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Interpenetrating Polymer Network Hydrogels of Gelatin and Poly(ethylene 
glycol) as an Engineered 3D Tumor Microenvironment

Abstract: An emerging trend in cancer research is to develop engineered tumormodels using bio-inspired biomaterials that can mimic the native tumor microenvi-ronment. Although various bio-inspired hydrogels have been utilized, it is still chal-lenging to develop advanced polymeric hydrogel materials that can more accuratelyreconstruct critical aspects of the native tumor microenvironment. Herein, we pres-ent interpenetrating polymer network (IPN) hydrogels composed of thiolated gelatinand tyramine-conjugated poly(ethylene glycol), which form IPN hydrogels via horse-radish peroxidase-mediated dual cross-linking reactions. We demonstrate that theIPN hydrogels exhibit independently controllable physicochemical properties. Also,the IPN hydrogels show resistance to the proteolytic enzymes and cytocompatibil-ity for long-term culture of human fibrosarcoma (HT1080) cells. Moreover, we uti-lize the engineered tumor construct as a platform to evaluate the effect of matrixstiffness on cancer cell proliferation and drug resistance against the anticancer drug5-fluorouracil as a model drug. In conclusion, we suggest that our IPN hydrogel is apromising material to study cancer biology and to screen innovative therapeuticagents for better clinical outcomes.
Keywords: polymeric hydrogels, injectable hydrogels, engineered tumor models, tumor microenvironments, drug resistance.
1. IntroductionDespite advances in medical technology, cancer is a destructivedisease that is a leading cause of death worldwide.1,2 Althoughmany new drugs are being developed for chemotherapies, thetherapeutics result in high failure rates because current preclini-cal models (e.g., in vitro and in vivo animal models) cannot accu-rately predict their efficacy in clinical trials.3 Therefore, thedevelopment of preclinical models that precisely predict clinicaloutcomes remains a challenge for cancer treatment. To developadvanced preclinical models, we need to better understand thenative tumor microenvironment, which has been implicated asa crucial factor in the process of cancer development and metasta-sis.4,5 Native tumor environments present pathological conditions,including abnormal extracellular matrix remodeling, tumor-associated angiogenesis, and pressure of tumor mass.6-8 Growingevidence has demonstrated that these parameters play criticalroles in regulating cancer progression and metastasis. Thus, anemerging trend in cancer research is the design of engineeredtumor models using bio-inspired biomaterials that can precisely

recapitulate the native tumor microenvironment. In advanced biomaterials engineering, various bio-inspiredbiomaterials have been utilized as artificial cellular microenvi-ronments to reconstruct the native tumor microenvironmentfor cancer research. Among these, polymeric hydrogels arepromising materials to create engineered tumor constructsowing to their tunable properties and their structural similar-ity to native tumors.9,10 The most basic requirements for thedevelopment of artificial tumor models using polymeric hydro-gels are 1) adequate phase transition time to homogeneouslyencapsulate cells within the matrices, 2) cytocompatibility tosupport cancer cell growth, 3) hydrogel stability for long-termcell culture, and 4) independently adjustable physicochemicalproperties. Although various types of hydrogel materials havebeen used to create engineered tumor constructs, the develop-ment of advanced polymeric hydrogel materials with desiredproperties to recapitulate critical aspects of the native tumormicroenvironment remains a challenge.Herein, we report a new type of interpenetrating polymer net-work (IPN) hydrogel composed of gelatin and poly(ethylene glycol)(PEG), which can provide an engineered three-dimensional (3D)tumor microenvironment. The IPN hydrogels are formed viahorseradish peroxidase-mediated dual cross-linking reactionbetween thiolated gelatin and tyramine-conjugated PEG moi-eties. They show independently controllable gelation time and
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Macromolecular Research tunable mechanical properties. The IPN hydrogels exhibit resis-tance to the proteolytic enzymes and cytocompatibility for long-term cancer cell culture. Moreover, we utilize the engineered tumormodel as a platform to study the effect of matrix stiffness oncancer cell activity and drug resistance. We suggest that our IPNhydrogel is a promising material to create engineered tumormicroenvironments for studying basic cancer biology and screen-ing newly developed anticancer drugs.
2. Experimental

