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Abstract

Poly(ethylene glycol) (PEG) hydrogels are widely used to deliver therapeutic biomolecules, due to
high hydrophilicity, tunable physicochemical properties, and anti-fouling properties. Although
different hydrogel crosslinking mechanisms are known to result in distinct network structures, it is
still unknown how these various mechanisms influence biomolecule release. Here we compared
the effects of chain-growth and step-growth polymerization for hydrogel crosslinking on the
efficiency of protein release and diffusivity. For chain-growth-polymerized PEG hydrogels, while
decreasing PEG concentration increased both the protein release efficiency and diffusivity, it was
unexpected to find out that increasing PEG molecular weight did not significantly change either
parameter. In contrast, for step-growth-polymerized PEG hydrogels, both decreasing PEG
concentration and increasing PEG molecular weight resulted in an increase in the protein release
efficiency and diffusivity. For step-growth-polymerized hydrogels, the protein release efficiency
and diffusivity were further decreased by increasing crosslink functionality (4-arm to 8-arm) of the
chosen monomer. Altogether, our results demonstrate that the crosslinking mechanism has a
differential effect on controlling protein release, and this study provides valuable information for
the rational design of hydrogels for sophisticated drug delivery.

Introduction

Poly(ethylene glycol) (PEG) hydrogels have been widely used for the delivery of therapeutic
proteins due to their tissue-like water content, tunable physicochemical properties, and
resistance to non-specific protein adsorption.1=# To construct chemically stable PEG
hydrogels as delivery vehicles, the two most commonly used hydrogel crosslinking
mechanisms are chain-growth and step-growth polymerization.® For either crosslinking
mechanism, the hydrogel mesh size can be modulated to control protein release.® The mesh
size is commonly controlled by varying the monomer molecular weight and
concentration.>’ As an example, hydrogels with a mesh size smaller than the hydrodynamic
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radius of encapsulated protein will result in sustained release of the proteins. Previous
studies demonstrated that increasing the PEG molecular weight or lowering the PEG
concentration increased the diffusivity of various small molecules and proteins from both
chain-growth-polymerized®-10 and step-growth-polymerized PEG hydrogels.1! However, no
direct comparisons of protein release have been performed between these two types of
hydrogels.

It is known that chain-growth polymerization can create a more heterogeneous network
structure than step-growth polymerization.®> Chain-growth-polymerized hydrogels are
formed by rapid propagation of active centers through monomers containing multiple
carbon—carbon double bonds (¢.g.PEG diacrylate (PEGDA) and PEG dimethacrylate
(PEGDMA)), which forms a high-molecular-weight kinetic chain, serving as a crosslinking
point (Fig. S1t1). Due to the random nature of radical propagation and termination in chain-
growth-polymerization, crosslink functionality or the number of arms per crosslinking point
is not fixed across the hydrogel. On the other hand, step-growth-polymerized hydrogels are
more homogeneous because they are formed by reacting at least two multifunctional
monomers with mutually reactive groups, and each monomer with defined functionality
serves as a crosslinking point.12 Since these two crosslinking mechanisms form different
hydrogel network structures, varying the monomer molecular weight or concentration may
have a differential effect on varying the hydrogel mesh size, which can ultimately influence
protein release from the hydrogels. Previously, we have shown that varying the monomer
molecular weight or concentration can differentially influence protein accumulation in the
three-dimensional PEG hydrogel formed by different crosslinking mechanisms.13 However,
the effect of the crosslinking mechanism on protein release is still unknown because the
hydrogel crosslinking process can be altered in the presence of encapsulated proteins or
therapeutics. Therefore, the goal of the study was to investigate how chain-growth and step-
growth polymerization influence the effect of varying the PEG molecular weight or
concentration on the efficiency of encapsulated protein release and protein diffusivity. Since
distinct crosslinking mechanisms yield different hydrogel network structures, we
hypothesize that varying the molecular weight and concentration of PEG for generating
chain-growth- or step-growth-polymerized hydrogels would have differential effects on
protein release efficiency and diffusivity.

