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ABSTRACT
A number of biochemical, mechanical, electrical and topographical factors serve as cues to
orchestrate cellular responses. Tissue and regenerative engineering seek conditions wherein cells
are exposed to cues similar in magnitude and temporal profile to those found in-vivo. For this
purpose, a biomimetic, hybrid, degradable, hydrogel scaffold has been developed for use in a novel

instrument that enabled electrostimulation of and paracrine release to cells in culture.

The hydrogel comprises HEMA and HPMA as synthetic components and methacrylated gelatin
(GelMA\) as natural, degradable component. Poly(HEMA-co-HPMA) hydrogels were studied for
the influence of water content and distribution on key biotechnical properties. Poly(GelMA-co-
HEMA-co-HPMA) were synthesized with pre-loaded FITC-dextran 40kDa as growth factor
surrogate. The GelMA content was varied (0-87 mol%) to tune its collagenase degradation.
Hydrogel formulation and factor payload, guided by the application requirements of compression
modulus, degradation rate, release profile of factor, and the availability of motifs for cellular

attachment, yielded scaffolds suitable for cell attachment, growth and proliferation.

An electrical cell stimulation and recording apparatus (ECSARA) equipped with in-situ electrical
impedance spectroscopy (EIS) for real-time, non-invasive monitoring was developed to apply
endogenous-range electric fields (EF) to cells in 3-D culture. The 24-well electroculture ware with
trans-well Ti electrodes produced a uniform EF perpendicular to the plane of cells on porous, trans-
well inserts. The system produced stable, reproducible, well-to-well temporal responses. The effect
of EF on HUVECs was monitored with viability assay and EIS. Results indicated accelerated

proliferation (alamarBlue assay) and early onset tight junction formation (EIS) in response to EF.
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1. INTRODUCTION

Advancements in healthcare science and engineering has opened a new frontier in the treatment of
disease through tissue and regenerative engineering. Tissue engineering focuses on the in-vitro
development of cell-laden constructs suitable for implantation to replace existing tissues and
organs while regenerative engineering focuses on the design, fabrication, testing and validation of
constructs to promote the body’s native ability to regenerate. Clearly related, both are highly
interdisciplinary with demands for integrative knowledge of organic and physical chemistry,
surface science, biochemistry, biological chemistry, developmental biology, materials science and
bioprocess engineering. All are dependent on our current understanding of molecular biology and
cellular process. Such integrative knowledge has been applied in developing biomimetic
conditions for our intervention to gain more favorable results in-vivo. Creating a biomimetic
scaffold for cells is often the first step and there has been tremendous research in this area with
and without specific pre-knowledge about the requirements for each specific cell, process

condition and environment [1, 2].

Angiogenesis is a key element in tissue and regenerative engineering, organ-on-a-chip models,
and in technologies where formation of a living, functional body of cells to tissues is sought. As
prior studies have indicated, the efficient delivery of nutrients, molecular cues and removal of
metabolic waste render the existence of blood vessels necessary in any naturally and laboratory-
synthesized functional tissue/ organ [3]. Prerequisites of angiogenesis are endothelial cells and an
appropriate environment for the cells to be driven toward tubular form, tubulogenic, and creation
of a lumen. This underscores the importance of studying and understanding these cells, their

interaction with scaffolds, responses to molecular cues, and responses to external electrical and



magnetic fields in detail. Endothelial cells used in research are mainly extracted as primary cells,
however, Oswald et al. showed that they can be driven from differentiation of mesenchymal stem
cells (MSCs) in the presence of VEGF [4]. The importance of the biochemical formulation of
natural matrix is well known as shown in multiple studies. Lonza reported the vascular
differentiation of MSCs when they were co-cultured with ECs. Different responses were observed
in the presence of soluble VEGF, or ECM proteins such as fibronectin, laminin, and collagen [5].
Aizawa et al. developed an agarose-based 3-D scaffold with immobilized gradient of VEGF165,
an isoform of VEGF-A, which had been shown to promote migration and proliferation of
endothelial cells (ECs). They showed that ECs form tubular structures by penetrating a few
hundreds of microns into the agarose in a VEGF165 dose-dependent fashion [6]. Such reports
reveal the complexity of the process and possible synergistic effect of several factors to initiate
specific responses. The provision of such factors must be considered for a successful simulation

of in-vivo conditions.

Over the last century, scientists showed that cellular processes are not solely regulated by
biochemical factors but, as inspired by nature, external factors and cues could be of similar
importance. External cues range from topographical to mechanical, electrical, the effect of light
etc. and refer to any stimuli that potentiates an in-vivo condition and has the potential to affect
cellular behavior. The elastic modulus of the scaffold biomaterial, representation of stiffness, is
well accepted as an influential factor in cellular behavior and response [7]. The scaffold modulus
affects the growth but not the morphology of endothelial cells by changing the secretion of heparan
sulfate proteoglycans (HSPGs), ECM proteins (collagen IV and fibronectin) and integrin
expression (as, 0sP1, and avPz subunits). A model has been suggested based on the cells’ trying to

accommodate the applied forces from the matrix stiffness by modifying their molecular biology



and secretome [8]. Differentiation of stem cells towards neuronal lineage are affected by substrate
stiffness. Differentiation to neurons is supported by softer gels, while glial cells prefer stiffer
substrates. The topography of the substrate has been shown to be significant in developmental
processes [9]. The extracellular matrix (ECM), that fibrous network structure with macro/nano
size features and signaling motifs allows and promotes cell interaction [10]. Aligned nanofibers
provided topographical cues for endothelial cells which promoted spreading and proliferation
while enabling control of their orientation [11, 12]. A less explored external cue is electrical
signals. The two most critical functions of our body, nervous system and cardiac function, are via
electrical signals leaving wonder for the rational of using electrical cues in tissue and regenerative
engineering. Moreover, all developmental biology occurs in nascent electrical fields. Electrical
signals and cues either in passive form, e.g. using conductive materials[13] or active, e.g. applying
electrical stimulation, have been shown to affect cellular processes in-vitro and in-vivo [14].
Electrostimulation has been proven to positively support treatments and healing in several areas
including pain control [15-17], wound healing [18, 19], regeneration [20, 21], and heart failure
[22]; with all has been built upon the fundamental understanding of the effect of electrical signals

on cells at the cellular and subcellular levels.

Engineered scaffolds can potentiate electric fields by their electrical properties, promote diffusive
release of factors that serve as biochemical cues, provide topographical signaling by their surface
morphology, deliver mechano-transduction cures via their modulus and promote attachment of
recruited cells via biochemical signaling motifs. The prerequisite for providing all introduced
factors is thus an exquisitely engineered scaffold. Hydrogels, a network polymer with high
capacity for water absorption, have emerged as promising candidates for such exquisitely

engineered scaffolds. Hydrogels could be synthesized from purely synthetic materials, such of



poly(ethylene glycol) (PEG), poly(2-Hydroxyethyl methacrylate) (pbHEMA), polycaprolactone
(PCL) , and poly(N-(2-Hydroxypropyl)methacrylamide) (pHPMA), or from natural biopolymers
such as chitosan, alginate, fibrin, hyaluronic acid and gelatin, or from a co-polymer of both classes
referred to as a biohybrid hydrogel. There exist other classifications such as electroconductive
hydrogels which is based on a group of polymers with inherently conductive properties [23]. The
temporal stability of hydrogels depends on their chemical formulation as well as the environment
in which they function. As pointed out by the name, the environment is typically water-based
which may affect the stability of some bonds via hydrolysis. As an example, the carbonyl group
of ester is prone to hydrolysis therefore polymers containing ester bonds are subject to such
hydrolytic degradation [24]. Although hydrolytically degradable hydrogels have been used
effectively in biological studies [25-27], some application may require more control on the
degradation process, e.g. in response to protease, rendering the hydrogel bioresponsive. Natural
ECM proteins such as collagen, or peptides derived from them are appealing to synthesize
hydrogels with cell-demand degradation. Such hydrogels provide an interactive platform for cells
and allow remodeling per signaling requests from cells. Additionally, the degradation can be used
to actuate the release of biomolecules which were preloaded into the hydrogel, e.g. growth factors

to support cells [28, 29].

Synthetic hydrogels are cross-linked, three-dimensional polymeric networks synthesized from
highly hydratable monomers and pre-polymers [30]. The resulting biotechnical polymer properties
may be tuned by altering the monomer composition and/or cross-linker concentrations.
Accordingly, hydrogels may be molecularly engineered for a wide range of biomedical
applications, from transducer-active, stimuli-responsive polymers and actuators [31] to passive,

bioreceptor hosting polymers in biosensors [32-34]. Using hydrogels as drug carriers in drug



delivery or as cell scaffolds in tissue and regenerative engineering are two emergent biomedical
applications. Both these applications necessitate a detailed understanding of interactions of hosted
biomolecules with the host polymer and their associated transport mechanism. Because of the
importance of water in influencing both molecular interactions and transport, such an
understanding begins with an appreciation of the various states of water and the distribution among
these states within the hydrogel network. The degree of hydration (DoH) reflects the total amount
of water imbibed by the hydrogel. Once imbibed, water within a hydrogel is described as
comprising freezable free water, freezable bound water, and non-freezable bound water [35] and
has been thoroughly reviewed. [36] For simplicity, the freezable free water and freezable bound
water are generally grouped together as freezable water and is that portion that solvates the repeat
units and occupies the interstices or nano-voids created by the expanded hydrogel [37]. This water
freezes at the regular freezing temperature of water and is readily removed from the hydrogel. The
non-freezable water is that portion which is strongly hydrogen-bonded and hence bound to the
repeat units of the polymer network. The magnitude and extent of hydrogen bonding between
water and the hydrogel’s hydrophilic pendant groups influences the distribution amongst freezable,
freezable bound and non-freezable bound water. [38] This consequently influences the extent of

intra- and inter-chain hydrogen bonding within the polymer network. [39]

This thesis presents a simulating environment for endothelial cells touching on several
requirements/ cues, 1) favorable stiffness 2) the need of a degradable scaffold that allows
remodeling, 3) delivery of stimulating factors to cells to support/ guide their responses, and 4)
delivery of endogenous-range electrical stimulation to cells. In the first chapter, a synthetic
hydrogel based on HEMA and HPMA with varying cross-linker (TEGDA) concentrations and

HEMA:HPMA ratio is introduced. A detailed analysis of these hydrogels for insight into their



analytical and physical characteristics is presented. The second chapter introduces a hybrid
biodegradable hydrogel based on acryloyl-functionalized gelatin (GelMA) copolymerized with
HEMA and HPMA. With detailed characterization and relevant mathematical models, it is shown
how GelMA provides a mean toward a customized scaffold based on specific application
requirements. The third chapter introduces a new bifunctional Electrical Cell Stimulation and
Recording Apparatus (ECSARA) for applying electrical simultaneous to the cells that may be
cultured on such scaffolds. The system provides a monitoring tool based on electrical impedance
spectroscopy. The system requirements, its development, and detailed temporal and technical
characterization with different physiological media are discussed. Finally, the application of the
system in providing electric field to HUVECs is demonstrated. The last chapter summarizes the
work and suggests several opportunities for further research based on the finding of the current
work including integration of the degradable, cell-attracting scaffold in the presence of electric

fields.



2. INFLUENCE OF WATER CONTENT AND DISTRIBUTION ON THE KEY
BIOTECHNICAL PROPERTIES OF POLY(HEMA-CO-HPMA) HYDROGELS!?
2.1.Introduction

Synthetic hydrogels are cross-linked, three-dimensional polymeric networks synthesized from
highly hydratable monomers and pre-polymers [30]. A wide range of biologically relevant
technical properties of synthetic hydrogels become critical when these polymers are to be
considered for use in tissue and/or regenerative engineering [40-43]. The tunability of hydrogel
properties has made hydrogels one of the most widely investigated classes of polymers in the
biomedical field. Accordingly, hydrogels have evolved with wide and varied applications, from
directly stimuli-responsive materials in sensors [31, 44] to bioreceptor hosting materials in
biosensors [32-34]. Using hydrogel as drug carrier in drug delivery or as cell scaffold in tissue and
regenerative engineering are two emergent biomedical applications. Both these applications
necessitate a detailed understanding of interactions of hosted biomolecules with the host polymer
and their associated transport mechanism. Because of the importance of water in influencing both
molecular interactions and transport, such an understanding begins with an appreciation of the
various states of water and the distribution among these states within the hydrogel network.
The degree of hydration of hydrogels (DoH = total water content / mass of hydrated hydrogel) is
a measure of the total amount of water imbibed at equilibrium and is generally believed to control

biotechnical properties. Once imbibed, water within a hydrogel may be described according to its

1 Excerpted and reprinted with permission from “Biotechnical Properties of Poly(HEMA-co-HPMA)
Hydrogels Are Governed by Distribution among Water States” by Abasi, Sara, Podstawczyk, D.A., Sherback,
A.F., Guiseppi-Elie, A., 2019. ACS Biomaterials Science & Engineering, 5, 4994-5004, Copyright [2019] by ©
American Chemical Society. https://doi.org/10.1021/acshiomaterials.9b00705

2 Excerpted and repreinted with permission from “Distribution of water states within Poly(HEMA-co-HPMA)-
based hydrogels” by Abasi, Sara, Podstawczyk, D.A., Davis, R., Guiseppi-Elie, A., 2019. Polymer, 185, 121978,
Copyright [2019] by Elsevier. https://doi.org/10.1016/j.polymer.2019.121978
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distribution among freezable free water (Ws), freezable bound water (w), and non-freezable
bound water (Whn). The distribution of water among these states within hydrogels has been widely
studied and recently reviewed [45]. The states of water and equilibrium water content have been
studied via different techniques; mostly by differential scanning calorimetry (DSC), nuclear
magnetic resonance (NMR) spectroscopy, and Fourier transform infrared spectroscopy (FTIR)
[46, 47]. The non-freezable bound water (Whn) does not freeze within the temperature range
probed by differential scanning calorimetry (DSC), remaining unfrozen even at temperatures lower
than -100°C. The other two types of water freeze with freezable bound water melting at
temperatures lower than freezable free water [45, 47]. A wide range of freezing temperatures of
the freezable bound water has been reported, being closely influenced by chemical structure of the
hydrogel, this temperature ranges from -40°C to very close to 0°C, the freezing temperature of free
water [38, 48, 49]. Tamai et al. used the molecular dynamics simulations to explore the interaction
of water and hydrogen bonded structures within hydrogels [50]. The results of their studies, and
similar computational modeling, have given deeper insight into how the interactions of water with
polymer and other water molecules govern the state of water within the hydrogel [51]. The
freezable free water and freezable bound water are generally grouped together as freezable water
(Ws) and is that portion that solvates the repeat units and occupies the interstices or nano-voids
created by the expanded hydrogel [37]. The non-freezable bound water is the portion of water
which is strongly hydrogen-bonded and hence bound to the repeat units of the polymer network
and is first constituted as the hydrogel begins to swell, followed by freezable bound and finally
freezable free water. Therefore, hydrogels possessing lower water content (less swellable) have
relatively higher non-freezable water compared to highly swellable hydrogels of the same cross-

linker concentration [46]. The extent and strength of interaction between water and the hydrogel’s



hydrophilic main-chain and pendant groups and the pore size of the hydrogel which affect the
capillary condensation of water in the hydrogels’ pore [52], serve to influence the distribution
amongst freezable free, freezable bound and non-freezable bound water [38]. The water within the
hydrogel directly influences the characteristics of the hydrogel through the potentiation of inter-
and intra-segmental hydrogen bonding that manifests as virtual crosslinks. Moreover, while
freezable free water is readily available to fully solvate any hosted molecular inclusion and
freezable bound water readily exchange between hydrogen bonding sites on the polymer and on
the molecular inclusion, non-freezable bound water, because of its strong interaction with the host
polymer, may not readily exchange between sites on the polymer and sites on the inclusion. Such
characteristics influence diffusion, protein adsorption and consequently the biomaterial’s
interaction with living cells. [53-55]. Larger amounts of non-freezable bound water are expected
to mitigate inter- and intra-segmental hydrogen bonding which would otherwise add to the

effective cross-link density (virtual crosslinks) of the hydrogel.