2.1. MaterialsFor polymer synthesis and hydrogel fabrication, gelatin (Gtn,type A from porcine skin, less than 300 bloom), 2-iminothiolanehydrochloride (Traut’s reagent, TR), dimethyl sulfoxide (DMSO,anhydrous), deuterium oxide (D2O), poly(ethylene glycol) (PEG,average Mn=4,000, platelets), 4-(dimethyl amino) pyridine (DMAP),tyramine (TA), dichloromethane (MC, anhydrous), p-nitrophenylchloroformate (PNC), horseradish peroxidase (HRP, type VI, salt-free, 250-330 units per milligram, solid), hydrogen peroxide (H2O2,30 w/v% in H2O), chloroform-d (CDCl3), and collagenase from
Clostridium histolyticum type II were purchased from Sigma-Aldrich(St. Louis, MO). Triethylamine (TEA) was obtained from KantoChemical Co. (Chuo-ku, Tokyo). Ethyl ether was purchased fromSamchun Pure Chemical (Gangnam, Seoul). Dialysis membrane(molecular weight cut-off=3,500 Da) was purchased from Spec-trum Laboratories (Rancho Dominiguez, CA). Hydrochloric acidstandard solution (1 N) was purchased from Daejung (Siheung,Gyeonggi). 5,5’-dithio-bis-(2-nitrobenzoic acid) (Ellman’s reagent)was purchased from Thermo Scientific (Rockford, IL). For in vitro cell culture, human fibrosarcoma (HT1080) cellswere obtained from the Korean Cell Line Bank (Jongno, Seoul).Dulbecco’s phosphate-buffered saline (DPBS), Dulbecco’s modi-fied Eagle’s medium (DMEM), newborn calf serum (NBCS),penicillin streptomycin (P/S), and 0.25% trypsin-EDTA werepurchased from Gibco (Grand Island, NY). Live/dead kit wasobtained from Molecular Probes (Eugene, OR). WST-1 cell pro-liferation kit was purchased from Roche (Grenzacherstrasse,Basel). 5-Fluorouracil (5-FU) was obtained from Sigma-Aldrich(St. Louis, MO).
2.2. Synthesis and characterization of thiolated gelatin
(GtnSH) and tyramine-conjugated PEG (PEG-TA2)Thiolated gelatin (GtnSH) was synthesized using TR as previ-ously reported.11 Gtn (500 mg) was dissolved in 50 mL of anhy-drous DMSO at 40 °C under nitrogen (N2) atmosphere. TR (50 mg,0.36 mmol) was dissolved in 5 mL of anhydrous DMSO. The TRsolution was then applied to the Gtn solution, and the reactionwas conducted at 40 °C for 24 h under N2 atmosphere. After theconjugative reaction, the solution was dialyzed against 5 mM HClsolution for 48 h and then against 1 mM HCl solution for 24 h(molecular weight cut-off=3,500 Da) to remove unconjugatedTR molecules. After dialysis, the GtnSH polymer was obtained byfreeze-drying and the product was kept in a dry keeper beforeuse. The chemical structure of the polymer was characterized