To verify this, we prepared chain-growth- and step-growth-polymerized hydrogels with
different PEG molecular weights (2, 2.5, 4, 5 kDa), concentrations (10%, 15%, 20% (w/Vv)),
and functionalities (linear, 4-arm, 8-arm) (Fig. 1). Bovine serum albumin (BSA), a model
protein, was encapsulated in chain-growth- or step-growth-polymerized PEG hydrogels, and
BSA release was monitored over periods of hours to weeks. To characterize the efficiency of
BSA release from these hydrogels, we evaluated the percentage of total protein release.
Protein diffusivity was calculated by fitting the fractional BSA release profile to a three-
dimensional Fickian model.1* We believe this study helps deepen our understanding of how
the hydrogel crosslinking mechanism influences protein release. We anticipate that our
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observations will guide the rational design and evaluation of hydrogels for sophisticated
drug delivery.

Experimental section

Materials

PEG (molecular weight (MW) 2 kDa, 4 kDa), K,COg3, dichloromethane, acryloyl chloride,
Kl, Celite® 521, 4-(dimethylamino)-pyridine, N,V -diisopropylcarbodiimide, 5-
norbornene-2-carboxylic acid, NaH, allyl bromide, 2,2-dimethoxy-1,2-diphenylethan-1-one,
dithiothreitol, tetrahydrofuran, and thioacetic acid were purchased from Sigma-Aldrich (St
Louis, MO, USA). 4-(2-Hydroxyethoxy)phenyl-(2-hydroxy-2-propyl)ketone (Irgacure 2959)
was purchased from BASF (Florham Park, NJ, USA). PEGDA (MW 5 kDa) was purchased
from Laysan Bio (Arab, AL, USA). Four-arm PEG (MW 5 kDa), 4-arm PEG-thiol (MW 5
kDa), 8-arm PEG (MW 10 kDa), and 8-arm PEG-thiol (MW 10 kDa) were purchased from
JenKem Technology (Allen, TX, USA). PEGDA (MW 2 kDa, 4 kDa), 8-arm PEG-
norbornene (MW 10 kDa), 4-arm PEG-norbornene (MW 5 kDa), and PEG-dithiol (MW 1.5
kDa) were synthesized in house. BSA was purchased from Fisher Scientific (Pittsburg, PA,
USA). The BioRad Protein Assay was purchased from BioRad (Hercules, CA, USA).

Polymer synthesis

To synthesize PEGDA (2 kDa), linear PEG (2 kDa) was dissolved in dichloromethane with 3
eg. (mole equivalents with respect to hydroxyls) K,CO3. Three eq. acryloyl chloride and 0.1
eg. KI were added to the solution. The solution was stirred at 0—4 °C overnight and filtered
with Celite® 521 to remove insoluble materials. The product was collected through
evaporation of the solvent and precipitation in cold ether. The product was purified by
dialysis against deionized water (MCO 1 kDa) for 2 days, followed by lyophilization for 2-3
days to collect the purified product. PEGDA (4 kDa) was synthesized via the same
procedure. Conversion ratios of >95% were confirmed with proton nuclear magnetic
resonance (*H NMR; data not shown).

Four-arm and eight-arm PEG-norbornene (PEG-NB) were synthesized as previously
reported.12:16 Four-arm PEG (5 kDa) was dissolved in dichloromethane plus 0.2 eq. 4-
(dimethylamino) pyridine and 3 eq. 5-norbornene-2-carboxylic acid. After cooling the
solution in an ice bath, 3 eq. N,V ~diisopropylcarbodiimide were added to the solution.
After overnight stirring, the reaction mixture was filtered and concentrated by evaporating
most of the solvent. The concentrated solution was then poured into ice-cold diethyl ether to
precipitate the product. Eight-arm PEG-norbornene (10 kDa) was synthesized viathe same
procedure. Conversion ratios of >95% were confirmed with!H NMR (data not shown).

