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Abstract—Device failure due to undesired biological
responses remains a substantial roadblock in the develop-
ment and translation of new devices into clinical care.
Polyethylene glycol (PEG)-based hydrogel coatings can be
used to confer antifouling properties to medical devices—en-
abling minimization of biological responses such as bacterial
infection, thrombosis, and foreign body reactions. Applica-
tion of hydrogel coatings to diverse substrates requires
careful consideration of multiple material factors. Herein, we
report a systematic investigation of two coating methods: (1)
traditional photoinitiated hydrogel coatings; (2) diffusion-
mediated, redox-initiated hydrogel coatings. The effects of
method, substrate, and compositional variables on the
resulting hydrogel coating thickness are presented. To
expand the redox-based method to include high molecular
weight macromers, a mechanistic investigation of the role of
cure rate and macromer viscosity was necessary to balance
solution infiltration and gelation. Overall, these structure—
property relationships provide users with a toolbox for
hydrogel coating design for a broad range of medical devices.

Keywords—Hydrogel coatings, Redox initiation, Photoiniti-
ation, Poly(ethylene glycol) hydrogels.

INTRODUCTION

Device failure due to undesired biological responses
remains a substantial roadblock in the development
and translation of new devices into clinical care. For
example, biofouling of urinary catheters results in a
high incidence of urinary tract infections (12-25%)
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upon usage,’’ and synthetic vascular grafts require
lifelong anticoagulation therapy with a high associated
cost and complications.*>>® Soft tissue-like hydrogels
are a popular material to better guide the biological
response; however, hydrogels lack the durability to
withstand handling or physiological loading in many
applications as standalone materials.***"%® Hydrogel
coatings provide the opportunity to decouple biologi-
cal design criteria from requisite device mechanical
properties. This opens the possibility of adding
antifouling properties to medical devices—enabling
minimization of biological responses such as bacterial
infection, thrombosis, and foreign body reactions.
Polyethylene glycol (PEG)-based hydrogels are com-
monly selected for this purpose due to their established
structure—property relationships,''#%:3>-*%4 history of
safety in broad applications,?'#+30:32:55:38:64 4 hd facile
incorporation of biological cues.® '%!>!¢ Despite these
desirable properties, methods for forming and char-
acterizing PEG-based hydrogel coatings are under-re-
ported in the literature.

The most common method used to apply PEG-
based hydrogel coatings utilize photoinitiated
crosslinking. For example, our previous work de-
scribed photocured hydrogel coatings in multilayered
small-diameter vascular grafts®>'>* and heart
valves.***+47 Protective PEG-dimethacrylate coatings
have also been utilized in neural implants and other
biomedical applications.'”?*¥"=° In the photoinitia-
tion curing process, a hydrogel precursor solution
containing a photo-initiator is placed into a mold
containing the substrate of choice, and the solution is
crosslinked via exposure to UV light (Fig. 1a). Tuning
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FIGURE 1.

Hydrogel coating fabrication methods. (a) Photoinitiated radical crosslinking mechanism with radical generation

mediated by UV exposure. (b) Photocured hydrogel coating on a small diameter vascular graft and (c) 3D printed stent. (d) Redox
initiated radical crosslinking mechanism with diffusion-based radical generation due to the redox reaction between ammonium
persulfate and iron gluconate. (e) Redox-initiated hydrogel coating on a small diameter vascular graft and (f) 3D printed stent.

of the hydrogel coating is necessary to meet the
requirements of different applications. Modulus is
primarily controlled by the precursor solution com-
position (macromer molecular weight, polymer con-
centration, crosslinker).'"!3**% Although tunable in
terms of hydrogel composition, thickness and shape of
the construct are determined by the mold. Multiple
molds must be employed for each substrate geometry
and target coating thickness. It is experimentally dif-
ficult to achieve thin, uniform coatings or conformable
coatings of complex shapes with this mold-based
approach (Fig. 1b and 1¢), which limits photoinitiated
hydrogel coatings to relatively simple geometries (flat,
tubular substrates) with target thicknesses > 100 mi-
crons.

