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Injectable depots that respond to exogenous and
endogenous stimuli present an attractive strategy for
tunable, patient-specific drug delivery. Here, the design of
injectable and multimodal degradable hydrogels that
respond to externally applied light and physiological stimuli,
specifically aqueous and reducing microenvironments, is
reported. Rapid hydrogel formation was achieved using a
thiol-maleimide click reaction between multifunctional
poly(ethylene glycol) macromers. Hydrogel degradation
kinetics in response to externally applied cytocompatible
light, reducing conditions, and hydrolysis were
characterized, and degradation of the gel was controlled over
multiple time scales from seconds to days. Further, tailored
release of an encapsulated model cargo, fluorescent
nanobeads, was demonstrated.

Synthetic hydrogels have been widely employed for a range of
2, 3

applications from sensors,” membranes, and lithography* to

. 6 .
sealants,” adhesives,” 7 and controlled cell culture and drug delivery

devices.*™ In particular, hydrogels formed by step growth
mechanisms have garnered significant attention owing to their
homogenous network structure, robust mechanical properties, and
ease of property modulation using responsive and orthogonal

chemistries.™™ For example, nearly ideal step-growth hydrogels have
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been formed by copper-catalyzed azide-alkyne, ring strained

17,18 19, 20

alkyne-azide, tetrazine trans-cyclooctene, photoinitiated thiol-

15, 21 23

ene, and thiol-maleimide reactions® with stoichiometric
amount of reactive functional groups. In biomedical applications,
control of mechanical and biochemical properties in time and in situ
within these materials is key and can be achieved with various
combinations of these chemistries for independent control of

hydrogel formation and modification®" **

or by engineering hydrogel
degradation.® Degradation (e.g., ester or enzymatic hydrolysis or
other mechanisms) is particularly important for the site-specific
delivery of encapsulated therapeutics, including proteins, small
molecules, and cells, for administrating a desired ‘dose’ with high
efficacy while mitigating off-target effects.”® ¥ Complete degradation
of the material also alleviates the need for implant ‘removal’ as the
cleavage products are cleared after matrix dissolution.”® * Further,
tunable control over degradation in a noninvasive manner achieved
with labile chemistries responsive to endogenous (e.g., hydrolysis, pH,
thiol concentration) or exogenous (e.g., light) stimuli, as will be
described here, may provide a mechanism for tailoring release profiles
for patient-specific treatments.

Control over degradation of hydrogels that are covalently
crosslinked often has been achieved by incorporation of degradable
groups that can undergo ester hydrolysis or enzymatic degradation.8
Recently, hydrogel degradation using chemistries such as retro

3% 3' retro Diels-Alder

35

Michael-type additions with thiol-exchange,

3 received

reactions,> or photocleavable chemistries® has
considerable attention as each provides a responsive synthetic handle
for engineering rates of degradation. While these reversible or
irreversible cleavage reactions provide control over material
degradation and cargo release, a hydrogel system that degrades in
response to multiple stimuli would provide a unique tool to create
complex cargo release profiles. In recent years, a few groups including

ours have developed dually degradable hydrogels for modulating drug
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release profiles based on degradation kinetics.3®* ¥ While these

materials allow microenvironment-responsive release, hydrogel-
based drug carriers that degrade in response to multiple triggers, both
exogenous (e.g., light) and endogenous (e.g., reducing and aqueous
microenvironments), would allow for sustained and complex
therapeutic release profiles with spatial and temporal control post
fabrication. Several pioneering studies have demonstrated the
synthesis of different water-soluble photodegradable macromers with
various reactive functionalities, including acrylates, azides, alcohols,

. . . . 3-.
amines, halides, and carboxylic acids.>™**

Building upon this, we
sought to create injectable, photodegradable and microenvironment-
responsive hydrogels that can be crosslinked in situ under mild
cytocompatible conditions appropriate for in vitro and in vivo
applications.