PEG-dithiol was synthesized as previously reported.116 Linear PEG (1.5 kDa) was
dissolved in tetrahydrofuran followed by the addition of 5 eq. NaH and 2 eq. allyl bromide.
After overnight stirring, the solution was filtered, concentrated, and precipitated in ice-cold
diethylether. The resulting PEG-allyl was dissolved in dichloromethane with 0.5% (w/v) 2,2-
dimethoxy-1,2-diphenylethan-1-one and 2 eg. thioacetic acid. The solution was then
exposed to ultraviolet light (365 nm, 4 mW cm™2; UVP XX-15S lamp (Upland, CA, USA))
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for 1 h and the PEG thioester was precipitated in ice-cold ether. The product was dissolved
in ammonium methanol, and 0.5 eq. dithiothreitol were added to avoid disulfide formation.
After stirring for 3 h, the product was precipitated in ice-cold ether. A conversion ratio of
>95% was confirmed withH NMR (data not shown).

Protein encapsulation and hydrogel formation

To encapsulate BSA in hydrogels, BSA solution (2% (w/v)) was made by dissolving BSA in
phosphate-buffered saline (PBS) with photoinitiator Irgacure 2959 (0.05% (w/v)). To make
the chain-growth-polymerized hydrogel precursor solution, PEGDA of different molecular
weights (2 kDa, 4 kDa, 5 kDa) and concentrations (10%, 15%, 20% (w/v)) was dissolved in
BSA solution (Table S1t). For the step-growth-polymerized hydrogel precursor solution,
multi-arm norbornene-terminated PEG and thiol-terminated PEG were dissolved in the BSA
solution in a stoichiometrically balanced ratio (Table S17). To form hydrogels, 50 uL of
precursor solution were added to a cylindrical gel mold (5 mm diameter, 3 mm thickness)
and exposed to ultraviolet light (365 nm, 4 mW cm~2) for 5 min. Four replicates were
constructed for each combination of molecular weight and concentration.

Protein release

M,

Hydrogels with preloaded BSA were incubated in fresh PBS (200 pL). At each time point,
the supernatant was collected, and the hydrogels were moved to new wells with 200 uL of
fresh PBS to mimic infinite sink conditions until protein release plateaued. The BioRad
Protein Assay was used to quantify the initial BSA concentration in the precursor solution
and the BSA concentration in the collected supernatant. The BSA loading amount (M gaq)
for each hydrogel was calculated by multiplying the measured BSA concentration in the
precursor solution by the volume of each gel (50 pL). BSA released into the supernatant at
each time point was calculated by multiplying the measured BSA concentration by the
supernatant volume (200 pL). Cumulative BSA release (M) at time fwas obtained by
summing the amount of BSA released up to time ¢ Total cumulative releasable BSA (M)
was defined as the value of M;at plateau.

BSA release profiles were examined in terms of releasable BSA (M{ M y3q) and fractional
BSA release (M{Mx). To determine the efficiency of BSA release, total releasable BSA
(Mool M_oaq) Was estimated by accumulating releasable BSA (M M o4q) until the data
plateaued. BSA diffusivity (D) was calculated by fitting the fractional BSA release profile
(M{ M) to a three-dimensional Fickian diffusion model of a disk-shaped gel with a
uniform initial concentration and an equal surface concentration:14

I, 4<Dt>% (Dt) W(Dt)%+4(Dt>% % 8(Dt> ) (Dt>% 27r<Dt
=4l — ) —7|—|—%|—= — | —— — |2l —5 ) ——=|—=
M, ma? ma?) 3\ ma? 2 l Ta? a2 3 \ma?

The geometry of the final, swollen hydrogel was taken into account when calculating protein
diffusivity (& gel diameter, £ gel thickness).
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Statistical analysis

Data are presented as mean + standard deviation (/7= 4). Unpaired Student’s #test was used
for between-group comparisons. P-Values less than 0.05 were considered statistically
significant.

Results and discussion

Effect of varying the PEG MW on BSA release from chain-growth- and step-growth-
polymerized hydrogels

First, we examined the effect of varying the PEG MW on BSA release from chain-growth-
and step-growth-polymerized hydrogels (Fig. 2). Surprisingly, varying the PEG MW in
chain-growth-polymerized hydrogels did not lead to significant differences in the release
efficiency of BSA or in BSA diffusivity. All chain-growth-polymerized hydrogel groups
released ~50% of loaded BSA (Fig. 2A). There were no significant differences between
fractional BSA release profiles (Fig. 2B), which led to no significant differences in BSA
diffusivity (Fig. 2C). On the other hand, varying the PEG MW in step-growth-polymerized
hydrogels significantly changed the efficiency of BSA release and BSA diffusivity.
Increasing the PEG MW from 2.5 kDa to 4 kDa led to a 1.3-fold increase in the efficiency of
BSA release (Fig. 2D). Increasing the PEG MW also led to a faster fractional BSA release,
thereby increasing BSA diffusivity by 1.9-fold (Fig. 2E and F).