Cross-linked poly(HEMA)-based hydrogels have been extensively studied for use in biomedical
applications [56-59]. Copolymerization of HEMA with other monomers (vinyl, acrylates,
methacrylates, etc.) have produced a wide range of stimuli-responsive hydrogels, including pH-
responsive, [60] thermo-responsive [61], photo-chromic [62], and electroconductive hydrogels
[63]. Poly(HEMA)-based hydrogels have been studied for the partitioning and release of
biomolecules and ions [64] and for suitability to serve as tissue scaffolds [58] . With the aim of
tailoring the key biotechnical properties and developing a softer material, HEMA was herein
copolymerized with N-(2-hydroxypropyl) methacrylamide (HPMA). Since its introduction by
Kopecek in 1973, poly(HPMA) has shown great promise for multiple biomedical applications [65]

including drug conjugation and targeted drug delivery, tissue engineering scaffolds [66] and



controlled drug release [67, 68]. The introduction of the pendant amide serves to reduce both main
and side chain mobility [69]. High molecular weight HPMA-based copolymers have been used in
targeted drug delivery [70, 71] to enhance the mechanical characteristics and support function

of natural polymers [72] and as a coating on implants to prevent biofouling.

The unique solvation properties of HEMA and HPMA monomers results in cross-linked polymer networks
with different swelling Kkinetics, hydration characteristics, elastic modulus, and molecular mass transport
properties. These properties are also well known to be influenced by extent of cross-linking and molecular
composition. Understanding the complex interplay among these interacting factors is important for
engineering control of properties for specific applications and for processing via different fabrication
techniques. The cross-linking density of pure polymers grown via step-growth polymerization are readily
rationalized by theory developed by Flory and Stockmayer based on statistical probability of monomers and
multi-functional cross-linkers forming infinite networks. In the case of bi-functional cross-linkers, the cross-
linking density (p) in the polymer comprising initial No units is: p = v/No, where v/2 cross-links are introduced.
[73] Accordingly, the molecular weight between cross-links Mc, may be calculated by deviding the average
molecular weight of monomers (May) to the cross-linking density: Mc = Ma/ p. [74] For free radical
polymerization, such as the present case, the Mc (g/mol) can be experimentally measured with reference to the
mechanical properties of the hydrogel according to: Mc = RTc /G where R, T, and ¢ are the molar gas constant
(8.314 J/Kmol), absolute temperature (K), and polymer concentration (g/m?) respectively, and G is the shear
modulus of the hydrogel[75]. Understanding the complex interplay among these interacting factors is
important for engineering control of properties for specific applications and for processing via

different fabrication techniques.  Tunability via cross-linker concentration and compositional variation is needed for
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complex hydrogel formulations intended as bio-inks for microlithographic fabrication and 3-D
printing [76]. This chapter reports on the synthesis, physicochemical and mechanical
characterization of poly(HEMA-co-HPMA) hydrogels that were synthesized by UV cross-linking
with the diacrylate monomer, TEGDA. Hydrogels were synthesized with different cross-linker
concentrations (0.1, 0.5, 1.0 and 3.0 mol%) and with different HEMA to HPMA mole ratios
corresponding to 1:0 (0% HPMA), 4:1 (20% HPMA), and 1:1 (50% HPMA). The characterization
techniques were carefully selected to confirm suitability of this approach to tuning the
biomedically relevant properties of poly(HEMA-co-HPMA) hydrogels. Moreover, the correlations
between these individual components of the freezable water (Wr, W+, and W) and the measured
biotechnical properties of the hydrogels are discussed to introduce the water distribution as an
indirect prosperity ruling other characteristics of hydrogels [77, 78].
2.2.Materials and Methods
2.2.1. Hydrogel formulation

Hydrogel cocktails of principally HEMA and HEMA-co-HPMA were formulated on a mol% basis
as shown in Table 1. The mol% basis was used so every component is evaluated based on its
functional groups. Moreover, the ratios of the monomers to the hydrogel volume remains constant
as it is independent on the concentration of the monomers. The role of contributing monomers/
pre-polymers have been previously explored [79] and briefly mentioned in the table.
Poly(HEMA)-based hydrogels were synthesized with cross-linker concentrations corresponding
to 0.1, 0.5, 1.0 and 3.0 mol% TEGDA for investigation of the influence of cross-linker
concentration. Similar hydrogels were synthesized wherein the ratio of HEMA to HPMA was set
at 4:1 (20% HPMA, poly(HEMA-co-HPMA) (4:1)). Finally, similar hydrogels were synthesized

with a fixed cross-linker concentration corresponding to 1.0 mol% TEGDA wherein the ratio of
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HEMA to HPMA was set at 1:1 (50% HPMA, poly(HEMA-co-HPMA) (1:1)). Following
formulation, cocktails were stirred and sonicated for extended time, purged with nitrogen gas, and
pipetted into the wells ($=4.5 mm and T=1.6 mm) of silicone isolators (JTR12R-2.0, Grace
Biolabs, Bend, OR) that were supported on hydrophobic, OTS-silanized glass microscope
slides.[76] The hydrogel discs were completely UV cross-linked for 5 min (CX-2000, UVP,
Upland, CA), as DMPA resulted in fast reaction and high conversion, followed by unreacted
monomer extraction and gradual hydration in ethanol:25 mM HEPES buffer (pH 7.4) mixtures
(100/0, 75/25, 50/50, 25/75, and 0/100 v/v% sequentially) and stored in HEPES buffer at 4 ‘C[76].
HEPES buffer was used because of its similarity to physiological osmolality, ionic strength and
ion concentration found in blood plasma and interstitial fluid and is thus reflective of the
environment where the hydrogel is primarily designed for use.

Table 1. Molecular components and mol% composition of the monomer cocktail components
of the various hydrogels.

Poly(HEMA-co- Poly(HEMA-co-
Component Poly(HEMA) HPMA) (4:1) HPMA) (1:1)
0,

Mol% of TEGDA 04 05 10 30|01 05 1.0 30 1.0
HPMA (high hydration) 00 00 00 0.0 |174 174 173 16.9 43.3
HEMA (high hydration) 87.4 87 86.5 84.5 |69.7 69.6 69.2 67.6 43.3
PEG(360)MA (n=6)

(biocompatibility) 50 50 50 50 |50 50 50 50 5.0
[mol% is based on repeat

unit]

HMMA (high hydration) 5.0 50 50 50 [50 50 50 5.0 5.0
PNVP (adjust viscosity)

[mol% is based on repeat 20 2.0 20 20 |20 20 20 20 2.0
unit]

DMPA (photoinitiator) 05 05 05 05|05 05 05 05 0.5
Ethylene Glycol/ Water 20 Wi% 20 Wi% 20 Wi%
(solvent)

The solubility parameter of HEMA and HPMA was calculated according to equation 1.

ECOh = 62 |74
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Where Econ (J mol!) is cohesion energy, V (cm?® mol™!) is the molar volume of the group being

J1/2

considered and 6 ( cm™>?) is the solubility parameter. The echo and V was calculated based on

group contribution according to Federos [80].

The diffusion coefficient was calculated based on equation 2.

_ 82x1078 T 3vp\2/3
Dap = 22T |14 (32)7] @

A Va

Where Dag (cm?s™) is the diffusion coefficient of solute A in solvent B. T is temperature (K)
here 296.15 K, uB is the solvent viscosity (mPa) here for water 0.889 mPa, V is the molar volume
(cm® mol™) of liquid solute, and Vg is molar volume (cm® mol™!) of the solvent at its normal boiling
point here water (18 cm® mol!) [81]. Molar volume (V) of HEMA and HPMA was calculated

based on the group contribution to be 116.7 and 117.8 cm® mol™!, respectively.

2.2.2. Chemical and FTIR analysis
Attenuated total reflectance—Fourier transform infrared (ATR-FTIR) spectra were recorded on a
Bruker Vertex 70 instrument equipped with ATR accessory within the scan range of 4000-400
cm ! and a resolution of 1 cm™. The measurements were repeated nine times to produce
reproducible spectra of the hydrogels.
2.2.3. Degree of hydration, water distribution and glass transition temperature

The degree of hydration (DoH) of the hydrogels was determined using gravimetric analysis as
previously described with more details in Supporting Information. [82] Briefly, hydrogel discs
were weighed following equilibrium hydration (Mng) in HEPES buffer and then weighed again
once they were completely dehydrated following lyophilization (Mpg). Dehydration was

accomplished by freezing hydrogels at -80°C overnight followed by 48 h lyophilization under 0.01
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mbar at -50°C using a FreeZone 2.5 (Labcono). The DoH was then calculated according to

equation 3.

DoH (wt%) = (W) x 100% 3)

HG

Water distribution and glass transition temperature (Tg) were determined by thermal analysis using
a DSC Q20 (TA Instruments, DE) on fully hydrated samples in Tzero Hermetic Aluminum Pans
(DSC #84012 Premium pan/hermetic lid set) and run from -40 to 200 T in the Heat-Cool-Heat
cycle at a heating/cooling rate of 10°C/min. For determining water distribution, the calorimetric
measurements were performed with a DSC Q20 (TA Instruments, DE) on fully hydrated samples
in Tzero Hermetic Aluminum Pan in a Heat-Cool-Heat cycle from -40°C to 200°C at a rate of
10°C/min. The first heating cycle was used to calculate the freezable water content (Ws)

comprising freezable bound (W) and freezable free (Wss) water according to equation 4.

w AH
~f _2f (4)
Myg AHg

Where Muc and Mpg are the mass of hydrogel at equilibrium and dried hydrogel, respectively,
AHp is the standard enthalpy of water fusion (333.5 J/g at 0°C) and AHs is the enthalpy of thermal
transition or fusion of water at the melting point. The thermal transition was further deconvoluted
by fitting to two Gaussian curves using OriginPro 2019. In this way the W and W# portions of
water were determined. The baseline was taken as a straight line connecting the beginning and
ending of the endothermic transition. The enthalpy of fusion of water, normally 333.5 J/g at 0°C,
was adjusted at temperatures below 0°C according to the experimental data reported by Higuchi
and lijima which was determined using a poly(vinyl alcohol-co-itaconic acid) hydrogel [46]. To
calculate the Ws, and Ws, the ratio AH#/AHo in equation 2 was replaced with the enthalpy

corresponding to the peak occurring at lower and higher temperatures, respectively. Knowing the
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Wi, and Wsr, DoH and hydrogel mass, Was, was determined as the difference between total water
content and freezable water content within the hydrogel.
The glass transition temperature was extracted from the second DSC heating cycle and calculated
using Universal Analysis 2000 [58].

2.2.4. SEM and void fraction
The void fraction () of hydrogel was determined by measuring the density of hydrogel when being
hydrated in HEPES buffer according to equation 5.

&= M:)-IG_MDG) (MHG) (5)
HEPES PHG

Where Muc and Mpg stand for mass of hydrated and dry hydrogels, respectively; and prne and
pHeres represent density of HEPES and fully hydrated hydrogel, respectively. More information
on calculation of hydrogel density is available in Supplemental Information.

For SEM measurement, the hydrated hydrogels were frozen in liquid nitrogen tank in the cryovials
for 8 h. The frozen specimens were freeze-fractured followed by drying in Turbo Vap V500
(Caliper LifeSciences, Hopkinton, MA) at 37°C for 48 h [83]. The hydrogels were then coated
with 5 nm platinum nanoparticles (Sputter Coater 208 HR by Cressington, UK) and the SEM
images were collected using SEM (JEOL JSM-7500F, JP) at X1000 magnification. The root mean
square (Rq) representing the roughness of surfaces was measured using SurfCharJ plugin in ImageJ
freeware [84].

The density of hydrogel was calculated by measuring the mass and volume of fully hydrated
hydrogel in HEPES. The volume of hydrogel was measured with the fluid displacement technique.
The fully dehydrated hydrogel was placed in a gradual cylinder with known volume of HEPES
(V1). The cylinder was covered to avoid evaporation, and the hydrogel was fully hydrated in the

cylinder for 24 hours. After that, the hydrogel was removed, and the volume of HEPES after
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hydrogel removal (V») was recorded. The volume of hydrogel calculated to be the difference of
Vi and Va. Accordingly, hydrogel mass (Wng) was measured using an analytical balance. The

density of hydrogel (puc) calculated according to equation 6.

Vi—V;

Puc = (6)

2.2.5. Elastic modulus measurement
The elastic modulus of fully hydrated hydrogels was measured using an Instron 3345 (Norwood,
MA) with a 1 kN pre-load cell. Using compression extension mode, the hydrogels were tested with
a 0.1 N pre-load force over 5% strain. The elastic modulus was extracted from the linear part of
the stress-strain curve.
2.2.6. Swelling kinetics by gravimetric technique

Fully hydrated hydrogel disks were dried in a TurboVap and rehydrated in HEPES buffer. At
designated times, disks were taken out, excess buffer removed with Kimwipes and weighted with
an analytical balance. The data were normalized between 0 and 1, corresponding to the mass of
dried (Mo) and fully hydrated hydrogel at equilibrium (M.), respectively. The kinetics of swelling
was interrogated using the characteristic time constant (t, time required to absorb 63.2% of the
total water content) of the device under test. The transport mechanism during swelling was studied
using well-established transport models presented in the Supporting Information [85, 86].
MATLAB (2018b) was used for all curve fitting analysis and R? (square of sum of residuals) and
SSE (summed square of residuals), which is the ratio of total deviation of the response values from
the fit to the response values, were reported for the goodness of fit. An SSE value close to zero

indicates the model best fits the data.
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To study the transport mechanism during swelling, the swelling kinetics data was fitted to an

empirical equation (equation 7) that describes the and transport mechanism [86, 87].
M, /M, = kt" (7)

where M; /My is the fractional mass of hydrogel at time ¢ to its equilibrium mass. This relation

is valid only for the first 60% of the data.

2.2.7. Release of FITC labeled dextran

The release of fluorescently labeled dextran serves as a probe of the architecture of the hydrogel
from an analysis of the dextran release rate from the hydrogel. Hydrogel cocktails and discs
(V=150 mm?) were formulated to contain 1 mg/mL FITC-labeled dextran (40 kDa) and placed in
2 mL of HEPES buffer upon cross-linking. Experiments were designed to provide an ideal sink
for dextran release. At predetermined time points, 2 pL aliquots were removed from the gently
shaking plate and transferred to a Take-3® (BioTek) plate. The fluorescence intensity was
monitored using a plate reader (Synergy HT, BioTek) at Ex/Em 415/520 nm wavelengths over a
72-h period. The data were normalized between 0 and 1, corresponding to the mass of released
dextran at time 0 (Mo) and equilibrium (M..), respectively. The early and late apparent diffusion
coefficients extracted from the kinetics of released molecules was performed using well-
established models [64, 88-90]. More detail is available in Supporting Information.

To study the transport mechanism of release, several mathematical models was applied. The

early and late apparent diffusion coefficients were calculated according to equations 8 and 9 [91].

e g (22)" ®)
=12 e (-3 ©)

17



where M; and M. is the amount of the solute released at time ¢ and at equibrium respectively
and where M /M., is the fraction of released dextran, Dg and Di are early and late apparent
diffusion coefficients, respectively, and 0 is the diffusional distance. The fluorescence intensity
was related to the relative concentration of dextran using a calibration curve. The mechanism of
release was inferred from data analyis according to well-established methods [64]. The data were
normalized and analyzed similar to the gravimetry data in section 3.8. Additionally, data were

described with equation 10 [91].

M,/My, = kit%° + kyt (10)

where k1% describes the Fickian release or diffusional-controlled release and k»¢ describes the

non-Fickian or relaxation-controlled release [86].

