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Hydrogels are highly attractive delivery vehicles for therapeutic proteins. Their innate biocompatibility,
hydrophilicity and aqueous permeability allow stable encapsulation and release of proteins. The release
rates also can be controlled simply by altering the crosslinking density of the polymeric network.

: However, the crosslinking density also influences the mechanical properties of hydrogels, generally

. opposite to the permeability. In addition, the release of larger proteins may be hindered below critically

. diminished porosity determined by the crosslinking density. Herein, the physical properties of the

. hydrogels are tuned by presenting functional pendant chains, independent of crosslinking density.

. Heterobifunctional poly(ethylene glycol) monomethacrylate (PEGMA) with various end functional

. groups is synthesized and copolymerized with PEG dimethacrylate (PEGDA) to engineer PEG

. hydrogels with pendant PEG chains. The pendant chains of the PEG hydrogels consisting of sulfonate,

. trimethylammonium chloride, and phenyl groups are utilized to provide negative charge, positive

. charge and hydrophobicity, respectively, to the hydrogels. The release rates of proteins with different

. isoelectric points are controlled in a wide range by the type and the density of functional pendant chains

: via electrostatic and hydrophobic interactions.

* Hydrogels are a popular class of carriers for various biological molecules, such as proteins and DNA, as well as
- cells and tissues for biomedical applications'~*. Highly favorable physical properties of hydrogels prepared using
: biocompatible polymers, such as elasticity and hydrophilicity, help provide the encapsulated entities with optimal
: mechanical and aqueous environment and protection for prolonged life-time. In addition, the fabrication meth-
* ods are generally mild enough to allow for safe encapsulation with high efficiency. The cellular activities within
- the hydrogels could be further promoted by modifying the polymer network with cell-responsive moieties™®.

: For controlled release applications, the release rates of encapsulated biomolecules from hydrogels are often
. controlled in an efficient manner by simply varying the crosslinking density of the polymeric network, which in
* effect controls the porosity of the hydrogel’=. However, this approach is also often encountered with a few critical
. drawbacks. First, the crosslinking density, according to the rubber elasticity theory, also affects the mechanical
. properties of the hydrogels, in which the mechanical and diffusional properties are inversely correlated'®!!. Thus,
. this interdependency could lead to an inadvertent change in mechanical properties while attempting to control
. the release rates via crosslinking density; hydrogels may become structurally too weak at lower crosslinking den-
: sity to increase the release rate, or they may become too brittle at higher crosslinking density. Furthermore, the
© release may be severely hindered for the hydrogel having significantly reduced pores, which is especially critical
© for the release of larger macromolecules such as large proteins and DNA®'2. To overcome these issues, it would be
. ideal to control the release rates of encapsulated species in a wide range while minimally affecting the crosslinking
. density of the hydrogels.

: In this study, protein release rates from hydrogels were controlled by varying the physical properties of the
- hydrogels while maintaining their crosslinking density. Poly(ethylene glycol) dimethacrylate (PEGDA) hydrogels
. presenting pendant chains with end functional groups with varying physical properties (i.e. charge density and
. hydrophobicity) were fabricated by radical copolymerization with heterobifunctional PEG monomethacrylate
© (PEGMA) (Fig. 1a). There have been previously published reports of engineering charged or hydrophobic
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Figure 1. (a) Fabrication of PEG hydrogels with functional pendant chains via radical copolymerization
of PEGDA with heterobifunctional PEGMA. (b) Synthesis of heterobifunctional PEGMA via anionic
polymerization of epoxide with an initiator containing the desired functional group, followed by the
conjugation of methacrylate. The functional groups used in this study were sulfonate (negative charge),
trimethylammonium chloride (positive charge) and phenyl (hydrophobicity) groups.

hydrogels, but their approaches generally involved utilizing the monomers or macromers with charged or
hydrophobic functional domains (e.g. acrylate, vinyl sulfonate, [2-(methacryloxy)ethyl] trimethylammonium
chloride), poloxamers, and heparin), and thus maintaining their crosslinking densities were not factored'*-'°.
However, in this study, by changing the number of “functional” pendant chains while keeping the total number
of pendant chains constant, the crosslinking density of the PEG hydrogels could be controlled, thereby minimally
affecting the mechanical properties, while varying the physical properties of the hydrogels. With PEG pendant
chains with charged functional groups, (e.g. negatively charged sulfonate and positively charged trimethylam-
monium chloride), the release of proteins having different charge densities at physiological pH due to different
isoelectric points (pI) could be controlled via electrostatic interaction. Three model proteins, namely albumin,
insulin and trypsin, having different pI values, were used. Their release rates from the PEG hydrogels with varying
number of charged pendant chains were measured. Furthermore, since proteins have varying degrees of hydro-
phobicity based on amino acid compositions, the release from PEG hydrogels with hydrophobic phenyl pendant
chains was also explored.