Effect of varying the PEG concentration on BSA release from chain-growth-and step-
growth-polymerized hydrogels

Next, we examined the effect of varying the PEG concentration on BSA release from chain-
growth- and step-growth-polymerized hydrogels. In contrast to the effect of varying the PEG
MW (Fig. 2), increasing the PEG concentration decreased the efficiency of BSA release and
BSA diffusivity for both chain-growth- polymerized and step-growth-polymerized hydrogels
(Fig. 3). In chain-growth-polymerized hydrogels, increasing the PEG concentration from
10% to 20% decreased the efficiency of BSA release by 3.6-fold (Fig. 3A) and delayed
fractional BSA release, which decreased BSA diffusivity by 3.5-fold (Fig. 3B and C). The
same trends were observed in step-growth-polymerized hydrogels (Fig. 3D-F).

Effect of the PEG hydrogel crosslinking mechanism on BSA release

Finally, we investigated the effect of the PEG hydrogel crosslinking mechanism on BSA
release (Fig. 4). To evaluate the effect of the PEG hydrogel crosslinking mechanism, the
same PEG MW and PEG concentration were used to form chain-growth- and step-growth-
polymerized hydrogels, and the calculated mesh sizes of hydrogels were statistically
comparable (Fig. S2t). Step-growth-polymerized hydrogels displayed more efficient BSA
release and faster fractional BSA release than chain-growth-polymerized hydrogels (Fig. 4A
and B). For example, the efficiency of BSA release was 1.8 times greater from step-growth-
polymerized hydrogels (4-arm) than from chain-growth-polymerized hydrogels (PEGDA)
(Fig. 4A). The same trend was observed for 10% and 20% gels (Fig. S3t). BSA diffusivity
was 7.1 times higher from step-growth-polymerized hydrogels (4-arm) than from chain-
growth-polymerized hydrogels (PEGDA) (Fig. 4C).
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Since step growth polymerization allows further control over crosslink functionality, we
studied the effect of crosslink functionality on BSA release using 4-arm and 8-arm PEG. As
expected, increasing crosslink functionality led to less and slower BSA release (Fig. 4A and
B). For example, increasing crosslink functionality from 4-arm PEG to 8-arm PEG (4 kDa,
15%) led to a significant decrease in the efficiency of BSA release (1.5 fold) and in BSA
diffusivity (1.7 fold).

Discussion

Since the hydrogel crosslinking mechanism influences the structure of the resulting network,
it is crucial to understand how the crosslinking mechanism affects protein release. Here we
studied how varying the PEG MW or concentration affected BSA release from chain-
growth-polymerized or step-growth-polymerized hydrogels. Although previous studies have
shown that increasing the PEG MW or lowering the PEG concentration can increase protein
diffusivity,11:17 it has not been studied how the crosslinking mechanism can change the
effect of varying the PEG MW and concentration on protein release.

For step-growth-polymerized hydrogels, we found that increasing the PEG MW led to a
simultaneous increase in the BSA release efficiency (Mool M| g54) and BSA diffusivity. In
contrast, for chain-growth-polymerized hydrogels, varying the PEG MW had minimal
influence on the BSA release efficiency and diffusivity (Fig. 2). Our observations with
chain-growth-polymerized gels were in agreement with a previous report, where the PEG
MW did not significantly influence protein diffusivity.8 In chain-growth polymerized
hydrogels, crosslink functionality is determined by the degree of polymerization (Fig. S1t).
On one hand, since increasing the PEG MW decreases the initial molar concentration of
acrylate groups, the degree of polymerization decreases according to the Mayo equation. On
the other hand, increasing the PEG MW can increase the degree of polymerization by
increasing the polymer solution viscosity and chain entanglement. Therefore, these
confounding factors contribute to minimizing the effect of varying the PEG MW on BSA
release from chain-growth polymerized hydrogels. In contrast, because crosslink
functionality of step-growth-polymerized hydrogels is predetermined by the number of arms
in the PEG monomer, increasing the PEG MW decreases the molar concentration of active
sites (norbornene and thiol groups) as well as crosslinking points, thereby facilitating BSA
release from step-growth-polymerized hydrogels.

