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Abstract 
 

The design of an in vitro model of the tumor microenvironment and its implementation on 

drug screening of new anticancer therapies is an active challenge that sits at the interface of 

biomaterials and cancer biology. As recent clinical successes of human intratumoral therapies 

stimulate research on intratumoral delivery, a need for an in vitro 3D tumor model to screen 

intratumoral therapies arises. Since the drug formulation is injected directly into the tumor, the 

biophysics of the tumor microenvironment affecting intratumoral retention must be considered in 

the design of a tumor model.  Fibrotic regions characteristic of solid tumors typically are rich in 

collagen I fibers. Using shear rheology, tumors with lower collagen density were shown to have a 

lower stiffness. Similarly, the stiffness of the hyaluronic acid hydrogel models was increased with 

the addition of collagen fibers to model the bulk biomechanical properties of solid tumors. 

Hyaluronic acid-based hydrogels were then used as intratumoral injection site simulators to model 

in vitro the retention of glatiramer acetate (GA) and polyethylene glycol (PEG) administered 

intratumorally. Both compounds were also injected in murine head & neck tumors and their 

retention was studied ex vivo for comparison. Retention of GA in the hydrogels was significantly 

longer than PEG as expected, which was confirmed in the solid tumors. Finally, the 

biocompatibility of the designed models was assessed by 3D culturing human head & neck cancer 

cells. Cancer cell viability in the scaffolds was demonstrated, thus setting ground for future 

applications to assess intratumoral retention time and bulk biomechanical characteristics of solid 

tumors.  
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Chapter 1: Introduction and literature review 

1. Introduction 

Recent clinical successes of human intratumoral (IT) immunotherapies have stimulated a 

wave of new trials investigating IT therapies alone and in tandem with other immuno-oncology 

agents. IT delivery refers to the direct injection of a drug/formulation into a tumor. IT therapy 

offers unique anti-cancer benefits, since direct injection bypasses obstacles encountered during 

systemic trafficking and tumor penetration.1 Severe immune-related adverse events associated 

with systemic delivery of cancer immunotherapies2-3 can be reduced by delivering small IT doses.4 

IT administration of immunostimulants, for example, can work synergistically with checkpoint 

inhibitors making nonresponsive ‘cold’ tumors ‘hot’ by recruiting and activating tumor infiltrating 

lymphocytes.4-6 Intuitively, the design of IT therapies is significantly different than that of systemic 

cancer medications, as these localized interventions aim for retention at the administration site or 

draining lymph nodes with limited systemic exposure.  

In this chapter, features of the tumor microenvironment (TME) are explored while 

highlighting transport mechanisms involved in IT delivery. Additionally, biomaterials-based in 

vitro models of the TME are reviewed and classified, and their potential for drug screening and 

modeling the tumor’s biomechanical properties is also addressed. Challenges of a few existing 

tumor models are reviewed, highlighting the lack of an adequate model for in vitro screening of 

IT delivery. Finally, remarks regarding the technology designed in Chapter 2 are offered to 

highlight its innovative application in comparison to other existing models. 
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2. Tumor microenvironment  

The TME is heterogeneous between patients, tumor types, and often even within individual 

tumors. Overall, tumor tissue is typically distinct from normal tissue in that it has poorly organized 

vasculature with inconsistent vessel diameters and more prevalent branching.7 Tumor cell distance 

from blood vessels can result in restriction of oxygen supply causing hypoxia in portions of the 

tumor.8 The poorly organized vasculature and hypoxic setting creates a microenvironment with 

increased fluid leakage and elevated interstitial fluid pressure (IFP). Compared to the extravascular 

space in healthy tissue, tumors tend to have higher extracellular matrix (ECM) density lacking 

functional lymphatic vessels, which limits interstitial diffusion and the drainage of fluid from the 

tissue.9-10 Collectively, the poorly organized vasculature and increased IFP can decrease uptake of 

circulating therapeutic molecules, which is correlated with poor prognoses in some cases.9 

Intracellular pH is similar between tumors and normal tissue, although extracellular pH can 

be more acidic in tumors.11 Increased extracellular acidity and anerobic glycolysis alter the pH 

gradients found in the TME versus healthy tissue.11-12 Higher acidity may increase tumor cell 

invasion and metastatic potential while also aiding in evasion of immune surveillance.13-14 For 

drugs that rely on passive diffusion to enter cells, the decreased extracellular pH may cause the 

weakly basic drugs to become ionized, preventing diffusion across membranes.11, 15  

Tumor tissue often contains immunosuppressive mechanisms that allow malignant cells to 

proliferate undetected by the immune system. T-regulatory cells (Tregs) are attracted to the tumor 

by chemokines and aid in suppressing antigen presenting cells (APCs) that may otherwise 

stimulate a response against tumor antigens.16 Additionally, tumor cells can secrete anti-

inflammatory and regulatory cytokines (ie TGFβ, IL-10) that facilitate cancer growth and directly 

prevent DC activation.  Tumor cells can also limit the expression of co-stimulatory molecules 
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(MHC II, CD80, CD86), potentially inducing anergy or senescence in infiltrating T cells.16-17 At 

the other extreme, overstimulation can cause T-cell exhaustion from chronic exposure to tumor 

antigen.18 Finally, tumor cells can downregulate the expression of tumor antigens over time, 

evading recognition by cytotoxic T-lymphocytes (CTLs).  

 

Figure 1. Concept of intratumoral (IT) immunotherapy invoking an abscopal effect. Injection of 

immunotherapy can activate the innate and adaptive arms of an immune response, leading to 

systemic effects from circulating adaptive immune cells. See Table 1 for the definition of the 

various biological agents used as immunotherapy. 

Clinical studies indicate that the suppressive environment within the tumor can be 

overcome with immunostimulants. Immune cells can be activated by immunostimulants in the 
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presence of tumor antigen, traffic to lymph nodes, and then activate tumor antigen specific T-cells 

via cross-presentation (Figure 1). Antigen-specific T-cells may then circulate back to the tumor 

or to distal tumors and instigate tumor cell killing. The activation of the innate immune response 

creates a pro-inflammatory microenvironment and can result in recruitment of additional immune 

cells to the tumor. Categories of current immunostimulants used in IT cancer therapy are listed in 

Table 1.  

Table 1. Categories of IT immunostimulants to treat cancer covered in this article. 
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3. Intratumoral transport  

In addition to the mechanism of action for the active component, the design of IT therapy 

formulation requires an understanding of molecular transport within the TME after the 

drug/formulation is delivered. After delivery (injection) into the tumor, the drug/formulation will 

undergo several transport and kinetic processes (Figure 2) that will ultimately determine retention 

or elimination of the anti-cancer therapy (Table 2). Major molecular transport and kinetic 

processes within the TME include extracellular binding, cellular uptake and intracellular binding, 

and finally exfiltration from the TME. 

Molecular transport through normal extracellular matrix is based on both diffusion along a 

concentration gradient as well as advective convection (or bulk transport of mass) along a pressure 

gradient.19 However, since elevated IFP makes the bulk transport (i.e. convection) of the IT therapy 

negligible in the TME, transport of anti-cancer agents after IT administration are typically 

governed by diffusion.9, 20 Though the blood vessels represent an escape route for the therapeutic 

agent, the abnormal and poorly organized vasculature of the TME increases retention at the tumor 

cells that are distant from the vessels.21 The absence of functional lymphatics in the TME reduces 

the elimination of the agent, improving IT retention.22-23 Despite the relatively ineffective 

lymphatic drainage in the TME, peritumoral lymphatics are a major route for metastasis and the 

local loss of IT therapeutics.24 Angiogenesis, which seeks to normalize tumor vasculature leading 

to increased blood flow and reduced IFP, can result in decreased retention time.25-27 Vascular 

permeability can also decrease tumor retention time for small molecules, but this characteristic is 

purported to be insignificant for macromolecules.28-29  
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Figure 2. Representative transport and kinetic processes in intratumoral injection therapies. The 

therapeutic agent can diffuse through the TME, enter the cell, be bound by extracellular or 

intracellular proteins, unbind, or leave the tumor into blood vessels, lymphatics, peripheral blood, 

or adjacent tissue by diffusion and advective convection. Diffusional transport of the agent back 

into the tumor is expected to be minimal. 