2.2.8. Statistical analysis
Student t-test was applied using JMP 14.2.0 (SAS Institute) and p-values of < 0.05 were considered
significant and indicated with an asterisk symbol (*). All measurements were done in triplicate
unless otherwise indicated. The Pearson product-moment correlations among the total hydration,
the freezable water, the non-freezable bound water, and the freezable: non-freezable bound water
ratio with the key biotechnical parameters of the various hydrogels were studied using the
Multivariant method in JMP.
2.3.  Results
2.3.1. Chemical analysis of hydrogel composition by FTIR

The hydrogel precursor cocktails used in this work were formulated for spin-coating and
microlithographic fabrication as well as for extrusion 3-D printing [76]. The copolymerization of

the principal monomers, HEMA and HPMA, being of similar molecular weight (MW = 130.14
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and 143.18 g/mol, respectively), calculated diffusivity (Dca = 8.91 x10® and 8.80 x10° cm?/s,
respectively), and chemical reactivity, was expected to yield a random copolymer network.
Accordingly, the composition of the resulting copolymer was expected to reflect the starting
composition of the reactants within the formulation. The ATR-FTIR spectra of poly(HEMA) and
poly(HEMA-co-HPMA) (4:1) are shown in Figure 1. Although, the hydrogel cocktails are
mixtures of few different precursors, the most intensive peaks correspond to the HEMA and
HPMA since they are the dominant components of the hydrogels. However, due to the presence
of other constituents in the hydrogel cocktail, the frequencies may be shifted to wavenumbers other
than those characteristic for pure polymers. The peak at 1530 cm™ in the poly(HEMA-co-HPMA)
(4:1) spectrum is ascribed to the 2° amide bending vibration, thereby confirming that HPMA had
been successfully incorporated into the hydrogel. The characteristic peak in the region of 3319 -
3362 cm %, normally at 3400 cm™ in pure, bulk water where there is an average of two to three
hydrogens bonds per molecule, was observed in both polymers and corresponds to the stretching
vibration of hydrogen bonded O-H bands of the hydroxyl group [92]. The hydrogen bonds
resulting from water-hydrogel interactions are strong and linear, thus they produce a broad,
intensive peak, which overlaps stretching vibration of weaker O-H covalent bonds in a polymer
matrix. The O-H stretching peak shifted to lower wavenumber (3350 cm™) in poly(HEMA-co-
HPMA) (4:1) compared to poly(HEMA) (3362 cm™). The HPMA repeat unit has nitrogen in its
pendant group which is more electronegative than oxygen, suggesting stronger hydrogen bonds in
O-H....N compared to O-H....O; [93] that could account for the shift of the O-H stretching peak

to lower wavenumbers which occurs when the strength of hydrogen bonds increases [94].
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Figure 1. FTIR spectra of poly(HEMA)-based and poly(HEMA-co-HPMA) hydrogels at 1
mol% TEGDA showing the presence of the 2° amide.

2.3.2. DSC thermogram of poly(HEMA) and poly(HEMA-co-HPMA) at different cross-
linker concentrations

The DSC thermograms of the hydrogels following application of the heating cycle are presented
in Figure 2A and B. Each showed a broad endotherm that represented the melting of frozen water
within the fully hydrated hydrogel. The occurrence of two peaks was clearly evident in both
poly(HEMA) and poly(HEMA-co-HPMA) (4:1) at 3 mol% TEGDA cross-linker concentration.
The low temperature onset of the endotherm corresponded to the start of melting of the freezable
bound water followed by the melting of the freezable free water.

The melting temperatures (°C) of freezable bond water corresponded to the peak of the first
Gaussian curve at lower temperature as marked on graphs in Figure 2A and B. An example of
baseline selection and the Gaussian curve fitting to the endothermic transition is shown in Figure
2C.

The freezable bound water within the hydrogel interacts with the polymer backbone either directly

or via other water molecules; such interaction is not strong enough to keep the water unfrozen but

20



does cause appreciable depression in the melting/ freezing point of the water. The rest of the
freezable water is free water and has minimal or no interaction with the polymer, hence follows
the thermodynamic behavior of bulk water, freezing at 0°C. Accounting for the difference in heat
capacity of supercooled water, provided a more accurate estimation of freezable water content
within the hydrogel. This approach accounts for the difference in the heat capacity of supercooled
water and ice. There have been several attempts, both experientially [95, 96] and via mathematical
modeling [97], to describe the thermodynamic behavior of supercooled water, however, the data
reported by Higuchi and lijima [46] was used in this work as it was measured in a similar polymeric
system. This heat capacity was calculated from the difference in enthalpy of phase transition in
poly(vinyl alcohol-co-itaconic acid) hydrogel during heating and cooling cycles and was based on
the fact that the amount of water that undergoes phase transition was equal in both cycles [46, 98].
When the total water content of the hydrogel was lower, at higher cross-linker concentrations for
example, the endothermic peaks attributed to the two freezable states of water were more distinctly
separated as the depression in the freezing temperature of freezable bound water was higher. When
the total water content of the hydrogel was higher, at lower cross-linker concentrations for
example, the endothermic peaks attributed to the two freezable states of water were less distinctly
separated as the depression in the freezing temperature of freezable bond water was less. Under
these conditions, the peak corresponding to freezable bound water shifts towards that of freezable
free water creating a broad endothermic peak around 0°C that must be deconvoluted. The peak

associated with the freezable bound water moved from -6.72°C at 3 mol% TEGDA to the -0.7°C

21



as TEGDA decreased to 0.1 mol% TEGDA in the poly(HEMA-co-HPMA) (4:1) hydrogel (and

correlated with the decrease in the total water content).
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Figure 2. DSC thermograms of the variously synthesized hydrogels at and around the
melting point of water. (A) poly(HEMA), (B) poly(HEMA-co-HPMA)(4:1) as a function of
cross-linker concentrations (0.1, 0.5 1.0, and 3.0 mol% TEGDA), and (C) The Gaussian
curves fitted to the endothermic transition in order to distinguish freezable bound and
freezable free water.

2.3.3. Water content and water distribution of poly(HEMA) and poly(HEMA-co-HPMA)

at different cross-linker concentrations

Effect of cross-linker concentration: The degree of hydration (DoH) as a function of cross-linker
concentration in poly(HEMA) and poly(HEMA-co-HPMA) hydrogels (Figure 3) shows that the

total water content decreases significantly (p < 0.01) as TEGDA increased from 0.1 to 3 mol% in

the expected asymptotic manner. The DoH of poly(HEMA) and poly(HEMA-co-HPMA) (4:1)
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dropped from 55% and 77% to 46% and 50%, respectively, when the TEGDA increased from 0.1
to 3 mol% with the copolymer being consistently more hydrated than poly(HEMA). Increased
cross-linker impedes infinite hydrogel expansion. At lower cross-linker concentrations (0.1 - 1.0
mol%) the water was similarly distributed between freezable free and non-freezable bond water in
both poly(HEMA) and poly(HEMA-co-HPMA) (4:1). Increasing the cross-linker concentration to
3 mol%, however, changed the distribution of water. In poly(HEMA), a relatively higher portion
of water was allotted to non-freezable bound water and in poly(HEMA-co-HPMA) (4:1) the non-
freezable bound water exceeded the freezable water (cross-linking effect). In both hydrogels and
at all cross-linking densities, the freezable free water constituted the higher portion of the total
freezable water. The equilibrium free water content of a hydrogel depends on the balance between
the solubilization forces acting on the chemical composition the repeat units and the restrictive
elastic forces of the extended polymer chains. While the freezable free water underwent
considerable decrease upon an increase in the cross-linker concentration (to 3 mol%), the freezable
bond water fluctuated, showing little systematic change within its generally low percentage
domain. The non-freezable bound water forms because of strong hydrogen bonding between water
and moieties pendant to the polymer backbone and hence is highly dependent upon the molecular

composition and flexibility of pendent groups of the hydrogel.
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Figure 3. The degree of hydration (DoH) and the distribution among water states as a
fraction of the total water content (Ww = Wit + wib + Whib) expressed as the fraction freezable
free water (Wr), freezable bound water (W), and non-freezable bound water (Wh) in the
variously synthesized hydrogels (A) poly(HEMA) and (B) poly(HEMA-co-HPMA)(4:1) as a
function of cross-linker concentrations (0.1, 0.5 1.0, and 3.0 mol% TEGDA). Pairs with
similar letter are significantly different (p < 0.05).

Effect of composition: Total water content (DoH) of the poly(HPMA-co-HPMA) hydrogels was
significantly higher (p < 0.01) than their poly(HEMA) counterparts all cross-linker concentrations
(Figure 3). Using group contribution, the solubility parameters (6) of HEMA and HPMA were
calculated to be 24.66 and 27.59 J¥2 /cm®?, respectively [80]. The higher hydrophilicity of HPMA
compared to HEMA is in accord with the higher water content of poly(HEMA-co-HPMA) (4:1).
The terminal O-H group pendant to the main chain of poly(HEMA\) tends to form strong hydrogen
bonds with adjacent monomers and hence decreases the opportunity for penetrating water
molecules to form hydrogen bonds with these groups. HPMA, on the other hand, has a flange
hydrophobic methyl side group adjacent to its terminal O-H group which sterically limits the
formation of hydrogen bonds with other polymer chains. The composition of the hydrogel not only
changed the total water content but notably affected the distribution of water inside the hydrogels.
The W /Ww ratio was larger than 50% for all cross-linker concentrations in poly(HEMA) but
not for poly(HEMA-co-HPMA) (4:1) indicating that non-freezable water constituted a larger
portion of total water content in the poly(HEMA) composition. The methyl group of HPMA

distorts the water surrounding the hydroxyl group with possibility of forming longer hence less
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strong bonds. These repelled water molecules suppress the formation of strong hydrogen bonds
with O-H and hence caused a decrease in the Whey, [94].
2.3.4. Glass transition temperature of poly(HEMA) and poly(HEMA-co-HPMA) at
different cross-linker concentrations

With regards to the glass transition temperature (Tg), reflective of chain segmental mobility within
the hydrogel (Figure 4) was not influenced by cross-linker concentrations that are studied here.
Cross-linker concentration is an important factor in determining the polymer chain mobility by
forming short, strong, covalently bonded segments between chains and hence directly causing an
increase in Tg. [99] However, at the small cross-linker concentrations studied here, Tg was not
considerably influenced. When the effect of composition on Ty was considered, poly(HEMA) had
lower Tg (Avg. Tg =101.8°C) than poly(HEMA-co-HPMA) (4:1) (Avg. Tg=114.3°C). Hence, the
inclusion of HPMA caused an increase in total water content, decreased the percentage of non-
freezable bound water (Wh) and acted to increase T4. The plasticizing effect of higher non-
freezable bound water, W, in poly(HEMA) was reduced in poly(HEMA-co-HPMA), effectively
increasing inter- and intra-chain hydrogen bonding, thus providing for less segmental mobility in
the polymer, causing an increase of Ty [100]. Additionally, the 2° amide group in HPMA has less
mobility compared to the acryloyl group of HEMA, which could result on an overall decrease in

main chain mobility of the poly(HEMA-co-HPMA) (4:1) hydrogel and hence higher Ty.
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Figure 4. Glass transition temperature (Tg) of poly(HEMA) and poly(HEMA-co-HPMA)-
based hydrogels as a function of cross—linker concentration corresponding to 0.1, 0.5, 1.0,
and 3.0 mol% TEGDA cross-linker.

2.3.5. Elastic modulus of poly(HEMA) and poly(HEMA-co-HPMA) at different cross-
linker concentrations
The elastic modulus of the various hydrogels is shown in Figure 5. In general, the modulus of
poly(HEMA-co-HPMA) (4:1) was lower than its poly(HEMA) counterparts which seemed to be
controlled directly by the water content of the hydrogel. The modulus increased with increasing
cross-linker concentration for both hydrogels because of the resultant stiffer network. [101] The
modulus of poly(HEMA-co-HPMA) (4:1) was more influenced by cross-linker concentration as
the increase in modulus was 1.7 times larger for this hydrogel compared to poly(HEMA) when
TEGDA increased from 0.1 to 3 mol%. These observations confirmed that water content and water
distribution were more directly impactful on hydrogel modulus than cross-linker concentration at

low to medium densities [39].

26



2000

== poly(HEMA)
| =& poly(HEMA-co-HPMA) (4:1)

(=Y
1%
=
[=]

1000+

500+

Elastic Modulus (kPa)

0'_I' T 1 !
0.1 0S5 1.0 3.0

mol% TEGDA

Figure 5. Elastic modulus (kPa) of poly(HEMA) and poly(HEMA-co-HPMA)-based
hydrogels as a function of cross—linker concentration corresponding to 0.1, 0.5, 1.0, and 3.0
mol% TEGDA cross-linker.

2.3.6. Characterization of poly(HEMA-co-HPMA) (1:1) hydrogel
The unique formulation comprising HEMA:HPMA ratio of 1:1 (50%) was subject to further
detailed characterization. The superior role of composition (addition of HPMA) over cross-linker
concentration in determining general properties of these hydrogels was gleaned from the previous
section. To better understand the role of composition and its effect on water content, water
distribution and key biotechnical properties (void fraction, release of loaded drug, and etc.), a
poly(HEMA-co-HPMA) hydrogel was synthesized with a 1:1 ratio of HEMA and HPMA at 1
mol% TEGDA concentration and the results were compared with poly(HEMA) and poly(HEMA-
co-HPMA) (4:1) also at 1 mol% TEGDA. The FTIR analysis (Figure 1, inset) showed the
intensity of the peak at 1530 cm™ representing the 2° amide 1l in poly(HEMA-co-HPMA) (1:1)

compared to (4:1) ratio, which confirmed the increase in the amount of HPMA content.

27



2.3.6.1. DSC thermogram, Degree of hydration, water distribution, glass transition
temperature, and elastic modulus

When the cross-linker concentration was kept constant (1 mol% TEGDA) and the effect of
addition of HPMA was considered, addition of 20% HPMA to poly(HEMA) changed the water
distribution (composition effect) (Figure 6). The melting point of freezable bound water, T(W+),
was progressively increased when the total water content of the hydrogel was increased [47]. The
melting point of freezable bound water was about -5.83°C in poly(HEMA) and -4.97°C in
poly(HEMA-co-HPMA) (4:1) which increased to -1.53°C when the HPMA content was further
increased in poly(HEMA-co-HPMA) (1:1) (Figure 6A). This shift indicated that the water that
occupied the interphase between strongly polymer-bonded, non-freezable bound water and
freezable free water became weaker and progressively more similar to bulk water as the HPMA
content was increased. Replacing 20% of HEMA in poly(HEMA) with HPMA in poly(HEMA-
co-HMPA) (4:1) hydrogel likewise changed the distribution of water such that the non-freezable
bound water content was reduced to a lower percentage than that of freezable water. The majority
of water in poly(HEMA) was strongly bonded to the polymer backbone as non-freezable bound
water while addition of amphiphilic HPMA monomer altered water distribution within the
hydrogel. Further increase of HPMA (50%) (1:1) did not appreciably change the non-freezable
bound water content within the hydrogel. The elastic modulus went from 8.64 + 1.21 kPa to 5.04
+ 0.44 kPa in going from 1:0 to 1:1 HEMA:HPMA ratio (45% decrease). The free water content
was similarly higher for the hydrogel with larger HPMA content. The Wr content went from 40.86

+ 3.18 to 68.44 + 5.03 in going from 1:0 to 1:1 HEMA:HPMA ratio (40% increase). The glass
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transition temperature, Tg, on the other hand, did not change appreciably showing only a modest

trend upward (+7°C or +15%) with introduction of HPMA.
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Figure 6. (A) DSC thermograms at and around the melting point of water, (The freezing
temperatures of freezable bound water (Wsm) have been marked as dotted lines on the
graphs), (B) Degree of hydration (DoH %) and distribution among water states as a fraction
of the total water content (Ww = Wi + wib + Whib) expressed as the fraction freezable free
water (Wr), freezable bound water (W), and non-freezable bound water (Whib), (C) elastic
modulus, and (D) glass transition temperature , Tg, of poly(HEMA), poly(HEMA-co-HPMA)
(4:1), and poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA cross-linker. n= 3. Pairs with
similar letter are significantly different (p < 0.05).

2.3.6.2. SEM and void fraction

The results of void fraction calculation showed that poly(HEMA-co-HPMA\) (1:1) had the highest
fraction of void cavities (65%) when compared to the other two compositions (Table 2). The SEM
images (Figure 7) show visible differences in the freeze-fractured surface roughness of the three
compositions with the poly(HEMA-co-HPMA) (1:1) showing the highest surface roughness. The

SEM technique does not give conclusive information about the pore size of the hydrogel as
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hydrogels have generally homogenous microstructure with nano-sized pores. However, since the
SEM images were collected from freeze-fractured cross-sections, the overall roughness of the
surface relates to the size of freezable ice domains formed inside the hydrogel mesh. The higher
water content of the poly(HEMA-co-HPMA) (1:1) was well reflected in the void fraction and SEM
data, as both showed higher void cavities and larger pore size of this composition, resulting from

the increased size of water packets within the hydrogel.
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Figure 7. SEM image (X1000, 5.0 kV) of freeze-fractured cross section of (A) poly(HEMA),
(B) poly(HEMA-co-HPMA) (4:1), and (C) poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA
cross-linker. Scale bar shows 10 pm.

Table 2. Root mean square surface roughness (Rq) and void fraction (g) of poly(HEMA),
poly(HEMA-co-HPMA) (4:1), and poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA cross-
linker.