Results and Discussion

Synthesis of heterobifunctional PEGMA. PEG hydrogels have long been used as drug delivery systems
due to biocompatibility, abundant source, bioinertness, and efficient processing®?. In particular, PEG with vinyl
end groups, such as PEGDA, are widely used to develop hydrogels via radical polymerization either by itself or
hybridizing with other vinyl-based polymers. The drug release rates from PEG hydrogels can be accomplished by
controlling the crosslinking density which in turn controls the porosity of the polymeric network”®2!. The physi-
cal properties of the PEG hydrogels can be further varied by introducing different moieties into the PEG network;
copolymerization with other polymers or hybridizing with nanostructures (i.e. nanocomposite hydrogels)?>?*.
However, these strategies are often accompanied by unwanted changes in mechanical and swelling properties of
the hydrogels, which may complicate the control of drug release.

Here, PEG hydrogels presented with varying number of pendant PEG chains with functional end groups were
developed by copolymerizing PEGDA with heterobifunctional PEG monomethacrylate (PEGMA) to control the
physical properties (e.g. charge density and hydrophobicity) while maintaining the crosslinking density (Fig. 1a).
By keeping the number of pendant chains, it would prevent unwanted change in mechanical and swelling prop-
erties that could also influence the release of encapsulated drugs.

Three different types of heterobifunctional PEGMA was synthesized; sodium sulfoethyl PEGMA
(Sulfo-PEGMA), trimethylammonium chloride PEGMA (TMAC-PEGMA), and phenyl PEGMA (Ph-PEGMA)
in order to impart negative charge, positive charge and hydrophobicity, respectively (Fig. 1b). The ring-opening
polymerization of epoxide with the anionic initiator having the desired functional group was employed to syn-
thesize the heterobifunctional PEG, which was followed by the conjugation of methacrylate via nucleophilic
substitution of the hydroxyl group of PEG using methacryloyl chloride. The chemical compositions of various
heterobifunctional PEGMA were confirmed with 'H-NMR and *C-NMR (see Supplementary Figs S1 and S2).
The zeta potentials of Sulfo-PEGMA and TMAC-PEGMA were also determined to be —0.208 mV and 0.11 mV
(0.1wt% in 10 mM NaCl), respectively, which further confirmed the difference in the type and density of charges
(see Supplementary Fig. S3).
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Figure 2. (a) The fraction of functional pendant chains (®) was varied while keeping the total number of
pendant chains constant. Normalized elastic moduli (E/E;) of PEG hydrogels with varying ®, measured (b,c,d)
right after fabrication and (e.f,g) after incubation in PBS for 24 hours. The moduli were normalized with that
at ® =0 (E,). (b,e) 10% PEGDA and 2% PEGMA, (c,f) 8% PEGDA and 4% PEGMA, (d,g) 6% PEGDA and 6%
PEGMA.

Mechanical properties of PEG hydrogel with functional pendant chains. In order to control the
physical properties of PEG hydrogels while minimizing the difference in crosslinking density among different
pendant chains, the total number of pendant chains were kept constant while varying the fraction of functional
pendant chains (®) (Fig. 2a). This was accomplished by varying the ratio of heterobifunctional PEGMA with
methoxy PEGMA as a non-functional control, while keeping the total concentration of PEGMA in a precur-
sor solution (e.g. & =0 when all the pendant chains are non-functional, & =1 when all the pendant chains are
functional).

The rigidity of the PEG hydrogels with varying ® was measured to assess the effect of functional pendant
chains. The concentrations of PEGDA and PEGMA were first kept at 10% and 2% (w/v) respectively. Increasing &
did not result in a significant change in elastic moduli of the hydrogels, and the moduli at a given ® were similar
for all types of pendant chains (Fig. 2b, see Supplementary Fig. S4). This result demonstrated that the crosslinking
density of hydrogels at varying ® was not significantly affected for all types of pendant chains at the given PEGDA
and PEGMA concentrations.