 

Densely packed collagen fibers are characteristic of the TME and pose transport resistance, 

which likely results in an overall increase in retention of IT therapy, although dense collagen may 

also restrict access to sites within the tumor.19, 30 Fibrillar collagen and high IFP contribute to a 

high mechanical stress in the tumor,31 which promotes diffusion over convection for the IT 

therapy.  Cellular packing density can also affect drug diffusion; loosely packed tumor cells can 

positively impact retention at tumor by enabling fast and thorough penetration of the therapeutic 

agent.32 Regions of tightly packed cells, on the other hand, impair the penetration of the therapeutic 
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agent throughout the tumor. Finally, cellular uptake or binding of the therapy can occur by passive 

diffusion, active uptake, or other mechanisms depending on molecular properties.  

Drug features such as molecular size, charge, and other properties influence intratumoral 

residence time. Water soluble small molecules diffuse more easily in the TME resulting in a lower 

retention in the tumor,33 but increases in molecular hydrodynamic radius can reverse this effect. It 

is critical to balance molecular size such that a therapeutic or its carrier is small enough to diffuse 

through the TME while avoiding clearance through lymphatic drainage or cellular uptake.34 Large 

molecules such as monoclonal antibodies, for instance, can have limited tumor retention due to 

endocytic clearance after IT administration.35 Drug diffusion and retention deep inside the tumor 

mass is affected by binding kinetics and affinity.36 Molecular charge may also be exploited such 

that the acidic extracellular pH in the tumor has a positive impact on retention. The lymphatics are 

a primary mechanism for clearance of subcutaneously injected mAbs, and the clearance rate is 

mainly dependent on the isoelectric point (pI).37 Hence, careful antibody design utilizing 

physiologically based pharmacokinetic models in the development stage could lead to new 

generations of antibody-based therapies with enhanced local tissue and IT retention. The many 

factors that influence TME transport offer unique opportunities for the retention of drugs injected 

intratumorally such that the exploitation of these abnormalities can be harnessed to maximize 

therapeutic effects. Moreover, these complexities of IT transport could be modeled in vitro using 

biomaterials to create a platform where the IT retention can be predicted for these therapies before 

moving to clinical trials. The technology described in Chapter 2 attempts to model some features 

of IT transport in vitro to better study the retention of therapies. 
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Table 2. Factors affecting transport of therapy out of the tumor after intratumoral injection.

 

4. Biomaterials for in vitro modeling of the tumor microenvironment 

Creating an in vitro model of the TME to study the complexity of cancer progression 

mechanisms and metastasis is an active challenge for bioengineers.38 Studying the tumor 

microenvironment using 3D biomaterial-based models is expected to lead to the development of 

novel therapeutics more reliably than traditional 2D tissue culture models and may reduce the need 

for animal models.39 Through 3D cancer cell cultures, a better correlation to human clinical trials 

in terms of the response to chemotherapeutic agents has been reported,40 overcoming the 

challenges caused by 2D cell culture, which is not representative of the structure of soft tissue.41-

42 However, the extracellular matrix (ECM) in tumors has been shown to play a key role in cancer 

progression,43 and the use of biomaterials seeks to account for it in tumor models.44 For IT drug 

delivery, the intratumoral retention time is a key factor, and the existing models do not focus on 

modeling this in vitro to provide useful insight for IT drug screening. 

a) Types of biomaterials 

Biomaterials can be classified according to their polymer’s origin,45 and there are three types 

that have been used to attempt to emulate the TME faithfully: naturally derived, synthetic, and 

semi-synthetic biomaterials. While naturally derived biomaterials (Matrigel, decellularized ECM, 

Microvascular permeability Decreases retention at tumor, but insignificant where blood vessel fenestration is present

Abnormal vascular architecture Increases retention at the tumor

Absence of lymphatics Increases retention at the tumor

Interstitial fluid pressure (IFP) Increased IFP increases retention time at the tumor but decreases it close to vessels

Solid stress elevation Increases retention within the tumor, but decreases the retention close to vessels

Angiogenesis Decreases retention at the tumor

Concentration gradient Increases diffusion out of tumor, decreasing retention

Water solubility Water soluble agents diffuse easily in the TME, decreasing retention in tumor 

Extracellular pH Effect on retention at tumor depends on the carcinogenic agent's molecular properties (pI, pKa)

Fibrillar collagen Increases retention at tumor

Cellular packing density Low packing density increases retention at tumor

Physicochemical factors Phenomena

Tumor tissue factors Phenomena
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collagen, fibrin, alginate, silk) are ideal for replicating cell-matrix interactions, they have batch-

to-batch variability and the resulting scaffolds have limited mechanical stiffness, porosity, and 

number of cell adhesion sites. Synthetic biomaterials (PLG, PLA, PLGA, PEG) have superior 

structural complexity to isolate specific microenvironmental cues and tunable material properties, 

but their fabrication methods may be cytotoxic and have limited bioactivity. Finally, semi-

synthetic biomaterials (hyaluronic acid, chitosan-PCL, peptides-based hydrogels) have the 

capability to achieve the bioactivity of natural materials while keeping a wider range of tunability 

in the structural complexity and material properties, but their fabrication methods may be cytotoxic 

and the bioactivity of their natural components could be compromised.46 The technology 

developed in Chapter 2 combined the three types into the scaffolds by implementing collagen type 

I (naturally-derived), PEG (synthetic) and, as the main component, hyaluronic acid (semi-

synthetic).  

b) Types of in vitro tumor models 

Brancato et al.39 offer a comprehensive review of the various types of 3D models of cancer 

that can be used for drug screening, which is the process of testing and optimizing compounds 

from libraries. In general, categories include scaffold-free systems, scaffold-based or hydrogel-

based systems, bioreactors, microcarriers and tumor-on-chip. Table 3 summarizes their respective 

advantages and pitfalls. 

Scaffold-free systems are mostly spheroids in hanging-drop 3D culture, with InSphero AG 

(Switzerland) being a pioneering company in this area,47 or organoids (in vitro aggregates, derived 

from stem cells, capable of self-organization, recapitulating some tumor functionality)48-49 without 

using exogenous matrices. Scaffold-based tumor models are the type studied in this thesis, and 

Chapter 2 designs one specifically tailored to IT drug screening. While the incorporation of cells 
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was not heavily studied, biocompatibility is reported in Chapter 3 and future directions are 

detailed. Bioreactors, microcarriers and tumor-on-chip models escape the scope of this thesis.  

Table 3. Types of 3D cancer models for drug screening. Reprinted from Brancato et al.39, with 

permission from Elsevier. 

 

c) Hyaluronic acid-based scaffold tumor models for drug screening 

Hyaluronic acid (HA) is a negatively-charged polysaccharide of high molecular weight 

found as a major component in both normal tissue and tumor ECM.50-51 In tissue engineering, it is 

commonly used after modifying the HA chains with methacrylate to fabricate scaffolds with 

tunable properties and that can be functionalized to increase cell adhesion.46 A few existing HA-

based scaffold tumor models with drug screening applications are described here.  
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Fong et al.52 created a scaffold tumor model by culturing bone metastatic patient-derived 

prostate cancer cells in an HA-based hydrogel to study tumor cell morphology, viability and 

phenotype, and treated these models with docetaxel to test the drug’s anticancer effects by 

observing differences in the proportion of apoptotic cells. Xu et al.53 created a bilayer HA-based 

scaffold loaded with heparin-binding EGF-like growth factor loaded in microparticles in the top 

layer and prostate cancer cells in the bottom layer. This bilayer model offered a different approach 

for screening of growth factors but still did not model IT delivery and transport. 

Ananthanarayanan et al.54 designed an interesting brain-mimetic HA-based tumor model with 

tunable stiffness, modified to culture glioblastoma cells. Although they did not have a drug 

screening application, they had interesting findings regarding glioma cell behavior as a function 

of scaffold stiffness, which, as explained later, is hypothesized to be a key factor for IT delivery.  