Rq (um) zg)id Fraction%
poly(HEMA) 11.58 4557 +0.84
poly(HEMA-co-HPMA) (4:1) 11.99 57.13+1.54
poly(HEMA-co-HPMA) (1:1) 16.07 64.94 £ 2.99
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2.3.6.3. Swelling Kinetics of the hydrogel

Figure 8 presents the fraction of mass gain of hydrogels during swelling. The rate at which a
hydrogel imbibes water is reflected in its swelling kinetics. The initial water uptake rates, the slope
of the relative mass of absorbed water to dried hydrogel at time t during the first 30 min of the
swelling, showed that poly(HEMA-co-HPMA) (1:1) absorbed water three times faster than
poly(HEMA). Interestingly, when the time was considered, the poly(HEMA) was shown to have

the fastest hydration as its time constant was ~16% less of the HPMA-containing hydrogels.

1.0
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Figure 8. Normalized swelling kinetics of poly(HEMA), poly(HEMA-co-HPMA) (4:1), and
poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA cross-linker measured by gravimetric
technique.

The normalized swelling graphs and mathematical model fitting [88] using equation 7 to describe
the transport mechanism of water/ion during swelling are summarized in Table 3. The diffusional
exponent, n, shows the swelling of the three compositions follow a Fickian model and are
controlled by rate of water diffusion into the hydrogel. The exponential constant depends on the
aspect ratio of the hydrogel; which for a cylinder, n=0.45 describes a purely Fickian diffusion
transport and occurs when the penetration rate of water is smaller relative to the rate of polymer

chain relaxation [85, 102]. Deviation from 0.45 to higher values (0.45 < n< 0.89) represents a trend
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towards an anomalous transport phenomenon which occurs when the water diffusion is
comparable to the polymer chain relaxation rate. The pre-exponential coefficient, k, was highest
in poly(HEMA) reflecting the fastest swelling rate. Both the reduced values of k and deviation
from n=0.45 suggested an anomalous transport of water into the HPMA-containing hydrogels that
was likely the result of the lower non-freezable bound water which made a slower relaxation of
chain segments due to inter- and intra-chain hydrogen bonding [103].

Table 3. The values of k and n extracted from model fitting of swelling Kinetic data from

poly(HEMA), poly(HEMA-co-HPMA) (4:1), and poly(HEMA-co-HPMA) (1:1) at 1 mol%
TEGDA cross-linker

Initial water ~ Total water  Time K"
uptake rate uptake/mass  constant of
-1, -1 of dry  swelling —

(9,944 1) hydrogel (min) K (min™) n
Poly(HEMA) 0.56 %70 150 0.073£0.018 0.44 £ 0.09
Poly(HEMA-co-
HPMA) (4:1) 0.88 %130 190 0.059 = 0.004 0.47 £ 0.03
Poly(HEMA-co- .
HPMA) (1:1) 1.58 %240 180 0.054 + 0.006 0.49+£0.03

2.3.6.4. Release of FITC-labeled dextran

Hydrogels are frequently used in the fashioning of drug delivery systems to release bioactives, e.g.
growth factors, and other small molecules from a substrate or scaffold to cells in culture or in vivo
[101, 104]. To this end, the release of 40kDa FITC-Dextran (a drug surrogate) loaded and
entrapped within the cross-linked hydrogels and its inferred transport mechanism were studied.
The fractional FITC-dextran that was released from the hydrogel showed a dramatic difference of

the release profile amongst the three hydrogels (Figure 9).
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Figure 9 Release profiles of FITC- dextran (40 kDa) from poly(HEMA), poly(HEMA-co-
HPMA) (4:1), and poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA cross-linker.

Dextran showed a rapid burst release from poly(HEMA) as it took 3.5 h for 63.2% of the molecule
(23 pg/mL) to be released. [105] This was followed by a slow release which stabilized after 36 h.
The initial release from poly(HEMA-co-HPMA) (4:1) and poly(HEMA-co-HPMA) (1:1) took
place at a gentler rate and reached the targeted 63.2% (5.8 and 9.1 pug/mL, respectively) in ~26 h
and stabilized after 48 h. Both early and late diffusion coefficients (calculated according to
equations 8 and 9, respectively) were an order of magnitude larger for poly (HEMA) (De = 2.16 x
10® m2 s'1) compared to the HPMA-containing hydrogels (De ~ 0.20 x 10 m? s1). These values
were in accordance with the swelling rate, which was the fastest for poly(HEMA) and showed the
FITC-dextran diffusion from the hydrogel to be in countercurrent with the diffusion of water. The
lower early (Dg) vs. late (D) diffusional constant for poly(HEMA) reflected a compromise of
diffusivity over time. However, this trend was reversed in the HPMA-containing hydrogels which
showed an increase in diffusivity over time. As the polymer network matrix swells, the
concentration gradient changes and so does the diffusivity of the releasable factor. The water that

diffuses into the hydrogel and hydrogen bonds to the HEMA and HPMA repeat units reduces inter-
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and intra-chain hydrogen bonding interactions and effectively opens pores within the mesh. It also
decreases the resistance to diffusion and facilitates/accelerates the diffusion. In addition to the fast
release, the cumulative amount of the dextran released from the poly(HEMA) was 30 pg/mL and
was approximately three times higher than for the other two hydrogels (8.8 and 14 pug/mL).

To gain insight into the role of composition on factor transport mechanism, the data was fitted to
the empirical equation 7 and the exponential and kinetic constants were extracted. The value n was
found to be largest for poly(HEMA-co-HPMA) (1:1) (n = 0.58) indicating anomalous transport
with appreciable factor-polymer interaction or relaxation influence. To evaluate the relative
contributions to anomalous diffusion equation 10 was applied. The ki release constant,
representing dextran/hydrogel interactions, decreased with increasing HPMA content confirming
increased factor-to-hydrogel interactions with increasing HPMA content. The k> constant which
describes the influence of polymer relaxation, was lowest for poly(HEMA) and increased with
increasing HPMA content confirming less dynamical chain segments consistent with a higher Tg
and less non-freezable bound water in the HPMA hydrogels. The overall larger values of ki
compared to k> showed the predominant influence of factor diffusion on the release profile of

dextran.
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Table 4. The kinetic of total FITC-dextran released from the poly(HEMA), poly(HEMA-co-
HPMA) (4:1), and poly(HEMA-co-HPMA) (1:1) at 1 mol% TEGDA cross-linker.

M, — n M, — 1,405
~ /Moo_kt /Moo = k%> + kyt
E =
> e -
S £ L L |~ A
% g £ E < e & < < o &
8 § £ | - S| © =T =
o O = =] =] & X =] =] & Xa¥
s g2 =X x| x 2w X X 2w
o= L -
2 [am a) a) X~ c < 7 X X" < 7
Poly(HEMA) 031 35 216 1.19 7.4 041 0.96 0.82 7 ~0 0.98 0. 44
Poly(HEMA-
co-HPMA) 0.88 28 0.19 0.37 2.3 0.44 0.88 4.65 2 ~0 0.89 4.23
(4:1)
Poly(HEMA-
co-HPMA) 0.14 26 0.22 0.32 0.88 058 0.89 5.55 1 0.7 0.88 5.86
(1:1)

2.3.7. Correlation analysis
Table 5 summarizes the results of the correlation analysis between total water content (DoH),
water distribution and the biotechnical properties of poly(HEMA-co-HPMA) hydrogels explored
as a function of HEMA:HPMA composition ratio. The first three rows present the correlation
coefficients for the ratio of the various components relative to the total water content. The fourth
row explores the ratio of total freezable water (W = W + W) to total hydration. The final three
rows explore the ratio of the various components relative to the non-freezable bound water content.
The results show that within the freezable water content (W), it was the freezable free (W) portion
which most influenced the swelling and release profile of the hydrogel. The freezable bound (W)
portion of water had no significant correlation with the properties measured in this study. The

highest correlation, though, was revealed for the non-freezable bound water (W) as this is the
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portion of imbibed water that strongly interacts with the polymer, hence it influences the
hydrogel’s response at the molecular level. Moreover, it is the abundance of freezable water
relative to total water (W¢Ww) (row 4 of Table 5) and of this, the freezable free water relative to
the non-freezable bound water (Ws/Whi) (row 6 of Table 5) that most influences biotechnical
properties. This detailed analysis therefore adds no further insight than can be gleaned for treating
all water as freezable water and non-freezable bound water. The elastic modulus was shown to be
anti-correlated with both the degree of hydration (DoH) and the freezable water content (Wi/Ww),
consistent with intuition and established hydrogel theory [106]. The stronger correlation of elastic
modulus with water distribution suggests the importance of the plasticizing effect of bound water
on this important biotechnical property. Tg4 did not show significant correlation with either water
content or water distribution. The strong positive correlation of void fraction and surface roughness
with the DoH, was evidence that indeed the gross surface roughness might arise from deformations
associated with the freeze-facture of water packets within the hydrogel.

Both time constants for swelling and dextran release, diffusion dominated phenomena, showed
stronger correlation with water distribution than with water content. The two properties were
simultaneously negatively correlated with non-freezable bound water suggesting that an increase
in the non-freezable portion of water (an equilibrium value) was associated with faster swelling of
the hydrogel and faster release of dextran through a decrease in their time constants (a Kinetic
value). The parallels in the correlations of these two kinetic parameters with water content and
distribution (equilibrium parameters) are noteworthy particularly in view of the fact that t for
swelling is in minutes and = for release is in hours. The loaded dextran likely forms virtual bonds
with the polymer chains which become displaced by tightly bound water. As the small water

molecules enter the hydrogel, they bind to the chains and replace the dextran hence free this
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molecule to diffuse out of the hydrogel. This phenomenon along with the opening of the hydrogel
mesh following water penetration causes the dextran to diffuse out of the hydrogel.
Table 5. Pairwise correlation coefficients established between the multiple states of water

and the key biotechnical properties of poly(HEMA-co-HPMA)-based hydrogels. The asterisk
* and double asterisk ** show p < 0.05 and <0.01, respectively.

Time
Glass Freeze Time constant of
Elastic . Void fracture constant release of
transition .
modulus temperature fraction surface of FITC-
(kPa) (TFg); () (¢) roughness  swelling  dextran (40
(Rg (um))  (t (min)) kDa)
(t (h))
Wi/ Ww -0.45 0.37 0.56 0.71 0.30 0.41
Wi/ Ww -0.66 0.49 0.70 0.28 0.84* 0.84*
Whit/Ww  0.83** -0.61 -0.90** -0.69 -0.82* -0.90**
Wi/ Ww -0.83** 0.61 0.90** 0.69 0.82* 0.90**
Wi/ Wb -0.48 0.33 0.59 0.75 0.33 0.44
Wit/ Wb -0.79* 0.55 0.87* 0.66 0.81* 0.88**
Wi/\Whib -0.74* 0.50 0.83* 0.77* 0.66 0.76*

2.4.  Conclusions
This study reported on the importance of water distribution within hydrogels, its dependence on
cross-linker concentration and monomer composition, and its impact on key biotechnical
properties. Over the range studied (0.1 to 3.0 mol% TEGDA), increased cross-linker concentration
increased the elastic modulus and non-freezable water, and decreased the degree of hydration,
decreased the freezable water content but did not change the Tg. The addition of the more water
soluble, amphipathic monomer, HPMA, to the poly(HEMA)-based hydrogel transformed the
hydrogen bonding in the polymer by decreasing the possibility of formation of strong hydrogen

bonds between water and the polymer and this served to increase the total hydration and freezable
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fraction at the expense of the non-freezable bound water content. The increase in total water
content (DoH) led to a network with higher void fraction while the decrease in non-freezable bound
water resulted in a slight increase in Tg. The presence of HPMA at any level caused a modest
increase in the swelling time constant. FITC-dextran was released from the amphipathic
poly(HEMA-co-HPMA) with a gentler profile while a burst-style release profile was obtained
from poly(HEMA)-based hydrogels. Correlation analysis confirmed that an increase in non-
freezable bound water was related to a decrease in the time constant for both swelling and release
and confirmed that equilibrium water distribution was more important than DoH in correlation
with these kinetic parameters. The total freezable water (Ws, + Ws) as a fraction of total water was
highly correlated (and its correspondent, non-freezable bound water, anti-correlated) with key
biotechnical performance characteristics of the hydrogels. Of the two deconvoluted components
of freezable water, freezable free water was most influential on the properties studied. The two
components of the freezable water act cooperatively and in concert when influencing properties
and are more important than the total water content of the hydrogel. The ratio of freezable free
water to non-freezable bound water (Ws/Wh) is equally strongly correlated with key biotechnical
performance characteristics of the hydrogels. The hydrogen bonds formed by water molecules with
the polymer network influenced their thermodynamic behavior which is reflected in the
endothermic peak of the DSC thermogram and corroborated by FTIR analysis. The results of this
report indicate that the water distribution should not be overlooked when the hydrogel’s
biotechnical performance is being studied and is a tunable feature when engineering hydrogel

performance.

38



3. BIODEGRADATION AND RELEASE FROM BIOHYBRID POLY(GELMA-CO-
HEMA-CO- HPMA) HYDROGELS
3.1.Introduction

Cardiovascular tissue and regenerative engineering scaffolds demand thorough understanding of
angiogenesis as it is one of the essential processes of successful tissue formation. Endothelial cells
(EC), as the building blocks of blood vessels, are consequently important in understanding
scaffold—cell interactions. The evolving view of a scaffold has shifted from an implantable
(permanent) bio-benign material for the support of growing and proliferating cells to a temporary,
biologically responsive, indwelling material capable of the recruitment of a plurality of cells to
support and guide tissue innervation [1, 2] and angiogenesis [3]. Degradable scaffolds, a class of
bioresponsive polymers, endow some level of plasticity through remodeling to the growing cells/
tissue and hence have become very popular in tissue engineering and regenerative medicine
applications [4-6]. Enzymatically degradable scaffolds are designed mostly using natural
polymers, including extracellular matrix (ECM) proteins, and/or peptides derived from them, that
contain specific amino acid sequences cleavable by proteases or that serve as biochemical cues for
the recruitment and attachment of cells. Incorporation of such motifs within the scaffold causes it
to degrade upon exposure to specific proteolytic enzymes [7]. Such approaches have been
successfully used to engineer a responsive scaffold for cells that allows cells to rebuild the

scaffold with their own extracellular matrix or to provide on-demand drug delivery [8].

To confer enzymatic degradability, natural polymers, e.g. gelatin, or cleavable synthetic peptides
may be embedded within the polymer’s native network architecture. Peptides could be designed
to provide highly specific enzyme response, however, despite being elegant, their synthesis

requires specialized tools and expertise and so demand a high investment. Using pure natural
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polymers, on the other hand, may compromise controllability and/or may initiate immune response
while modification of their chemistry might not be always a viable option. Therefore, the need for
a more accessible option has not been met. One option is the natural-synthetic biohybrid polymer
scaffold. Natural-synthetic biohybrid polymers are synthesized from natural polymers such as
gelatin and synthetic monomers such as 2-hydroxyethylmethacrylate (HEMA) and N-(2-
Hydroxypropyl) methacrylamide (HPMA) to yield poly(GelMA-co-HEMA-co-HPMA) as cross-

linked, polymeric hydrogels.

Gelatin is a component of collagen, one of the abundant, easily isolatable ECM proteins, hence it
contains active sites of collagen and is a good candidate for scaffold development. Gelatin
introduces cleavable motifs such as to confer degradability to the polymer that contains this natural
polymer. Its ready availability, low cost and ease of functionalization has resulted in gelatin
becoming a popular option for development of biodegradable scaffolds [9-11]. The native origin
of gelatin influences its amino acid composition which subsequently determined the molecular
weight and gel strength of the polypeptide [12]. The molecular weight of gelatin at 35 °C has been
given as 61,500 [13] but is found to be highly variable being up to 100kDa in some references
[14]. Methacrylation of gelatin is possible though an inexpensive straightforward reaction with
methacrylic anhydride that renders it a photo-crosslinkable polymer or macromer called GeIMA
[15, 16]. In this process, some or all of the free amine groups of the gelatin molecule are replaced
with acryloyl groups. Having several acryloyl on a molecule, GeIMA can form a chemically
crosslinked polymer by itself. GelMA hydrogels have been synthesized and used to accommodate
different types of cells and affect cellular behavior including fate determination [17, 18]. The
increasing concentration of GelMA in hydrogel was shown to enhance the cell proliferation and

support differentiation of encapsulated keratinocyte cells [19].
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Biohybrid, natural-synthetic polymer scaffolds synthesized from methacrylated gelatin and the
synthetic monomers, HEMA and HPMA, to yield poly(GelMA-co-HEMA-co-HPMA) as cross-
linked, polymeric hydrogels offer the following advantages. Gelatin confers biodegradability to
the biohybrid polymer, rendering it responsive to ECM proteases in the release of loaded factors.
HPMA confers a high degree of hydration but is expensive. Similar degrees of hydration may be
achieved with co-polymers of HEMA and HPMA, HEMA being less expensive [20]. Due to their
highly hydrophilic nature, most synthetic hydrogels, such as poly(HEMA-co-HPMA), resist
protein adsorption and hence resist integrin mediated attachment of cells. The inclusion of gelatin
promotes receptor-mediated attachment to motifs such as the cell-adhesive tripeptide, Arg-Gly-
Asp (RGD) and other cell-attachment and cueing motifs such as lle-Lys-Val-Ala-Val (IKVAV).
Exactly how much gelatin is actually needed to confer the natural polymer effect/influence remains
a question. Finally, all synthetic polymers may be precisely controlled, being of known molecular
weight and degree of polymerization. Natural polymers, such as gelatin, being from highly variable
sources are likewise highly variable in properties because of variations in exact amino acid
sequence, MW and possible crosslinking. Engineering the composition of poly(GelMA-co-
HEMA-co-HPMA) for effective recruitment of cells and degradative release of factors is the

principal focus of this paper.