In this communication, we report a degradable hydrogel, sensitive
to multiple stimuli, as an injectable cargo carrier with properties that
can be tuned in situ. To achieve this, a novel maleimide end-
functionalized, photodegradable macromer containing an o-
nitrobenzyl ether (0-NB) group was synthesized and characterized.

Thiol-maleimide click reactions were utilized for hydrogel formation,
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as they are highly efficient, occur under mild conditions, and do not

require a catalyst;™ #* 3

additionally, selection of the thiol-containing
functional group imparts degradability in response to specific stimuli
found in cellular microenvironments (e.g., reducing conditions and
water). The 0-NB photolabile group was selected for its susceptibility
to degradation over a wide range of cytocompatible irradiation
conditions, including long wavelength UV, visible, and two-photon IR
light, for user-controlled degradation.** ** Taken together, the
resulting hydrogel undergoes ester hydrolysis in response to an
aqueous microenvironment, retro Michael-type reaction with thiol-
exchange in response to a reducing microenvironment, and
photocleavage in response to externally applied light. This approach
provides spatiotemporal control of the properties of cytocompatible
hydrogels formed using a catalyst-free Michael-type reaction.
Degradation in response to light or aqueous and reducing
microenvironments was characterized by monitoring temporal
evolution of hydrogel mechanical properties. For proof-of-concept,
we also demonstrate how the mode of degradation mediates the
release of a model cargo by the incorporation and responsive release

of polymeric nanobeads.
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Fig. 1. Multimodal degradable hydrogel formation and degradation. (A) Multimodal degradable hydrogels were formed by reacting maleimide and
thiol end functionalized four-arm poly(ethylene glycol) macromolecular precursors using (B) a Michael-type addition reaction. (C) An o-nitrobenzyl
ether based photodegradable functional group that undergoes irreversible cleavage upon irradiation with UV, visible, or two-photon IR light were
incorporated into the backbone of the network, providing externally-triggered, rapid degradation of thick hydrogels by surface erosion. (D) Presence
of arylthiol based thioether succinimide linkages allowed responsive, bulk degradation by retro Michael-type reaction, where thiol exchange with
exogenous glutathione (GSH) present in a reducing microenvironment leads to irreversible cleavage. (E) Ester linkages were incorporated within both
macromolecular precursors for bulk degradation of hydrogels by hydrolysis over longer timescales.
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Design and synthesis of building blocks with different
degradable functional groups

Several multiarm poly(ethylene glycol) (PEG)-based macromers with
different reactive functionalities were created for the rational design
of biocompatible, responsive hydrogels with distinct modes of
controlled degradation, from preprogrammed and responsive to
externally tunable. Specifically, four-arm (PEG) end functionalized
with thiols (PEG-4-aryIlSH) was
photodegradable PEG end-functionalized with maleimides (PEG-4-
PD-MI) by a Michael-type addition reaction (Fig. 1A, B). PEG, a
hydrophilic polymer FDA-approved for various applications, is easily

aryl reacted with four-arm

modified with appropriate reactive functional groups for tailoring of
the hydrogel properties while limiting any non-specific protein-
material interaction.” Crosslinking of the photodegradable and thiol-
sensitive  PEG macromers produces a hydrogel whose main
degradable functional units are o-NB and mercaptophenylacetic acid
(MPA)-based thioether succinimide linkages, respectively. Upon the
application of cytocompatible doses of light, the photolabile o-NB
linkage undergoes irreversible cleavage due to photochemically
induced photoisomerization yielding ketone and carboxylic acid-
based cleavage products (Fig. 1C).* Nitrobenzyl-based photolabile
groups have been used in several applications as protective groups for
uncaging of proteins,*® spatiotemporally controlling hydrogel