For both chain-growth- and step-growth-polymerized hydrogels, we found that increasing
the PEG concentration decreased the BSA release efficiency (Moo/ M gag) and BSA
diffusivity (Fig. 3). Several previous reports have shown that increasing the PEG
concentration decreases the hydrogel swelling and mesh size of the hydrogel network,
leading to a reduced BSA release from chain-growth-polymerized,®10.18 or step-growth
polymerized hydrogels.1119 In addition, it has been suggested that an increase in PEG
concentrations can lead to an increase in chain entanglement during crosslinking.2° The
entangled points can act as a secondary set of crosslinks in the network and further
contribute to reduced BSA release.
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We investigated the effect of the crosslinking mechanism on BSA release, and found that the
BSA release efficiency and diffusivity of chain-growth polymerized hydrogels were
significantly lowered than those of step-growth polymerized hydrogels (Fig. 4), despite an
insignificant difference in the calculated network mesh sizes between chain- and step-
growth-polymerized hydrogels (Fig. S2t1). Since the mesh size was calculated from the
measured swelling ratio of bulk hydrogel, we think such a difference in BSA release may be
due to local inhomogeneity of the hydrogel network. Given that chain-growth-polymerized
hydrogels may contain PEG chain loops and have higher crosslink functionalities per
crosslinking point, chain-growth-polymerized hydrogels may be a more restricted
environment for BSA release than step-growth-polymerized hydrogels. Further
characterization of crosslink functionality and network homogeneity using small-angle
neutron scattering and static light scattering may help elucidate how the crosslinking
mechanism influences protein release.21:22

Lastly, our result shows that the BSA release efficiency is less than 100% for all the
hydrogel groups tested by the end of one month release test. BSA has one free thiol that may
contribute to its retention in hydrogel viachemical conjugation. However, many previous
studies in the literature have reported that proteins including BSA can be highly recovered
from degradable chain-growth-polymerized and step-growth-polymerized PEG hydrogels
with retained bioactivity.11: 23-25 Given that the PEG hydrogel is not degradable, it is most
likely that it will take more than one month for the entrapped BSA to be completely
released.

This study demonstrates that protein release depends not only on varying the monomer MW
or concentration but also on the crosslinking mechanism. We believe the results of this study
will help guide the rational design of more sophisticated hydrogel carriers for protein
delivery. For example, in chain-growth-polymerized hydrogels (2 kDa, 20%), BSA
diffusivity was shown to be the lowest (0.361 x 1078 cm?2 s1) with only 13.4% of loaded
BSA released over 42 days (Fig. S4t). This formulation can be used to design hydrogels for
sustained delivery vehicles to avoid initial burst release. Although non-degradable PEG
hydrogel was used as a model hydrogel system to examine the effect of the crosslinking
mechanism on BSA release, degradation can be easily introduced to control the release by
incorporating hydrolytically degradable units such as lactic acid or enzymatically degradable
units such as matrix metalloproteinase (MMP)-cleavable peptides. On the other hand, step-
growth-polymerized hydrogels can be beneficial for fine-tuning hydrogel network structures
and subsequent protein release by controlling the monomer MW, concentration, or
functionality.

PEG has been widely used for a variety of medical applications, and PEG-based materials
have already undergone an extensive biocompatibility test, which led to many FDA-
approved PEG-based products on the market.2® Furthermore, previous in vivo
biodegradation and biocompatibility tests have shown that PEG degradation products
resulted in minimal inflammatory and immune response.27:28 Towards broadening the use of
PEG hydrogels as protein delivery vehicles, this study helps deepen the understanding of
PEG hydrogel network structures for sophisticated design for controlling protein release. We
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envision that this study further provides valuable insight into the importance of the hydrogel
crosslinking mechanism on tailoring other types of hydrogel network structures.