To achieve hydrogel coatings on materials with
more complex geometries, researchers have developed
newer methods that do not require molds. Several
research groups have accomplished this with surface
initiation,***"% surface bridging,**°"%* or diffusion-
mediated crosslinking processes.”’>4 Yu er al.
developed an interfacial interpenetration strategy to
form ““hydrogel skins™ of poly(acrylic acid), poly(N,N-
dimethylacrylamide), poly(N-vinylpyrrolidone), and
poly(hydroxyethyl) methacrylate hydrogels.®' Johnson
et al. utilized enzyme-mediated redox chain initiation
to generate conformal, micrometer-scale PEG-based
hydrogel layers.?”-*® Glucose oxidase is used to gener-
ate a glucose-dependent source of hydrogen peroxide
that reacts with Fe?" to initiate hydrogel crosslinking.
Thus, glucose diffusion from the substrate can be used
to  provide temporal control and  spatial
localization.”®*® The Grande-Allen lab utilized this
crosslinking platform with PEGDA and PEG-diacry-
lamide to coat decellularized bovine heart valves with a

thin and conformable hydrogel layer.*’ Ma et al.
developed a similar diffusion-based approach based on
leaching of Fe*" from 3D printed constructs to initiate
hydrogel crosslinking at the surface after reaction with
a peroxide intiator.’’ To expand this approach and
remove the requirement for compounding with ferrous
iron prior to coating, our lab developed an adsorption-
based redox approach. Iron gluconate (IG) adsorption
to a substrate and diffusion-mediated desorption from
the surface can be used to initiate the reduction of
ammonium persulfate (APS) for crosslinking at the
substrate surface (Fig. 1d).>® This method enabled
conformable hydrogel coatings with tunable thickness
at multiple molecular weights and polymer concen-
trations (Figs. le and 1f). Additionally, this method
yields tunable thickness over time, eliminating the need
for multiple molds. However, due to the increased
complexity of the redox crosslinking platform, greater
consideration of fabrication conditions is necessary to
tune these coatings for individual applications. Con-
centrations of each reagent (APS, IG, macromer) af-
fect reaction kinetics, and macromer molecular weight
affects both acrylate concentration and solution vis-
cosity, 12:26:28.54.58

Both the conventional photoinitiated coating
method and the newer diffusion-mediated redox coat-
ing method have advantages and limitations that re-
quire consideration of the intended application and
substrate of interest. The goal of this paper is to pro-
vide readers with the design considerations for both
platforms and the tools necessary to tailor these
methods to meet the needs of the target application.
Electrospun mesh substrates, a material widely used in
biomedical applications, were used in this investigation
as an example substrate for consideration.” First,
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design parameters of photoinitiated hydrogel coatings
are presented and compared to the redox-initiated
hydrogel coatings. In photopolymerized systems, ini-
tial coating thickness is dependent on mold geometry;
whereas, the diffusion-mediated redox method con-
trols coating thickness by IG concentration and mac-
romer immersion time. Both of the methods are
dependent on compositional determinants of swelling
degree to predict the final hydrogel coating thickness.
An added challenge of the diffusion-mediated redox
system in regards to higher molecular weight macro-
mer applications is then discussed and a series of
experiments used to elucidate key parameters and
prevent coating delamination. Finally, individual ef-
fects of substrate properties and processing prior to
coating is demonstrated. Ultimately, this work pro-
vides users with guidelines to adapt these coating
methods to a broad range of device applications.

EXPERIMENTAL

Materials

Reagents were purchased from Sigma-Aldrich and
used without further purification unless otherwise no-
ted.

Fabrication of Electrospun Meshes

Bionate® 80A (DSM Biomedical Inc., Berkeley,
CA, USA) was dissolved in 70:30 dimethylac-
etamide:tetrahydrofuran at 14 wt% to generate elec-
trospinning solutions. The polymer solution was
pumped at a flow rate of 0.5 mL/h from a 20-gauge
blunted syringe needle onto a rotating mandrel (50
RPM) positioned 50 cm from the needle tip. Electro-
spinning was performed under controlled humidity
between 40 and 50% with temperatures of 21.0-
26.5 °C. Using a high voltage source, the mandrel was
charged at — 5 kV and the necedle tip voltage range
from + 11.5 to 15.5 kV to maintain Taylor cone sta-
bility. Meshes were spun for 3.5-4 h to obtain the
desired thickness (~ 0.13-0.18 mm, n = 15). Follow-
ing spinning, the mandrel with attached mesh was
annealed at 70 °C overnight. The meshes were char-
acterized via scanning electron microscopy (SEM) by
taking three sections of the mesh with five images ta-
ken per section for a total of 15 images per mesh, SI
Fig. 1. Fiber diameter was obtained from the images in
ImageJ by drawing a midline across the SEM image
and measuring the first ten fibers that crossed the line
for a total of 150 fibers per mesh.
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Synthesis of PEGDA