8 . . . . 8
3%3% and the release of live cells or bioactive proteins.*” 47 *

properties,
Aryl-thiol based thioether succinimide linkages are susceptible to thiol
exchange in the presence of glutathione (GSH), which provides a
reducing microenvironment (Fig. 1D). The degradation kinetics of
mercatophenyl-based thiols in response to reducing
microenvironments have been investigated previously by Kiick and

coworkers.>*3*¥ Since the concentration of glutathione is elevated in
HO
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carcinoma tissues compared to surrounding healthy tissues,*” *° the
incorporation of aryl-thiol-based linkages that cleave in response to
glutathione may provide increased release of therapeutics in
carcinoma tissues and thus provide higher therapeutic efficacy. In
addition, both macromers (PEG-4-PD-MI and PEG-4-arylSH) contain
an ester linkage allowing for hydrolysis of the resulting polymeric
network under aqueous conditions ultimately leading to complete
degradation of the hydrogel in aqueous environments. Overall, the
incorporation of multiple cleavable groups that can degrade in
response to endogenous and exogenous stimuli presents an attractive
strategy for designing drug delivery systems with complex release
profiles that could be tuned for the needs of an individual patient.
PEG-4-arylSH was synthesized via esterification by reacting
mercaptophenylacetic acid with the hydroxyl end groups of four-arm
PEG (Scheme S1). Two primary methods can be used for synthesis of
the PEG-4-PD-MI: j) synthesizing a small photodegradable maleimide
monomer for functionalizing the end groups of PEG (or other
macromolecules) or ii) modifying the end groups of PEG by sequential
reactions to conjugate the polymer with the photodegradable
maleimide group. Our preliminary efforts focused on the former
based on prior successful syntheses of an acrylated photodegradable
monomer.** However, conjugation of the photodegradable maleimide
monomer to a PEG-bis-amine was challenging and led to limited
modification of the amine end groups of the polymer (~ 5-10%
modification) [data not shown]. Consequently, we pursued the latter
and synthesized a small precursor of the photolabile group, coupled it
with the amine end groups of PEG, and subsequently modified the
PEG-photolabile precursor with maleimide end groups. This unique
approach, as elaborated below, was used to create a PEG crosslinker
end-functionalized with a photodegradable maleimide (Scheme 1).
We first synthesized an

intermediate, 4-(4-(1-hydroxyethyl)-2-
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Scheme 1. Synthetic route for preparing a macromolecular crosslinking agent functionalized with photodegradable maleimide. Reagents and
conditions are as follows: a) DIPEA, HATU in DMF under Ar; b) Succinic anhydride, DMAP in DMF under Ar at 5o °C; and ¢) N-(2-aminoethyl)

maleimide, TFA, DIPEA, HATU in DMF under Ar.

This journal is © The Royal Society of Chemistry 2012
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methoxy-5-nitrophenoxy) butanoic acid (V, Scheme S2), using a
protocol published by Kloxin et al. with one modification.* Briefly, the
nitration step was carried out continuously on an ice bath to minimize
any side reactions (i.e., nitration at multiple positions), and the
purification of the nitrated product was carried out using flash
(3:7  ethyl ethyl
acetate:hexane) (see Supporting Information for detailed protocol).

chromatography acetate:hexane to 6:4
The carboxylic acid groups from intermediate V were activated with 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
(HATU) in the
diisopropylethylamine (DIPEA) to form an amide linkage with four-