The relative concentrations of PEGDA and PEGMA were varied to further evaluate the possible change in
crosslinking density by varying ®; the PEGMA concentration was increased to 4% and 6% (w/v) while decreasing
PEGDA concentration to 8% and 6% (w/v), thus keeping the total polymer concentration at 12% (w/v). Since
the PEGDA molecules are mainly responsible for the crosslinking of the polymeric network, the overall elastic
moduli became smaller at higher PEGMA concentrations (see Supplementary Fig. S4). There was a small decrease
in moduli above ® =0.5 for Sulfo-PEG and TMAC-PEG hydrogels, and the decrease became larger at higher
PEGMA concentration (e.g. 15% and 25% decreases at ® =1 for 4% and 6% PEGMA, respectively) (Fig. 2¢,d,
see Supplementary Fig. S5). This result may have been due to the increased charge density pushing the polymer
chains further apart via repulsion, leading to a diminished degree of crosslinking. It is further corroborated by the
lack of change in moduli of uncharged Ph-PEG hydrogels regardless of & and PEGMA concentration. Scanning
electron microscopic (SEM) images of the hydrogels with 2% and 4% PEGMA also showed that the porosity,
which generally correlates with the crosslinking density, was not significantly affected by the type of pendant
chains at a given @ (Fig. 3)**?. Taken together, except at the higher ® of Sulfo-PEG and TMAC-PEG hydrogels
with lower crosslinking density (i.e. higher PEGMA concentration), the mechanical properties of the hydrogels
were generally well maintained at varying ®. Even in those conditions, the crosslinking densities of Sulfo-PEG
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Figure 3. Scanning electron microscopic (SEM) images of non-functional mPEG hydrogel, Sulfo-PEG
hydrogel, TMAC-PEG hydrogel, and Ph-PEG hydrogel at ® =1 (scale bar: 5 pm). (a) 10% PEGDA and 2%
PEGMA, (b) 8% PEGDA and 4% PEGMA.
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Figure 4. Normalized swelling ratios (Q/Q,) of PEG hydrogels with varying ®. The swelling ratios were
normalized with that at ® =0 (Q,). (a) 10% PEGDA and 2% PEGMA, (b) 8% PEGDA and 4% PEGMA, (c) 6%
PEGDA and 6% PEGMA.

and TMAC-PEG hydrogels at a given ® were similar, and thus the protein release from the two hydrogel systems
could be analyzed based only on the difference in charge density.

Next, the moduli of the hydrogels were measured after incubation in PBS in order to evaluate the effect of
swelling into hydrogels controlled by different charge densities (Fig. 2e-g, see Supplementary Figs S5 and S6). It
was hypothesized that the decrease in moduli by the swelling would be varied by the type and density of charge
within the hydrogels. The moduli of Ph-PEG hydrogels were not affected by @, as expected, regardless of the
concentrations of PEGDA and PEGMA, due to the lack of charge. However, the decrease in moduli of Sulfo-PEG
hydrogels by ® became more prominent with decreasing PEGDA (increasing PEGMA), especially more so than
TMAC-PEG hydrogels. For example, the moduli of Sulfo-PEG hydrogels decreased with ® by 60% and 85% for
hydrogels with 8% PEGDA and 4% PEGMA and 6% PEGDA and 6% PEGMA, respectively. On the other hand,
the moduli of TMAC-PEG hydrogels decreased with ® only by 40% and 50% for hydrogels with 8% PEGDA and
4% PEGMA and 6% PEGDA and 6% PEGMA, respectively. These results indicated that (1) the increased charge
density within the Sulfo-PEG hydrogels and TMAC-PEG hydrogels with increasing ® likely pushed the polymer
chains further apart via repulsion during swelling and resulted in greater chain relaxation, and (2) the larger
decrease in moduli for Sulfo-PEG hydrogels compared to TMAC-hydrogels is likely due to the greater charge
density of the Sulfo group compared to TMAC groups, as evidenced by their zeta potentials?®%”.

The trends of swelling ratios of PEG hydrogels with functional pendant chains were in conjunction with those
of elastic moduli shown in Fig. 2, as expected, since the degree of swelling and rigidity are inversely related
according to the rubber elasticity theory (Fig. 4). Interestingly, the swelling ratios of TMAC-PEG hydrogels were
not significantly affected by ® especially compared to the decrease in moduli. It is likely a result of smaller ionic
strength and increased local hydrophobicity by the methyl groups in TMAC, preventing further swelling behav-
ior. This is further highlighted in comparison with the Sulfo-PEG hydrogels, which do not have hydrophobic
groups and have greater ionic strength than TMAC, showing much greater increase in swelling ratios with ®.

Protein release from PEG hydrogel with functional pendant chains. Three proteins having dif-
ferent isoelectric points (pI), albumin, insulin, and trypsin, were used as model protein drugs, and their release
profiles from the PEG hydrogels with varying ® were measured. Albumin and insulin have the pI values of 4.9
and 5.3, so they are expected to be negatively charged at the physiological pH of 7.4. The pI of trypsin, on the
other hand, is 10.5, thus it would be positively charged at the physiological pH. By comparing their release pro-
files, the effect of charge type and density in the hydrogels could be evaluated. Furthermore, between albumin
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Figure 5. (a) Protein with pI lower than 7.4 becomes negatively charged, and thus expected to have a greater
release rate in Sulfo-PEG hydrogels via repulsion than TMAC-PEG hydrogels. The release profiles of albumin
from (b) Sulfo-PEG hydrogels, (¢) TMAC-PEG hydrogels and (d) Ph-PEG hydrogels. (e) The kinetic rate
constants (k) and (f) exponents (n) were obtained by fitting the curves with Eq. (1). (g) Diffusion coefficients
(D) were obtained by fitting the curves with Eq. (2). The PEGDA and PEGMA concentrations of the hydrogels
were 8% and 4%, respectively. (*p < 0.05).