Poly(ethylene glycol) diacrylate (PEGDA) was
synthesized as previously described.!' Briefly, a solu-
tion of PEG diol in anhydrous dichloromethane was
prepared under a nitrogen atmosphere (PEG 3.4 kDa
or 10 kDa, 0.1 mmol/mL; PEG 20 kDa, 15 wt%;
1 mol equivalents). Anhydrous triethylamine (2 mol
equivalents) was added dropwise, followed by drop-
wise addition of acryloyl chloride (4 mol equivalents).
The reaction was stirred for 24 h after addition for
PEGDA 3.4 kDa and 10 kDa and 48 h after addition
for PEGDA 20 kDa. The reaction was then neutral-
ized with a potassium bicarbonate wash (8 mol
equivalents) and dried with anhydrous sodium sulfate.
PEGDA was precipitated in chilled diethyl ether, fil-
tered, and dried at room temperature overnight fol-
lowed by vacuum drying for 5 min. Product acrylation
was determined using proton nuclear magnetic reso-
nance ("H NMR) spectroscopy. Spectra were recorded
on a Varian MR-400 400 MHz spectrometer and
analyzed using an internal reference of TMS/solvent
signal. Polymers with conversions of hydroxyl to
acrylate end groups over 85% were used in this work.
'"H-.NMR (CDCl3): 3.6 ppm (m, —OCH,CH>-),
4.3 ppm (t, -CH,OCO-), 6.1 ppm (dd, -CH =CH,),
5.8 and 6.4 ppm (dd, -CH = CH,).

Hydrogel Composite Fabrication and Characterization
Precursor Preparation

All polymer solutions were prepared by dissolving
PEGDA (3.4, 10, or 20 kDa) in deionized water at a
concentration of 10 or 20 wt%/vol. For photoinitiated
hydrogels, precursor solutions with 0.1 wt% Irgacure
2959 were prepared. For hydrogel coatings, precursor
solutions were prepared with ammonium persulfate
(0.01, 0.025, 0.05, or 0.1 wt%).

Photoinitiated Hydrogel Composite Fabrication

Photoinitiated bulk hydrogels were fabricated by
placing precursor solutions between 1.5 mm spaced
glass plates and curing on a UV transilluminator
(UVP, 25-W, 365 nm) for 6 min on both sides. Pho-
toinitiated composites were prepared by soaking mesh
substrates in precursor solutions for 30 min prior to
crosslinking. Mesh samples (0.15-0.16 mm) were then
placed between glass slides, held by coverslips to set
thickness (two No. 1 coverslips, 0.32-0.36 mm spaced),
and precursor solution was pipetted between the glass
slides. Samples were cured on a UV transilluminator
for 6 min on both sides identically to bulk hydrogels.
Thicknesses of mesh and hydrogel coatings at



PEG-Based Hydrogel Coatings: Design Tools for Biomedical Applications 1807

crosslinking and equilibrium swelling was character-
ized with force-normalized calipers (Mitutoyo, n = 9).

Diffusion-Mediated Redox Hydrogel Composite Fabri-
cation

Redox hydrogel coatings were formed as previously
described with minor modifications.’® Electrospun
mesh samples (120-190 um thick) were cut to
5 x 10 mm and passed through a graded ethanol ramp
(70, 50, 30, and 0% ethanol in water, 15 min each)
prior to use to ensure proper wetting of the substrate
with the iron gluconate (IG) solution and homogenous
adsorption of the IG to the substrate. Mesh substrates
(0.12-0.19 mm thick) were then coated in a solution of
IG (3 wt% [Fe? '] as determined with the Ferrozine
Assay)®® via adsorption by soaking ramped meshes in
IG for 15 min. After soaking, meshes were briefly
dipped in methanol then dried under compressed air
for 1 min. After drying, meshes were immediately
transferred to 3D printed clamps (SI Fig. 2) and im-
mersed in aqueous solutions of PEGDA with APS
(detailed above) for 10, 20, or 30 s in a 96 well plate.
After fabrication, composites were either immediately
immersed in deionized water or allowed to continue
crosslinking for 15 min or until dry (~ 2 h). All com-
posites were then washed in deionized water with three
exchanges of water at 10 min, 15 min, and overnight to
remove the sol fraction.