Covering the scaffold with varying concentrations of an anticancer drug may serve as a 

model of conventional intravenous administration (transport into a tumor) but is not representative 

of intratumoral delivery. The existing HA-based scaffold models measure anticancer efficacy of 

drugs by observing apoptosis in 3D-cultured cells, which is determined by how much drug diffuses 

into the scaffold. For IT delivery, however, efficacy is impacted by how slowly the drug diffuses 

out of the tumor. The technology designed in Chapter 2 is, to the best of our knowledge, the first 

work to explore hydrogels as scaffold-based tumor models for IT drug screening. 

d) Modeling the tumor’s biomechanical properties 

Tumor cells have the ability to remodel the ECM and alter its mechanical properties, and 

this altered matrix influences tumor progression.43 ECM rigidity has been shown to direct 

pathological processes involving cell locomotion,55 such as metastasis, and because tumors are 
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stiffer than normal tissue, the increased matrix stiffness of the TME has been shown to affect 

cytoskeletal tension resulting in altered tissue phenotype.56  

Collagen, the most abundant ECM scaffolding protein in the stroma, is a significant 

contributor to tissue stiffness and collagen fibers play a dominant role in maintaining the structural 

integrity of tissues and organs.57 In cancer, however, collagen metabolism is deregulated and tumor 

progression has been accompanied by increased collagen expression, elevated deposition, altered 

organization and elevated matrix metalloproteinase activity.58  Increased expression of type I 

collagen is associated with elevated incidence of metastasis,59 and high collagen I concentrations 

are characteristic of high mammographic density associated with increased breast cancer risk.60 

Collagen crosslinking, the oxidative covalent process initiated by lysyl oxidase (LOX),61 is 

elevated in tumors62 and the excessive accumulation of collagen is a hallmark of fibrosis,63 which 

also increases risk of malignancy and is linked to poor patient prognosis.64 Cancer patients with 

fibrotic “stiff” regions are well known to have a poor prognosis,65 and the relationship between 

collagen crosslinking, tissue fibrosis and stiffness in cancer has become more evident. Thus, 

fibrotic regions are hypothesized to play a significant role in IT delivery too. 

High matrix stiffness and collagen concentration or crosslinking was shown to induce a 

malignant phenotype in normal mammary epithelium using 3D in vitro models consisting of RGD 

(arginine-glycine-aspartic acid)-derivatized polyacrylamide hydrogels,56 demonstrating that 

elevated matrix stiffness in tumors has many implications in cancer progression. However, the 

implications of fibrotic regions and elevated stiffness of tumors in IT delivery have not been 

explored using any existing in vitro tumor model. Through shear rheology of mammary glands at 

normal, premalignant and invasive cancer stages, it has been shown that tumors are much stiffer 

(900-1200 Pa average elastic modulus, G’) than premalignant (~200 Pa average G’) or normal 
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(~100 Pa average G’) mammary tissue.66 Therefore, we hypothesize that modeling the tumor’s 

bulk biomechanical properties could be achieved by matching its elastic modulus with that of 

scaffolds, and the influence of fibrotic regions in the tumor can be modeled by adding highly 

concentrated type I collagen fibers dispersed throughout HA-based scaffolds.  

5. Remarks for this thesis  

In order to expedite the screening of IT therapies, an in vitro tumor model for assessing 

therapeutic advantages such as prolonged tumor retention is needed. However, none of the existing 

3D tumor models can properly study retention of IT therapies and transport from the site of 

administration. Thus, this thesis presents an innovative tumor tissue-mimicking biomaterial 

designed to simulate IT injection and model IT retention and transport using in vitro drug release 

studies. The scaffold is based on HA, and the influence of fibrotic regions in the tumor is studied 

via concentrated collagen I fibers added to the model. The stiffness of tumor tissue is also studied, 

and the scaffolds are engineered to attempt to match the tumor stiffness while evaluating the 

transport of compounds.  
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Chapter 2: Constructing a tumor tissue-mimicking biomaterial to study 

intratumoral drug transport 

As prepared for peer-reviewed submission. 

 

1. Introduction 

Due to the complexity of cancer and the need of better therapeutics, constructing an in vitro 

model of the tumor microenvironment (TME) has become an appealing task to study mechanisms 

related to cancer progression and metastasis.38 There has been a plethora of biomaterials used to 

design tumor models in vitro, which exceeded the performance of 2D cell culture and even animal 

models in some instances.44, 46, 67-68 Hence, the application of tumor models for drug screening and 

optimization has become very promising.39 Various tumor models in scaffold format52-54 as well 

as others using microfluidics and cancer-on-a-chip technology69-71 have been used to test 

anticancer therapeutics. However, there is no tumor model designed to screen intratumoral (IT) 

therapies, where the considerations are different than those of chemotherapeutics administered 

systemically.  



15 
 

IT delivery consists of injecting a drug or formulation directly into the tumor, which bypasses 

physiological obstacles encountered during systemic circulations and tumor penetration and, thus, 

reduces immune-related adverse effects that are present in the systemic delivery of cancer 

therapeutics.1-3 IT retention is a key factor in the design of these localized interventions, so the 

biophysics of the TME and IT transport play a pivotal role. In normal extracellular matrix (ECM), 

molecular transport is driven by diffusion along a concentration gradient and convection, or bulk 

transport, along a pressure gradient.19 The elevated interstitial fluid pressure characteristic of 

tumors, however, makes the convective bulk transport negligible, making diffusion the governing 

transport force.9, 20 Thus, a model to screen IT delivery needs to be diffusion-driven. Furthermore, 

ECM rigidity has been shown to control and promote pathological processes involving cell 

locomotion,55 such as metastasis, and because tumors are stiffer than normal tissue, the increased 

matrix stiffness of the TME has been shown to affect cytoskeletal tension resulting in altered tissue 

phenotype.56 Biomaterials’ matrix stiffness has also been shown to influence the phenotype and 

epigenetics of 3D-cultured cancer cells.72 Therefore, matrix stiffness is an important consideration 

for a model to screen IT delivery. 

 Hyaluronic acid (HA), a negatively-charged polysaccharide of high molecular weight 

found as a major component in both normal tissue and tumor ECM,50-51 was used as the base 

polymer of the tumor tissue-mimicking hydrogel model in this study. The HA chains were 

modified with methacrylate (HAMA) to crosslink it, which is widely used in tissue engineering.46 

Collagen, the most abundant ECM scaffolding protein in the stroma, is a significant contributor to 

tissue stiffness and collagen fibers play a dominant role in maintaining the structural integrity of 

tissues and organs.57 Collagen crosslinking is elevated in tumors62 and the excessive accumulation 
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of collagen, particularly type I collagen, is a hallmark of fibrosis.63 Thus, type I collagen fibers 

(Col) were incorporated in the scaffolds to model tumor fibrosis. 

In this study, tumor-tissue mimicking scaffolds were specifically designed to study IT 

delivery. The bulk biophysical properties of head and neck (HN) tumors from mice were studied 

through stiffness measurements by shear rheology, and the stiffness of HA hydrogels was tuned 

using collagen I fibers to emulate that of the tumors. Next, implementation of hydrogels as IT 

injection site simulators was explored. In order to test the scaffold’s ability to model intratumoral 

diffusional transport in vitro, two compounds were tested: glatiramer acetate (GA) and 

polyethylene glycol (PEG). GA was previously observed to precipitate and electrostatically bind 

to ECM when injected subcutaneously.73 Thus, if injected intratumorally, GA was expected to 

interact electrostatically with the HA in the TME and, consequently, have a longer IT retention 

than a neutrally charged molecule like PEG. IT transport was studied by dispersing these 

compounds or injecting them into HA hydrogels. GA and PEG were also injected in resected 

murine head and neck tumors and transport was studied for comparison. 

2. Materials and methods  

a) Materials 

Triethylamine, glycidyl methacrylate and tetrabutylammonium bromide used in the 

methacrylation of 1MDa hyaluronic acid, as well as the gelatin type A from porcine skin, 

methacrylic anhydride, and Irgacure 2959 were purchased from Sigma Aldrich (St. Charles, MO). 