and insulin, their molecular weights are 66 kDa and 5.8 kDa, respectively, so the effect of the size of the protein on
the release could also be determined. The protein release profiles with respect to time was then fitted with either
(1) the Ritger-Peppas model in order to obtain the kinetic rate constants (k) and exponents () (Eq. (1)), or the
Fickian diffusion model to obtain diffusion coefficients (D) (Eq. (2)), in order to analyze the drug release kinetics.
Compared to the traditional Fickian diffusion model which is based on a fixed square root dependence on time,
the Ritger-Peppas model allows the determination of both kinetic rate constant and power-law dependence on
time?®. The exponents indicate the release mechanism which depends heavily on the permeability and physical
characteristics (e.g. chain relaxation) of the drug carriers. For hydrogels which undergo significant swelling due
to the osmotic pressure from the surrounding medium as well as the chain relaxation of the polymeric network,
the Fickian diffusion model is often limited when describing the overall release profiles (i.e. this model is more
accurate at the initial protein release in which the release is mostly governed by the diffusion, whereas the release
by chain relaxation deviates from the square root time dependence).

Albumin.  Albumin is the most abundant type of protein commonly found in the plasma of most mammalian
species, responsible for the transport of various molecules and maintaining the oncotic pressure®. It is negatively
charged at physiological pH due to its lower pI value of 4.9. Therefore, the albumin encapsulated in Sulfo-PEG
hydrogel was expected to have higher release rates than that of TMAC-PEG hydrogels due to electrostatic repul-
sion (Fig. 5a). The albumin release profiles from Sulfo-PEG hydrogels and TMAC-PEG hydrogels were measured
(Fig. 5b,c), and the kinetic rate constants (k) were obtained via Ritger-Peppas model (Fig. 5¢). The concentrations
of PEGDA and PEGMA were first kept at 8% and 4%, respectively. As expected, the k values of Sulfo-PEG hydro-
gels increased with @, and were significantly larger than those of TMAC-PEG hydrogels at all &, demonstrating
that the increased negative charge by Sulfo-PEG facilitated the release of albumin (Fig. 5e). Although the k val-
ues in TMAC-PEG hydrogels were lower than those of Sulfo-PEG hydrogels, increasing ® did not result in the
decrease of k values via electrostatic attraction as expected, likely due to the lower charge density of TMAC-PEG
compared to Sulfo-PEG (i.e. TMAC-PEG has the lower absolute value of zeta potential than Sulfo-PEG).

The release profiles and their k values of albumin from PEG hydrogels with phenyl groups (Ph-PEG) were
also obtained not only as a control to the Sulfo-PEG and TMAC-PEG hydrogels but also as a hydrogel with
hydrophobicity (Fig. 5d and e). The k values of Ph-PEG hydrogels at each ® was in between those of Sulfo-PEG
and TMAC-PEG hydrogel, demonstrating their charge neutrality. The values were not as significantly influenced
by the increase in ®, which showed the increase in hydrophobicity had little effect on the interaction between
albumin and the polymeric network.

The exponents (1) from the Ritger-Peppas models were between 0.3 and 0.4 for all conditions, indicating
the drug release was governed mostly by the Fickian diffusion and the release mechanism was not affected
by the type of pendant functional groups (Fig. 5f)**-*2. However, the release mechanism here showed smaller
time-dependency (e.g. greater initial release) than a pure Fickian diffusion (i.e. the n value for a pure Fickian
diffusion is 0.5). This ‘quasi’ Fickian diffusion mechanism suggested that the presence of more freely moving pen-
dant chains, as compared to fully linked chains with limited mobility, likely promoted the faster drug release than
what would be expected for the pure Fickian diffusion.

The drug release profiles were alternatively fitted with a Fickian diffusion model (Eq. (2)) which assumes the
square root of time dependence (~t""%), and obtained the diffusion coefficients (D) (Fig. 5g, see Supplementary
Fig. S7). Because of the greater time dependence, the Fickian diffusion model did not fit well after first 10 hours
of release (i.e. approximately 60% of total release) and overestimated the D values compared to k values from the
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Figure 6. (a,b) Kinetic rate constants (k) and (c,d) diffusion coefficients (D) of albumin release from Sulfo-
PEG, TMAC-PEG and Ph-PEG hydrogels, obtained by fitting the release profiles with Eq. (1) and Eq. (2),
respectively. (¥p < 0.05) (a,c) 10% PEGDA and 2% PEGMA, (b,d) 6% PEGDA and 6% PEGMA.