The minimum concentration of APS necessary to
form hydrogels was determined by characterizing the
mass of dried hydrogels (3.4 kDa 10 wt%, 20 kDa
10 wt% or 20 wt%) at three APS concentrations (0.01,
0.025, or 0.05 wt% APS). The mass of dry composites
after swelling and removal of the sol fraction was
weighed and the mass of the uncoated meshes sub-
tracted. If the resultant mass of the dry hydrogel
was > 0.1 mg, a gel was considered to have formed
n = 12).

The effect of molecular weight and macromer con-
centration (3.4 or 20 kDa, 10 or 20 wt%, 0.05 wt%
APS), time,'*'**> and APS concentration (20 kDa
10 wt%, 0.05 wt% or 0.1 wt% APS, 30 s) on hydrogel
coating thickness was determined (n = 12). Compos-
ites were first trimmed to eliminate edge effects and
then thickness was measured with a force-normalized
caliper (Mitutoyo). The effect of swelling on dimen-
sional changes were determined by measuring com-
posite thickness immediately after curing and again
after swelling overnight (n = 12).

Statistical Analysis

The data for all measurements are displayed as
mean =+ standard deviation. An analysis of variation

(ANOVA) comparison utilizing Tukey’s multiple
comparison test was used to analyze the significance of
data among multiple compositions. Outliers were
removed using a ROUT analysis (Q = 0.1%). All tests
were carried out at a 95% confidence interval
(» < 0.05).

RESULTS AND DISCUSSION

Hydrogel coatings have enabled broad innovation
in medical device design through the decoupling of
surface properties from bulk mechanical durability. In
this study, two fabrication methods for hydrogel
coatings are described. To demonstrate the benefits
and limitations of photoinitiated and redox-initiated
radical crosslinking methods, key design variables of
each method were characterized including composi-
tional control, swelling behavior, and substrate effects.

Photoinitiated Hydrogel Coatings

The primary variable used to control hydrogel
coating thickness with photointiation is through mold
geometry. Hydrogel composites (10 wt% 3.4 kDa)
were fabricated between glass slides spaced with a
range of thickness (0.3, 0.6, or 0.9 mm), photopoly-
merized, and swollen (Fig. 2a). As expected, the
thickness of swollen composites increased with
increasing mold thickness with the final hydrogel
thickness dependent on the equilibrium swelling of the
hydrogel coating. The effects of macromer molecular
weight and concentration of the final coating thickness
were then evaluated. As expected, thicknesses of
composites at cure were similar (SI Fig. 3); whereas,
there were distinct differences in the final hydrogel
swelling thickness. Swelling ratios were determined by
comparing thickness at the swollen state to the as-
cured thickness (n = 9). Average swelling ratios of
hydrogel composites were 1.4 + 0.3, 2.3 + 0.2, and
2.5+ 0.2 for 10 wt% 3.4 kDa, 10 wt% 20 kDa, or 20
wt% 20 kDa, respectively. There was a significant
difference in swelling based on macromer molecular
weight (3.4 kDa vs. 20 kDa, p < 0.0001); whereas, the
effect of polymer concentration (10 vs. 20 wt%) of the
20 kDa composites was not stastically different
(» = 0.2261).

For photopolymerized hydrogels, both molding and
swelling effects must be considered to achieve desired
thicknesses. Lower macromer molecular weight
(3.4 kDa) resulted in minimal dimensional change
post-swelling; whereas, larger macromer molecular
weights (20 kDa) caused over a two-fold increase in
thickness change post-swelling. To attain a target
thickness, one must characterize the swelling properties
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(a) Mold-Based Thickness Control

(b) Composition Effects on Swelling-Induced Thickness Changes
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FIGURE 2. Photoinitiated hydrogel coating thickness control and swelling effects. (a) Hydrogel coating thickness is controlled
with mold geometry and the equilibrium swelling of the hydrogel (PEGDA 3.4 kDa). (b) Composition effects on swelling-induced
thickness changes of hydrogel coatings with regards to macromer molecular weight and concentration. * represents a significant

difference with p < 0.0001. Scale bar represents 500 ym.