using a proton nuclear magnetic resonance (1H NMR) spec-trometer (Agilent 400-MR, Agilent Technologies, CA). For 1HNMR measurement, we prepared GtnSH solutions in 10 mg/mL D2O. The thiol content in the polymer was determined byEllman's assay according to the manufacturer’s instructions.The GtnSH solution (100 μL, 1 mg/mL in deionized water) wasmixed with Ellman’s reagent (100 μL). After 20 min of incuba-tion at 25 °C, we measured the absorbance at 405 nm usingultraviolet spectrophotometry (Multiskan EX, Thermo Scien-tific, Rockford, IL). The thiol content was determined using a calibra-tion curve obtained by monitoring the absorbance of knownconcentrations of cysteine (0.0025-0.05 mg/mL) and is expressedas μmol of free thiol groups per gram of GtnSH polymer.PEG-TA2 was synthesized by a two-step reaction as previouslyreported.12 We first synthesized amine-reactive PEG by conju-gating PNC molecules to the terminal hydroxyl groups of PEG.Briefly, PEG (2.0 g, 0.5 mmol) was dissolved in 40 mL of anhydrousMC and reacted with DMAP (183.3 mg, 1.5 mmol) and TEA (209.2 μL,1.5 mmol) at 25 °C for 15 min to activate the terminal hydroxylgroups of PEG. The activated PEG solution was applied to PNC(302.3 mg, 1.5 mmol) dissolved in 30 mL of anhydrous MC bythe dropping method. The reaction was conducted at 4 °C for24 h under N2 atmosphere. After conjugative reaction, the polymersolution was concentrated using a rotary evaporator (RotavaporR-215, BUCHI) at 40 °C, followed by precipitation in cold ethylether. The product was kept in a vacuum oven to remove thesolvent, yielding a white powder of the PEG-PNC2 conjugate. Thechemical structure and conjugation efficiency of PNC was deter-mined by 1H NMR. For the 1H NMR measurements, the polymerswere dissolved in CDCl3 (10 mg/mL).To synthesize PEG-TA2, PEG-PNC2 (2.0 g, 0.5 mmol) was dis-solved in 40 mL of DMSO at 25 °C. TA solution (205.8 mg, 1.5mmol) dissolved in 2 mL of DMSO was mixed with the PEG-PNC2 solution. The conjugative reaction was conducted at 25°Cfor 24 h and the solutions was purified by dialysis against distilledwater for three days. The polymer powder was obtained by lyo-philization and stored in a dry keeper before use. The chemicalstructures and degree of substitution of TA were characterizedby 1H NMR spectroscopy. For the 1H NMR measurement, the poly-mer was dissolved in D2O (10 mg/mL).
2.3. Preparation of IPN hydrogelsIPN hydrogels were prepared by a simple mixture of the polymer,HRP, and H2O2 solutions. To fabricate 100 μL of IPN hydrogels,80 μL of polymer solution (final concentrations of PEG-TA2:0.5-3 wt% and GtnSH: 0-2 wt%), 10 μL of HRP (0.087-1.375 U/mL), and 10 μL of H2O2 (1.25-7.5 mM) were mixed and gentlyshaken. All solutions were prepared in DPBS. 
2.4. Measurement of gelation time and rheological analysisThe phase transition time of IPN hydrogels was determined bythe vial tilting method as previously reported.13,14 The hydrogels(100 μL) were prepared in 1.5-mL microtubes and mixed gently.The gelation time was determined as the time point at whichno flow was observed after inverting the solution. The gelation
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time was measured with different concentrations of polymer,HRP, and H2O2. The elastic modulus (G') of the IPN hydrogels was measuredusing a rheometer (DHR-1, TA instruments, New Castle, DE)with parallel plates (diameter, 20 mm) and a gap of 600 μm inoscillatory mode with a frequency of 0.1 Hz and strain of 0.1%at 37 °C. For the rheological experiment, the hydrogels (200 μL)were prepared on the plate in the instrument. We performeddynamic time sweep on the hydrogel samples in various condi-tions depending on the polymer, HRP, and H2O2 concentrations(final concentrations of GtnSH, 0-2.0 wt%; PEG-TA2, 0.5-2.0 wt%;HRP, 0.087-1.375 U/mL; H2O2, 2.5-8.0 mM). We also monitoredthe G' of the IPN hydrogels encapsulating HT1080 cancer cells(2.0×106 cells/mL) at the same conditions.
2.5. In vitro proteolytic degradation study