Lyophilized fibrous type I bovine collagen was obtained from Advanced BioMatrix (San Diego, 

CA). Polyethylene glycol diacrylate (PEGDA) 10,000 kDa was purchased from SunBio 

(Gyeonggi-do, Korea). Glatiramer acetate in the form of Copaxone® 1 mL pre-filled syringes from 

Teva Neuroscience, Inc. (Kansas City, MO) were kindly donated by Dr. Sharon Lynch at the 
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University of Kansas Medical Center. Polyethylene glycol ~5,000 kDa was bought from Creative 

PEGworks, Rhodamine B (Rho) NHS Ester was synthesized in the lab as detailed below, and 

Sulfo-Cyanine7 (Cy7) NHS Ester was bought from Lumiprobe Life Science Solutions. 

Physiological buffer was made by dissolving 12.8 g NaCl, 0.18 g MgCl2 hexahydrate, 0.8 g KCl, 

0.4 g NaN3, 0.4 g CaCl2 dihydrate and 4.2 g of NaHCO3 in 2 L of doubled distilled water by 

stirring, and the pH was adjusted to 7.4 by sparging CO2 gas into the solution.  

b) Methacrylation of hyaluronic acid 

Methacrylated HA (HAMA) was made by first solubilizing 2 g of 1MDa HA overnight in 

100 mL of ultrapure water and 100mL of acetone. 4.4 mL of tetrabutylammonium was added to 

4.4 mL of glycidyl methacrylate and 4.4 mL of triethylamine, vortexed, and then added slowly 

into the solubilized HA. After carrying out the reaction for 24 hours while stirring, 200 mL of 

ultrapure water was added and stirred for 10 minutes. The solution was transferred into molecular 

porous membrane tubing (MWCO 12-14,000, Fisher Scientific, MO) and dialysis was carried out 

for 5 days to get rid of any unreacted reagents. After dialysis, the solution was frozen and freeze-

dried for 2 days to obtain lyophilized HAMA.  

c) Fluorescent dye-labelling of GA and PEG  

GA and PEG were fluorescently labeled with rhodamine B for release studies in the hydrogel 

models. Synthesis of Rhodamine B NHS Ester and the following procedure was adapted from 

Meng et al.74 Copaxone® dialyzed in water (7 µmol, 7000 Da was used as the MW of GA for 

calculation) was reacted with 2 equivalents (14 µmol) of N-(6-(diethylamino)-9-(2-(((2,5-

dioxopyrrolidin-1-yl)oxy)carbonyl)phenyl)-3H-xanthen-3-ylidene)-N-ethylethanaminium 

(Rhodamine B NHS Ester) in 10 mM citrate/20 mM phosphate/40 mM borate buffer at pH 7.5 

with 20 % DMSO. The reaction was performed at room temperature for 4 hours protected from 
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light with gentle agitation. To separate labeled drug from excess dye, the reaction mixture was 

placed into dialysis cassettes with 2 kDa MWCO and dialyzed against 5% DMF in water at pH 2, 

followed by 0.5 M LiCl solution, and finally water. Dialysis was performed sequentially in each 

buffer for 24 hours with one buffer change in between for a total of 72 h. The resulting reaction 

solution was characterized by HPLC for the elimination of the starting materials and lyophilized. 

For release studies in tumors, 5 equivalents (7000 Da used as MW of GA, 5000 Da was used as 

MW of PEG) of GA/PEG were reacted with 1 equivalent sulfo-cyanine 7 NHS Ester in 50 mM 

HEPES buffer pH 7.5 with 20% DMSO. The reaction was performed at room temperature for 4 

hours protected from light with stirring. To separate labeled drug from excess dye, the reaction 

mixture was placed into dialysis cassettes with 2 kDa MWCO and dialyzed in water with buffer 

change every 12 hours for 72 hours. To ensure the labeled compounds were free of all unreacted 

dye after their respective reactions, the fluorescently labeled GA and PEG were analyzed through 

HPLC conducted on a Waters Alliance HPLC system equipped with a dual wavelength UV-vis 

detector. GA-Cy7 and PEG-Cy7 were characterized using Waters XBridge BEH C18, 5 μm, 4.6 × 

250 mm, linear gradient from 5 to 95% acetonitrile (+0.05% TFA) in water (+0.05% TFA) over 

30 min, detection at 214 nm. Similarly, GA-Rho and PEG-Rho were characterized using Waters 

XBridge BEH C4, 3.5 μm, 4.6 × 150 mm, linear gradient from 5 to 95% acetonitrile (+0.05% TFA) 

in water (+0.05% TFA) over 30 min, detection at 369 nm. 

d) Fabrication and imaging of hydrogel scaffolds 

Hydrogels with 3% HAMA were prepared by weighing the 3 wt% HAMA and 0.1 wt% 

Irgacure 2959 photocrosslinker and solubilizing it in 1X phosphate-buffered saline (PBS). Due to 

the size of the HAMA and the viscosity of the solution, the mixture was manually stirred with a 

spatula and centrifuged multiple times (~4) until fully solubilized or left in an automatic rotator 
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overnight. For the models with collagen fibers, pieces of lyophilized concentrated collagen type I 

fibers were weighed first (1 or 2 wt%), then the HAMA and photocrosslinker were weighed, and 

the PBS was added last. When PEGDA was part of the models, the 3 wt% PEGDA was weighed 

first, followed by the photocrosslinker, then PBS and vortexed to solubilize.  The collagen fibers 

were weighed separately and added to the solution, followed by the HAMA. All solutions were 

then transferred to the well-plate, which was then centrifuged at 1500 min-1 for 2 min, injected 

with the drugs in the case of the reservoir models, and cured at 365 nm for 7 min in a UVP 

Transilluminator (Analytik Jena AG, Germany). 

In order to observe the porosity of the HAMA gels and the incorporation of the collagen type 

I fibers, scanning electron microscopy (SEM) was performed at 60X, 100X and 200X on 

dehydrated 3% HAMA and 3% HAMA 1% Col hydrogels using a FEI Technai F20 XT Field 

Emission Transmission Electron Microscope. Swelling ratios of 3% HAMA and 3% HAMA 1% 

Col hydrogels were obtained by lyophilizing triplicates of these groups, measuring their initial dry 

mass (Md) and the wet mass of the hydrogel at swelling equilibrium after 2 days (Mw), and 

calculating the swelling ratio = (Mw -Md)/Md.
75 Fluorescent imaging of the gels was done in a 12-

well plate covered with black electrical tape, using a MaestroFlex whole body imager (Cambridge 

Research and Instrumentation, MA) employing an excitation filter of 575–605 nm and a long-pass 

emission filter of 645 nm. The reservoir 3% HAMA gels were prepared as detailed below, placed 

at the bottom of the well with the injection site facing up, and covered in the physiological buffer. 

A 5 µL drop of GA-Rho at the same concentration injected was placed on an adjacent well before 

taking the image at each timepoint to auto-adjust the brightness of the imager consistently to that 

drop as a reference. 
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e) Staining of tumor tissue and biomaterial 

Resected tumors and 3% HAMA and 3% HAMA 1% Col hydrogels were cryo-embedded 

with Tissue-Plus O.C.T. Compound (Fisher Scientific, MO) and sectioned into 20 µm on 

microscope slides in triplicate. Slides were then fixed in 10% neutral buffered formalin for 10 min, 

and either Masson’s Trichrome Stain or Aniline Blue Stain (Sigma Aldrich, MO) was applied. 

Images of the stained tissues were obtained using the EVOS® FL Auto Imaging System from 

ThermoFisher Scientific. 

f) Rheological analysis 

Optimal viscosity for simulation of tissue injection in vitro was determined by that of un-

crosslinked 3% 1MDa HAMA, which was measured using the microVISC viscometer 

(RheoSense, CA). Rheological testing of the various hydrogel scaffolds and tumor tissue was 

carried out across oscillatory frequency and strain sweeps using an AR2000 rheometer (TA 

Instruments, DE). Hydrogels were tested as produced on a 24-well plate after being allowed to 

soak on PBS overnight to reach swelling equilibrium, while tumors were cut into cylindrical cross-

sections using a disposable 10 mm biopsy punch and a disposable scalpel to ensure the top and 

bottom were flat right after being resected from the mice to ensure that the tissue was fresh. Elastic 

modulus (G’) and loss modulus (G”) were recorded. Strain sweeps consisting of oscillatory 

measurements at a low fixed frequency of 1 Hz with increasing strain amplitudes were used to 

determine the strain percentages corresponding to the gels’ and the tumors’ viscoelastic regions 

that could be used for frequency sweeps. Frequency sweeps consisted of oscillatory measurements 

at a low fixed strain of 1% with increasing frequency amplitudes from 0.01 Hz to 10 Hz, which 

were run to determine the G’ and G’’ of the constructs as a function of frequency.  
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g) In vitro drug release 

For the dispersed hydrogel models, 25 µL of 20 mg/mL GA-Rho or PEG-Rho solubilized in 

40 mg/mL mannitol was added into the gel solution, mixed homogeneously and UV-cured (Figure 

3). After curing, the scaffolds were transferred to a 50mL Falcon tube containing 8 mL of 

physiological buffer. A set of positive controls was prepared and UV-radiated in the same way but 

without a crosslinker, so that the fluorescently labeled drug in the controls underwent the same 

processing conditions as the samples but would fully solubilize into the buffer to serve as a 100% 

release control.  