of each hydrogel composition in their coating appli-
cation to select an appropriate mold. In bulk pho-
topolymerized hydrogels, swelling ratios are affected
by both macromer molecular weight and concentra-
tion. In this study of hydrogel coatings, only macromer
molecular weight had a significant effect on swelling
ratio (Fig. 2b). In these studies, swelling ratios were
estimated by the ratio of swollen to as-cured thickness.
Higher macromer molecular weight compositions had
higher swelling ratios, consistent with previous stud-
ies''; whereas, higher concentrations did not corre-
spond with lower swelling ratios. In contrast to the
method employed here to estimate swelling, bulk
hydrogel swelling ratios are calculated with volumetric
swelling or mass-based to volumetric swelling meth-
ods.* We expect that substrate effects cause restric-
tions to dimensional changes, and this is responsible
for the observed phenomonen. Photopolymerized
coatings on electrospun mesh substrates are adhered
via a thread-hole topology as described by Yang
et al.”® The interdigitated portion of the hydrogel
prevents the surface portion from uniform swelling.
We hypothesize nonuniform stresses in the pho-
topolymerized coatings resulted in the unexpected
swelling results. To rigorously characterize these
swelling effects, model-informed thickness control of
substrate and hydrogel coating could be employed.

Additional considerations of the photointiation
mold setup for hydrogel coatings are substrate geom-
etry and coating uniformity. Simple geometries such as
flat sheets and tubular constructs can be fabricated
with molds, but more complex substrates such as tri-
leaflet valves or stents are limited. For non-rigid sub-
strates, uneven coating thickness can result in
differential swelling forces that deform the substrate.
In addition, it is difficult to form hydrogel coatings of
uniform thicknesses on thin substrates with this
molding approach.
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Redox-Initiated Hydrogel Coatings

There are several variables used to control coating
thickness in the redox diffusion-mediated crosslinking
system (Fig. 3). To demonstrate key design criteria,
growth kinetics of hydrogel coatings as a function of
APS concentration and macromer molecular weight
and concentration were investigated. Hydrogel coat-
ings successfully formed for all compositions except
PEGDA 3.4 kDa at 10 s (Fig. 3a). Each condition
resulted in significant hydrogel thickness growth with
time (10 wt% PEGDA 20 kDa at 0.05 and 0.1 wt%
APS: p < 0.0001; PEGDA 34 at 10 wt%:
p < 0.0001; PEGDA 20 kDa at 20 wt%: p < 0.0001,
Fig. 3a). The thinnest hydrogel compositions were
40 £ 20 um for PEGDA 3.4 kDa at 20 s (Fig. 3a), and
the thickest compositions were 500 + 40 um for 20
wt% PEGDA 20 kDa at 30 s (Fig. 3a). These results
demonstrate the ability of this system to be tuned by
initiator concentration and time regardless of macro-
mer molecular weight.

We previously reported the mechanism for redox
diffusion-mediated crosslinking.”® As IG desorbs from
the surface and diffuses into the solution, redox reac-
tions between APS and IG form persulfate radicals
that facilitate the polymerization of reactive polymer
end groups. Hydrogel coating thickness increases over
time as IG diffuses further into solution. In the present
study, the diffusion-mediated crosslinking system
yielded growth kinetics specific to each composition
tested. Increased initiator concentration (0.05 to 0.1
wt%) resulted in thicker hydrogel coatings at each time
point (p < 0.01, » = 12). This increase in thickness
was hypothesized to be a result of faster crosslinking
kinetics at higher initiator concentrations. It is well
established that higher concentrations of redox reac-
tants result in faster gelation time.'>>” This system can
also be tuned by raising or lowering IG concentrations
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FIGURE 3. Redox-initiated hydrogel coating thickness control and swelling effects. (a) Hydrogel coating thickness is tunable with
time and composition: initiator concentration (10 wt%, 20 kDa), macromer molecular weight (10 wt% solution, 0.05 wt% APS), and
macromer concentration (20 kDa, 0.05 wt% APS). (b) As cured thickness of redox hydrogels compared to swollen thickness with
regards to macromer molecular weight and concentration (30 s immersion time). ***Significant difference at p < 0.001,
****significant difference at p < 0.0001, *difference from all groups at a 99.9% CI. The scale bar represents 500 um.