In vitro proteolytic degradation of the IPN hydrogels was deter-mined by the gravimetrical method using collagenase type II,as previously reported.15 Hydrogels (100 μL) were prepared in1.5-mL microtubes and incubated in 200 μL of DPBS with orwithout collagenase (0.01 mg/mL) at 37 °C. At the pre-deter-mined time points, the medium was removed from the micro-tubes and the weight of the hydrogels (Wd) was measured, followedby addition of fresh medium. The weight of the remaining hydro-gels was then calculated according to the following equation:Weight of hydrogel (%)=(Wd/Wi)×100%; where Wd is the weightof the remaining hydrogel and Wi is the weight of the initialhydrogel. 
2.6. Three-dimensional (3D) encapsulation of human fibrous
sarcoma (HT1080)For 3D cell culture, all solutions dissolved in DPBS were sterilizedby filtration using a syringe filter with a pore size of 200 nm.The polymer solutions (GtnSH, 2 wt%; PEG-TA2, 2 wt%) weremixed with HT1080 cells to create a cell suspension (2.0×106cells/mL), and HRP (1.375 U/mL) and H2O2 (6.0-8.0 mM) wereadded at a volume ratio of 8:1:1 (polymer solution/HRP/H2O2).The mixture (60 μL) was placed in a cylindrical mold (diameter=

5 mm; thickness=1 mm) and allowed to form a hydrogel at 25 °C.The hydrogel discs encapsulating cells were placed in a 48-wellplate and cultured with 500 μL of culture medium (high-glucoseDMEM, 10% NBCS, and 1% P/S) under standard culture condition(37 °C and 5% of CO2) for up to seven days. The cell morphologywas observed using optical microscopy (inverted phase-contrastmicroscope, Eclipse TS100, Nikon). To assess cell viability, thehydrogels were treated with 200 μL of DPBS containing 2 μMacetomethoxy derivate of calcein and 4 μM ethidium homodi-mer-1 after three and seven days of culture and incubated for30min. The stained samples were washed with DPBS and observedusing fluorescence microscopy (inverted microscope, EclipseTi-E system, Nikon). For quantitative cell proliferation analysis,WST-1 assay was performed according to the manufacturer’sinstruction. Briefly, hydrogels encapsulating cells were incubatedin 150 μL of culture medium containing 10% WST-1 solution for10 min. Then, 100 μL of the medium was placed into a 96-wellplate and the optical density was measured at a wavelength of450 nm using a microplate reader.
2.7. Drug resistance test using anticancer drug (5-FU)For 2D drug resistance study, HT1080 cells were seeded on 96-well plates (5×103 cells/well) and after 24 h, the cells were treatedwith 5-FU (0, 0.01, 0.1, 1, 5, and 10 mg/mL) and further incu-bated for 24 h. For 3D drug resistance testing, HT1080 cells cul-tured within hydrogels (final concentrations of GtnSH, 2 wt%;PEG-TA2, 2 wt%; HRP, 1.375 U/mL; H2O2, 6.0-8.0mM) were treatedwith the same doses of 5-FU. Cell viability was evaluated usingthe WST-1 assay and IC50 values were calculated from the non-linear dose-response curves using GraphPad Prism 5 (Graph-Pad Software Inc., La Jolla, CA).
2.8. Statistical analysisCell proliferation and drug resistance were evaluated usingquadruplicate samples for each data point. Statistical analyseswere carried out using GraphPad Prism 5. Two-tail t-test wasused to determine the significance between each group. Signif-icant levels were set at *P<0.05, **P<0.01, and ***P<0.001.