Ritger-Peppas model®. Nonetheless, the trend in D values were similar to that of k values shown in Fig. 5e, as they
were expected to correlate with each other if # values from the Ritger-Peppas model were close to 0.5 and similar
among different conditions.

The albumin release from PEG hydrogels at different PEGMA concentrations were further evaluated to assess
the effect of crosslinking density on the protein release (Fig. 6, see Supplementary Figs S7 and S8). When the
PEGMA concentration was lowered to 2% (w/v) (PEGDA concentration increased to 10% (w/v)), the k and D
values were generally low for all hydrogel types (Fig. 6a and c). In addition, there was also negligible effect of ® on
the k values. This result suggests that albumin release was significantly hindered by the diminished porosity of the
hydrogels at higher crosslinking density, and as a result the effect of charged groups on albumin release became
minimal. When the PEGMA concentration was increased to 6% (w/v) (PEGDA concentration decreased to 6%
(w/v)), there was a substantial increase in k and D values with ® for all types of hydrogels (Fig. 6b and d). The
albumin release from Sulfo-PEG hydrogels was larger than other hydrogels, as expected. But there were smaller
increases in albumin release from TMAC-PEG hydrogels and Ph-PEG hydrogels with ®, despite the increasing
positive charge and hydrophobicity. This is due to the increased porosity of the hydrogels, as evidenced by the
swelling ratio shown in Fig. 4, facilitating the protein release from the hydrogels and thereby diminishing the
effect of functional pendant groups.

Insulin. Insulin, a hormone produced by beta cells in pancreatic islets, regulates the glucose level in our body. It
is the de facto glucose-lowering drug for diabetes, and biomaterial-based delivery systems have been widely inves-
tigated for its controlled release®. It has a pI value of 5.3, thus possessing negative charge at physiological pH,
much like albumin. But since insulin (5.8 kDa) is much smaller than albumin (66 kDa), it was hypothesized that
the level of control of insulin release from the charged PEG hydrogels would be different from that of albumin.

The concentration of PEGMA was first kept at 4% (w/v) (PEGDA concentration of 8% (w/v)). The k values
of insulin in Sulfo-PEG hydrogels began to increase significantly when ® was increased above 0.5, unlike the
albumin whose release was promoted below 0.5 (Fig. 7a and d). Since there is less positive charge on insulin than
albumin due to higher pI, more negative charges may have been needed to facilitate the release. It is also possible
that the smaller size of insulin likely conferred more interaction with the polymeric network, requiring more
negative charges to facilitate the release.

More significantly, the k values of insulin in TMAC-PEG hydrogels decreased above ® =0.5, demonstrating
the increased positive charge helped delay the release of insulin, more so than albumin despite less negative
charge (Fig. 7b and d). The smaller insulin likely was better able to interact with TMAC groups than bulkier
albumin. The release from hydrophobic Ph-PEG hydrogels also showed significant decrease with ®, demonstrat-
ing the increased number of phenyl groups was able to undergo extensive hydrophobic interaction with insulin,
thereby delaying the release. Compared to albumin, less negative charge and smaller size of insulin likely contrib-
uted to this phenomenon.
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Figure 7. The release profiles of insulin from (a) Sulfo-PEG hydrogels, (b) TMAC-PEG hydrogels and (c) Ph-
PEG hydrogels. (d) The kinetic rate constants (k) and (e) exponents (1) obtained by fitting the curves with Eq.
(1). () Diftusion coefficients (D) were obtained by fitting the curves with Eq. (2). (*p < 0.05) The PEGDA and
PEGMA concentrations of the hydrogels were 8% and 4%, respectively.

Like albumin, the exponents (n) of insulin release from the hydrogels were all below 0.5, indicating the
quasi-Fickian release with greater initial release (Fig. 7e). However, the n values from Sulfo-PEG hydrogels were
significantly lower than those of TMAC-PEG and Ph-PEG hydrogels, which further highlight the much accel-
erated release of insulin from the Sulfo-PEG hydrogels as compare with other hydrogels, likely attributed to the
smaller size compared to albumin. In addition, similar to the albumin release, the changes in diffusion coefficients
(D) calculated from fitting with Eq. (2) with ® and type of pendant chains were generally in line with the k values
shown in Fig. 7d obtained from Eq.(1) (Fig. 7f, see Supplementary Fig. S9).