with similar thickness effects (SI Fig. 4). Similar to the
photoinitiated hydrogel coatings, the final coating
thickness is also dependent on the equilibrium swelling
of the hydrogel network. Increased macromer molec-
ular weight (3.4 to 20 kDa) resulted in thicker hydrogel
coatings at all time points (p < 0.001, » = 12) with an
estimated swelling ratio of PEGDA 3.4 kDa was
1.1 £0.1 as compared to 1.5+ 0.2 for 20 kDa
(» < 0.0001, n = 12). Increased polymer concentra-
tion (10 to 20 wt% PEGDA 20 kDa) also resulted in
thicker as-cured hydrogel coatings at all time points
(p < 0.001, n = 12); however, the swelling ratios of
PEGDA 20 kDa at 10 and 20 wt% were not signifi-
cantly different, 1.5 £ 0.2 and 1.7 £ 0.1 for 10 and 20
wt%, respectively (n = 12). As-cured hydrogel thick-
ness for 10 wt% PEGDA 20 kDa was 210 + 40 ym as
compared to 300 £+ 20 um for 20 wt% (30s, SI
p < 0.0001, n = 12).This result was contrary to our

previous findings for PEGDA 3.4 kDa, where
increased macromer concentration resulted in hydrogel
coatings with similar as-cured thicknesses differences
but significant differences in swelling ratio.>® In this
system, faster crosslinking kinetics led to thicker
coatings. It was hypothesized that increased viscosity
and number of functional groups at higher macromer
concentration additionally led to faster crosslinking
kinetics in this diffusion-mediated system. These re-
sults demonstrate the high degree of tunability in the
redox diffusion-mediated crosslinking system and
highlight the number of necessary factors for consid-
eration to successfully implement this methodology.
In comparing the two coating methods, the swelling
ratios were lower in the redox diffusion-mediated sys-
tem for all compositions (10 wt% PEGDA 3.4 kDa:
p < 0.0004; 10 wt% PEGDA 20 kDa: p < 0.0001; 20
wt% PEGDA 20 kDa: p < 0.0001; n=9; SI
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Fig. 5B). For 10 wt% PEGDA 3.4 kDa compositions,
photoinitiated coatings had a swelling ratio of
1.4 £ 0.3 in comparison to 1.1 & 0.1 for the redox-
initiated coatings (SI p < 0.0001, n = 9). Overall,
both systems can be used to generate coatings in a
range of thicknesses and each require consideration of
swelling effects on final composite thickness. The re-
dox-initiated system can be used to achieve a broader
range of coating thicknesses and applied as a con-
formable coating of complex geometries.

Preventing Delamination of Redox-Initiated Hydrogel
Coatings

Preliminary studies of the redox-initiated coating
system conducted with high molecular weight PEGDA
20 kDa resulted in delamination after swelling. This
delamination was not observed with previous studies
that used lower macromer molecular weight (3.4 kDa),
Fig. 4a. The ability to utilize higher molecular weight
macromers is necessary for the fabrication of robust
hydrogel coatings.'*®> Hydrogel delamination results
when the swelling forces exceed the strength of the
hydrogel network. Given that delamination was not
observed in photoinitiated coatings despite their higher
degree of dimensional change with swelling (SI
Fig. 5B) we hypothesized that it was a lack of inter-
digitation with the substrate in the redox-initiated
coatings that caused the failure. To understand inter-
digitation, surface interactions of the substrate and
hydrogel precursor solution in the photopolymeriza-
tion and redox systems were considered. In prepara-
tion for photopolymerization, substrates are soaked in
the polymer solution prior to crosslinking to ensure
solution infiltration. In the redox-initiated coating

(a) Hydrogel Delamination at High
Macromer Molecular Weight

system, substrates are exposed to the polymer solution
upon crosslinking with gelation occurring in as little as
10 s. The redox system relies on desorption of IG from
the mesh as well as diffusion of APS and polymer into
the mesh. This substrate has ~ 12 um sized pores,
significantly larger than the hydrodynamic radius of
PEGDA even at 20 kDa, 7.4 nm.* However, high
macromer solution viscosities slow diffusion and vis-
cosity is further increased during gelation.’” Because
gelation occurs so quickly in the diffusion-mediated
redox platform, there is only a short period of time
allowed for the precursor solution to infiltrate the
mesh. When cure rates are fast and the time to gelation
short, the macromer solution does not have time to
infiltrate the mesh prior to gelation. This results in
poor anchoring that fail upon swelling of the hydrogel
coating (Fig. 4a).