To ensure uniform injection into the wells at half the depth of the gel in the reservoir models, 

a 3D-printed injector was designed and customized for standard 0.5mL insulin syringes (BD Veo, 

NY) and 24-well plates. Reservoir hydrogel models were made utilizing the 3D-printed injector 

and insulin syringes to inject 10 µL of 20 mg/mL GA-Rho or PEG-Rho solubilized in 40 mg/mL 

mannitol into the center of the gel (Figure 5a), UV-cured and transferred to a 50mL Falcon tube 

containing 8 mL of physiological buffer. Positive controls were injected similarly for the reservoir 

models and underwent the same curing conditions without the crosslinker, then were fully 

solubilized in the physiological buffer to serve as 100% possible release control. One mL of the 

buffer was collected at the timepoints 0, 1, 2, 3, 6, 12, 24, 48 and 72 h, and 1 mL of fresh 

physiological buffer was added to replace the amount withdrawn. At the end of the release studies, 

the 270 µL of each timepoint was plated in a black flat-bottom 96-well plate in duplicates, and the 

fluorescence was measured using a Synergy HTX multi-mode plate reader (BioTek T4) at 585 nm 

emission, 555 nm excitation and 105 gain. The concentration at each time point was determined 

by dividing the fluorescence at the timepoint by the fluorescence of the 100% controls and 
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multiplied. Fluorescence values were adjusted to account for GA or PEG that was taken out during 

sampling and then converted to percentage of GA or PEG released as a function of time.  

h) Mathematical modeling of diffusion coefficients  

Release data from the various dispersed and reservoir models were fit using Fick’s second 

law of diffusion (eqn. 1):  

𝜕𝐶

𝜕𝑥
= 𝐷 (

𝜕2𝐶

𝜕𝑥2 +  
𝜕2𝐶

𝜕𝑦2 + 
𝜕2𝐶

𝜕𝑧2)                (1) 

Reservoir models were mathematically modeled as a cylindrical reservoir device with non-

constant activity source, given that the initial concentrations do not exceed the drug solubility. 

Drug diffusion is the rate limiting step considered in the mathematical models.76 

Considering a cylindrical reservoir geometry and perfect sink conditions in the surrounding 

solution, and assuming one directional radial diffusion, constant partition coefficient of K=0.2 and 

that the drug is homogeneously distributed in the reservoir (injection site), Fick’s law of diffusion 

can be applied to derive the following equation for the amount of drug released at time t relative 

to the total drug in the scaffold (M∞):  

𝑀𝑡

𝑀∞
= 1 − 𝑒𝑥𝑝 [− 

(𝑅𝑖𝐻+𝑅0𝐻+2𝑅𝑖𝑅0)𝐷𝐾𝑡

𝑅𝑖
2𝐻(𝑅𝑖−𝑅0)

]               (2) 

where Ri and R0 are the inner and outer radii of the reservoir and H is the height of the cylindrical 

scaffold. 

Equation 2 was fit to experimental release data for each group using nonlinear least-square 

regressions with the Microsoft Excel SOLVER add-in program. Effective diffusion coefficients 
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for each model were calculated by averaging the diffusion coefficients of all the time-points of the 

release of all three hydrogels in each group, and reported as average ± standard deviation in cm2/s. 

i) Tumor induction in mouse model 

Head and neck tumors were obtained by implanting AT-84 cells, gifted by Aldo Venuti 

(Regina Elena National Cancer Institute, Rome, Italy), into wildtype C3H mice (Charles River 

Strain 025, 6-8 weeks old, 20-25g). Both male and female mice were used in the studies. Mice 

were anesthetized using 5% isoflurane in O2 for 5 minutes, then one million AT84 cells in 50 µL 

PBS were injected subcutaneously into the floor of the mouth via an extra-oral route of C3H mice 

to obtain orthotopic allograft tumors.77-78 Tumors were resected when they reached ~400 mm3, 

generally 21-22 days after cell injection, for ex vivo release studies, imaging, rheological testing 

or staining. All mice used for the study were maintained in sterile housing under the veterinary 

supervision of the University of Kansas Animal Care Unit, which is in compliance with the “Guide 

for the Care and Use of Laboratory Animals” and is accredited by the Association for the 

Assessment and Accreditation of Laboratory Animal Care International (AAALAC). The 

procedure was approved by the Institutional Animal Care and Use Committee. 

j) Ex vivo intratumoral release and imaging of tumors 

Resected tumors were weighed so that the masses of the triplicates injected with GA-Cy7 

for ex vivo release would closely match the masses of those injected with PEG-Cy7. Tumors were 

injected with 20 µL of 20 mg/mL GA-Cy7 or PEG-Cy7 solubilized in 40 mg/mL mannitol using 

insulin syringes. After injection, the tumors were transferred to a 50mL Falcon tube containing 8 

mL of physiological buffer. A set of positive controls was prepared by injecting the same amount 

and concentration on GA-Cy7 or PEG-Cy7 into 8 mL of the buffer to serve as a 100% release 

control. One mL of the buffer was collected at the timepoints 0, 1, 2, 3, 6, 12, 24, 48 and 72 h, and 
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1 mL of fresh physiological buffer was added to replace the amount withdrawn. Data were 

analyzed similarly to the in vitro drug release studies adjusting for GA and PEG removed during 

sampling, with fluorescence measurements done at 782 nm emission, 760 nm excitation and 120 

gain. 

Fluorescent imaging of the tumors was done in a 6-well plate covered with black electrical 

tape, using  the MaestroFlex whole body imager employing an excitation filter of 710–760 nm and 

a long-pass emission filter of 800 nm. The resected tumors were glued to the bottom of the well 

using 3M VetbondTM tissue adhesive, injected with GA-Cy7 and PEG-Cy7, respectively, and 

covered in the physiological buffer. A 5 µL drop of GA-Cy7 at the same concentration injected 

was placed on an adjacent well before taking the image at each timepoint to auto-adjust the 

brightness of the imager consistently to that drop as a reference (Figure 8b). Another set of mice 

were injected with GA-Cy7 and PEG-Cy7 in vivo and sets of three tumors were resected at 2, 4, 

24 and 48 h after the injection for fluorescent imaging. Tumors injected in vivo were then lined up 

and imaged under the same conditions as the tumors injected ex vivo detailed earlier (Figure 8c).  

k) Statistical analysis 

All statistical analyses were performed using GraphPad Software (GraphPad Software Inc.). 

Statistical evaluation was performed using one-way analysis of variance (ANOVA) followed by 

Tukey and Sidak multiple comparison tests for comparisons between three or more groups, and 

unpaired t-test with Welch’s correction for comparisons between two groups only. Statistical 

significance for all analyses was set at p < 0.05. 
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Figure 1. Scaffold characterization. a) SEM of 3% HAMA and 3% HAMA 1% collagen type I 

fibers hydrogels showing their microporous structures and collagen fibers incorporation. b) 

Comparison of swelling ratios of 3% HAMA and 3% HAMA 1% collagen I fibers hydrogels. c) 

Masson’s Trichrome and Aniline Blue staining of HN tumor tissue and HAMA-Col scaffolds. 

