-throughput, tunable, 

nd clinically translatable technologies. In this report, we outlined 

wo accessible 3D semi-IPN scaffolds that mimic the material prop- 
229 
rties of the ovarian tumor ECM. Inspired by the ECM of the 

ME, we manipulated the polysaccharide-protein polymer com- 

osite hydrogels, agarose-collagen and alginate-collagen, to pro- 

uce two durable mechanical environments for modeling ovar- 

an TME. Although agarose-collagen and alginate-collagen IPNs are 

idely used in tissue engineering, a comprehensive characteriza- 

ion appropriate for studying ovarian cancer was critically needed 

 54 , 56 , 57 , 75 , 96 , 97 ]. 

Collagen type I is one of the most abundant macromolecules 

n the ovarian TME [ 23 , 26 , 67 , 98 ] and is vital to promoting epithe-

ial to mesenchymal transition (EMT) [ 24 , 67 , 99 , 100 ]. During ovar-

an cancer tumorigenesis, collagen type I is heavily remodeled, 

hereby thick collagen networks are replaced by uniformly dis- 

ributed neoreactive fiber structures [ 33 , 34 ]. In cortical inclusion 

ysts, collagen type I concentrations have been reported as high 

s 2.1 mg/mL, with similar concentrations utilized to grow ovar- 

an cancer cell lines in vitro [ 50 , 67 ]. Emulating this process in

emi-IPNs, we generated collagen fibers over a physiologically per- 

inent range of concentrations. Within this range, we demonstrated 

hat the average fiber distances and fiber densities were standard- 
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Fig. 5. Transduced stiffness utilizing IPN TME. A. Fluorescent images of recovered GFP + OVCAR3, cultured in 1.37% alginate and 1% agarose IPNs plus 3 mg/mL collagen (low 

stiffness, E 1 ), 3% alginate and 1.5% agarose IPNs plus 3 mg/mL collagen (high stiffness, E 2 ), and tissue culture plate (2D controls) for 48 h. Cell migration was observed for 

an additional 48 h after a vertical wound was inflicted. B. Corresponding image-based quantification of cell migration (all data points were normalized to initial wound 

distance, n ≥ 3 per condition). All data presented are means ± SEMs; single and double asterisks ( ∗ , ∗∗) denote significance of P < 0.05 and 0.01 with regards to agarose IPNs 

respectively, while a hash-mark (#) denotes significance of P < 0.05 with regards to alginate IPNs, determined by ANOVA within each corresponding time point, followed by 

post-hoc analysis. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Altered transcription in response to 3D IPN gels stiffness. Transcriptional assessment via quantitative PCR (2 ��CT , n ≥ 3 per condition) for GFP + OVCAR3, cultured 
in 1.37% alginate and 1% agarose IPNs plus 3 mg/mL collagen (low stiffness, E 1 ), 3% alginate and 1.5% agarose IPNs plus 3 mg/mL collagen (high stiffness, E 2 ), and tissue 

culture plate (2D controls) for 48 h. Trends display increased integrin, serpin, and MAPK related expression within the stiffer conditions. All data presented are means ±
SDs; single and double asterisks ( ∗ , ∗∗) denote significance of P < 0.05 and 0.01, determined by Mann-Whitney U test when comparing responses in IPNs. The dotted black 

line represents gene expression in the 2D condition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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zed to collagen content [101] . However, we observed variations in 

he average fiber distance between agarose and alginate semi-IPNs. 

hese variations were attributed to disparities in thermodynamics 

t mixing, secondary or hydrogen bonding between polymers, and 

iffering techniques used during polymerization. Further, agarose 

olymer structures undergo gelation quicker than alginate, which 

ay account for differences observed in fiber formation and mis- 

ibility. 

We further illustrated fiber dispersion in samples dehydrated 

ia CPD. A pore size gradient is normally observed in relation to 

olysaccharide content [ 52 , 102 ], yet this trend was difficult to dis-

ern in the present study. To our knowledge this is the first time 

anoarchitecture has been recorded at these precursor agarose and 

lginate concentrations. As expected, nanoarchitecture was more 

omogenous in hydrogels than in DPDXTs. The DPDXT samples dis- 

layed a wide variety of irregular ECM morphology, as previously 

escribed [18] . Although pore size was not replicated between in 

itro IPNs and DPDXTs, the hydrogel homogeneity lends itself well 

o mechanobiology and the application of physical forces in vitro . 

e further investigated pore structure by observing similar per- 

eability and porosity between 2% (w/v) agarose with 1 mg/mL 

ollagen and DPDXTs. Alginate IPNs degraded significantly during 

MDS sample preparation, making high-throughput dehydration 

ia HMDS impracticable for alginate hydrogels. In future investi- 

ations, we propose measuring permeability and porosity with hy- 

rogel samples prepared via CPD for direct comparison. 