To ameliorate the issue of delamination, we
hypothesized that decreasing cure rate and prolonging
cure time could improve interdigitation by allowing
more time for macromer diffusion into the substrate
(Fig. 4a). Increasing APS concentration results in fas-
ter onset of gelation and complete network formation
in bulk hydrogels.”” To slow the cure rate while still
forming a gel, the minimum APS concentration nec-
essary for a hydrogel coating to form was investigated
(SI Fig. 7). For both 10 wt% PEGDA 3.4 and 20 kDa,
0.05 wt% APS was the minimum concentration nec-
essary to consistently form a hydrogel at a 20s
immersion time (n = 12). This APS concentration was
used to conduct the thickness studies described in the
prior section of this work. Interestingly, 20 wt%
PEGDA 20 kDa formed a hydrogel with APS con-
centrations as low as 0.01 wt% (n = 12). Increasing
macromer concentration increases both precursor

(b) Scheme of Interdigitation During Crosslinking
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FIGURE 4. Delamination considerations in the design of redox-initiated hydrogel coatings. (a) Representative images displaying
the effect of macromer molecular weight on swelling-induced delamination of hydrogel coatings. (b) Schematic of hydrogel
interdigitation in redox-initiated hydrogel coatings as a function of precursor solution viscosity and cure rate.
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solution viscosity and number of reactive groups. The unreacted APS in the as-formed hydrogel to continue
number of reactive acrylate groups for 10 wt% PEG- building crosslinking density after removal of the
DA 3.4 kDa is 3x higher than that of 20 wt% PEGDA composite from the precursor solution (SI Fig. 5 and
20 kDa, yet 10 wt% PEGDA 3.4 kDa does not form Fig. 6A). To test this hypothesis, the effect of pro-
gels at 0.025 wt%. The viscosity of 20 wt% PEGDA longed crosslinking duration was assessed for 10 wt%
20 kDa is ~ 20x higher than that of 10 wt% PEGDA PEGDA 20 kDa hydrogels at 0.05 wt% APS (Figs. 5b

3.4 kDa. This comparison demonstrates the significant and 5c). Composites were either quenched immediately
impact viscosity has on hydrogel formation in this after initial crosslinking or allowed to sit overnight.
system, supported by the increased growth kinetics Their thicknesses as-cured and after overnight swelling

demonstrated with 20 wt% PEGDA 20 kDa relative to were determined (Fig. 5b). Swollen thicknesses with
10 wt% PEGDA 20 kDa (Fig. 3a). Despite the prolonged crosslinking via an overnight sit were sig-

increased diffusional time at the lower APS concen- nificantly lower than the no sit condition (p < 0.0001,
tration, delamination of the 10 wt% PEGDA 20 kDa n = 12). Lower swelling indicates the crosslinking
hydrogels was still observed and the coatings were density of the network was increased with an overnight
qualitatively softer than coatings fabricated at higher sit. Further, immediate delamination after overnight
APS concentration. We hypothesized that this was the swelling was eliminated with the introduction of an
result of reduced crosslink density at the lower APS overnight sit, Fig. 5c. This supports that improved
concentration, Fig. 5a. In the original redox diffusion- crosslinking density prevented rapid delamination. To
mediated crosslinking method, the redox reaction is enable successful utilization of the redox diffusion-
quenched immediately after removal of the coating mediated crosslinking platform with high molecular
from the soaking solution.’® It was hypothesized that weight macromers, the methodology of the redox-dif-
excess IG in the composite could react with any fusion mediated crosslinking system was then updated,
(a) Effect of Initiator Concentration on (b) Effect of Crosslinking Duration (¢) Delamination with Swelling
Network Formation over Time on Swelling of Hydrogel Coating
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FIGURE 5. Impact of crosslinking duration on delamination of redox-initiated hydrogel coatings. (a) Schematic depiction of
crosslinking density over time as a function of initial initiator concentration. (b) Effect of crosslinking duration on the thicknesses of
hydrogel coatings immediately after cure and after swelling (10 wt% PEGDA 20 kDa, 0.05 wt% APS solutions, n = 12). Representative
images of hydrogel coatings as cured and after swelling for 24 h (10 wt% PEGDA 20 kDa, 0.05 wt% APS solutions, n = 12) (c).
Schematic representation of updated crosslinking method (d). A coated substrate is immersed in polymer and initiator solution with
hydrogel coating thickness increasing with time as the iron diffuses away from the substrate. Hydrogel composites are allowed to
continue curing overnight after removal from the crosslinking solution. Hydrogel composites are then soaked in water to remove
residual redox reagents and terminate the reaction. * indicates a significant difference at p < 0.0001
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(a) Mesh Fiber Size Effects