Figure 1. Interpenetrating polymer network (IPN) formation. (a) Schematic representation of IPN hydrogel formation in the HRP-mediated dual cross-linking reaction. (b) Digital images of the phase transition of the hydrogels. 
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3. Results and discussion

3.1. IPN hydrogel formation with controllable gelation timeGtnSH and PEG-TA2 were synthesized as previously reported.11,12,15We hypothesized that GtnSH and PEG-TA2 conjugates couldform IPN hydrogels via HRP-mediated oxidative cross-linkingreaction. In this reaction, HRP catalyzes di-tyramine formation
via a carbon-oxygen bond between carbon at the ortho posi-tion and phenoxy oxygen, and disulfide bonds between thiylradicals formed by radical transfer from the phenoxy radical,which result in IPN hydrogels composed of gelatin and PEG aspolymer backbones (Figure 1(a)). We observed the opaque hydro-gels owing to the semi-crystalline formation of GtnSH polymerbackbone via disulfide bond during hydrogel formation (Fig-ure 1(b)).16,17 We selected gelatin as a bioactive polymer chainfor its cellular activities, including cell-adhesive sites and pro-teolytic degradable moieties, which are crucial parameters indesigning artificial cellular microenvironments.18 We also chosePEG as another polymer backbone because of its hydrophilicityand non-proteolytic degradability.19,20 In this way, the gelatinwould regulate cellular activities while the PEG would providea stable structural frame to support cell growth within the IPNhydrogels.For 3D cell encapsulation within hydrogels, phase transitiontime is one of the most critical factors. Fast gelation time (<10 s)is inadequate for uniform cell encapsulation, whereas slow gela-tion time (>5 min) causes the cells to sink to the bottom becauseof gravity. We investigated the effect of hydrogel compositionon the IPN hydrogel formation time. Toward this end, we mea-sured the phase transition time depending on the concentrationsof the polymer (GtnSH, 0-2.0 wt%; PEG-TA2, 0.5-2.0 wt%), HRP(0.173-1.375 U/mL), and H2O2 (1.25-7.0 mM) solutions. Thehydrogels showed controllable gelation time, ranging from 30 sto 6 min. As the PEG-TA2 and HRP concentrations increased,the phase transition time decreased (PEG-TA2, from 51 s to 30 s;HRP, from 343 s to 67 s) (Figure 2(a) and 2(c)). This result can beexplained by the fact that the increased concentrations of PEG-TA2 and HRP induced rapid 3D hydrogel network formation byfacilitating the phenoxy radical.12 H2O2 plays a critical role as asubstrate in the HRP-mediated cross-linking reaction. Manystudies have demonstrated that increased H2O2 concentrationsinduced faster hydrogel formation, but excess H2O2 may reduce

the kinetics of hydrogel formation by inhibiting the enzymaticactivity of HRP. We found that there were no significant differ-ences in phase transition time above 5.5 mM H2O2, suggestingthat the H2O2 concentration (from 5.5 mM to 7.0 mM) was satu-rated in this cross-linking reaction (Figure 2(d)). Interestingly, wenoticed that increasing GtnSH content induced slower hydrogelformation, ranging from 62 s to 133 s (Figure 2(b)). This phenome-non occurred because the enzymatic activity of HRP was inhibitedby the free thiol groups that could induce a structural deforma-tion of the enzyme by the thiol exchange reaction.21,22 Based onthe results, we optimized the hydrogel composition with ade-quate gelation time (60-90 s) for the 3D cell studies.In summary, we fabricated IPN hydrogels composed of gela-tin and PEG through the HRP-mediated dual cross-linking reac-tion with controllable gelation time dependent on the hydrogelcomposition. This unique property is an advantage of the IPNhydrogels, as the easy fabrication and controllable gelation timeallow the homogeneous encapsulation of target cells within thehydrogel matrices to create an engineered tumor construct. 
3.2. Resistance of hydrogel matrices to proteolytic enzymesCancer cells overexpress and secrete proteases, which are capa-ble of remodeling the native tumor microenvironments, thusfacilitating tumor migration and metastasis.23,24 Among the degrad-able enzymes, matrix metalloproteinases including collagenasehave been implicated as a critical factor in tumor invasion andmetastasis.25-27 Therefore, resistance to proteolytic enzymes isone of the crucial parameter to consider when designing an artifi-cial tumor model using hydrogel materials for long-term cultureof either cancer cells or tumor tissues. We hypothesized that ourIPN hydrogels composed of gelatin and PEG moieties could actas long-term stable matrices for creating engineered tumormicroenvironments. Toward this, we examined the protease-sen-sitive degradation of the IPN hydrogels using collagenase. While thehydrogel composed solely of gelatin was decomposed entirelywithin five days, the IPN hydrogels retained 20-25% of theirweight even after 30 days (Figure 3). We also noticed that increas-ing polymer content increased the hydrogel weight. For exam-ple, the weight of the IPN hydrogel with lower polymer contents(P1G1, 1% PEG-TA2 and 1% GtnSH) was 39-76% of its originalweight on day 7. Meanwhile, the weight of the hydrogel withhigher concentrations (P2G2, 2% PEG-TA2 and 2% GtnSH) was