3. Results 

a) Synthesis and characterization of hydrogel scaffolds 

Hydrogels were designed to serve as tumor models to study the transport and release profile 

of a therapeutic agent administered intratumorally. To implement this design, the viscosity of the 

un-crosslinked solution needed to be high enough so the injected therapeutic could be retained at 

the injection site prior to crosslinking. Methacrylated 1 MDa hyaluronic acid, a polymer available 

in the normal and tumor extracellular space,50-51 provided an adequate viscosity for injection. An 
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optimized viscosity was attained by using 3% HAMA and was determined to be 13.5 ± 0.7 kPa*s. 

Fibrous particles of collagen type I were added and dispersed to model the highly variable and 

heterogeneous fibrotic regions in tumors. PEGDA was also tested in the model, since this neutral, 

hydrophilic polymer may tune the hydrogel microenvironment.  

Porosity of the scaffolds was visualized via SEM, which also showed the physical 

incorporation of collagen I fibers throughout the HAMA microporous structure (Figure 1a). The 

addition of collagen I fibers (1 wt%) did not impact the overall porosity of the structure, but the 

swelling ratio was decreased in comparison to that of the 3% HAMA gels (Figure 1b). In order to 

visualize the heterogeneous fibrosis in tumors, histological staining was conducted. Masson’s 

Trichrome, based on three dyes that color collagen as well as other cellular components, was used 

along with Aniline Blue, which is the dye from Masson’s Trichrome that specifically stains for 

collagen.79 Masson’s Trichrome stained for more than just collagen in the tumor tissue, so the 

collagen heterogeneity was not appreciated (Figure 1c). Aniline Blue, on the other hand, clearly 

showed that some regions were more densely stained than others due to the uneven distribution of 

fibrous collagen in the tumors. In hydrogels, the HAMA matrix was not stained and only the 

heterogeneously distributed collagen I fibers were stained by both Masson’s Trichrome and 

Aniline Blue. 

b) Relative stiffness analysis of scaffolds and solid tumors through shear rheology 

Tumor viscoelastic properties were analyzed using a rheometer. The elastic modulus, G’, 

was used as an indication of the stiffness of the tumors and measured by shear rheology. This 

measurement assesses how the bulk tumor deforms when shear stress is applied. Various hydrogel 

models composed of HAMA, PEGDA and collagen I fibers were also analyzed via shear rheology 

and G’ was used to compare stiffness relative to that of the 3 tumors analyzed. 
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Figure 2. Rheological analysis. a) Storage modulus (G’) of the tumors and gels of various 

compositions throughout a frequency sweep (0.01-10 Hz) at 1% strain. b) Comparison of relative 

stiffness between tumor tissue and the gels through the average G’ at 0.1 Hz and 1% strain. c) 

Aniline blue histological staining of collagen in the three tumors analyzed, correlating their 

collagen density to their respective stiffness. (n = 3 replicates per group, *p < 0.05) 

After verifying the viscoelastic region of the tumors and gels through strain sweeps, an 

oscillatory frequency sweep was performed at 1% strain to observe the behavior of the tumors’ 

and the gels’ G’ throughout a wide frequency range (Figure 2a). Comparing the G’ at a frequency 

of 0.1 Hz and 1% strain shows the high variability of the tumor’s stiffness in comparison to that 

of the various gels tested (Figure 2b). The G’ of the 3% HAMA scaffold was the lowest of the 

gels tested, and that of 10% PEGDA was the highest. Collagen I fibers increased the G’ of the 

HAMA alone, and adding PEGDA increased it even more. Despite the high variability of tumor 

stiffness, the average G’ was found to be significantly higher than that of 3% HAMA, 3% HAMA 
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1% Col and 3% HAMA 3% PEGDA 1% Col. However, the stiffness was very tunable with 

collagen I fibers, and the 3% HAMA 3% PEGDA 2% Col scaffold’s stiffness matched that of the 

least stiff tumor and approached the average tumor stiffness. 

The heterogeneity of fibrosis was hypothesized to be responsible for the high variability in 

the G’ of the tumors. Thus, Aniline Blue staining was performed on the 3 tumors analyzed, where 

tumor 1 was the one that presented the highest G’, followed by tumor 2 and the lowest stiffness 

was that of tumor 3 (Figure 2c). Tumor 1 showed the highest collagen density stained blue, 

followed by tumor 2, which was also dense but showed some less-stained regions. Tumor 3 

displayed lightly stained spots related to the least collagen-dense regions observed among the 3 

tumors.  

c) Scaffolds as in vitro models of tumor injection site to study drug release 

GA was hypothesized to have a slower release than PEG due to electrostatic interactions 

with HA or other negatively charged components in the ECM at the injection site in the tumor.73 

The release of these compounds was studied in vitro using hydrogels as well as ex vivo using 

resected tumors. The two compounds investigated in this study, GA and PEG, were labeled with 

rhodamine B and studied in a dispersed model to begin to understand the different ways in which 

they interacted with the different hydrogel matrices. Following this initial assessment, a reservoir 

model was designed where the release was carried out simulating the injection site of GA and PEG 

into tissue (Figure 3).  
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Figure 3. Fabrication of dispersed and reservoir model hydrogel scaffolds.   

Dispersed models 

To test the hypothesis that GA would have a slower release than PEG, they were first 

studied in dispersed hydrogel models where the compounds were homogeneously distributed 

throughout the entire structure of the gel (Figure 4a). GA dispersed in 3% HAMA gave a release 

profile slower than that of PEG dispersed in 3% HAMA, which was significantly faster even after 

1 h of release (Figure 4b and c). Thus, GA would stay at the injection site longer than PEG if 

administered intratumorally due to electrostatic interactions between GA and HA. GA was also 

dispersed in 3% HAMA 1% Col to study the effect of fibers and in 10% PEGDA as a neutral gel. 

Even after only 1 h, GA was released much faster from the dispersed 10% PEGDA scaffold than 

the HAMA scaffolds (Figure 4d), reaffirming the fact that the release of GA is slowed by 

electrostatic interactions. The dispersed release of GA in PEGDA was almost identical as the 

dispersed release of PEG in HAMA, proving that they are both non-electrostatic binding releases. 

GA dispersed released from 3% HAMA 1% Col was faster than that from 3% HAMA, suggesting 
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that the collagen fibers used to simulate the heterogeneous fibrosis in tumors hinder electrostatic 

interactions between GA and HA resulting in a slightly faster release. 

 

Figure 4. Dispersed model drug release. a) 3% HAMA and 3% HAMA 1% Col dispersed models.  

b) GA and PEG release in dispersed models of 3% HAMA, 3% HAMA 1% collagen I fibers, and 

10% PEGDA gels. b) Comparison of the release rate of PEG and GA in 3% HAMA after 1h. c) 

Comparison of the release rate of GA in the three gels after 1h (n = 3 replicates per group, *p < 

0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

Reservoir models 

Next, intratumoral injection was modeled by injecting GA and PEG in the center of the 

viscous un-crosslinked hydrogels and then UV-cured (Figure 5a). Comparing the release profiles 

of GA and PEG in 3% HAMA and 3% HAMA 1% Col reservoir models (Figure 5b) shows that 

PEG releases faster than GA, as observed before. Additionally, adding collagen fibers gave a faster 

release of GA but did not affect the release of PEG, suggesting that fibrotic regions hinder 

electrostatic interactions of GA with HA resulting in a faster release but, in the case of PEG that 

does not interact with HA electrostatically, the release remains the same. Addition of PEGDA in 

1:1 weight ratio to HAMA made GA release significantly faster, especially at the earlier times 
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(Figure 5c). Adding collagen fibers to this mix accelerated the release even more. The model with 

the fastest release was the same model that had a stiffness closest to that of the tumors: 3% HAMA 

3% PEGDA 2% Col. PEG showed a significantly faster release than that of GA on the 3% HAMA 

3% PEGDA 2% Col reservoir model as early as 24 h and remaining so at 72 h (Figure 5d-e).  

