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ABSTRACT: The design, synthesis, and characterization of a new class of coumarin-based photodegradable hydrogels are
reported. Hydrogel formation was achieved rapidly and efficiently under aqueous conditions using copper-catalyzed click
chemistry, which afforded excellent control over the rate of network formation. Rapid photodegradation, to the point of reverse
gelation, was observed using both 365 and 405 nm light, and micrometer-scale features were eroded using two-photon irradiation

at wavelengths as long as 860 nm.

ydrogels, water-swollen cross-linked polymeric networks,
are an important class of polymeric materials in
biomedical research. For applications in tissue engineering
and regenerative medicine, some of the key properties of
hydrogels are their ability to localize and deliver therapeutic
proteins in a controlled manner, serve as delivery vehicles for
cell transplantation, and allow the culture of stem cells in tissue-
like three-dimensional microenvironments in vitro.' > Degrad-
able hydrogels are among the most attractive and useful classes
of hydrogel scaffolds, as their degradability can be leveraged to
control the release and delivery of therapeutic cells and
proteins.*”” Conventionally, hydrogel degradation is achieved
either hydrolytically or proteolytically; these approaches to
degradability are often mediated by internal triggers such as pH,
temperature, small molecules, and enzymes." "' However,
there is a growing interest among researchers in developing
chemical strategies that externally allow for spatiotemporal
control over the cleavage of gel cross-links.>**>™'* To this end,
photodegradable hydrogels, which allow for precise user-
directed degradation of the network structure via light-
mediated reactions, have evolved and received enormous
attention in recent years.””~'” While these hydrogels have
been found to have numerous applications to date,'*™>' the
majority of the systems reported are based on incorporating a
photolabile nitrobenzyl moiety into the network cross-
links, 151622
In this letter, we introduce a coumarin-based photo-
degradable hydrogel platform as a potential alternative to the
previously reported nitrobenzyl-based systems. Importantly,
this chemistry is highly suitable for biological applications, as
the photodegradation reaction produces biologically inert
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byproducts.**** Unlike the nitrobenzyl system, which releases
an aldehyde or ketone, both of which are reactive toward amine
functionalities of proteins,”*® the coumarin system exposes a
less reactive alcohol.”****”?® An additional advantage of this
coumarin-based platform is the red shift in its degradation
wavelengths, which provides access to a broader spectrum of
cytocompatible wavelengths of light.”>***”?® Here, the syn-
thesis of a new class of coumarin-based hydrogels, which are
cross-linked using aqueous copper-catalyzed click chemis-
try,>7>* is described. In addition, characterization of the gel
formation and photodegradation properties of these hydrogels
is presented.

The macromolecular precursors 4-armed poly(ethylene
glycol) (PEG) tetra-alkyne 1 and 4-armed PEG tetracoumarin
azide 2 used in the formation of the photodegradable hydrogels
are shown in Figure 1. Polymer 1 was synthesized in a
straightforward manner upon reacting 4-armed S kDa PEG
tetra-amine with pentynoic acid. The coumarin-based poly-
meric precursor 2 was obtained by coupling 4-armed S kDa
PEG tetracarboxylic acid with an amine-terminated coumarin
azide 3. This coumarin azide 3 was synthesized following the
synthetic route described in Scheme 1. Briefly, 7-amino-
methylcoumarin was first diazotized and then treated with
sodium azide to obtain 7-azido-methylcoumarin 4. The methyl
functionality of the coumarin was then oxidized to a methylene
alcohol using selenium dioxide as an oxidizing agent. The
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Figure 1. Coumarin-based photodegradable hydrogel: (a) Chemical structures of 4-arm PEG tetra-alkyne (S kDa) and 4-arm PEG tetra-azide (S
kDa) and schematic representation of copper(I)-catalyzed gel formation and light-activated degradation. (b) In situ rheology of gelation and
degradation of coumarin hydrogels. Gelation and degradation were achieved at 2—16 mM of Cu(I) and at 365 nm (10 mW/cm?) of light,
respectively, under aqueous conditions at room temperature. (c) Photochemistry of coumarin methyl ester degradation, in which coumarin methyl

alcohol is produced after degradation.

Scheme 1. Synthesis of Amine-Terminated Coumarin Azide
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resultant coumarin methyl alcohol § was then coupled to Boc-
protected beta-alanine and exposed to trifluoroacetic acid to
obtain the final amine-containing coumarin azide 3.