Figure 2. Controllable gelation time. The effect of the concentration of (a) PEG-TA2, (b) GtnSH, (c) HRP, and (d) H2O2 on hydrogel formation kinetics.
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178-348% of its original weight at the same time point. This resultcan be explained by the fact that higher concentrations of hydro-philic polymers (e.g. PEG and gelatin) can absorb more waterduring hydrogel degradation, which is consistent with previousreports.15 Taken together, we demonstrated that our IPN hydro-gels have resistance to the proteolytic enzyme, suggesting that thematrices may provide an artificial tumor microenvironment forlong-term culture of cancer cells or tumor tissues.
3.3. Controllable matrix stiffness of the IPN hydrogelsAccumulating evidence has demonstrated that matrix stiffnessis a crucial factor in cancer progression and metastasis.28-30 Wenext speculated whether the IPN hydrogel could create 3D engi-neered tumor constructs with tunable matrix rigidity. To evalu-ate the elastic modulus (G'), we performed rheological analysisinvolving a dynamic time sweep of the hydrogels with varyingPEG-TA2, HRP, GtnSH, and H2O2 concentrations. Figure 4 exhib-its the G' profiles of the IPN hydrogels with different composi-tions. The G' values increased as the concentrations of PEG-TA2,

HRP, and H2O2 increased because of the increase in cross-linkingdensity. In the case of H2O2, hydrogels formed with H2O2 concen-trations of greater than 6.0 mM showed similar elastic propertiesowing to the saturation of H2O2 for hydrogel formation. Inter-estingly, we noticed that higher GtnSH contents induced softermatrices because of the reduced HRP activities during hydro-gel formation. These results demonstrated that G' varies with thehydrogel composition (PEG-TA2, 0.01-810 Pa; GtnSH, 5-900 Pa; HRP,0.03-1000 Pa; H2O2, 2-3800 Pa). To investigate the effect of cell encapsulation on the hydrogelstiffness, we measured the G’ values of the IPN hydrogels (PEG-TA2, 2 wt%; GtnSH, 2 wt%; HRP, 1.375 U/mL) encapsulatingHT1080 cells (2×106 cells/mL). We controlled the matrix stiff-ness by varying the concentration of H2O2. The elastic moduluswas similar (2400-2700 Pa) in the IPN hydrogels without cellsbecause the amount of H2O2 was saturated for hydrogel forma-tion. Interestingly, the G' values decreased dramatically when cellswere encapsulated within the IPN hydrogel matrices (Figure 4(e)).This result may be caused by the reduced crosslinking densityas the cells may impede 3D network formation,31 scavenge H2O2,32,33and inhibit enzyme activity21,22 during hydrogel formation. Basedon these results, we selected the optimized hydrogel matriceswith different matrix stiffness (High, 8 mM H2O2; Medium, 7 mMH2O2; Low, 6 mM H2O2) for in vitro cell study. It should be noticedthat the matrix stiffness of the cell-encapsulating hydrogels canbe independently controlled by varying H2O2 without changingthe polymer concentrations. 
3.4. Engineered tumor models using IPN hydrogelsWe utilized the IPN hydrogels as a platform to study the prolif-erative activities of cancer cells and to test their resistance againstcommercially available anticancer drugs. To create engineeredtumor constructs, we encapsulated HT1080 cells into the opti-mized hydrogel matrices with varying stiffness (High, 1300 Pa;

Figure 3. IPN hydrogel matrices with resistance to proteolytic enzymes.The effect of polymer composition on hydrogel weight: (a) 1 wt% PEG-TA2and (b) 2 wt% PEG-TA2 with different GtnSH contents. Results are shownas the average ± s.d. (n=5).