oxid hexafluorophosphate presence of N,N-
arm PEG amine (PEG-4-NH,). This reaction yielded a polymer-
photolabile precursor intermediate with hydroxyl end groups (pll)
with 99% modification as assessed from integration of the area of the
aromatic protons in the "H NMR spectrum. Multiarm PEG (four-arm)
maleimide was employed instead of linear PEG to provide higher
functionality per crosslinker and facilitate encapsulation and
entrapment of various cargos for delivery applications. The hydroxyl
groups from pll were subsequently reacted with succinic anhydride to
convert them to carboxylic acids and yield the acid-functionalized
photodegradable polymer intermediate (plll). The reaction yield was
~79%, and the functionality (~100%) was quantified by the
disappearance of the hydroxyl proton at 5.26 ppm in the '"H NMR
spectrum. The carboxylic acid groups were activated using HATU to
form an o-acyl(tetramethyl)-active ester that can react with the
nucleophilic amine of N-(2-aminoethyl) maleimide (AEM) (or other
amine-functionalized reactive groups of interest). This reaction
yielded maleimide-functionalized, photodegradable 4-arm PEG (plV,
PEG-4-PD-MI) with a reaction yield of 82% and functionality of 79%,
as quantified by monitoring the area of the maleimide ring protons
(6.97 ppm) in the "H NMR spectrum (see Supporting Information). The
lower functionalization with maleimide observed here, as compared
to the other end group modification reactions, may be attributed to

two side reactions: free amines of AEM may react with maleimides on

4| J. Name., 2012, 00, 1-3

other AEM molecules, and the maleimide ring may undergo hydrolysis
during synthesis and purification. Although the synthesis of a water-
insoluble nitrobenzyl moiety with maleimide end group recently has
been reported,® to the best of our knowledge, this is the first reported
water-soluble  maleimide end-functionalized
PEG

degradation. These methods in principle could be employed for

synthesis of a

photodegradable macromer for controlling  hydrogel
designing cell compatible hydrogels for tissue engineering and

regenerative medicine applications.

Hydrogel formation and tunable mechanical
properties
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Fig. 2. Rheological characterization of hydrogels (A) Hydrogel
formation was monitored by dynamic time sweep measurements using
an oscillatory rheometer, where all measurements were performed
within the linear viscoelastic regime (representative data for 5 wt%
hydrogel shown). (B) Polymer concentration was varied to achieve a
range of moduli and corresponding mesh sizes (see Fig. S2), and the
impact on crosslinking time was assessed. With increased polymer
concentration, the crosslink density increased resulting in increased
storage modulus and lowered gelation time. The data shown illustrate
the mean (n = 3) with error bars showing the standard error.
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Fig. 3. Degradation of multimodal degradable hydrogels. Degradation of hydrogels in response to different stimuli was studied by monitoring the
storage modulus as a function of time. (A) Hydrogels exhibited a rapid decrease in the modulus in response to externally applied, low doses of light (10
mW/cm? at 365 nm, 30 sec pulse, closed symbols), and (B) complete degradation is observed after ~ 4.5 minutes of continuous exposure. The negative
control hydrogels, which lack a photolabile group, show no significant change in modulus over time in response to the same light exposure (open
symbols). The hydrogels also were responsive to low intensity visible light (10 mW/cm?® at 400 to 500 nm, continuous irradiation, inset). (C) In a thiol-
rich reducing microenvironment like that observed in tumors (ca. 10 mM GSH), a decrease in the modulus of the multimodal degradable hydrogel
(closed symbols) was observed, indicating responsive degradation due to reversible click and thiol exchange reactions of aryl thiol based thioether
succinimide linkages with GSH under reducing conditions. Complete degradation is observed in approximately 2 days. (D) In an aqueous
microenvironment (phosphate buffer), the multimodal degradable hydrogel exhibited slower degradation due to hydrolysis of ester linkages with
complete degradation in approximately 4 days (closed symbols). The negative control (no degradable groups), after initial swelling, was relatively
stable during the experimental time frame (open symbols). The data shown illustrate the mean (n = 3) with error bars showing the standard error.