(b) Substrate Processing Effects
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FIGURE 6. Substrate considerations for both crosslinking modalities. (a) Effect of electrospun mesh fiber size on composites (10
wt% PEGDA 20 kDa) for UV and redox crosslinking methods. (b) Hydrophobic substrates prevent effective wetting and hydrogel
coating formation. Pre-wetting with an ethanol ramp improves polymer diffusivity into mesh for photoinitiated hydrogel coatings.
Redox-initiated hydrogel coatings start with an initial step of coating electrospun mesh substrates with iron gluconate through
adsorption. The effect of drying time on wetting of the substrate. Scale bar represents 20 um.

Fig. 5d. Concentrations of IG and APS were both
lowered from our initial publication to slow cure
rate.’® Additionally, a prolonged crosslinking period
after the dip coating was introduced to allow
crosslinking to continue in air to facilitate complete
network formation. These changes enabled more ro-
bust hydrogel coatings.

Substrate Considerations

Finally, consideration of substrate properties and
processing is important in both photopolymerized
hydrogel coatings and redox-initiated hydrogel coat-
ings. To this end, the role of substrate microarchitec-
ture and hydrophobicity on resulting hydrogel coatings
was investigated. First, photopolymerized and redox-
based hydrogels were formed on electrospun meshes
with two fiber sizes (1 and 10 ym), Fig. 6a. Both
composites successfully formed on these meshes with-
out sensitivity to the microarchitecture. In contrast,
uniform coating was highly dependent on solution
penetration of the mesh (Fig. 6b). Without pre-treat-
ment, a 10 wt% PEGDA 20 kDa solution displayed
limited penetration into the hydrophobic polyurethane
mesh. When meshes are coated in hydrophilic IG for
use in redox initiation, some wetting of the
hydrophobic substrate occurs but full solution pene-
tration is heterogeneous. For photopolymerized
hydrogel coatings, hydrophobic substrates can be used
after running a graded ethanol ramp to improve wet-
tability. For redox-diffusion mediated crosslinking, a
graded ethanol ramp is not recommended as this can
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change the concentration of IG on the substrate and
subsequent crosslinking kinetics. As an alternative
method, the researcher can immediately transition
from the IG coating to the macromer solution soak
without drying, Fig. 6b. The degree of drying follow-
ing the methanol quench will be dependent on the
substrate geometry and hydrophobicity. In our expe-
rience, microfibrous structures trap bubbles and have
slower and more heterogenous wetting than larger
geometries such as 3D printed stents.

Conclusion

The studies presented here provide design consid-
erations for implementation of the well-established
photopolymerization crosslinking method and the re-
cently developed redox-initiated hydrogel coating
method. Photopolymerization gelation kinetics have
been rigorously characterized by many researchers,
including factors such as reaction kinetics, polymer
diffusivity, and complicating factors such as auto
acceleration and auto deceleration.' %73 Redox-
based crosslinking methods are diverse and include
many redox pairs with unique reaction kinet-
ics.H318:21.22.3357 Tntroducing further complexity to a
redox-initiated process by taking advantage of diffu-
sion-dependent kinetics requires further characteriza-
tion for successful implementation.”® Use of the redox-
initiated crosslinking system presented here specifically
requires careful consideration of the interplay of vis-
cosity and crosslinking rate on the hydrogel system.
The mechanisms proposed in this work can be used by
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other researchers to tune this platform to their appli-
cation. Macromer viscosities and functional groups
can vary widely depending on the system used. To
utilize the redox-initiated crosslinking method, a step-
wise protocol development is suggested. First,
researchers should characterize adsorption/desorption
kinetics of their desired redox coupling pair on the
substrate. Next, the minimum concentration of the
redox pair in solution that reliably forms hydrogel
coatings in the desired timeframe should be deter-
mined. Finally, characterization of the growth kinetics
of their hydrogel coating under these set conditions is
needed to develop a robust and tunable hydrogel
coating methodology. Overall, this study describes and
provides tools for the utilization of two important
methods for hydrogel coating fabrication, both with
their own benefits and limitations. Importantly, this
study enables fabrication of high molecular weight
hydrogel coatings for damage resistant applications.
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