 

Figure 5. Reservoir model drug release. a) Reservoir model injection setup using the 3D-printed 

injector and an insulin needle. b) GA and PEG release in reservoir models of 3% HAMA and 3% 

HAMA 1% Col gels. c) GA release in all the reservoir models studied. d) GA and PEG release in 

reservoir models of 3% HAMA and 3% HAMA 3% PEGDA 2% Col gels. e) Comparison of the 

release rate of PEG and GA in the 2 models analyzed in d after 24h and 72h (n = 3 replicates per 

group, *p < 0.05, **p < 0.01). 
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d) Modeling of diffusion coefficients for the in vitro release from reservoir models 

Diffusion coefficients (D, cm2/s) were calculated for the release of GA and PEG in the three 

reservoir models using Equation 2 (Table 1). A cylindrical reservoir model assuming non-

constant activity (i.e. finite source) provided an excellent fit to the experimental data of the release 

profiles using the calculated diffusion coefficients (Figure 6a). PEG presented diffusion 

coefficients (DPEG) significantly higher than those of GA (DGA) in the reservoir models (Figure 

6b). DPEG was larger than DGA by over a factor of 2 in the 3% HAMA and 3% HAMA 3% PEGDA 

2% Col reservoir models, and larger by over a factor of 4 in the 3% HAMA 1% Col model. The 

larger diffusion coefficients derived from the model support the more rapid diffusion of PEG 

compared to GA, which is slowed due to electrostatic interactions.  

 

Figure 6. Mathematical modeling of diffusion coefficients. a) Experimental (markers) data and 

theoretical (dashed lines) model fit for the release profiles of GA (  ) and PEG (  ) in 3% HAMA 

and GA (  ) and PEG (  ) in 3% HAMA 3% PEGDA 2% Col reservoir models. b) Comparison 

between diffusion coefficients of GA and PEG in 3% HAMA and 3% HAMA 3%PEGDA 2% Col 

reservoir models show that PEG has a larger diffusion coefficient than GA in both models (****p 

< 0.0001). 
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Table 1. Diffusion coefficients calculated for GA and PEG released in the various reservoir 

models. 

Compound Injected Reservoir Model D (cm2/s x 107) 

GA 

3% HAMA 10.4 ± 3.03 

3% HAMA 1% Col 6.29 ± 1.16 

3% HAMA 3% PEGDA 2% Col 11.3 ± 0.91 

PEG 

3% HAMA 24.0 ± 7.85 

3% HAMA 1% Col 26.3 ± 6.67 

3% HAMA 3% PEGDA 2% Col 25.2 ± 7.71 

e) Ex vivo intratumoral release and fluorescent imaging 

AT84 head and neck tumors were induced in mice and were resected 21 days later, then 

immediately injected to begin the ex vivo transport study (Figure 7a). Resected tumors were 

weighed and distributed between the GA and PEG injection groups so that the difference in 

average weight between the groups was negligible (Figure 7b). The release profile of GA and 

PEG in tumors ex vivo is shown in Figure 7c. PEG released significantly faster than GA, especially 

at the end of the release studies (Figure 7d). Figure 7e overlaps the release profiles of the HN 

tumors and that of the 3% HAMA reservoir gels. Despite being performed in slightly different 

experimental set-ups, this reservoir model mimicked the ex vivo release very well for GA while 

being slightly too fast for the earlier times of PEG.  
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Figure 7. Ex vivo intratumoral release from tumors. a) Schematic of the induction and resection 

of tumors in mice and the ex vivo release. b) Mass distribution of tumors injected with GA and 

PEG. c) Ex vivo release of GA and PEG from the tumors. d) Comparison of the release rate of GA 

and PEG in the tumors after 72h. e) Comparison of release profiles of GA and PEG in the tumors 

and in the 3% HAMA reservoir models (n = 3 replicates per group, *p < 0.05). 

A whole-body imager was used to track the transport of GA and PEG in tumors and 

fluorescent images were periodically acquired (Figure 8). The 3% HAMA reservoir models 

injected with GA and PEG were also fluorescently imaged (Figure 8a). GA exhibited more intense 

fluorescence over time in comparison to PEG, both in the tumors injected ex vivo as well as the 

ones injected in vivo and resected afterwards, respectively (Figure 8b-c). Overall, the findings of 
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the imaging and release studies indicate GA stays longer at the injection site and that this 

phenomenon can be modeled in vitro using reservoir gels.  

 

Figure 8. Fluorescent imaging of tumors and reservoir gels. a) Fluorescent images through time 

of 3% HAMA reservoir model gels injected with GA and PEG show better retention of GA than 

PEG in the gels. b) Fluorescent images through time of tumors injected with GA and PEG ex vivo 

show better retention of GA than PEG in tumors. c) Fluorescent mages of tumors injected with 

GA and PEG in vivo and resected at the respective timepoints also show better retention of GA 

than PEG in tumors left in vivo until imaging. *Quenching was observed in the tumor of 0 h 

injected with GA in vivo. 
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4. Discussion 

Hydrogels were designed to mimic biophysical properties of tumors and to study in vitro the 

drug release profiles of compounds administered intratumorally. To the best of our knowledge, the 

use of hydrogels to model an IT injection site has not been explored before. HA was selected 

because it is a major component of the ECM and TME and due to its optimal viscosity to simulate 

an injection site throughout the crosslinking process. Collagen I fibers were added to study the 

effect of the characteristic fibrotic regions in tumors (Figure 1), and PEGDA was used as a non-

charged additive to deduce the effect of HA charge.   

Levental et al.66 showed that mammary glands at the invasive cancer stage are much stiffer 

(0.9-1.2 kPa average elastic modulus, G’) than premalignant (~0.2 kPa average G’) or normal (~0.1 

kPa average G’) mammary tissue via shear rheology. Madsen et al.80 compared the relative 

stiffness of 4T1 mammary tumors with that of normal mammary tissue in mice using shear 

rheology and reported tumor G’ values between 1 and 5 kPa. Their normal tissue G’ was under 0.5 

kPa so they demonstrated that the tumors were stiffer, but high variability in tumor G’ was 

observed and their values were in a similar range to the G’ measured in this study. In this study, 

the head and neck solid tumors displayed variable stiffness when analyzed under shear rheology 

(Figure 2), with an average G’ of roughly 6 kPa but one of the tumors showing a stiffness as low 

as 2 kPa and another one as high as 9.7 kPa. Higher collagen density of the tumors correlated with 

a higher stiffness, as hypothesized and shown with Aniline Blue staining. HA hydrogels’ stiffness 

was lower, so collagen I fibers were incorporated to both mimic the heterogeneous fibrotic regions 

in solid tumors and tune the matrix stiffness to approach that of tumor tissue. The addition of 

collagen I fibers and PEGDA to the HA scaffolds increased the G’ by contributing to the 
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crosslinking network in the case of PEGDA, or by acting as a physical filler in the case of the 

collagen fibers.  

Three dimensional scaffold tumor models have been used in previous papers for drug 

screening by assessing the apoptotic response of cultured cells and tumoroids to anticancer 

drugs.39, 52-54 In the work reported here, biophysical features of tumors that affect drug transport 

were incorporated into a scaffold model of IT injection rather than solely focusing on cell viability. 

Dispersed models (Figure 4) showed that GA, which has a pI ~10 due to prevalence of lysine, 

transported more slowly than PEG due to electrostatic interactions with HA in the matrix. 

Reservoir models, which more accurately mimic an injection site (Figure 5), exhibited release 

profiles that more closely mimicked tumor transport.  

Addition of collagen I fibers hindered the electrostatic interactions of GA with HA, resulting 

in a faster release than that of the HAMA-only model. In the case of PEG, however, the release 

was unaffected by the addition of collagen fibers. This finding suggests that collagen-dense fibrous 

regions characteristic of tumors does not significantly affect the intratumoral retention of some 

therapies but may work against the retention of therapies that target other biopolymers within the 

TME. When PEGDA was added to the models, the release of GA became faster suggesting that 

for therapeutic agents that bind to a specific element in the TME, the other polymers present would 

hinder electrostatic interactions.  

Watkins et al.81 studied the transport of fluorescent probes in photo crosslinked PEG hydrogels 

and computed diffusion coefficients for them. In this study, the faster diffusion rate of PEG 

compared to GA was also quantified with mathematically modeled diffusion coefficients for the 

reservoir models (Figure 6, Table 1) that support the previous findings and may facilitate 
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predictions of tumor transport for a variety of compound types. The diffusion coefficients 

calculated here are smaller than those found by Watkins et al.,81 which is expected considering that 

the dyes they tested had a smaller molecular weight and did not interact with the neutrally charged 

PEG hydrogels and thus diffused much faster than the GA and PEG tested in the HA hydrogels. 