Vascular endothelial growth factor (VEGF) is a dimeric glycoprotein of MW 34 to 45 kDa wherein the
monomers are bonded via disulfide bonds [21]. VEGF is a signaling protein expressed by cells
generally during formation of any tissue and serve to regulate angiogenesis and vasculogensis
processes [21, 22]. Its concentration in serum of a healthy individuals is about 0.2 ng/mL [23]. In
endothelial cells, VEGF binds to VEGFR (receptor) on the cell membrane and promotes

proliferation and migration of these cells [24]. Because of dose-sensitivity of cellular response to
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VEGF [25], the release and delivery of this growth factor has been the subject of research for years
[26, 27]. Ideally, a cell-demanded release is sought where the growth factor would be provided
where and when it was required [7]. To this end the growth factor has been physically or covalently
loaded into carriers and subsequently released in response to stimuli received from the
environment; as simple as a solvent diffusion or as complex as enzymes. Diffusion based release

follows Fick’s second law equation. 11.

% _ 00
=Dz (11)
An analytical solution to this equation for films with thickness of & under sink conditions follows

equation 12.

M pt\/2( _ o . 5
=4 (%) {m 2+ 22 (- Dierfo ) (12)
Mt and Moo refer to the amount of factor released at time t and oo, respectively. An estimation of

this equation at early time (Mt /Mo0<63%) is given by equation 13.

Me_, (ﬁ)% _ K (13)

Moo 82
Where k’ is a constant under assumption of constant diffusivity and unchanged film thickness [28].
To consider the effect of polymer chain relaxation on the release of factor, Peppas and Sahlin

suggested the model of equation 14 [29]:

S = gt + key t (14)

o0

In this equation, k1 accounts for the diffusion-controlled release and k2 accounts for the segmental
relaxation of polymer chains, both of which are temperature dependent.
Equation 7 could be re-written as equation 15 and 16 in case of dextran being released from

hydrogel considering the effect of Fickian diffusion and polymer relaxation:

M

a = kltO'5 + k2 t= ]-)eff,DextrantO'5 - Deff,relaxation t (15)
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m - 4’( TR2 ) t - Deff,relaxation t (16)

In the case of a degradable hydrogel, if the degradation occurs as a result of the cleavage of peptide/
polypeptides by an enzyme (proteolysis), it may be assumed to follow Michaelis-Menten kinetics

for which equations 17 and 18 apply.

[S]+ [E] S [S*E] = [P] + [S] (17)
dlP] _ _ _ Vmax[S]
Tar = VT Kutis (18)

The numerical solution to the set of differential equations to describe the kinetic response follows

the format of a Lambert W function.

[S1e = K. W{F (D)} (19)
F(t) = lexp(e — “nex ) (20)

Under certain conditions, the response can be simplified to equations 21 and 22 [30].

[Sle _ _ Yimax i
1510 exp( o t) if [S] << Kwm (21)
[Sle _ _ Vimax i
5o K it [S]>>Kwm (22)

These models enable studying the degradation and release of payload from within an enzymatically
degrading polymeric hydrogel which gives a mathematical insight into the design of scaffold/
delivery vehicle for an optimum response.

In a previous study we reported the synthesis of poly(HEMA-co-HPMA) hydrogels with high
water content and low elastic modulus [20, 31]. In that study the crosslinker concentration and
percentage of HPMA was used to tune the physiochemical and mechanical characteristics of the
hydrogel. The present study reports incorporating GelMA into poly(HEMA-co-HPMA) with the
intent of 1) providing active motifs for cell attachment, 2) enabling proteinase degradation of the

hydrogel, and 3) promoting paracrine-like release of factors. The degradation of poly(GelMA-co-
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HEMA-co-HPMA) in the presence of collagenase and the release of FITC-dextran (40 kDa), a
surrogate of VEGF, a growth factor surrogate is studied with mathematical models describing the
diffusion- and/or degradation-controlled release of the payload. The growth of human umbilical
vein endothelial cells (HUVECSs) on VEGF-containing poly(HEMA-co-HPMA-co-GelMA) was
also investigated..
3.2. Materials and Methods
3.2.1. Materials
The 2-hydroxyethylmethacrylate (HEMA), N-(2-Hydroxypropyl) methacrylamide (HPMA), N-
Tris(hydroxymethyl)methyl]acrylamide (HMMA), poly(ethylene glycol) monomethacrylate
(PEG(360)MA), tetra(ethylene glycol)diacrylate (TEGDA), poly(N-vinylpyrrolidone) (pNVP)
(MW=1.3M), Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP), gelatin (from porcine
skin, del strength 300 g Bloom, type A) octadecyltrichlorosilane (OTS) and Fluorescein
isothiocyanate—dextran (average MW 40,000) were purchased from Sigma Aldrich (St. Louis,
MO). Antibiotic Antimycotic Solution (100x) was purchased from Sigma. For in-vitro study,
primary Human Umbilical Vein Endothelial Cells (HUVECSs, neonatal, pooled, 200P-05N),
Endothelial Cell Growth Medium, Penicillin-Streptomycin, Trypsin-EDTA and trypsin inhibitor
were obtained from Sigma-Aldrich. Rhodamine-phalloidin and DAPI were purchased from
Thermo Fisher Scientific (Waltham, MA). Collagenase, type 2 was purchased from Worthington
Biochemical Corporation (Lakewood, NJ). Cell culture inserts with pore size of 0.4 um purchased
from Corning, Millipore (MA).
3.2.2. Hydrogel Synthesis
Methacrylated gelatin (GelMA) was synthesized according to previously described protocol [1].

Briefly, gelatin was reacted with methacrylic anhydride (Sigma Aldrich) at 1.25 ratio followed by
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dialysis and lyophilization. The degree of methcarylation was measured to be 62% using a
colorimetric assay based on 2,4,6-trinitrobenzenesulfonic acid [2]. Hydrogel cocktails were
prepared based on mol% of functional repeat unit. The syntenic component of the biohybrid
hydrogel comprised HEMA:HPMA (1:1 mol ratio), PEGMA (5 mol%), TEGDA (0.5 mol%),
HMMA (5 mol%), pNVP (viscosity modifier) (2 mol%), LAP (biocompatible photoinitiator) (0.5
mol%). GelMA was added to the cocktail based on mol% achieved by taking an amino acid
sequence containing a methacrylate moiety (62% methacrylation) as repeat unit (approximated to
be MW=1334 g/mol). The ratio of GeIMA was changed by adjusting the concentration of
HEMA:HPMA as main monomers while always maintaining the 1:1 ratio. GeIMA concentrations
of 0.1 and 1.0 mol% (low), 5, 10, and 15 mol% (medium), and 20, 30, 50, 70, and 87 mol% (high)
were explored. All chemicals were dissolved in DI water by extended stirring. After being mixed,
hydrogel cocktails were nitrogen purged and molded into disks (¢=4.5 mm and T= 1.6mm) using
silicone isolators (Grace Biolabs) followed by 150s UV exposure (UV Crosslinker) which ensured
complete cross-linking. Subsequently, hydrogels were gradually hydrated by sequential immersion
in ethanol/ DI water mixtures and equilibrated in DI water for all characterizations except for those
related enzyme mediated release and in-vitro cell culture studies.
3.2.3. Hydrogel characterization

Hydrated hydrogels were equilibrated in 0.1M PBS (pH=7.4) before all measurements. The degree
of hydration was calculated as the difference of hydrated mass in hydrated and dry forms divided
by the hydrated mass [78]. Compressive modulus was measured in compression extension mode

with an Instron 3345 (Norwood, MA) a 0.1 N pre-load up to 10% strain [83].
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3.2.4. Degradation and release profile of hydrogels

The degradation rate of biohybrid hydrogels was determined from cumulative mass loss of the
immersed hydrogel disks. The release rate of FITC-Dextran 40kDa was determined from
cumulative increase in fluorescence intensity of the bathing solution within which the hydrogel
disk was immersed. Both degradation and release were studied at 37 °C in 0.1M PBS (pH=7.4)
and in 0.1M PBS (pH=7.4) containing the enzyme collagenase. For degradation studies, hydrogel
disks (¢=4.5 mm and T=1.6 mm) were lyophilized for obtaining the initial dry mass. The dried
disks were then fully equilibrated in PBS buffer before the test (overnight). Hydrogels were then
incubated in either PBS as control or PBS containing 400 pL of 2.5 U/mL collagenase type Il and
kept in a shaking water bath at 37 °C. At designated times, the disks were moved to 7 mM EDTA
for quenching the enzyme activity and lyophilized once again. This was repeated over many
samples, each corresponding to a particular time, to yield the remaining mass (%) or the cumulative
mass loss (%) in PBS or in collagenase. For release studies, the hydrogel cocktail was formulated
to contain 100 pg/mL of FITC-dextran (40kDa) before being cast into disks (¢p=4.5 mm and T=1.6
mm) and UV-crosslinked. The hydrogel disks were placed in 400 uL of 2.5 U/mL collagenase or
PBS (both containing 1% Antibiotic Antimycotic) following crosslinking. At designated time
points 2 uL of supernatant was sampled and the fluorescence intensity was measured using a
Take3® plate and Synergy HT (BioTek) plate reader. To maintain constant enzyme activity, the
bathing collagenase solution was replaced with a fresh solution every 2-3 days. The cumulatively
released FITC-dextran was then analyzed using relevant mathematical models to provide insight

into the influence of chemical composition and water distribution on release.
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3.2.5. In-vitro study
The cell culture inserts were plasma treated for 15min in a plasma cleaner (Harrick Plasma, NY).
Immediately after treatment, 50uL of warm filter-sterilized 5mol% and 20mol% poly(GelMA-co-
HEMA-co-HPMA) were transferred to the inserts. After a few second, 40uL of the cocktail was
taken our leaving 10uL cocktail in the insert which were subsequently crosslinked in UV-
crosslinker for 180 sec. The inserts then were exposed to ambient UV in a biosafety cabinet for 1
hour for sterilization. The HUVECs were cultured according to the protocol by Sigma-Aldrich
[14]. After confluency, the cells were trypsinized and counted with hemocytometer and diluted to
1x10° Cells/mL. Subsequently, a 200 uL aliquot of cell suspension were transferred to hydrogel
coated cell culture inserts or control (coated with 2% gelatin) led to cell density of 6.6x10%
Cells/cm?. Cells were incubated for 4 days, and then fixed with 4% formaldehyde, permeabilized
with 0.1% Triton x-100, blocked with 5% BSA and stained with rhodamine-phalloidin and DAPI
for visualization.
3.3.  Results and Discussions
3.3.1. Hydrogel characterizations

Degree of hydration- According to Figure 10A, the DoH of 0.1 and 1.0 mol% poly(GelMA-co-
HEMA-co-HPMA) were ~82% and are shown to be higher than the DoH reported for
poly(HEMA-co-HPMA) of 70% [77]. As the concentration of GelMA was increased to 5 mol%
and above, the DoH raised to around 90%, a 12% increase, which then dropped sharply to 60% at
87 mol%. The addition of small and increasing amounts of GelMA conferred the high hydration
characteristics of this natural polymer to the biohybrid hydrogel. However, at high GeIMA content,

the high cross linker concentration overshadowed the swelling and resulted in reduced hydration.
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Distribution of water- The ratio of Wi#/Whnm, known to be a key feature influencing the
biotechnical properties of hydrogels, was larger than unity for all compositions showing the higher
freezable water content of the hydrogel (Figure 10B). The 2.5-fold increase in this ratio in 5 mol%
GelMA compared to 1 mol% GelMA followed exactly the fold-increase of water uptake
suggesting that the difference of adsorbed water by hydrogels present as freezable water within

the hydrogel.

Compressive modulus- The compressive elastic modulus shown in Figure 10C demonstrates the
ability of polymer to withstand load without deformation. Despite of the importance of total water
content within hydrogel on this factor, the ratio of freezable: non-freezable bound water (W#/Wh)

within the hydrogel which dictates the stiffness of the material[77, 107].

All suggesting that the trend does not follow a simple “rue of mixture” and GelMA likely behaved

differently at various concentration.
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Figure 10. Characterization of poly(GelMA-co-HEMA-co-HPMA) hydrogels. (A) Degree of
hydration, (B) water distribution, and (D) compressive modulus

3.3.2. Degradation profile of hydrogel
The remaining mass of hydrogel of different compositions in the presence of collagenase or PBS
was monitored and is shown in Figure 11. At 0.1 and 1.0 mol% GelMA the degradation was slow,
and the mass loss was at around 40% after 50 days. As the concentration of GeIMA was increased,

the compositions with 5 to 30 mol% GelMA degraded at a higher rate, being completely degraded

48



within 6 h and ~10 days, respectively. The trend of mass loss changed again at very high mol% of
GelMA. Hydrogels fashioned with 70 and 87 mol% GelMA lost only 29 and 11% of their mass,
respectively after 5 days. At very low concentrations of GelMA, 0.1 and 1.0 mol%, which
accompanied by 0.5 mol% TEGDA as others, it seemed that the network integrity was held with
the low TEGDA crosslinker even after degradation of GelMA. The cleavage of GelMA chains
though resulted in marginal loss of mass. For poly(GelMA-co-HEMA-co-HPMA) hydrogels with
higher concentrations of GelMA, the contribution of GelMA in the network was substantial
compared to other synthetic substituents, hence its degradation resulted in the whole network to
decompose and eventually be dissolved in the bathing solution. At very high GelMA content, as a
major part of hydrogel was formed from GelMA, the formulation of the polymer resulted in a
highly crosslinked network. Two events likely contributed in the slow degradation of these
hydrogel formulations, the highly crosslinked network hindered the free diffusion and movement
of enzyme within the network and the amount of enzyme was not enough to catalyze the
considerable amount of gelatin in the hydrogel, hence the polymer degraded at an apparent slower
rate. This hypothesis is well reflected in the observed physical characteristics of the degradation
pattern of hydrogels. Hydrogels with 5-15 mol% GelMA became “mushy” and were very soft in
the presence of collagenase as the network lost its integrity showing a bulk degradation pattern.
Those hydrogels with higher GelMA content showed more surface degradation with disks that
became thinner and smaller in size but maintained their physical integrity until being fully

degraded. The 0.1 and 1 mol% had minimal changes of shape during the degradation process.
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Figure 11. Degradation of poly(GeIMA-co-HEMA-co-HPMA) hydrogels based on remained
mass after incubation in collagenase.