Hydrogel formation was achieved by mixing equimolar (100
mg/mL, 80 mM functional groups) aqueous solutions of 1 and
2 with solutions of sodium ascorbate (316 mg/mL, 1.6 M),
followed by copper sulfate at varying concentrations (Figure 1).
The final concentrations of alkyne and azide functional groups
were 36 mM, and the final concentration of sodium ascorbate
was 80 mM. The concentration of copper sulfate was varied
from 2 to 16 mM to investigate the effects of this variable on
the gelation characteristics, specifically the kinetics of gel
formation and the final modulus reached during in situ
polymerization on a shear rheometer. As expected, a correlation
between the concentration of copper sulfate and the gelation
kinetics was observed, where higher concentrations resulted in
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faster network formation (Figure 2A). For example, with 0.44
equiv of copper per alkyne (16 mM), the modulus reached 90%
of the final value within 2 min, while reducing the copper
concentration to 0.05 equiv (2 mM) delayed this conversion to
over 15 min. In general, the time required to reach 90% of the
final modulus (based on when the macromers were placed on
the rheometer) varied over an order of magnitude from ca. 100
s to ca. 1000 s. To quantify the kinetics of gel formation, we
measured the time elapsed between the gel point and the gel
reaching 90% of its final modulus to avoid errors associated
with the time required to initiate measurements (Figure 2B and
Table SI 1, Supporting Information). These times were
inverted to generate rates of modulus evolution, which varied
linearly with respect to copper concentration (Figure SI 1,
Supporting Information). This analysis indicates that the
copper is involved in the rate-limiting step, and the rate of
modulus evolution corresponds well with the rate of the click
reaction, which is also linear with respect to copper
concentration.>' ™3

Interestingly, the copper sulfate concentration also had an
effect on the modulus of the final hydrogel, as higher catalyst
concentrations resulted in lower final moduli (Figure 24, C).
For example, decreasing the copper concentration from 0.44 to
0.05 equiv per alkyne nearly doubled the final modulus
achieved. Previous reports on building polymers using click
reactions have shown no change in conversion with respect to
the copper concentration. Thus, the effect of copper
concentration on final modulus is likely driven by the kinetics
of gel formation, leading to different network structures and
nonidealities.>® While the opposite trend was previously
observed for thermally initiated thiol—ene step growth gels,**
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Figure 2. Coumarin-based photodegradable hydrogel formation kinetics: (a) In situ copper(I)-catalyzed gel formation at various concentrations of
copper. The concentration of copper sulfate was 16 mM for black, 8 mM for green, 4 mM for red, and 2 mM for blue. (b) Time to reach 90% of the
final modulus from the gel point with varying copper concentrations. (c) Mean equilibrium shear elastic modulus achieved by gels polymerized using

different concentrations of copper.

we hypothesize that the more complicated mechanism of
triazole formation may be responsible for this difference. With
this cross-linking chemistry, three collisions are necessary to
achieve bond formation: (i) copper(Il) and sodium ascorbate
to form copper(I), (ii) copper(I) and alkyne to form the
activated copper(I)/alkyne complex, and (iii) the copper(I)/
alkyne complex and azide for cross-link formation.” Con-
sequently, rapid gelation may potentially restrict functional
group mobility and lead to network nonidealities (e.g., loops or
unreacted end groups), which would likely reduce the cross-link
density and modulus. Work is ongoing to elucidate a potential
mechanism for the reaction rate dependent modulus
observation.

After characterizing the network formation in these step
growth hydrogels, detailed characterization of the photo-
degradation reaction was performed. Previous work has
demonstrated that the coumarin moiety cleaves in response
to UV (365 nm) and visible (40S nm) light at vastly different
rates. Bone morphogenetic proteins (BMPs) tethered to a
hydrogel network through a coumarin linker were shown to be
released 3.3 times faster than those tethered through a
nitrobenzyl linker under 365 nm irradiation and 2.9 times
slower under 405 nm irradiation at the same light intensity.”®
We sought to investigate and quantify the rates of coumarin
cleavage upon exposure to different intensities of 365 and 405
nm light through hydrogel degradation kinetic studies.
Coumarin cross-linked hydrogels were polymerized in situ
and exposed to varying intensities of both 365 and 405 nm
light. We observed significant differences in the time required
for cross-link cleavage, as measured by modulus reduction, over
the range of intensities and wavelengths investigated. The shear
elastic modulus of coumarin cross-linked hydrogels exposed to
1.4 mW/cm? of 405 nm irradiation was reduced to only ca. 95%
of its initial value after 200 s, while hydrogels exposed to 10.4
mW/cm? 365 nm experienced a modulus reduction to less than
25% of its initial value at the same time point (Figure 3A,B and
Table SI 2, Supporting Information). This behavior was fit to a
first-order degradation model shown in eq 1 to yield apparent
rates of cross-linking cleavage that can be quantified and
compared.'>"¢

G(t) = Gye k! (1)