Conclusions

Here, we demonstrated that the crosslinking mechanism of PEG hydrogels (chain growth vs.
step growth) differentially impacted protein release. Protein release was controlled by
varying the PEG concentration of chain-growth-polymerized hydrogels, while, in step-
growth-polymerized hydrogels, varying the PEG concentration, PEG MW, and crosslink
functionality mediated protein release. This study further suggests that the PEG hydrogel
crosslinking mechanism influences protein release by varying the network structure, which
cannot be predicted by the calculated mesh size. These findings may be used to guide the
rational design of PEG hydrogels to achieve desired protein release for specific delivery
applications.
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Fig. 1.
Polymer chemical structures and hydrogel networks formed by chain-growth and step-

growth polymerization. (A) Chemical structure of PEGDA. (B) Chemical structure of PEG-
dithiol. (C) Chemical structures of 4-arm (A= 2) and 8-arm (N = 6) PEG-norbornene (U-
shape) and PEG-thiol (rectangle). (D) The networks of chain-growth-polymerized hydrogels
and step-growth-polymerized hydrogels and their crosslink functionality. Crosslink
functionality is defined as the number of arms per crosslinking point (red). In chain-growth-
polymerized hydrogels, the crosslinking point is a high-molecular weight-kinetic chain and
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crosslink functionality is not constant because it is determined by the degree of
polymerization (Fig. S1t). In step-growth-polymerized hydrogels, the crosslinking point is
the core of a multi-arm PEG monomer and crosslink functionality is determined by the
number of arms in a PEG monomer. MW is defined as the molecular weight between
adjacent crosslinking points.
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Fig. 2.

Efgfect of varying the PEG MW on BSA release from chain-growth-polymerized hydrogels
(A-C) and step-growth-polymerized hydrogels (D-F). All chain-growth-polymerized
hydrogels are 10% (w/v) PEGDA of MW 2 kDa (black), 4 kDa (dark grey), or 5 kDa (light
grey). All step-growth-polymerized hydrogels are 10% (w/v) 8-arm PEG of MW 2.5 kDa
(black) or 4 kDa (grey). (A, D) Effect of varying the PEG MW on the BSA release
efficiency (My/M a0 % 100%). (B, E) Effect of varying the PEG MW on fractional BSA
release (My/Mw). (C, F) Effect of varying the PEG MWon BSA diffusivity. Data are
presented as mean + standard deviation (7= 4). *p < 0.05 compared to the lowest-MW
groups
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Effect of varying the PEG concentration on BSA release from chain-growth-polymerized
hydrogels (A-C) and step-growth-polymerized hydrogels (D-F). All chain-growth-
polymerized hydrogels are MW 5 kDa with PEGDA concentrations of 10% (black), 15%
(dark grey), or 20% (light grey) (w/v). All step-growth-polymerized hydrogels are MW 4
kDa with 8-arm PEG concentrations of 10% (black), 15% (dark grey), or 20% (light grey)
(w/v). (A, D) Effect of varying the PEG concentration on the BSA release efficiency (My
M oag % 100%). (B, E) Effect of varying the PEG concentration on fractional BSA release
(My/Mw). (C, F) Effect of varying the PEG concentration on BSA diffusivity. Data are
presented as mean + standard deviation (7= 4). *p < 0.05 compared to the corresponding
10% gels;*p < 0.05 compared to the corresponding 15% gels.
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Fig. 4.

Effects of the crosslinking mechanism and crosslink functionality on BSA release. Chain-
growth-polymerized hydrogels (light grey) were constructed from 4 kDa PEGDA (15%
(w/v)) and step-growth-polymerized hydrogels were constructed from 4 kDa 4-arm (black)
or 8-arm (dark grey) PEG (15% (w/v)). (A) Effects of the crosslinking mechanism and
crosslink functionality on the BSA release efficiency (My/M oaq X 100%). (B) Effects of the
crosslinking mechanism and crosslink functionality on fractional BSA release (My/Mc). (C)
Effects of the crosslinking mechanism and crosslink functionality on BSA diffusivity. Data
are presented as mean + standard deviation (7= 4). *p < 0.05 compared to chain-growth-
polymerized hydrogels;#p < 0.05 compared to step-growth-polymerized hydrogels
constructed from 4-arm PEG.
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