The results of degradation profile along with static characteristics (DoH, water distribution, and
modulus) of the various formulations outlined a domain-controlled response of hydrogels to
GelMA concentration. It suggests that there is a critical point in the balance of synthetic: natural
constituents where the role of GeIMA changed from acting like a crosslinker to becoming a main
component. GelMA is synthesized having ~8 methacrylate groups on each chain. Increasing the
GelMA content increase the probability of the chain entanglement and inter- and intra-molecular
crosslinking which resulted in a more compact network with smaller void fraction to accommodate
swelling and enzyme penetration. GelMA being derived from the hydrolysis of collagen, forms
strong intra- and inter-molecular hydrogen bonds with adjacent gelatin molecules resulting in the
formation of beta-sheets, a compact robust structure, that does not allow water penetration. These
observations allow the grouping of the GeIMA hydrogels into three categories: 1) low GelMA
content where GelMA ranges between 0.1 and 1 mol%, 2) medium GelMA content where the
GelMA concentration ranges between 5-15 mol%, and 3) high GeIMA content where the GelMA

concentration is more than 20 mol% GelMA.
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3.3.3. Release profile of FITC-dextran from hydrogel
The release of FITC-dextran (Figure 12) from degrading hydrogels is influenced by cleavage of
the degradation sites and diffusion of the payload into the bathing solution or media. The molarity
of GelMA in this study falls within a range of 0.05-1 mM, if it is assumed that all GelMA are
accessible for the enzyme which is not, as at 50 mol% the hydrogels is highly crosslinked and not
likely prone to bulk degradation at least in early time. Abehaki et al. reported a Michaelis constant,
Kwm, of 0.26 mg/mL for collagenase produced by Bacillus licheniformis F11.4 on collagen from
fish skin Km was reported to be around 1 mM if the molecular weight of the collagen was about
300 kDa. Hence, the hydrogel degradation, which follows the enzyme kinetics, could be simplified
to follow equation. 21. As a result, changes in the average molecular weight of gelatin could be

estimated with equation 23.

M (t) _ _ Vimax
ﬁ = exp( _KM t) (23)

The release of FITC-dextran (40kDa) described by Peppas-Sahlin equation presented earlier
(equation 14) assumes that diffusivity is constant during the release of the payload. In the case of
a degrading polymer, the diffusivity may not be constant and accordingly changes over time as the
hydrogel degrades. The time-dependent diffusivity is proportional to the reciprocal of the average

molecular changes according to equation 24 [108].

M. (0)
M (0)

= D, exp(Z ¢) (24)

D(t) = D, Knn

For the control experiment of FITC-dextran released in PBS, although no enzyme degradation
occurs in the absence of enzyme, as this is a study of release from a non-equilibrated hydrogel, the
swelling of the hydrogel also affects this release process, especially as data confirmed the

hydrogels were highly swellable and adsorbed more that 500% water (Figure 11A), the
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assumption of constant diffusion coefficient is not valid. A non-constant diffusion coefficient
become more important as this model was used in the early phase of release (Mi/M. <0.6) which
is more prone to the influence of swelling dynamics. Swelling occurs as the water molecules
diffuse into the polymer network which mathematically is similar to the diffusion of FITC-dextran
out of the hydrogel. The swelling dynamics similarly follows Fick’s second law of diffusion and

resulted in a time-dependent diffusivity as given by equation 25 [109, 110].
D(t) = D, exp(kt) (25)

By combining equations 16 and 24 and/or 25, the fractional FITC-dextran released from a
degrading poly(GelMA-co-HEMA-co-HPMA) hydrogels in the presence of collagenase and at

early times (M¢M., <0.6) could be estimated with the model presented in equation 26.

M
Moo

Vmax Vmax
= (Do, Fickian * exp(kswelliny Ky t) * t)O.S — Dy, Retaxation * exp(kSwelling Ky t) *t (26)
By replacing the rate constant with tie constant according to 27, 28, and 29:

— -1
T = DO, Fickian

(27)
T = DO, Relaxation_1 (28)
— Vmax -1
Tsp = (kSwelling'm) (29)

Equation 16 can be re-written as equation 30 which was used to analyze the data:

M

= o rexp(rg 0+ 0005 =1/ v exp(Yfrg 1)+t (30)

Moo

The results obtained when using this model for the release of FITC-dextran (40kDa) from

poly(GelMA-co-HEMA-co-HPMA) hydrogels are summarized in Table 6.
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In all domains, the degradation/swelling time constant inferred from the released FITC-dextran in
PBS was smaller in collagenase containing PBS, suggesting the effect of enzymatic degradation
in increasing the magnitude of this time constant. The time constant, Tswelling, Degradation fOr the
hydrogel in enzyme was affected by both swelling and degradation. The three-fold decrease when
compared to the condition in PBS, where only swelling occurred, confirmed the mutually
reinforcing role of swelling and degradation when the hydrogel was in the presence of the enzyme.
While the Tswelling, Degradation IN collagenase was smaller than in PBS in all hydrogels, the fold-
decrease was different in various domain being one third in low, one sixth in medium and one
tenth in high domains. It suggests that degradation affects the release of FITC-dextran 40kDa from
hydrogels with low swellability and more non-freezable water and degradation. The low
swellability of hydrogel indicates a smaller void fraction and pore size in hydrogel, therefore the
loaded dextran was less able to get out of the hydrogel through diffusion. The surface degradation
of the gel or swelling caused the dextran to be released from highly crosslinked hydrogel network
in high domain. When three time constants were compared within each hydrogel composition
when in collagenase, the swelling/degradation time constant was smaller among the three,

suggesting the significant role of swelling/ degradation in the release.

While all loaded with equal concentrations, the cumulative FITC-dextran that was released from
the hydrogels was different based on the hydrogel composition. A FITC-dextran final concertation
of 10 pg/mL was recorded for 15 mol% GelMA in collagenase which was reduced to 7.5 and 4.6
pg/mL from 0.1 and 1.0 mol% GelMA, 7.2 and 3.3 pg/mL from 20 and 87 mol% GelMA,
respectively. The higher release from 15 mol% GelMA was in accordance with the faster

degradation of this hydrogel formulation.
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Using approaches different molecule weights of FITC-Dextran in release studies and changing the
degree of methacrylation of the GelMA while keeping the composition constant would likely give

a better insight into the balance between degradation and swelling in affecting the release of drug

conjugate.
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Figure 12. The Release of 100 pg/ml FITC-dextran 40kDa payload from poly(GelMA-co-
HEMA-co-HPMA) hydrogels at (A) low, (B) medium, and (C) High GeIMA content in 2.5
U/mL collagenase type 2 and PBS.
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Table 6. The Kinetic of total FITC-dextran released from poly(GelMA-co-HEMA-co-HPMA)
hydrogels in 2.5 U/mL collagenase and PBS.

0.1mol% 0.1mol% 1.0mol% 1.0mol%| 15mol% 15molos| 20mMol% 20mol% 87mol% 87mol%
Collagenase PBS Collagenase PBS |Collagenase PBS Collagenase PBS Collagenase PBS

T | 293 109 247 125 32 14 929 516 363 182
(h)
T maion| 668 267 594 287 79 33 | 2206 4223 © 453
(h)

T Sweling, 5 15 11 39 13 77 8 81 18 158

Degradation

(h)

3.3.4. In-vitro study
The florescent images of cells grown on hydrogels coated inserts are shown in Figure 13. On
hydrogel coated inserts Figure 13A and B, the cell attachment followed the path of hydrogel
presence. The results showed that the hydrogel is supportive of cell attachment and growth. The
density of cells was higher on 20 mol% GelMA hydrogels compared to 5 mol% as it provided
more attachment motifs for cells. The cells spread relatively more uniformly on the control gelatin-

coated insert as shown in Figure 13C.

Figure 13. Growth of HUVECs on cell culture insert coated with (A) 5 mol% and (B) 20
mol% GelMA in poly(GelMA-co-HEMA-co-HPMA), and (C) gelatin coated.
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3.4.  Conclusions
Three unique domains of GelMA concentration have been identified in the performance of
biohybrid poly(GelMA-co-HEMA-co-HPMA) hydrogels. Based on both static and Kinetic
characterization these domains of low (0.1-1.0), medium (5-15) and high (>20) suggest the
GelMA mol% content may be used as a tool to control: 1) degradation, 2) release of payload, and
3) favorable cell-scaffold interactions. Collagenase activity served to increase the release of the
factor surrogate but did not alter the mechanism of release for which the rate-controlling step
remained diffusion and not enzyme Kinetics. The use of a 20 mol% GelMA containing
poly(GelMA-co-HEMA-co-HPMA) hydrogel is indicated for its balance of uniform surface
degradation, well controlled release of factor surrogate, and favorable density of motifs for the
recruitment and attachment of HUVECs. Paracrine release of growth factor should be
independently studied, as protease degradation will likely also influence factor activity. The
characterizations performed in this study have established the baseline of performance needed to
choose the right GelMA content of a biohybrid hydrogel when engineering a bioactive scaffold for
the recruitment of HUVECSs and the simultaneous degradation-associated release of factors to

those cells when used as a scaffold.
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4. ELECTRIC CELL STIMULATION OF HUVECS GROWN IN 3-D CULTURE?3
4.1.Introduction

Potentiation of cellular behavior under the influence of mild, sustained and discerning electric
fields (EFs) has been a noble cause of much research [18, 111, 112]. The need for improved
understanding of the physiological response of living cells grown in culture under the influence of
such fields necessitates development of systems for the simultaneous application of EFs and
recording of cellular responses. The nascent production of electroceuticals, locally produced
changes in biochemical activities or biomolecular fluxes under the influence of an EF is an
example of the efficiency of harnessing electrical impulses to treat ailments [113]. The effective
roles of passive electrical cues [13] and external endogenous electrical fields (EF) in-vivo
prompted the use of electrical stimulation (ES) in-vitro, both to better understand the molecular
pathways through which EFs affect cellular process as well as applying such cues as a tool to
control and guide cellular response, e.g. differentiation [111]. This premise has been addressed by
developing devices, systems and setups for electrical stimulation (ES), of in-vivo range, in a
controlled manner to the cells in culture, in-vitro. The application of ES has been associated with
concomitant heat generation, local pH disruption, accumulation of chemical components
(polarization) and possible chemical reactions in the media [114-116]. Electrification systems have
been developed over the years to address the forgoing named issues as well as personalize the

system for specific application [117-119]. Providing a means to deliver electrical signals in-vivo

3 Excerpted and reprinted with permission from “Design, fabrication and testing of an electrical cell
stimulation and recording apparatus (ECSARA) for cells in electroculture” by Abasi, Sara, Aggas, J.R.,

Venkatesh, N., Vallavanatt, 1.G., Guiseppi-Elie, A., 2020. Biosensors and Bioelectronics, 147, 111793, Copyright
[2020] by Elsevier. https://doi.org/10.1016/j.bi0s.2019.111793
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is beneficial in other areas including development of electrocuring bioadhesives where electric

potential is used to initiate the crosslinking of monomers [120, 121].

One of the early approaches to apply an EF was to use Ag/AgCl electrodes through agar salt
bridges. This approach used reversible, separated electrodes such that the inherently harmful bi-
products of electrification (e.g. reactive oxygen species, free silver ions, or wild shifts in local pH)
were made as far away from the living cells as possible [122]. More recently, Xiong et al.
developed an agar salt bridge cell stimulation platform capable of applying DC and square waves
at multiple frequencies in a 6-well system [118]. While effective, there are some inherent
limitations including possibility of contamination, limitation of stimulating signals, duration of the
applied field and recording of an impedimetric response were not addressed. VVunjak-Novakonic’s
group developed a system consisting of two parallel carbon electrodes in a 6 mm petri dish for
stimulating cells within a 3-D construct [117]. Carbon was selected over traditional metals such as
platinum or gold as it showed the highest charge transfer resistance in biological studies [123]. In
this setup, the two rod electrodes were placed on either side of the cell growing plane. The
uniformity of EF between the two electrodes and the field strength delivered to the cells are
questionable and dependent on the shape and size of electrodes as wells as the scaffold where the
cells were cultured. Mobini et al. reported the development of a system which is a simple practical
modification of a common 6-well cell culture plate which provides a means of running multiple
samples under analogous conditions, again, the electrode placement was similar to the previously
developed carbon electrode system, rendering EF uniformity questionable [119]. Other suggested
and developed setups are mostly based on similar electrode configurations. Among these are the
2.5 cm separated coplanar pair of carbon electrodes to deliver DC and pulse signals to HUVEC

cells [124], the Independently Addressable Interdigitated Microsensor Electrodes (IAIMES)
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fashioned from gold (IAIME Au), platinum (IAIME Pt) or indium tin oxide (IAIME ITO) of
ABTECH Scientific Inc., a similarly configured coplanar arrangement of 5, 10, 15 or 20 um line
and spaced electrodes for the study of cell mobility and migration via electrical impedance [125],
the Biomet® OrthoPak® Non-invasive Bone Growth Stimulator to improve bone healing rates
[126], and C-DISH™ launched by IONOPTIX to apply pulse electric fields to cardiomyocytes
[127]. Despite promising results from a wide range of electrode configurations and patterns of
stimulation, the field of electrified cell stimulation still lacks a single system for doing multiple

simultaneous experiments using various stimulation wave forms with simultaneous interrogation.

Another entirely different approach in electrophysiology is to use the electrical properties of cells
as a real-time tool for monitoring cellular processes pioneered by Giaever and Keese in 1984 [128].
Impedance, the opposition that a system presents to a current when a voltage is applied, has been
employed as a meaningful parameter to describe cellular response. Electrical impedance
spectroscopy (EIS), the application of a spectrum of interrogating voltage frequencies, is a
powerful though non-specific tool that is widely used to study the performance of neural electrodes
[129], organoid bodies in organ-on-a-chip models [130], and in drug screening [131]. The power
of the EIS technique is found in the application of the principles of electrodics to the dynamics of
cellular behavior (cell mobility, tight junction formation, ion channel activity, etc.) and sub-
cellular components (membrane permeability, inclusion bodies, polarity of the cells, directional
alignment, etc.) that appear in the resultant complex impedance. EIS data can be analyzed with
equivalent circuit models as simple as the Randles model or more complex models to continuously
study cellular behavior[132]. Lo and Ferrier applied mathematical equations to the experimental
data to model the flow of electrical current into and between the cells seeded on ECIS (Electric

Cell-substrate Impedance Sensing), the biosensor developed by Giaever and Keese, which was
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later commercialized by Applied Biophysics [133, 134]. Another commercially available system
is the impedance-based real-time cell analyzer (RTCA) system by ACEA Biosciences. This system
uses transmission line impedance to monitor changes in cellular impedance behavior [135]. The
cellZscope launched by nanoAnalytics is specialized for measuring the transepithelial/- endothelial
impedance/ resistance of the cells (TEER) [136]. A pair of stainless-steel parallel electrodes were
used to measure the impedance of the cell layer formed on a cell culture insert. Applied

BioPhyisics subsequently offered a very similar device for TEER measurement called TEER 24.