The mechanical properties of hydrogels formed using the synthesized
multifunctional macromers were investigated to demonstrate the
utility of Michael-type addition to form hydrogels sensitive to multiple
stimuli. In particular, hydrogel gelation kinetics and mechanical
properties play a crucial role in the clinical translation of injectable
hydrogels for controlled drug delivery applications. Here, dynamic
time sweep rheological experiments were conducted to monitor the
the
functionalized macromolecules to form crosslinked networks on

gelation kinetics and to demonstrate utility of these
timescales appropriate for injection. Hydrogels were formed in situ
(i.e., on the rheometer stage) by mixing precursor solutions of
photodegradable PEG-4-PD-MI and a microenvironment-sensitive
PEG-4-aryISH at 1:1 ratio of maleimide to thiol. The mixed precursor
solution was added to the rheometer stage before any apparent
increase in the solution viscosity, and time sweep measurements were
acquired under the viscoelastic regime (Fig. S1). Representative
results for the formation of a 5 wt% hydrogel are shown in Fig. 2A.
Due to rapid gelation, the crossover point of storage and loss moduli,
which is an indirect measurement of the gel point, occurred prior to
the first measurement on the rheometer. A consistent increase in

storage modulus (G’, from ~1900 Pa to ~4000 Pa) without a significant

This journal is © The Royal Society of Chemistry 2012

increase in loss modulus (G”, values ranging from ~50 Pa to ~70 Pa) as
a function of time was observed, correlating with the crosslinking of
the hydrogel (G ~ p,). Further, consistent values of storage modulus as
a function of frequency highlight the elastic nature of the hydrogels
(Fig. S1A). Properties that are critical for the success of injectable
hydrogel-based drug carriers, especially mesh size that dictates
diffusion of solutes in and out of hydrogel, are dependent on the
mechanical properties and vary with the network crosslink density.
The impact of crosslink density on the elastic properties of the
hydrogel was investigated by varying the polymer concentration (Fig.
2B). With an increase in the total polymer concentration from 2 to 5
wt%, the storage modulus (G’) increased from 0.2 kPa to 3.7 kPa,
which correlates to elastic moduli (E) ranging between ~ 0.6 to ~ 11
kPa, where G ~ E/3 based on rubber elasticity theory. This range of
elastic moduli matches well with that of various soft tissues, from that
of neural to muscular tissues.®” * The corresponding mesh size,
calculated from Flory-Rehner theory,* varied between 10 nm to 14
nm as a function of polymer concentration, providing a handle to
control entrapment, diffusion, and release of cargo molecules (Fig.
S2). The crosslinking time, defined here as the time to reach 9o% of

the final storage modulus value, ranged from approximately 2 to 10

Poly Chem, 2015, 00, 1-3 | 5
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minutes (Fig. 2C). The equilibrium mass swelling ratio (q) of resulting
hydrogels varied from 17 to 32 (Table S1). The gelation kinetics and
elastic properties of these novel hydrogels are consistent with the
gelation kinetics of similar Michael-type crosslinked PEG hydrogels.”
555 Overall, these results indicate that the gelation time and initial
elastic properties of the multimodal degradable hydrogels formed
using Michael-type reaction of these modified macromers can be

tuned over relevant ranges for the end application.

Degradation in response to exogenous and
endogenous stimuli

We next sought to establish a range of degradation profiles and times
that could be achieved with these multifunctional gels in detailed
studies of their degradation kinetics in response to light, reducing
microenvironments, and aqueous microenvironments. Changes in the
elastic properties of the hydrogels were monitored as a function of
time upon application of each stimulus, focusing on the 5-wt%
composition with a mesh size (~10 nm) that is appropriate for release
of large cargo (e.g., antibodies, nanoparticles, and cells). To study the
light-mediated degradation of the multimodal degradable hydrogels,
samples formed in situ on a photorheometer were irritated with
cytocompatible light conditions (120 mW/cm?® at 365 nm [long