As similarly done with albumin, the insulin release from hydrogels were evaluated at different PEGMA con-
centrations to assess the effect of crosslinking density (Fig. 8, see Supplementary Figs S9 and S10). Interestingly,
when the PEGMA concentration was reduced to 2% (w/v) (increasing PEGDA concentration to 10% (w/v)), the
k and D values of insulin from Sulfo-PEG hydrogels showed significant increase with ® up to 0.5, but decreased
with ® afterwards (Fig. 8a and ¢). Similarly, to lesser extent, the release profiles of TMAC-PEG hydrogels and
Ph-PEG hydrogels followed the similar patterns. This biphasic behavior was not shown for albumin at the same
PEGMA concentration in Fig. 6a, in which the overall release was diminished, and suggested that there is an
optimal level of diffusion of smaller protein in a more crosslinked network. The initial increase in k values with ®
up to 0.5 could possibly be a result of insulin, which is much smaller than albumin, being able to diffuse from the
hydrogels even through diminished porosity at higher crosslinking density via pressure-driven flow enhancement
in confined spaces®?¢. However, further increase in ® likely reduced the flow enhancement, as the increased
functional groups facilitated the increased porosity via the polymeric chain relaxation, eliminating the pressure
gradient within the hydrogel. This interesting aspect of protein release in confined polymeric networks warrants
further investigation in future studies.

For the hydrogels with higher PEGMA concentration of 6% (w/v) (the PEGDA concentration of 6% (w/v)),
the overall k and D values were much larger than those at lower PEGMA concentrations, as expected, due to lower
crosslinking density (Fig. 8b and d). The k values of Sulfo-PEG hydrogels remained high at all @, suggesting the
increased negative charge density did not contribute to the release rates as they were already high. On the other
hand, the k values of TMAC-PEG hydrogels decreased with ®, demonstrating the enhanced electrostatic inter-
action with insulin by the increased positive charge density helped delay the release. The increased hydrophobic
interaction by increasing ® of Ph-PEG hydrogels also resulted in decreasing k values. Interestingly, the increase in
D for Sulfo-PEG hydrogels with ® was larger, and the difference between Sulfo-PEG, TMAC-PEG, and Ph-PEG
at a given ® was also much larger than k values shown in Fig. 8b (Fig. 8d). This was due to the overestimation
by the Fickian diffusion model, which was accentuated by the larger initial drug release for hydrogels with lower
crosslinking density. Regardless, the D values further demonstrated the greater release rates from Sulfo-PEG
hydrogels. Taken together, the insulin release was more heavily influenced by the changes in charge density of
PEG hydrogels with functional pendant chains, which suggested that insulin was better able to interact with the
functional groups owing to the smaller size, as compared to albumin.
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Figure 8. (a,b) Kinetic rate constants (k) and (c,d) diffusion coefficients (D) of insulin release from Sulfo-PEG,
TMAC-PEG and Ph-PEG hydrogels, obtained by fitting the release profiles with Eq. (1) and Eq. (2), respectively.
(*p < 0.05) (a,c) 10% PEGDA and 2% PEGMA, (b,d) 6% PEGDA and 6% PEGMA.

Trypsin.  Trypsin is a well-known serine protease responsible for protein digestion in many mammalian species,
and also widely used for breaking cell aggregates and detaching cells from culture substrates in routine biological
experiments. Unlike albumin and insulin, trypsin has the pI value of 10.5, thus possessing positive charge at phys-
iological pH. Therefore, trypsin encapsulated in Sulfo-PEG hydrogels was expected to show lower release rates
than TMAC-PEG hydrogels (Fig. 9a).

The concentration of PEGMA was first kept at 4% (w/v) (PEGDA concentration of 8% (w/v)). The k and D
values indicate that the trypsin release from Sulfo-PEG hydrogels was significantly reduced at all ®, compared
to albumin and insulin, demonstrating the increased negative charge density of Sulfo-PEG hydrogels was able
to decrease the release rate of positively-charged trypsin (Fig. 9b,e and f, see Supplementary Fig. 11). However,
the release rates of trypsin from TMAC-PEG hydrogels was not significantly enhanced by the increased positive
charge via electrostatic repulsion as predicted (Fig. 9c and e). This result suggests the positive charge density con-
ferred by TMAC groups was not strong enough to exert enough repulsive force to facilitate the release of trypsin,
which was in part evidenced by the lower absolute zeta potential value of TMAC (0.11 mV) compared to Sulfo
group (0.21 mV). The exponents, like albumin, were not significantly affected by the type of pendant chains in
the hydrogels (Fig. 9f).

Similarly, for the hydrogels at other PEGMA concentrations, the k and D values of trypsin in Sulfo-PEG
hydrogels were significantly reduced as compared to albumin and insulin, whereas those in TMAC-PEG hydro-
gels did not significantly change with ® (Fig. 10, see Supplementary Figs S11 and S12). The k values in Ph-PEG
hydrogels, regardless of the crosslinking density of the hydrogels, were also not substantially affected by ®. It is
possible that the range of physical properties tuned by the TMAC-PEG hydrogels and Ph-PEG hydrogels used in
this study were not enough to significantly influence the release rate of trypsin.