We determined that the precursor concentrations of agarose 

nd alginate in each respective IPN hydrogel were the main de- 

erminant of shear storage modulus (G’). By varying agarose and 

lginate concentration, we adjusted the IPN stiffness to encompass 

he range found within ovarian tumors [ 40 , 41 , 53 ]. Yet limited by

he viscosity of precursor alginate solutions, alginate-collagen IPNs 

ere unable to match elastic moduli over 10.5 kPa [103] . To im- 

rove upon this range, higher calcium ion concentrations and al- 

inate polymers with higher G to M block ratios can be used. In- 

estigating these effects in the context of luer-lock mixed alginate- 

ollagen IPNs is required to improve elastic moduli. Although both 

dhesion motif concentration and matrix stiffness impact tumor 

ell phenotype, many bioengineering models negate at least one 

f these two signals [ 33 , 55 , 67 , 68 , 101 , 104 ]. In contrast, the IPN hy-

rogels reported here can be used to combine these inputs without 

he added constraint of adverse coupling effects. 

Investigating in vitro parameters further, we displayed excel- 

ent cellular viability and a remarkable capacity for in situ live-cell 

maging in both IPN systems maintained over a period of 48 h. 

ost notably, we also demonstrated rigorous live-cell retrieval over 

his time period. Historically, separating live-cells from scaffolds is 

 difficult process and was theorized to be impossible for cells em- 

edded in agarose [ 80–84 , 105 , 106 ]. Our approach was the first to

tilize agarase enzyme, gentle mixing, and filtering techniques to 

ecover cells with robust standard of viability. Although not re- 

uired for the cell recovery above, we recommend including col- 

agenase enzyme for studies involving concentrations of collagen 

bove 3 mg/mL. Supplementing alginate culture medium with an 

xternal calcium source is also recommended in experiments sur- 

assing 72 h, as this will mitigate the effects of ionic leaching. Sep- 

rating cells from hydrogel vastly improves cell lysate quality, and 

y extension RNA and protein sequestration. We also validated the 

se of flow cytometry for measurement of cellular viability, and 

ound healing assays by sorting recovered cells for ethidium ho- 

odimer and GFP + expression, respectively. Cells cultured in IPNs 

f variable stiffness displayed a modest increase in migration with 

tiffer conditions, more closely resembling cells grown on tissue 

ulture plates ( E = 10,0 0 0 kPa). Importantly, differential expres- 

ion of cell migratory behavior was observed after removal from 

D semi-IPN models. This moderate display of phenotypic mem- 
231 
ry implicates ECM stiffness in the process of EMT. Considering 

hat this link is highly contested in previous ovarian cancer stud- 

es, further investigation is warranted [ 40,92,107–109 ]. The major- 

ty of studies relating to stiffness in ovarian cancers are conducted 

n 2D substrates and demonstrate signal transduction through the 

ho/Rock or YAP/TAZ pathway [ 40 , 92–94 ]. However recent PDX tu- 

or analysis may demonstrate that Rho/Rock and YAP/TAZ path- 

ays are not activated in vivo, and instead involve the activation of 

APK/MEK in stiffer TME [25] . We identified trends that also sup- 

ort MAPK/MEK activation in response to increased ECM stiffness. 

ifferences in gene expression between polysaccharide compart- 

ents may indicate a degree of implicit bioactive effect or an arti- 

act from hydrogel degradation and warrants further investigation. 

oreover, these experiments displayed the importance of replicat- 

ng in vivo mechanical environments in 3D model systems, as bio- 

hysical stimuli impact cell behavior. Ultimately, agarose-collagen 

nd alginate-collagen IPNs provide an exceptional matrix for the 

tudy of mechanobiology allowing for homogeneity in ultrastruc- 

ure, fluid perfusion flow, and collagen spacing, as well as injec- 

ion mold compatibility, excellent load transfer, and physiologically 

ertinent modulus. 

. Conclusion 

The ovarian cancer TME is composed of an amalgam of ex- 

racellular components that interact dynamically to aid in the 

rogression, metastases and chemoresistance of ovarian cancers. 

y omitting many of these factors, cellular cues and epigenetic 

hanges are lost that may otherwise impact our understanding of 

varian tumorigenesis. For this reason, we present and character- 

ze two comparable 3D semi-IPN hydrogel systems that accurately 

odel the ECM found within ovarian tumors. Biochemical signal- 

ng, governed by collagen type I in tumors, can be manipulated in 

itro to replicate fiber spacing pertinent to epithelial ovarian can- 

ers. Utilizing straightforward alterations to precursor alginate and 

garose concentrations, both nanoarchitecture and matrix stiffness 

an be finely tuned as required to create a unique and biologically- 

eplicable TME. Both IPN hydrogels illustrate superior cell-viability 

n 3D encapsulation and growth, high-resolution live-cell imaging, 

nd live-cell recovery. Together these findings support the util- 

ty of agarose-collagen and alginate-collagen semi-IPNs to study 

echanobiology, as well as the roles of ECM in ovarian cancer pro- 

ression. 
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