wavelength UV] or 400-500 nm [visible]).?* 5 5

The hydrogel shear
modulus is directly correlated with the crosslink density per the theory
of rubber elasticity (G ~ py),”® and a decrease in the storage modulus
thus indicates cleavage of crosslinks and degradation of the hydrogel
(equation S8). The degradation behavior of the hydrogels was
compared with that of a negative control (gels formed using PEG-4-
alkylSH and PEG-4-MI that lack the photodegradable group, Fig. S4),
as shown in Fig. 3A. A significant decrease (approximately 15%
reduction) in storage modulus for the multimodal degradable
hydrogel was observed with the application of short pulses of light
(30-second of 10 mW/cm®at 365 nm), whereas the elastic properties of
the control hydrogel remained unchanged. Multimodal degradable
hydrogels also degraded with visible irradiation (10 mW/cm? at 400-
500 nm, similar to conditions used clinically) as shown in Fig. 3B inset.
These data confirm the triggered degradation of the hydrogels in
response to light; the rate of degradation in response to applied light
was calculated using continuous degradation data (Fig. 3B) assuming
first-order degradation kinetics based on network connectivity and
the kinetics of photocleavage (Fig. 55).60 The rate constant (k) for the
initial degradation time period was found to be 3.03 + 0.13 x 20" min™
(ty-= 2.3 min) and compares well with typical rate constants for
cleavage of similar o-nitrobenzyl ether based moieties (k ~ 0.2 - 0.3
min™).% ® In addition, a reduction in storage modulus was observed
with low doses of visible light with a rate constant of 2.20 + 0.03 x 10
min™ (Fig. 3B inset). The order of magnitude difference in degradation

Table 1. Degradation kinetics of multimodal degradable hydrogels

Half life
: Rate Constant
Degradation Mode o (ta2)
(min™)

(min)
Photodegradation (365 nm) 3.03+0.13x107 2
Photodegradation (400-500 nm) 2.20+0.03X10° 32

5 ThioNewmleange12, 00, 1-3 1.52 +0.003 X 10> 450

Ester hydrolysis 6.84+0.91x10" 1013

Polymer Chemistry

rate constant between 365 nm and 400-500 nm can be attributed to
the respective differences in absorbance and quantum yield of the o-
NB group at these wavelengths (Fig. $3).3%

Aryl thiol functionalized PEG macromers provide degradability in
response to reducing microenvironments within the multimodal
degradable hydrogels. GSH is a reducing agent produced at increased
levels by highly metabolically active cells, and consequently, is found
at elevated concentrations in carcinoma tissues (on the order of 10
mM intracellularly and 10 um extracellularly).* *° To study hydrogel
degradation in response to a GSH-rich microenvironment, multimodal
buffer
physiologically-relevant concentration of GSH (10 mM),** and the

degradable hydrogels were suspended in with a

elastic properties of the hydrogels were monitored periodically using
Nondegradable PEG hydrogels
without photolabile or reducing environment sensitive linkages (PEG-

oscillatory rheometry (Fig. 3C).

4-MI and PEG-4-alkylSH) and similar mechanical properties were used
as a negative control (Fig. S4). As is apparent in Fig. 3C, both control
and degradable hydrogels show an initial decrease in storage modulus
(approximately 10 to 20% reduction within the first 180 minutes),
which can be attributed to initial equilibrium swelling of the
hydrogels. Notably, a continuous decrease in modulus for the
degradable hydrogels is observed after initial swelling until complete
degradation is observed after approximately 2880 minutes (2 days),
confirming degradation of these hydrogels in response to the
reducing microenvironment. Side reactions, such as maleimide ring
hydrolysis that results in a non-degradable crosslink, also can impact
the rate and extent of gel degradation; however, our earlier studies
indicated that the thiol exchange with the Michael-type adduct occurs
on timescales (k = 1.75 x 20® min™) that are orders of magnitude faster
than this side reaction (k = 5.5 x 10° min™).3% ¥ Further, ester
hydrolysis provides a third mechanism for degradation, where its rate
was expected to be slower than that of the thiol-exchange reaction
based on prior work (k = 1.87 x 1207° min™).¥ Degradation of the
multimodal hydrogels in reducing environments without applied light
consequently was expected to be dominated by the thiol exchange.>”
¥ Fits to the data indicated that the observed kinetics for early
degradation (first day up to 1440 minutes) were pseudo-first-order
with a rate constant of 1.52 + 0.003 x 20> min™ (ty. = 450 min), which is
consistent with earlier reported values for similar hydrogels (Fig. S5).”
Complete hydrogel dissolution (i.e., reverse gelation) was observed
after approximately 2 days (at 2880 minutes), which is faster than our
earlier studies of dually degradable hydrogels that did not contain a
4 days). We
hypothesized that this disparity is due to the elevated rate of