Methods

Synthesis of poly(ethylene glycol) dimethacrylate (PEGDA). PEGDA was synthesized following a
previously published method®. Briefly, poly(ethylene glycol) (PEG, average M,y of 2,000 g mol ™, Sigma Aldrich)
and triethylamine (Sigma Aldrich) were first dissolved in dichloromethane. Methacryloyl chloride (Sigma
Aldrich) was added dropwise to the mixture, and continuously stirred for 24 hours under dry N, gas. The molar
ratio of PEG, methacryloyl chloride and triethylamine was 1:4:5. The insoluble salt formed during the reaction
was filtered out, and excess diethyl ether was added to the mixture to precipitate the product. The product was
obtained by filtration, washed twice with diethyl ether, and dried under vacuum.

Synthesis of heterobifunctional poly(ethylene glycol) monomethacrylate (PEGMA).
Heterobifunctional PEGMA having a functional end group was developed by two-step synthesis: (1) the
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Figure 9. (a) Protein with pI higher than 7.4 becomes positively charged, and thus expected to have a greater
release rate in TMAC-PEG hydrogels via repulsion than Sulfo-PEG hydrogels. The release profiles of trypsin
from (b) Sulfo-PEG hydrogels, (¢) TMAC-PEG hydrogels and (d) Ph-PEG hydrogels. (e) The kinetic rate
constants (k) and (f) exponents (1) were values obtained by fitting the curves with Eq. (1). (g) Diffusion
coeflicient (D) were obtained by fitting the curves with Eq. (2). The PEGDA and PEGMA concentrations of the
hydrogels were 8% and 4%, respectively.
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Figure 10. (a,b) Kinetic rate constants (k) and (c,d) diffusion coeflicients (D) of trypsin release from Sulfo-
PEG, TMAC-PEG and Ph-PEG hydrogels, obtained by fitting the release profiles with Eq. (1) and Eq. (2),
respectively. (a) 10% PEGDA and 2% PEGMA, (b) 6% PEGDA and 6% PEGMA.

ring-opening anionic polymerization of ethylene oxide to synthesize heterobifunctional PEG, followed by (2) the
conjugation of methacrylate onto the hydroxyl group on the PEG (Fig. 1b)***"35.

Potassium naphthalenide, a strong base that activates the hydroxyl-based initiator to alkoxide, was prepared
by dissolving molar equivalents of potassium and naphthalene (9 mmol each) in 20 mL of dry tetrahydrofuran
(THE Samchun Chemical, Korea) for 5hours. The mixture became dark green with the formation of potassium
naphthalenide. Hydroxyl-based initiator (11 mmol) was dissolved separately in 30 mL of dry THE and the potas-
sium naphthalenide mixture was slowly added and stirred for one hour, resulting in the alkoxide formation.
30 mL of ethylene oxide (EO, Asia Chemical, Korea) was then added to the mixture and continuously stirred for
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48hours at room temperature (note: the mixture and EO was chilled on ice to prevent evaporation during the
mixing process). The entire process was done under dry N, gas.

HCI (10 mmol) was added to stop and neutralize the reaction, from which the insoluble salt (KCl) being
formed was filtered out. After condensing the mixture via rotary evaporation, the crude product was obtained
by precipitation in excess diethyl ether. After washing with diethyl ether twice, the final product was obtained
by filtration and drying under vacuum. The initiators used for synthesizing sodium sulfoethyl, trimethylammo-
nium chloride, and phenyl-capped PEG, namely Sulfo-PEG, TMAC-PEG, and Ph-PEG, were sodium isethionate,
choline chloride, and 2-phenylethanol (all purchased from Sigma Aldrich), respectively. The molecular weights
(My) of Sulfo-PEG, TMAC-PEG, and Ph-PEG, as determined from MALDI-TOF mass spectrometry (Ultraflex
I11, Bruker), were 2341, 2200, and 1770 g mol ™, respectively (see Supplementary Fig. S13). For Sulfo-PEG and
TMAC-PEG, tetrahydrofuran and 2,5-dihydroxybenzoid acid (Sigma Aldrich) were used as solvent and matrix,
respectively, while chloroform and dithranol (Sigma Aldrich) were used for Ph-PEG.

The conjugation of methacrylate was done using the same procedure for the synthesis of PEGDA. The molar
ratio of heterobifunctional PEG, methacryloyl chloride and TEA here was 1:2:3, as there is only one hydroxyl
group in a polymer chain.

The chemical structures of the heterobifunctional PEGMAs were analyzed with '"H-NMR and *C-NMR spec-
tra (400-MR DD2, Agilent) (see Supplementary Figs S1 and S2). The My of Sulfo-PEGMA, TMAC-PEGMA and
Ph-PEGMA, determined by the ratio of integration peaks corresponding to methacrylate and ethylene oxide
unit, were 3370, 3211, and 4120 gmol !, respectively. The zeta potentials of sulfonate and trimethylammonium
chloride linked PEG were determined at 0.1 wt% in 10 mM NaCl, pH 7 (Nano ZS, Malvern) (see Supplementary
Fig. S3).