In this chapter, a dual-function Electrical Cell Stimulation and Recording Apparatus (ECSARA)
was designed, fabricated, programmed and applied with the aim of addressing deficiencies of
currently available systems while demonstrating improved performance and reliability.
Furthermore, while the available systems were developed to perform either as a bioreactor or a
monitoring device, the current system of this study combines the two paradigms to allow
concomitant electrical stimulation using variable wave forms and duty cycles in bioreactor mode
while periodically and systematically in a fully programmed manner, measuring the complex
impedance of the cells or organoids under examination. Thus, ECSARA is a tool to apply ES to
cells in 3D culture on porous inserts as well as 3-D organoids while monitoring the cellular

behavior through their electrical impedance [14].
4.2. Electrical Cell Stimulation and Recording Apparatus (ECSARA)
4.2.1. Design criteria

Applying an electric potential between two infinitely wide ideal electrodes within a vacuum
induces a collimated uniform EF between them with a field strength of E= V/d, where E, V, and d
stands for EF strength (\VV/m), applied voltage (V) to the electrodes, and distance (m) between the

two electrodes, respectively. The forgoing establishes a uniform gradient between the idealized
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electrodes. For real electrodes subtending real cell culture media, the distribution of the electrical
field is not uniform, and the gradient is not linear. The ECSARA seeks to apply a uniform EF to
all cells with an expectation that all cells experience the same EF. This was achieved by placing
two opposing disk electrodes with their disk faces parallel to each other and on either side of the
plane of cell culture. This electrode configuration ensures that all the cells in culture were exposed
to a uniform, consistent field. The strength of the effective electric field (E) between the electrodes
is governed by Gauss’ law: E=o/(keo ), where o is the sheet charge density (C/m?), k is the dielectric
constant, and o is the permittivity in vacuum (8.85 x 1012 F/m). With the promise of keeping the
cells away from direct contact with electrodes, hanging cell culture inserts were used to suspend
the cells equidistantly between the two electrodes. These inserts provide a specific footprint for
cell culture to accommodate either direct cell seeding or as a substrate for
scaffolds/tissues/organoids between the electrodes as well as enabling simple transfer of cultures
from the ECSARA for imaging or other evaluation purposes. There exist multiple options for insert
footprint (e.g. $=0.65 cm or A=0.3 cm?), pore size (0.4 - 4.0 um) and membrane material
(polyethylene terephthalate, polytetrafluoroethylene, mixed cellulose esters or polycarbonate). In
order to accommodate the standard commercial insert, the ECSARA electroculture plate was

fashioned as the same physical design parameters as a standard 24-well cell culture plate.
4.2.2. System configuration

The ECSARA system comprised the following four main components: i) the 24-well electroculture
plate (base, body, and lid), ii) the interrogation hardware of signal generator, frequency response
analyzer, multiplexer unit, computer, and associated cabling, iii) the controlling and data

acquisition software, and iv) the data processing and analysis software.
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4.2.3. The 24-well ECSARA electroculture plate
The 24-well ECSARA electroculture plate is a modular design, made of a three-part polymeric
chamber outfitted with metal electrodes. The chamber consists of three discrete parts: lid, body,
and base, all produced from an FDA approved polypropylene (EP42HT-2Med, Tecapro MT, Total
Plastics, Fort Wayne, IN). The Tecapro MT meets the USP Class VI requirement which addresses
the in-vivo cytotoxicity of the material extracts. The chamber was fabricated from a design
developed in Solid Works 2018 (Dassult Systems) using CNC machining (Haas Mill G Codes)
with an accuracy of 0.0001” (inches). Early designs were produced, inspected and validated by
rapid prototyping using a desktop 3-D printer (Stratasys Mojo). All critical external and internal
dimensions of the chamber were selected to replicate a common 24-well tissue culture plate. Figure
14A is an exploded view that shows individual parts and final assembly of the actual electroculture
plate. Titanium grade 23 (6AL-4V ELI) (TMS Titanium, Poway, CA) was used for electrodes of
each well. The top electrode was sourced as rod stock and cut into discrete lengths and the bottom
electrode sourced as sheet stock and cut into plates. Titanium Grade 23 is an alloy that consists of
titanium (88.5 - 91 % purity), carbon (0.08 % max), nitrogen (0.03 % max), oxygen (0.13 % max),
hydrogen (0.0125 % max), vanadium (3.5-4.5 %), aluminum (5.5-6.5 %), and iron (0.25 % max).
The electrode system comprised a single rectangular plate (127 x 85 x 33 mm) that served as a
common return electrode beneath all 24 wells and 24 opposing, independently addressable rod
electrodes (¢ = 4.78 mm and L = 12.44 mm), each rod corresponded to a single well. The sheet
and rod electrodes were mounted within the base and lid, respectively, which kept them separated
by 7.4 mm when in place. The independent wells were sealed with medical grade Viton O-rings
(Apple Rubber, Lancaster, NY) that were placed beneath each well within a circular groove

devised for it which limited the area of the bottom electrode to a disk of 9.91 mm diameter. The
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rod electrodes were sealed into hollow cylindrical housings that extended downwards from the lid
using a cytocompatible, two-component epoxy (EP42HT-2MED clear, MASTER BOND,
Hackensack, NJ). The epoxy formed a thin layer around the metallic rods to both secure them into
the cylindrical housings and ensure that no fluid could seep between the rod and its housing. Thus,
a two-electrode electrification system comprised of A; = 17.95 mm? (top electrode), A, = 77.08
mm? (bottom electrode) separated by 7.4 mm was fashioned. The base and body were screwed
together with twelve Type 316 stainless steel bolts and nuts, evenly distributed throughout the
plate to provide a uniform pressure to the O-rings and thus seal the wells. Electrical connections
were provided by a 25-lead flat cable (28G) secured to each of the 24 rods, through a stainless-
steel screw (Super-Corrosion-Resistant, 2-56 Thread Size, 1/8" Long) into the head of the rod. The

25" |ead served the return electrode.
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Figure 14. (A) An exploded schematic and photographs of the ECSARA electroculture
plate showing lid, body, and base of the electroculture plate with the photograph of the
assembled but opened plate showing top and base electrodes and electrical connections to the
top and bottom electrodes. (B) The timeline of the electric field stimulation and
impedance interrogation commands used by the software, and (C) Schematic illustration
of ECSARA showing the instrumentation control and data acquisition system (hardware).

4.2.4. Interrogation hardware
The interrogation hardware comprised of a signal generator (SDG1025, Siglent, Solon, OH) to
deliver electrical cell stimulation, a frequency response analyzer (FRA) (Solartron 1260A, Ametek
Inc., Berwyn, PA) to collect EIS data, and a data acquisition/multiplexer unit (34970A, Hewlett
Packard, Palo Alto, CA) to multiplex the signal between the generator and FRA as well as

sequentially among each individual well of the 24-well electroculture plate. The interrogation
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hardware was designed so that at any given time, either the signal generator or FRA could be
turned on and into use. As shown in Figure 14C, both working electrodes of the signal generator
and FRA were wired to an actuator channel within the multiplexer unit. The output of this actuator
was directed to a 24-plex multiplexer, where each output of the multiplexer was directed to one of
the 24 rod electrodes located in the cover of the electroculture plate. In a similar fashion, the
counter electrodes of both systems were wired to an actuator which was directed to the return sheet
electrode. This arrangement allowed the actuators to switch between the signal generator and FRA
per need and as programmed. When the signal generator was in use, all 24 channels of the
multiplexer were activated, so that an electrical signal could be applied between each of the 24 rod
electrodes and the return sheet electrode. When the FRA was in use, each channel of the
multiplexer could be sequentially cycled through, allowing for measurement spectra of each

individual well.

4.2.5. Controlling and data acquisition software (CDAS)
Custom instrument control and data acquisition software was developed in LabVIEW. The
interrogation hardware (signal generator, multiplexer unit, and FRA) communicated via a custom
LabVIEW block diagram and Graphical User Interface (GUI) (Figure 14C). The software was
written to execute multiple tasks on a loop over a total experiment runtime (usually several days).
A timeline of the commands used by the software is shown in Figure 14B. Briefly, an electric
signal is applied to selected wells of the electroculture plate for a specified time, then upon
completion, the signal generator is turned off, the software triggers the multiplex unit to switch
over to the impedance analyzer where impedance spectra are measured in a well-by-well manner.

The acquired data are exported into excel workbooks and individual “.z” impedance files.
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The GUI was created to allow customized experiments, with variability in which (if not all) of the
24 wells would be used in a particular experiment, including parameters of the simulation signal
produced by the signal generator, parameters of the impedance analysis, and the total experiment
time. Particularly, the type of signal (square, sinusoidal, triangular, DC), frequency (1 mHz - 50
MHz), amplitude (1 - 20 mV p-to-p) and duty cycle (0-100%) were all programmable. In addition,
parameters of the impedance measurements, such as interrogation signal amplitude, frequency
window (10 pHz - 32 MHz with 0.015 ppm resolution), and number of points to measure per
decade were made variable. The FRA can elecit impedance at frequencies as low as 10 pHz,
however, it should be noted that sampling at low frequencies would be at the cost of losing
contributions from fast-occurring events. Consequently, the frequency range for impedance

acquisition should be set dependent on the type of important information meant to be captured.

4.2.6. Data Processing
The large volume of recorded data (e.g. up to 30 spectral files per well) over the time course of a
five-day electroculture exercise) places unique demands on the data processing component of the
system. The data captured in excel workbooks and as individual “.z” impedance files were
exported and subjected to equivalent circuit analysis using the Expanded Zfit Matlab script. The
customized Expanded Zfit Matlab script was used for large scale equivalent circuit analysis and
was modified to take the recorded data as input and then output the best values of the electrical
circuit elements based on “goodness of fit” () criteria applied to several candidate models. To
be useful, equivalent circuit analysis must be based on models that have a basis in the physical
electrochemistry, electrodics and ionics of the system under examination. Data processing seeks
to extract the equivalent circuit elements attributable to the electrochemical and mass transport

processes to find the key model parameter representing the device under test (DUT) [137]. Data
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processing seeks to extract and ascribe a final membrane resistance (Rcen) and membrane
capacitance (Qcen) attributable to the layer of cells cultured on the cell culture insert between the
electrodes. Real-time, temporal complex impedance data acquired in the CDAS module above
must therefore be modeled using equivalent circuit modeling and the key model parameter

representing Rcen and Qcen extracted and presented as the desired result.
4.3.Materials and Methods
4.3.1. Materials

HEPES buffer, PBS buffer, potassium ferrocyanide/potassium ferricyanide [Fe(ll)/Fe(lll)],
Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose), RPMI-1640 Medium (With L-
glutamine and sodium bicarbonate) were obtained from Sigma Aldrich. De-ionized, ultrapure
water was collected from a Milli-Q® plus (Millipore Inc.) ultrapure water system. For cell culture
studies, primary Human Umbilical Vein Endothelial Cells (HUVECSs, neonatal pooled, 200P-05N)
were obtained from Sigma-Aldrich and cultured according to the protocol provided by the supplier
in Endothelial Cell Growth Medium supplied with 1% Penicillin-Streptomycin (10,000 units
penicillin and 10 mg streptomycin/mL, PS) (Sigma-Aldrich). Trypsin-EDTA (0.25% trypsin,
0.02% EDTA) solution, trypsin inhibitor and gelatin were similarly purchased from Sigma.
Phosphate-buffered saline (PBS) tablets (Gibco, Thermo Fisher Scientific, Waltham, MA) were
dissolved in DI water to prepare 0.01 M (pH 7.4) buffer solution. AlamarBlue™ Cell Viability
Reagent, rhodamine-phalloidin and DAPI were purchased from Thermo Fisher Scientific. Anti-
VE cadherin antibody conjugated to Alexa Fluor 488® was purchased from Santa Cruz

Biotechnology (TX).
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4.3.2. Temporal impedimetric behavior and well-to-well variability

To evaluate the temporal behavior of the system as well as variability between the wells, the
impedance of 2.0 mL of 0.01 M PBS was measured every 6 h over 5 days at 37°C in an incubator
(VWR 2310 CO2 Incubator). Impedance measurements were completed using a 20 mV p-p
sinusoidal voltage from 10 mHz - 1 MHz. Prior to impedance measurements, the top rod electrodes
were mechanically polished with standard polishing kit using 15.0 um diamond slurry (5 min)
followed by 0.05 um alumina (3 min) (Bioanalytical System, Inc., IN) then thoroughly rinsed in

DI water.
4.3.3. Impedimetric behavior of ECSARA using six physiological media

The impedance of 6 different media: DI water, 0.01 M PBS, 0.1 M HEPES, 0.1 M Fe(I1)/ Fe(l11),
DMEM, and RPMI were separately evaluated. These media were chosen as they are the most
common media used in in-vitro cell culture studies. The Fe(ll)/Fe(lll) system is an electroactive
couple often used as a redox probe in biosensor studies. Four wells of the 24-well ECSARA were
filled with 2.0 mL of each media and impedance spectra were collected in an incubator at 37°C

using 20 mV p-p sinusoidal voltage over the range 10 mHz - 1 MHz.
4.3.4. Contribution of cell-culture insert to impedance

To study the contribution of the cell culture insert to the overall impedance of the electroculture
well, 12 polyethylene terephthalate (PET) inserts with pore size of 3.0 um and pore density of 2 x
10° pores/cm? (Corning, Millipore, MA) were pre-hydrated in 0.01 M PBS and placed within 12
wells of the ECSARA and all the 24 wells were filled with 0.01 M PBS. Impedance measurements

were taken under similar conditions as previous tests in the incubator at 37°C every 6 h for 2 days.
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4.3.5. Equivalent circuit analysis

Two equivalent circuit models were used to analyze impedance spectra, the simpler of these, the
Randles Equivalent Circuit (R(QR)), comprises a solution/membrane resistance (Rs or Rwm) in
series with a parallel combination of a charge transfer resistance (Rct) and double layer
capacitance (Qov), thus, (Rsm(QoLRct)) [138] [139]. A more complex equivalent circuit was
developed to better characterize the system in question (Rs(QoxRox)(QoLRct)) or
(LRs(QoxRox)(QoLRcT)), in which an additional parallel resistance and capacitance is placed in
series after the charge transfer resistance and double layer capacitance to signify the resistance and
capacitance of the native oxide layer formed on the surface of the titanium alloy electrodes used
(Rox, Qox). The inductance (L) represents the inherent inductive effect of the ribbon cable which
was calculated to be on the range ~2 pH for the diameter (28G) and length (100 cm) of the cable
used for connecting the plate to the measuring device. All circuits were used in analysis to extract
either the Rs or Rm. The more complex circuit was used as a model to validate the use of the
simpler, less computationally demanding Randles circuit. Equivalent circuit analysis was
completed using either ZSimpWin 3.60 (Princeton Applied Research, Oak Ridge, TN) or the

customized Expanded Zfit MATLAB script (originally written by Dr. Jean-Luc Dellis) [140].
4.3.6. Simulation of electric field (EF) distribution within the well

The 3D geometric model was developed in SolidWorks (2018) according to actual dimensions and
placement of the electrodes and cell culture insert (Millicell® Hanging Cell Culture Inserts,
Millipore, MA). An electrical field and potential simulation were then carried out using 3D-
Maxswell in ANSY'S as an electrostatic study. The electrostatic analysis assumes the system to be
in the low-frequency electromagnetic domain where the displacement currents are negligible and

hence neglected. The analysis is based on the assumption that no current exists in any material and
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objects are either perfect conductors with infinite electric conductivity or perfect insulators with
zero electric conductivity, respectively. Electrical properties of each material were assigned

according to Table 7.

Table 7. Electrical properties of the material components used in the simulation of the
electric field.

Conductivity (S/m) Relative Permittivity

Titanium 1.82 x 10° 1
Polyethylene terephthalate (PET) 1x 101 3
Polystyrene 1x 1016 2.6
Phosphate buffer saline (PBS) 1 80

4.3.7. Implementation of ECSARA in real-time monitoring the effect of electric field on

HUVECs

To explore the effect of EF on HUVECsS, cells were divided into two groups, EF-stimulated cells
and non-EF-stimulated cells or control. The temporal impedance response, metabolic activity via
Alamar Blue assay, and cell morphology via fixation and staining were examined. Cell culture
inserts of pore size corresponding to 0.4 um and pore density of 1 x 102 pores/cm? (12.6% porosity)
(Corning, Millipore, MA) were used to culture HUVECSs. The inserts were incubated (30 min)
with 50 pL of 2wt% gelatin in PBS and washed three time with PBS prior to cell seeding. HUVECs
were cultured to confluency in regular T75 cell culture flask, trypsinized and transferred to inserts
at a seeding level of 5x10* cells/mL (3.3 x10* cells/cm?). The viability of cells was determined to
be 94% using trypan-blue and hemocytometer prior to seeding. At 6 h post seeding, a pulse of 1.2
V corresponded to electric field of 162 mV/mm at frequency of 1.2 Hz and pulse width of 2 ms

was applied to the cells continuously except for the time interrupted for impedance measurement
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(approximately 45 min every 6 hours). Same identical cells were used as control with no exposure
to the EF. The impedance of the test and control wells was measured every 6 h at interrogation
voltage of 20 mV p-t-p and within frequency range of 0.01Hz -1 MHz. The Alamar Blue assay
was performed according to standard protocols. Every 24 h, the media of EF stimulated, and
control wells was replaced with media containing 10% Alamar Blue followed by 2 h incubation in
the incubator. The absorbance of the media was subsequently measured using a Synergy HT
(BioTek Instruments, Inc.). the media containing alarm blue was replaced with regular media after
running the assay. For visualization, the cells on an insert were fixed (4% formaldehyde),
permeabilizated (0.1% Triton x-100), blocked (10% BSA), and stained with anti-VE cadherin
antibody conjugated to Alexa Flor 488®, rhodamine-phalloidin, and DAPI. The membrane was
then cut away from the insert and the cells were imaged with an inverted Zeiss fluorescent

microscope (Observer Z1).

The EIS data collected prior to seeding (media with insert) were modeled to Rm(QoxRox)(QoLRcT)
to extract the values of those equivalent circuit elements which remain constant in the system. The
data collected from continuous EIS measurement following cell seeding were subsequently fitted
to LRm(QcenRcen)(QoxRox)(QoLRcT) keeping the values of L, Qpr, and Rct constant from the
fitted model on the data without cells. Qcen represents the capacitance that the cellular layer
introduced to the system due to their charged membrane and Rcen represent the trans-cellular
resistance due to tight junction formation between the cells as they form a confluent monolayer

and establish a transmembrane resistance.