photolabile group (complete dissolution at -~
hydrolysis of esters present in the PEG-4-PD-MI, since our earlier
study indicated that the ester linkage present on the PEG-4-aryISH is
relatively stable with a half-life of 14 days. To test this hypothesis, we
conducted hydrolytic cleavage studies, characterizing the degradation
of multimodal hydrogels over time in an aqueous solution without
GSH (Fig. 3D). The rate of ester hydrolysis was found to be 6.84 + 0.91
x 10 min™ (ty, = 1013 min, pseudo-first order kinetics, Fig. S5), which
was an order of magnitude larger than that observed for dually
degradable hydrogels without the photolabile group (k = 1.87 x 10®
min™).¥ In retrospect, these results are not surprising since
neighboring functional groups (here, the photodegradable moiety)

have been observed to significantly influence the rate of ester

This journal is © The Royal Society of Chemistry 2012
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Fig. 4. Degradation-mediated release of cargo. Fluorescent nanobeads (diameter ~100 nm) were encapsulated as a model cargo within the
multimodal degradable hydrogel during formation. Since the diameter of cargo molecules is ~10 times larger than the mesh size, we hypothesized
that the release would be controlled by degradation of the hydrogel. Hydrogel samples that were incubated in a reducing microenvironment (10 mM
GSH) showed burst release of nanobeads upon hydrogel dissolution (e.g., reverse gelation). When irradiated with pulses of light (10 mW/cm? at 365
nm periodically for 10 minute intervals), the hydrogel exhibited surface erosion (Fig. S6), owing to light attenuation within these thick hydrogels
(height ~ 1.8 mm), and the release of nanobeads correlated with this light-mediated surface erosion of the hydrogels. The data shown illustrate the

mean (n = 3) with error bars showing the standard error.

63:% Additional small-molecule studies will shed light on the

hydrolysis.
impact of neighboring groups on the ester hydrolysis of these
macromolecules, thus enabling improved design of biomaterials.
Nevertheless, the degradation of the multimodal degradable
hydrogels can be controlled over minutes to days, with half-lives
ranging three orders of magnitude from ~2 to ~1000 minutes (Table

1).

Degradation mediated release of model cargo
nanobeads

To demonstrate the utility of this multimodal degradable system for
tailored release, fluorescently-labeled nanobeads were entrapped
within the hydrogel as a model cargo, where similarly sized beads or
particles can be laden with various therapeutics of interest.** Since
the diameter of these nanobeads (g = 100 nm) is ~10-fold larger than
the estimated mesh size of the hydrogels (§ = 10 nm), the release of
cargo was expected to be driven by hydrogel degradation for the
proof of concept studies demonstrating control over the time and
dose of released cargo. The release of nanobeads in response to
appropriate degradation stimuli was monitored in solution using
fluorescence spectroscopy. The fractional release, which is defined as
the ratio of cargo released at a particular time point (My) to the cargo
released at complete degradation (M..) was plotted as a function of
in a thiol-rich

time (Fig. 4). Hydrogels that were incubated

microenvironment (10 mM GSH) exhibited limited release of

This journal is © The Royal Society of Chemistry 2012

nanobeads (< 1%) before complete hydrogel dissolution; release was
observed only after reverse gelation after 2 days (2880 minutes). In
addition, when incubated in PBS buffer, release was observed only
after gel dissolution at 4 days owing to ester hydrolysis (5760 minutes,
Fig. S7). In contrast, hydrogels that were degraded using externally
applied light exhibited light-responsive release with approximately 6
to 8% release of the loaded cargo in response to each 10-minute light
pulse (10 mW/cm® at 365 nm), without any observable bulk
degradation of the hydrogel as elaborated below. These release
profiles are consistent with the degradation mechanisms for the
related functional groups, where multimodal hydrogels (height ~ 1.8
bulk  with

microenvironments and by surface erosion with applied light.””