Fabrication of hydrogels. A precursor solution was prepared by mixing PEGDA and PEGMA in vari-
ous ratios, while keeping the overall concentration at 12% (w/v). The total PEGMA content consisted of
‘non-functional’ methoxy PEGMA (M,, 2000 g mol~*, Sigma Aldrich) and the heterobifunctional PEGMA. Ata
given PEGMA concentration, the fraction of heterobifunctional PEGMA was varied to control the physical prop-
erties of the pendant PEG chains. 10 pL of ammonium persulfate (1 M) and 1 pL of tetramethylethylenediamine as
co-initiators were added to 1 mL of a precursor solution, and placed in a custom-made mold with 1 mm spacer to
prepare disk-shaped hydrogels with a diameter of 8 mm. The hydrogel disks were incubated in phosphate buffered
saline (PBS) at room temperature for 24 hours before mechanical characterization.

Evaluation of mechanical properties of hydrogels. The mechanical properties of hydrogels were eval-
uated by calculating elastic moduli from stress-strain curves obtained from uniaxial compression experiments
(Model 3343, Instron)?**+°. Each hydrogel disk was compressed at a rate of 1 mm min~!. The elastic modulus
was calculated from the slope of a stress-strain curve at the initial 10% strain region where the curve was linear.

Evaluation of protein release from hydrogels. The effect of physical properties of hydrogels on drug
release kinetics was evaluated by measuring time-dependent release profiles of proteins with varying pI val-
ues. Albumin (from human serum, Sigma Aldrich), trypsin (from bovine pancreas, Sigma Aldrich) and insulin
(human recombinant, Sigma Aldrich) having pI values 0of 4.7, 5.3, and 10.5, respectively, were used as model pro-
teins. Their zeta potentials were measured at —14.2mV, —5.7mV, and 22.1 mV, respectively (0.1 wt% in 10 mM
NaCl, pH 7) (see Supplementary Fig. S1). The protein was first encapsulated into the hydrogel by dissolving the
protein (2mgmL™") in a precursor solution prior to fabrication. The hydrogel disks were prepared as mentioned
above. The hydrogel disks were incubated in PBS at 37 °C, and at each designated time point, the incubating
media were collected and the protein concentrations were obtained using BCA™ Protein Assay kit (Thermo
Fisher), following the manufacturer’s instructions. The cumulative protein release profiles were fitted to the
Ritger-Peppas equation,

Mo (1)

where M, was the cumulative amount of protein released at a time, t, M, was the total amount of protein in the
hydrogel, k was the kinetic rate constant, and n is the exponent related to the release mechanism>**4!.

Alternatively, the cumulative protein release profiles were fitted to the following power-law equation following
Fickian diffusion mechanism,

M, [Dt ]1/2
—L = 4=
M h

o0

)

where D was the diffusion coeflicient and h was the thickness of the hydrogel disk samples®***#2. This relationship
generally fits well for the first 60% of the release due to the fixed time dependency (#'3).

Conclusion

In this study, various physical properties (i.e. charge density and hydrophobicity) of PEG hydrogels were con-
trolled independent of the crosslinking density by presenting pendant PEG chains with characteristic end func-
tional groups in order to control the release of proteins having different isoelectric points (pI). The PEG hydrogels
were fabricated by crosslinking PEGDA with PEGMA which becomes pendant PEG chains. While keeping the
PEGDA and PEGMA concentrations, the ratio of non-functional PEGMA and heterobifunctional PEGMA
was varied to control the physical properties of the hydrogels without changing the crosslinking density nor the
number of total pendant chains. Therefore, only the change in physical properties were expected to significantly
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influence the changes in protein release rates. Here, the heterobifunctional PEGMA with sulfonate (‘Sulfo-PEG’),
trimethylammonium chloride (‘TMAC-PEQG’), and phenyl group (‘Ph-PEG’) were synthesized to confer negative
charge, positive charge, and hydrophobicity, respectively. The releases of albumin and insulin, whose pI values are
lower than physiological pH, negatively charged, are more facilitated in Sulfo-PEG hydrogels due to electrostatic
repulsion as compared to TMAC-PEG hydrogels capable of providing attractive force. In addition, the effect of
charge type and density was more noticeable for insulin, likely due to its smaller size than albumin allowing more
interactions with the functional groups. On the other hand, the release of trypsin, having positive charge due to
higher pI value than physiological pH, was significantly diminished in Sulfo-PEG hydrogels via repulsive force.
These results demonstrate that the PEG hydrogels with pendant functional groups could be successfully utilized
as vehicles for refined control of protein release for biomedical applications.

Data availability. All data generated or analysed during this study are included in this published article (and
its Supplementary Information files).
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