Here, G is the shear elastic modulus; G, is the initial shear
elastic modulus; and ¢ is the time of exposure. The apparent
rate of degradation, kapp, has been to shown to depend on the
quantum yield, ¢, the molar absorptivity, & the incident
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Figure 3. Coumarin-based photodegradable hydrogel degradation
kinetics: (a) In situ rheology of the coumarin gel degrading in
response to 365 nm light. The data are shown as points, and the fit is
shown as a line. Green is 10.4 mW/cm?, blue is 4.0 mW/cm?, and red
is 1.4 mW/cm?® The absorbance of the material along with a band
representing 365 nm is shown in the inset. (b) In situ rheology of the
coumarin gel degrading in response to 405 nm light. Black is 40 mW/
cm?, green is 10.4 mW/cm?, blue is 4.0 mW/cm?, and red is 1.4 mW/
cm? The absorbance of the material along with a band representing
405 nm is shown in the inset. (c) Plot of kp versus light intensity.
Across a wavelength, a straight line is expected with data (points) and
fits (lines) shown for 365 nm (magenta) and 405 nm (violet). Error
bars are smaller than the points. (d) k,pp/Io versus light intensity. Both
these numbers collapse to k,,,,/ (Ipg) x 10* = 0.0030 + 0.0001 cm® M/
(s mW) when normalized to the extinction coefficient, &, of the
material at those wavelengths.

irradiation, Iy, and the wavelength of light, A. This relationship
is shown in eq 2, where N, is Avogadro’s number, & is Planck’s
constant, and ¢ is the speed of light. Thus, the rate of gel
degradation can be modulated by changing light intensity or
wavelength, as the molar absorptivity is a function of

15,16
wavelength. 5
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Figure 4. Images of two-photon degradation. The coumarin gel is fluorescent in response to 405 nm incident light. Thus, transmitted, fluorescent,
and merged images are shown (left, center, and right, respectively). The numbers refer to the two-photon wavelength used to degrade the material.
Degradation and gel erosion were tested up to 900 nm of two-photon light. However, degradation at 900 nm was inefficient. Scale bar: 100 gm.
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The shear elastic modulus of coumarin cross-linked hydro-
gels was monitored during exposure to 40, 10.4, 4.0, and 1.4
mW/cm? of 405 nm light and 10.4, 4.0, and 1.4 mW/cm? of
365 nm light. The resulting data were plotted and fit to eq 1
(Figure 3). The apparent rate constant, k,,,, varied by almost 2
orders of magnitude, from 1.0 X 10™*s™! under exposure to 1.4
mW/cm? 405 nm light to 79 X 10~* s7! under 10.4 mW/cm?
365 nm light. Because the degradation is a first-order process,
the rates of degradation at each wavelength are expected to
collapse to a single point when normalized for light intensity
(Figure 3 and Tables S2 and S3, , Supporting Information). In
general, we observed excellent agreement with this theory and
show consistent k,,,/I, for a given wavelength. Furthermore,
based on these calculations, the coumarin cross-linked gel
degraded with 365 nm light at a rate comparable to the fastest
nitrobenzyl moieties reported.'® While the degradation kinetics
were roughly ten times slower at 405 nm, this result is
consistent with the absorbance data showing that the PEG-
coumarin molecule 2 absorbs slightly less than ten times more
light at 365 nm (& = 2460 cm™ M~ per functional group) than
at 405 nm (e = 280 cm™' M~ per functional group). When this
difference in molar absorptivity is taken into account, all of the
data collapse to a single value, k,,,/ (I,e) x 10* = 0.0030 +
0.0001 cm® M/(s mW), indicating that the quantum yield is
similar for both wavelengths of light.

Finally, we hypothesized that the coumarin moiety would
also cleave in response to longer wavelengths of two-photon
light. Using a confocal microscope and a tunable two-photon
laser, we observed visible material degradation for wavelengths
between 720 and 860 nm (Figure 4). While the efficiency of
degradation was much higher at 740 nm, requiring only a 1.58
us pixel dwell at a 110 mW/um?® intensity, degradation was
observed even out to 860 nm by increasing the pixel dwell time.

In conclusion, our results demonstrate the utility of
coumarin-based photodegradable moieties for user-directed
manipulation of hydrogel materials. Importantly, this chemistry
is efficient at longer wavelengths of light and produces
biologically benign byproducts upon photocleavage. Although
this characterization has been performed using hydrogels cross-
linked by copper-catalyzed click chemistry, this coumarin
chemistry could easily be adapted to a cytocompatible copper-
free hydrogel platform.****37 Thus, we anticipate that this
versatile new chemistry will prove useful in future tissue
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engineering studies focused on spatiotemporal patterning of
cellular microenvironments.
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