Both the dispersed and the reservoir models predicted a slower rate for GA compared to PEG 

release from tumors when injected ex vivo (Figure 7) or in vivo (Figure 8). One particular reservoir 

model approximated the ex vivo release, but tumor transport is expected to change depending of 

the type solid tumor being injected. Certain tumors, for example, might display higher fibrosis and 

thus different IT retention, and it has been shown that gels used to model IT injection reported here 

can be tuned to account for such differences and the effect of more fibrous regions on drug 

transport can be emulated in vitro.  

5. Conclusions  

Hydrogels were designed to serve as a tumor tissue-mimicking biomaterial to model in vitro 

the intratumoral retention of IT injected therapeutic agents, an application of hydrogels not 

previously explored. The stiffness of HA scaffolds was tuned with collagen I fibers to mimic the 

dense fibrotic regions in tumors and model their bulk mechanical properties. GA and PEG of 

similar molecular weight were studied as model compounds administered intratumorally because 

of their different interactions with tumor extracellular matrix. Dispersed and reservoir injection 

models showed that GA has a higher IT retention than PEG due to electrostatic interaction between 

GA and the hyaluronic acid present in the tumor microenvironment. Ex vivo release studies and 

fluorescent imaging in murine head and neck tumors verified this phenomenon. A reservoir 

hydrogel successfully emulated an IT injection site, predicted that one compound would exhibit 

prolonged IT retention, and discerned the effect of variable tumor fibrosis on drug release rate. 
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Diffusion coefficients were calculated from mathematical models of drug release and serve as a 

predictive tool for extrapolating this work to other tumor scaffold structures or drug types. As IT 

therapies continue to emerge as an alternative to avoid the many side effects of systemic 

chemotherapeutics, this hydrogel platform may aid in the screening and selection of compounds 

for clinical trials.  
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Chapter 3: Conclusions and future directions 

1. Conclusions and challenges 

A tumor tissue-mimicking biomaterial to model in vitro the IT retention of therapeutic agents 

was designed using HA hydrogels. The development of a protocol to properly methacryle HA took 

a few weeks, and the process from powder HA to lyophilized HAMA takes around two weeks so 

batches of 2 g were synthesized at a time. Adding collagen fibers to the model was inspired on 

previous work done on fiber-reinforced composites, and rheology was chosen as the technique to 

mechanically characterize the hydrogels and tumor tissue due to the viscoelastic nature of both.  

Dispersed models were first used to get a preliminary idea of how differently GA and PEG 

interact with the designed scaffolds. Then, exploiting the potential of 3D printing, an injected was 

customized so that the hydrogels could be injected precisely in the center. Viscosity of the un-

crosslinked scaffolds is a key parameter for the use of hydrogels as injection site simulators, and 

this was ensured by using 1 MDa HAMA. PEGDA alone was not viscous in solution, so it could 

only be used in tandem with HAMA for reservoir models. However, for dispersed models, PEGDA 

alone was possible since the injection site simulation was not desired. Mathematical modeling of 

diffusion in the models added a computational portion to this work that further characterized and 

quantified the predictive potential of the biomaterial. This was an enjoyable way of using the 

engineering and mathematics background obtained through undergraduate training. 

 One of the main challenges encountered in this project was finding chemically sound 

methods of quantification of the compounds being injected in the gels and intratumorally, both ex 

vivo and in vivo. Hydrogels degrade through time in a solution such as the physiological buffer. 

Despite it not being conspicuous, some of the HAMA that degraded through time and solubilized 
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into the buffer was being detected when the timepoints were analyzed using the BCA assay, which 

is widely used in protein research for determination of protein concentration. Thus, in response to 

this challenge, GA and PEG had to be chemically modified with rhodamine B to be able to detect 

their released amounts through fluorescence instead of absorbance. When injected into the tumor 

tissue, a similar challenge presented itself. The wavelength for Rhodamine B overlapped with auto-

fluorescence of the tumor tissue, so the compounds were labelled with Sulfo-Cyanine7 to quantify 

them at a different wavelength that would not have interference from the HN tumors throughout 

the release studies. Therefore, even though the release studies were performed similarly, and the 

fluorescence readings were done with the same instrument, a dye different than that used for the 

in vitro release had to be used for the ex vivo release and the tumor imaging. 

2. Future directions and applications 

After characterizing of the biomaterial and proving its ability to work as a platform to model 

in vitro the intratumoral retention and some bulk biomechanical properties of solid tumors, as done 

in Chapter 2, the next step is to assess the scaffold’s biocompatibility so that cancer cells can be 

3D-cultured and the anticancer effect of the IT therapies can be screened by quantifying the 

resulting apoptosis.  

a) Cancer cell encapsulation for 3D-culture 

MDA-1986 head and neck squamous cell carcinoma (HNSCC) cells were kindly provided 

by Dr. Laird Forrest (University of Kansas Department of Pharmaceutical Chemistry). These cells 

were suspended in DMEM media with 10% fetal bovine serum (FBS) and 1% pen strep. The cells 

were then seeded on 100uL of 3% HAMA solution in a 24-well plate and dispersed 

homogeneously. The plate was centrifuged at 200 rpm for 1 minute and exposed to 365nm 

wavelength for 50 seconds in a UVP Transilluminator (Analytik Jena AG, Germany). After 
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crosslinking, the gels were covered with 0.5 mL of DMEM media and incubated for 4 days before 

performing the viability assays.  

 

Figure 1. Cancer cells viability. a) Live-Dead assay of HNSCC cancer cells 3D-cultured in 3% 

HAMA hydrogels showing biocompatibility. b) Resazurin assay to determine the biochemical 

activity of 3D-cultured HNSCC in 3% HAMA hydrogels in comparison to blank gels and relative 

to 2D-cultured cells on a well-plate as controls (n = 3 replicates per group, **p < 0.01, ****p < 

0.0001). 

b) Assessment of cell viability 

Cell viability in the 3% HAMA hydrogels was assessed via live/dead and resazurin assays 

(Fig. 1). Fig. 1a shows there are a lot more live (green) HNSCC cancer cells cultured in the 3% 

HAMA hydrogels than dead ones (red). Fluorescent images of the live-dead assay were obtained 

using the EVOS® FL Auto Imaging System from ThermoFisher Scientific. Resazurin assay was 

performed to determine the biochemical activity of 3D-cultured HNSCC in 3% HAMA hydrogels 

in comparison to blank gels and relative to 2D-cultured cells on a well-plate as controls (Fig. 1b). 

Significantly higher biochemical activity was observed in the HNSCC cells 3D-cultured in the 

HAMA gels in comparison to blank gels, but it was still lower than that observed in 2D-culture. 

This is probably because the UV-curing process is killing some cells, suggesting that the 
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crosslinking process can be optimized in order to enhance the biocompatibility of the scaffolds. 

Nonetheless, biocompatibility was demonstrated as a preliminary proof that the model designed 

can be further developed into a comprehensive in vitro tumor model to study IT therapeutics 

considering IT retention, fibrotic regions, and bulk tumor biomechanical properties. 

c) Future applications and considerations 

Based on the preliminary biocompatibility findings, we believe the model described can be 

used to 3D-culture cancer cells along with fibroblasts and immune cells, to more accurately 

represent the variety of cells found in solid tumors. Once the tumor’s cellular components are 

incorporated, the in vitro IT injections can be performed inside a biological hood under sterile 

conditions, followed by delicate curing and then the release studies. This would allow for a much 

more complex modeling of IT delivery. After IT injection and release, the cells can be analyzed 

for apoptosis as a response to the therapeutic. Furthermore, the remaining alive cells can also be 

extracted from the scaffold and additional tests could be run in order to further study the therapeutic 

effects of the compound administered intratumorally. The viscosity associated with the HAMA 

solution could also be exploited for applications that incorporate 3D printing. In previous 

experiments, we saw that 7% HAMA solution was viscous enough to give good printing fidelity 

in a 3D BioPlotter, and the structure could be cured layer-by-layer by exposing it to UV 365 nm 

light while printing. Therefore, we believe that this model could be expanded even further by 

designing complex structures via 3D printing.  
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