4.3.8. Statistical analysis

Outliers, which were defined as values outside the 1.5 interquartile range (IQR) of first and third

quartiles were removed. Blocking of data in a randomized complete block design (RCBD) was
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performed using JMP 13.0 (SAS group) for more meaningful comparison. The means were

compared together using a student t-test and p-values < 0.05 were considered significant.
4.4. Results and Discussion
4.4.1. Temporal study and well-to-well variability

Impedance spectra of cells in culture supported on inserts that were measured continually over a
six-day period were expected to reveal changes in their trans-membrane permeability, the quality
of tight-junctions between and among cells and the overall density of cells. These were expected
to manifest as changes to the value of the cell-related circuit elements of an appropriate equivalent
circuit model. However, changes in the media pH, redox potential (EH), ion concentration, protein
production and protein adsorption onto electrodes are expected to contribute to temporal changes
in impedance spectra. These must be distinguished from temporal drift arising from changes to the
system itself. System drift was measured as a temporal effect to the resolved solution resistance,
Rs, of 0.01 M phosphate buffered saline (PBS) determined every 6 h over 5 days at 37°C. Rs was
calculated by modeling the EIS data using an Rs(QoxRox)(QoLRct) model. A randomized
complete block design (RCBD) was used by taking the response of the 24 wells as a block. Other
than four time points where Rs was significantly different (p < 0.01), the magnitude of Rs remained
the same over the entire time period. Well-to-well variability was studied from the temporal
analysis of Rs, which showed no discernable pattern with time. To evaluate the variation between
the wells, Rs for each well was averaged over time. The average of each well was then compared
with other wells using RCBD and taking the time as a block. The average Rs of the wells was

37.59 + 5.29 Q-.cm? with one well that was significantly different (p < 0.01) from the rest.
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Figure 15A shows the elements of the R(QR)(QR) equivalent circuit averaged over 24 wells
measured at five time points (every 24 h) when the wells contained PBS at 37°C. Figure 15B
shows the magnitude of Rs for four randomly selected wells as well as the average of all 24 wells
over time. Statistical analysis showed that Rs did not depend on time and the variation did not
follow a time-based trend. Rs, solution resistance, was chosen to represent stability of the system
as all the events occurring within the solution in this case are counted in this parameter. The pattern
of variation suggests that the Rs values extracted from impedance measurements might have been
sensitive to some other factor, possibly some environmental factor such as vibration of the work

platform and/or electrical noise in the room.

The possibility of using the simpler Rs(QoLRct) model was evaluated. The 2 for Rs(QoLRcT) and
Rs(QoxRox) (QoLRcT) was 0.60 + 0.09 and 0.50 £ 0.08, respectively. The results showed that the
magnitude of Rs (a parameter of interest) was at maximum 2% different from the values calculated
from Rs(QoxRox)(QoLRct) and followed the same trend (data not shown). The variation of Rs
however was slightly higher for Rs(QoLRct) compared to the Rs(QoxRox)(QoLRct) model,
therefore the more complex R(QR)(QR) model was found to be more appropriate for data

interpretation.
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Figure 15. Results of the temporal and well-to-well variability study showing (A) the result
of equivalent circuit analysis of EIS data collected from 0.01 M PBS every 24 h averaged
over 24 wells and (B) the changes in magnitude of Rs over 5 days shown for four randomly
selected wells and the average of all 24 wells.

The titanium alloy used in the system is a commonly used material in biomedical implants, because
of the formation of a biocompatible and corrosion resistant passive oxide layer (principally TiO2)
[141]. One of the design concerns was that the formation of such an oxide layer would change the
temporal electrode characteristics hence affect the impedance. The result of the temporal study
indicated that such chemical phenomena did not contribute in the magnitude of solution or
membrane resistance in the configuration employed. It was shown by Tamilselvi et al., however,
that formation of an oxide layer on Ti—6AI-4V ELI alloy changed the charge transfer resistance

and double layer capacitance significantly. In the same study, the formation of a stable passive
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oxide layer was estimated to occur during 360 h. It should be noted that the cleaning technique
that was applied in the mentioned study [141] was more aggressive than what was used for
ECSARA. In fact, a gentler polishing, that is good enough to clean the electrodes but not
completely remove the oxide layer, was preferred in this study in order to have a stable electrode
performance. While the presence of an oxide layer increases the charge transfer resistance, there
is not a practical way to prevent growth of such a native layer hence the electrodes won’t be stable
in the case of complete removal. Moreover, the formation of the oxide layer results in the current
being delivered capacitively which is a safer way to deliver electrical stimulation to the living
specimens. It is for the forgoing reasons that cells were presented in a stand-off configuration on

cell culture inserts and not in direct contact with electrodes.
4.4.2. Characterization of the ECSARA with different media

The difference in the electrolyte strength of the media considerably affected the magnitude of the
double layer capacitance, Qpi, and charge transfer resistance, Rct, but was expected to principally
affect the magnitude of the solution resistance, Rs. Therefore, to more accurately identify the
magnitudes of Qor, RcT, and Rs, the inductance (L) element, representing the system’s cabling,
was added to the equivalent circuit model. The results of equivalent circuit LR(QR)(QR) model
analysis is summarized in Figure 16. The magnitude of inductance was calculated to be 9 + 2
pH-cm2 for different media which was a very close approximation to what theoretically calculated
for the specific ribbon cable used in this system. The size of Qp. was calculated to be ~0.5
nS-sec"-cm? for DI water and HEPES (weak electrolyte) and ~20 uS-sec™-cm for PBS, DMEM,
RPMI, and Fe(ll)Fe(l11) (redox electrolyte). Higher ion content in the later groups resulted to larger
double layer capacitance [142]. The capacitance and resistance attributed to the oxide-laden

interface were retained in the range of ~12 pS-sec"-cm? and ~4 MQ-cm? and were not influenced
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by the type of media. The small dependency of the oxide layer on the type of media was expected
as such a layer is identical for the titanium electrodes in different wells. The Rs was calculated to
be 53+6, 54422, 34+2, 3442, 32+2, and 64 Q.cm? for DI water, HEPES, PBS, RPMI, DMEM,
and Fe(11)Fe(l11), respectively. The magnitude of Rs followed expectation of being decreased with
the increase of ionic strength of the media. To better quantify any possible contribution of protein
adsorption to the well impedance, the contribution of serum protein within RPMI media on the
temporal impedance data was also evaluated. The results showed no significant difference in either

Rs (Rm) or Ret when compared to the other media.
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Figure 16. The results of equivalent circuit analysis of EIS data collected from six different
media: DI water, 0.1 M HEPES, 0.01 M PBS, RPMI, DMEM, and Fe(Il)Fe(III) at 37 °C.

4.4.3. Contribution of cell-culture insert to the impedance

The contribution of placing a microporous membrane (insert) to the impedance was evaluated in
PBS and compared with the condition of having no insert. The results are reflected in Table 8 and

indicates that the presence of the insert (of any pore size) resulted in an increase of around 75% in
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apparent solution (membrane) resistance, Rs, independent of the membrane pore size of the insert.
The porous membrane allows the free transport of fluids between the compartments, however, as
the results indicate, the presence of the insert affected the measured apparent solution resistance
of the wells [143]. This is believed to arise from a membrane potential that opposes the streaming

of ions through the membrane [144] [145].

Table 8. The effect of the presence of cell culture inserts with membrane pore size of 0.4 and
3 pm on the impedance of electroculture wells containing PBS (n=3).

R (Q-cmz)

PBS (no insert) 46.4+0.5
0.4 pm pore size 81.4+£53
3.0 pm pore size 79.4+ 2.0

4.4.4. Simulation of electric field (EF) distribution within the well

The exploded version of the model used for analysis and response of the system to the application
of 50 mV to the top and grounded bottom electrode of a single well are shown in Figure 17. A
steadily decreasing field strength is observed along a line connecting the center of the two
electrodes which peeks at the insert as the EF is stronger at the insulator based on Gauss’s Law
(Figure 17D). The EF on the membrane, Figure 17E, shown to be uniform across the membrane’s
surface confirms the uniformity assumption of EF in the design. The two far 0.5 mm region in the
beginning and end of membrane are the edges where the membrane is sealed to the insert. The
effect of insert porosity was also evaluated by assigning a weighted average permittivity (simple
rule of mixtures) to the membrane based on the permittivity of PET (¢ = 3) and PBS (&g = 80).
Figure 17E show the 2D distribution of EF along a line connecting the center of top and bottom

electrodes with increasing porosity from 0% (no membrane) to 100% (PET) in 10% increments
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which shows the uniform EF distribution on the membrane. Figure 17F shows the EF and potential
on top of the membrane as a function of porosity. As shown, the EF on top of membrane depends
on the porosity and is highest when the porosity is 0% (pure PET) and decreases as the membrane
become more porous. In practice, the porosity of commercially available membrane used in
hanging cell culture insert is 10%-15%, therefore the cells do not experience a large difference in

EF depending on the membrane porosity.
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Figure 17. Electric field distribution within a single well of the 24-well electroculture plate:
(A) An exploded view of the well model. The EF distribution between the two electrodes upon
application of 50 mV with (B) no insert and (C) an insert of 10% membrane porosity. (D)
The EF strength along a line connecting the top and bottom electrode when there is no insert
and with insert of 10% porosity. (E) The EF strength along the diameter on the cell-bearing
top and bottom surfaces. (F) The magnitude of EF (left) and potential (right) on the
membrane (D= 3.106 mm) upon application of 50 mV as a function of membrane porosity (0
-100%).

4.4.5. EF effect on HUVECs monitored by EIS in ECSARA
According to the viability data presented in Figure 18A, during the first day, the HUVEC
population of EF-stimulated group was smaller than control (0.8-fold), they outnumbered the

control after 3 days (1.2 fold) and stayed at that level from day-4 onwards. The data suggest that
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the growth was initially inhibited by EF stimulation but eventually adapted to support the
proliferation of the cells until both test and control cells formed a confluent monolayer at about
the fourth day of culture. Temporal changes in the extracted resistance of the cells (Rcen) measured
over a five-day period are shown in Figure 18C. The Rcei was attributed to the combined presence
of HUVECs on the porous membrane of the insert from the EQCRT corresponding to
LRs(QcellRcen)(QoxRox)(QoLRct). The resistance of EF-stimulated and control cells started to
increase at 54 h and 78 h, respectively and reached a constant level at 102 h. The resistance of the
monolayer of HUVEC cells, known as TEER, has been vastly used as an indicator of formation of
epithelial/endothelial monolayer and formation of tight junctions [146]. The growth rate of the
HUVECSs using viability data is shown in Figure 18B presents the ratio of the absorbance relative
to the last time point (previous day) is in accordance with the EIS data where it is shown that EF-
stimulated HUVECSs reached to higher number/ confluency faster than control cells as have been
reported previously [147, 148]. It is noteworthy that formation of tight junctions, clearly traceable
with transmembrane resistance, could be different for different cell numbers since, while the cell
population may increase, tight junctions may not form. The optical micrographs taken of sacrificed
insert shows the approach to confluence as the HUVEC layer became established on the insert.
The visualization of VE-cadherin, a protein expressed in tight junctions, confirmed that adjacent
cells formed tight junctions, which resist ions/ molecules transport through the monolayer which
reflected in the measured increase in resistance. The effect of EF on endothelial cells has been
mostly investigated in terms of orientation and migration of these cells [149, 150], which in the
case of the present study, as the plate is not designed to deliver the EF-parallel to the growth plane
of the cells, no substantial changes in morphology was observed. The effectiveness of the EF on

the expression of angiogenic factors by HUVECS in-vitro has been also reported [124, 151] which

79



shows the effect of FE beyond the morphometric parameters. The effect of shear stress and flow
force in microfluidic system [152], inspired by the movement of blood in the vessels, have been
vastly investigated and shown to clearly affect HUVECs [153]. EF as another type of force, could
be compared to such mechanical stimulation. The positive effect of pulsatile signals on
angiogenesis at frequencies similar to heart rate (72 beats/min corresponded to 1.2 Hz) [124, 154]

could be supportive of the hypothesis of similarity between mechanical and electrical stimulations.
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4.5. Conclusions
Electric field has been named as one of the influential factors in wide variety of phenomena from
influencing chemical reactions to altering biological transport phenomena. An electrification
system, the ECSARA, for the simultaneous EF stimulation and AC interrogation of cells has been
designed, constructed, modeled and tested with HUVECs. The ECSARA offers a true bi-functional
platform to study the influence of electrical stimulation and real-time monitoring of the response
via EIS. Within the 24-well electroculture well format, a uniform electric field is applied to cells
cultured on microporous membranes of cell culture inserts. Stable, reproducible measurement of
impedance was demonstrated over a five-day cell culture period. A wide variety of media
demonstrate stable performance with solution resistances that match the known ion concentrations
and mobilities. ECSARA was used to apply electrical stimulation to HUVECs while monitoring
the evolving impedance of the cells. The well-known transepithelial/transendothelial electrical
resistance (TEER) was studied over a six-day day period and showed an increase of Rcen as the
cells grew to confluence in accordance with data collected from standard Alamar Blue viability
assay. The EF showed to reduce the tie to confluency of HUVECSs. Monitoring Rcen confirmed the

suitability of the ECSARA as a real-time monitoring device.
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5. SUMMARY AND FUTURE WORK
Since Folkman and Haudenscild reported the occurrence of an in-vitro angiogenesis, [155],
there is much advancement in tissue and regenerative engineering of cardiovascular-related
biology. There is still much to learn and explore, after all human body evolved over millions of
years. In this work the development of a hybrid hydrogel based on an inexpensive modification
of gelatin was presented from the very early phase of development and characterization of
the synthetic part, poly(HEMA-co-HPMA). The importance of water content and distribution,
the main solvent of the hydrogel environment, was discussed and the hypothesis of crucial
role of freezable: non-freezable bound water ratio on hydrogel’s biotechnical properties was
backed with experimental data and evidence. The control on the release of pre-loaded FITC-
dextran from hydrogel by tuning the ratio of two main monomers, HEMA and HPMA from a
burst-like to a gentler release profile was discussed. With the aim of rendering the polymer
degradable, a straight-forward methacrylation modification of gelatin was used to synthesize
GelMA which then photo-crosslinked along with other acryloyl-bearing monomers to
yield a hybrid, degradable poly(GelMA-co-HEMA-co-HPMA) hydrogel. The mol%
concentration of GelMA varied to tune the water content and distribution within the gel,
compressive modulus, degradation rate, the release of pre-loaded growth factor surrogate
FITC-dextran 40kDa, and cell attachment motifs. An inexpensive tunable platform was

introduced and characterized which supports a wide range of application per requirements.

Aiming to apply electrical signals to the cells, a dual-function Electrical Cell Stimulation and
Recording Apparatus was developed. The system developed to meet several needs and
requirements, 1) the size and shape would be compatible with common cell culture practice

setting which was addressed with a footprint of a common cell culture 24-well plate. This enabled the use
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of standard trans-well cell culture insert for seeding the cells; 2) No direct seeding of cells on
electrodes to avoid the transient changes in the media in vicinity of electrodes. This was met by
using trans-well inserts which additionally provided a 3-D culture environment for the cells; 3)
uniform electrical field along the cells growth plane, which addressed by embedding disk
electrodes at top and bottom of each well which resulted in a uniform EF perpendicular to the
plane where cells grow; 4) wide range of stimulation and minimal user involvement which was
achieved via the use a function generator capable of delivering a wide range of waveforms,
frequencies, and amplitudes. The whole system was controlled with a LabVIEW-developed
interface towards automation. Additionally, the electrical stimulation mode, the system was
designed to use powerful Electrical Impedance Spectroscopy (EIS) as a non-invasive tool for real-
time monitoring of the cells. The characterization of the system confirmed a stable temporal
response and non-significant well-to-well variation which are the prerequisite of a scientific
experiment. The growth of endothelial cells in the system under mild electrical stimulation was
studied and the suitability of using EIS monitoring tool was tested along with a standard viability
assay. The results suggested an accelerated growth and faster onset of tight junction formation
during a 5-day stimulation with pulses of 1.2 Hz frequency and 2 mS width delivering an electric

field of 162 mV/mm strength.

The future work could include testing the paracrine release of VEGF from degradable
poly(GelMA-co-HEMA-co-HPMA) hydrogels grown in either normal or electro-culture to study
1) the efficacy of controlled release of VEGF on growth of HUVECs, 2) the synergistic effect of
VEGF and electro stimulation on cells. Additionally, to gain a fundamental insight into pathways
through which the electric stimulation influences cells, analytical biological characterization such

as RNA-seq, immunocytochemistry, and RT-PCR should be accompanied the studies.
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