mm) should degrade in reducing and aqueous

60, 68
For photodegradation studies, the height of the hydrogel decreased
as a function of time while no significant changes in the diameter of
hydrogel discs were observed, further supporting degradation by
surface erosion (Fig. S6). Surface erosion is expected when using UV
and visible light to degrade these 0-NB-based hydrogels, owing to the
strong absorbance of these wavelengths of light by the photolabile
group within these thick hydrogel constructs; for example, at 365 nm,
the molar absorptivity of the photolabile group is 3840 L mol™ cm™,
equating to ~ 6% transmittance at thickness of 100 pm and confining
degradation to the top of the surface-eroding gel (see Supplementary

. 6
Information).3® 57 *°

Interestingly, the release of nanobeads (~6 to 8%)
in response to each applied light pulse was slightly less than expected

(~15% based on the rate of surface erosion in degradation studies, see

Poly Chem, 2015, 00, 1-3 | 7
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Supporting Information). We speculate that this disparity likely arises
from increased light attenuation in the presence of nanobeads (~17%
by volume of total gel content) that scatter light and may hinder
further the light penetration through the hydrogel. Nanobeads were
chosen here for proof of concept where similarly sized particles loaded
or decorated with small molecular drugs, proteins, or siRNA can be
encapsulated within these hydrogels for localized release for specific

applications of interest.® 7°

Note, a more continuous release profile
upon bulk degradation by thiol exchange or hydrolysis would be
expected for biologics (e.g., antibodies and other therapeutic
proteins) directly encapsulated within these types of gels; protein
release will be driven by diffusion as the mesh size of the hydrogel
increases commensurate with degradation, as observed in our earlier
work with dually degradable hydrogels.” Overall, these results
support the hypothesis that the release of cargo can be tuned by
controlling the degradation rate and, in principle, such a strategy
could be employed for spatiotemporal control over release of cargo
molecules in biological systems. For example, we envision that this
approach could prove useful for the treatment of various skin cancers,
where photodynamic therapies are often employed; with these new
materials, therapeutics for the treatment of carcinomas could be
released in response to the tumor microenvironment and, as needed,

adjusted with light on a patient-specific basis.

Conclusion

In summary, this work combines three cleavage chemistries to
engineer multimodal degradable hydrogels for responsive and
triggerable modulation of properties and cargo release. Specifically, a
versatile Michael-type addition reaction was employed to synthesize
an injectable hydrogel system formed in situ, using PEG macromers
functionalized with thiols or a photodegradable maleimide,
thiol

response to reducing microenvironments. The

respectively, where incorporation of an aryl imparted

degradability in
hydrogels exhibited rapid gelation and consistent mechanical
be helpful for their

injectable drug delivery vehicles in vivo. By

properties between samples, which will
development as
incorporating a photodegradable o-nitrobenzyl ether group, a thiol-
sensitive succinimide thioether linkage, and ester linkages, the
hydrogels demonstrated unique controlled degradation via surface
erosion or bulk degradation mechanisms, respectively, with
degradation rate constants ranging from ~10"min™ to ~10“min™. As a
proof of concept, the controlled release of nanobeads from the
hydrogel was demonstrated in a preprogrammed, stimuli-responsive,
or spatiotemporal fashion. In principle, such a strategy could be
employed for delivery of multiple therapeutics with precise control
over the release and delivery of cargoes, such as drugs, siRNA, drug-
loaded nanoparticles, or cells, for creating complex degradation

profiles as necessitated by the end application of interest.
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