Figure 4. Tunable elastic modulus (G') of the IPN hydrogels. The effect of (a) PEG-TA2, (b) GtnSH, (c) HRP, (d) H2O2, and (e) cell encapsulation onelastic modulus.
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Medium, 900 Pa; Low, 270 Pa) and cultured them for up to sevendays. We then analyzed the cell viability and proliferative activitydepending on the matrix stiffness. We observed predominantlyviable cells within the hydrogels without morphological changesof the cells depending on the matrix stiffness (Figure 5(a)). Thisresult demonstrates that our IPN hydrogels provide cytocom-patible matrices to create engineered tumor constructs. Interest-ingly, the cells cultured within the stiffer matrices showed lowerproliferation compared to those within the softer ones (Figure5(b)). The rigidity of the tumor microenvironment is known toplay an essential role in regulating cancer progression and metasta-sis.28-30 Although we did not investigate all mechanical strengths,we found that the soft matrices enhanced the proliferation ofHT1080 cells compared to the stiff microenvironments. Resistance to anticancer drugs is considered to be the biggestproblem in the treatment of tumors.34-37 Therefore, many research-ers have endeavored to develop advanced preclinical modelscapable of evaluating the resistance of tumors to commerciallyavailable or newly developed anticancer drugs. We finally uti-lized our engineered constructs as a platform to evaluate theresistance of cells against the commercially available 5-FU, as a

model anticancer drug. We first compared the drug resistanceof our 3D tumor models to that of traditional 2D culture as a goldstandard for cancer research. The engineered 3D tumor con-structs showed higher IC50 values (12.64±3.1 mg/mL) comparedto the 2D culture method (5.05±0.78 mg/mL). We then investi-gated the effect of matrix stiffness on drug resistance. Towardthis end, we administered the drug (10 mg/mL) to the tumorconstructs after one day of culture. Interestingly, the soft matricesexhibited higher drug resistance compared to that of the stiffmatrices, which is consistent with the results of cell proliferation.Taken together, we suggest that our IPN hydrogels can be uti-lized as an advanced platform to study basic cancer biology andidentify novel therapeutic targets and newly developed anti-cancer drugs.
4. ConclusionsIn this study, we present a new type of IPN hydrogels that canserve as engineered tumor microenvironments. The IPN hydro-gels were fabricated via HRP-mediated dual cross-linking reac-tions. The gelation time and matrix stiffness could be controlled

Figure 5. IPN matrices as engineered tumor microenvironments. The effect of matrix stiffness on HT1080 proliferation: (a) Optical and fluores-cent images of the cells cultured within the IPN hydrogels and (b) the quantitative analysis of cell proliferation depending on the matrix stiffness.Scale bars in (a) is 100 μm. (c) Comparisons of drug resistance to 5-FU between 2D and 3D models. (d) The effect of matrix stiffness on drug resis-tance to 5-FU. The results in (b) and (d) are shown as the average±s.d. (n=3-4, *P<0.05 and ***P<0.001). 
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independently by varying the concentration of HRP and H2O2without changing the polymer composition. The IPN hydrogelsprovided cytocompatible cellular microenvironments for long-term culture of cancer cells to create engineered tumor constructs.Using advanced preclinical models, we examined the effect ofthe stiffness of artificial microenvironments on cancer cell pro-liferation and drug resistance. We suggest that our IPN hydrogel isa promising material to create engineered tumor microenvi-ronments for a wide range of cancer research, including the studyof basic cancer biology and screening of potential therapeuticsfor better clinical outcomes.
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