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ABSTRACT: Reversible covalent chemistry provides access to robust materials with the ability to be degraded and reformed
upon exposure to an appropriate stimulus. Photoresponsive units are attractive for this purpose, as the spatial and temporal
application of light is easily controlled. Coumarin derivatives undergo a [2 + 2] cycloaddition upon exposure to long-wave UV
irradiation (365 nm), and this process can be reversed using short-wave UV light (254 nm). Therefore, polymers cross-linked by
coumarin groups are excellent candidates as reversible covalent gels. In this work, copolymerization of coumarin-containing
monomers with the hydrophilic comonomer N,N-dimethylacrylamide yielded water-soluble, linear polymers that could be cured
with long-wave UV light into free-standing hydrogels, even in the absence of a photoinitiator. Importantly, the gels were reverted
back to soluble copolymers upon short-wave UV irradiation. This process could be cycled, allowing for recycling and remolding
of the hydrogel into additional shapes. Further, this hydrogel can be imprinted with patterns through a mask-based, post-gelation
photoetching method. Traditional limitations of this technique, such as the requirement for uniform etching in one direction,
have been overcome by combining these materials with a soft-matter additive manufacturing methodology. In a representative
application of this approach, we printed solid structures in which the interior coumarin-cross-linked gel is surrounded by a
nondegradable gel. Upon exposure to short-wave UV irradiation, the coumarin-cross-linked gel was reverted to soluble

prepolymers that were washed away to yield hollow hydrogel objects.

KEYWORDS: Coumarin, hydrogel, reversible covalent, soft-matter additive manufacturing

B INTRODUCTION

Materials based upon reversible covalent chemistry1 offer the
strength of covalent bonds while retaining the reversible nature
of noncovalent linkages. Incorporating such bonds within
polymer networks provides robust materials that may be altered
following their synthesis to induce changes in their physical and/
or chemical properties. Reversible covalent hnkages, such as
photoresponsive cycloadducts,”® Schiff bases," ® Diels—Alder
adducts,”'° disulfides,"' ™" and boronic esters,"*™” have been
exploited in the fabrication of functional materials,"® imparting
remendability and reprocessability to the materials they are
contained within. Photosensitive reversible covalent moieties are
of particular interest because of the inherent spatiotemporal
control offered by light-driven reactions. In addition, the
wavelength of light and luminous intensity can be carefully
chosen to target desired reactions and/or reaction rates.
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Functional groups which undergo photoreversible dimeriza-
tion processes,19 such as coumarins,3’20_22
tives,”> and pyrimidine bases,” > provide an avenue toward
reversible formation and photolytic cleavage of polymer
networks. Coumarin derivatives have been used as cross-linking
groups in polymeric materials because of the relatively mild
conditions necessary for dimerization and the ability to undergo
iterative cycloadditions/cycloreversions.”*®** Under long-wave
UV irradiation (365 nm), coumarins undergo a [2 + 2]
cycloaddition to yield cyclobutane-linked dimers. Therefore,
the installation of coumarin groups on a polymer backbone
enables facile cross-linking through the formation of coumarin

anthracene deriva-
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Figure 1. Routes to reversible covalent materials linked by photosensitive coumarin dimers. (a) Water-soluble copolymers containing pendent coumarin
functionality can be reversibly cross-linked using UV light to generate photoreversible hydrogels. (b) Polymer hydrogels cross-linked by the
dimerization of coumarin can be broken down to soluble polymers using 254 nm light, remolded, and cured into a hydrogel of a new shape. (c) Patterned
hydrogels can be formed by irradiating a masked hydrogel with 254 nm light to reverse the unmasked areas. (d) Combining photodegradable hydrogels
with nondegradable hydrogels via soft-matter additive manufacturing provides access to complex structures such as hollow hydrogel spheres and tubes.

dimers. For example, Yoshida and coworkers installed pendent
coumarin functionality in a thermoresponsive poly(N-isopropy-
lacrylamide) (PNIPAM) block of an ABA triblock copolymer.™
Above the cloud point of the PNIPAM block, the polymers
assembled into flower micelles, forming a physical network. After
irradiating the hydrogel with long-wave UV light, dimerization of
pendent coumarins formed a chemically cross-linked network,
and the change in modulus led to a significantly altered behavior
of encapsulated cells. When coumarin dimers are exposed to
short-wave UV irradiation (254 nm), a cycloreversion reaction
occurs, leading to partial recovery of the uncross-linked form.**
This allows for cross-linking with long-wave UV radiation and
reversion to soluble copolymers using short-wave UV light. Ling
et al. demonstrated the efficient dimerization and retro-
cyclization of coumarins by using this reversibility as a means
for self-healing of a polymeric film.>> A poly(ethylene glycol)
(PEG)-based polyurethane was prepared with a pendent
coumarin in the repeat unit. A cross-linked film was cut and
then repaired with successive irradiation with short-wave and
long-wave UV light, displaying excellent healing of the damaged
area. After three cut-heal cycles, tensile testing demonstrated that
over half of the original mechanical strength was retained,
suggesting efficient reversibility of the coumarin linkage.
Hydrogels, which are cross-linked polymer networks swollen
by water, are of great interest in areas such as regenerative
medicine because they often have low moduli, can encapsulate
cells, and are generally straightforward to prepare.”*’’
Fabricating soft hydrogel materials with distinct shapes poses a
challenge because of their proclivity to deform under their own
weight before and after polymerizing.”*” Light can be used via a
top-down approach (i.e., post-gelation modification) to further
alter a uniform hydrogel through photochemical reactions after
initial cross-linking, which is analogous to the processes
traditionally used for the preparation of photoresists.”” This
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may include polymerizable groups such as acrylates which can
either undergo radical photopolymerization or thiol—ene
reactions.'”*'~** In other cases, incorporating photodegradable
functional groups allows for ablation of areas exposed to the light
source. For example, o-nitrobenzyl groups incorporated at the
cross-linking points of a PEG network allowed for photo-
mediated degradation of the irradiated area, %enerating channels
which guided cell migration in the hydrogel.”** Such examples
pinpoint the precision with which patterns can be generated if the
reactive functionalities and the light source are properly selected.
Further, because mask-based photoablation uses light to
selectively etch unmasked areas of the hydrogel, simultaneous
and inexpensive processing of multiple samples is possible, often
with simple and readily available equipment. Conversely,
patterns can be incorporated during the fabrication of the
hydrogel (ie, bottom up), such as in layer-by-layer stereo-
lithography,"” in which each layer is cured sequentially and excess
monomer is washed away between steps, making processing of
multiple samples challenging and time-consuming. Often,
limited complexity can be incorporated into the materials, and
softer substrates suffer from excessive material sag. Alternatively,
3D printing a liquid ink into a sacrificial support medium that can
be subsequently removed after curing of the printed object
circumvents these issues.*® One benefit of this technique is the
ability to print the entire object as a liquid before curing,
providing near-perfect adhesion between layers. As a conse-
quence, complex structures made from hydrogels, silicone
elastomers, and even cellular constructs have been printed into
sacrificial support materials ranging from jammed granular
microgels and polymer networks with reversible bonds to
entangled polymer solutions and packed micelles.*”~** However,
significant challenges remain when removing the support
medium from within small-bore perfusable tube networks and
encapsulated structures.
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In this work, we employ the reversible dimerization of
coumarin as a means of cross-linking latent prepolymers into
hydrogels. We exploit the direct copolymerization of coumarin-
containing monomers with a hydrophilic comonomer as a route
to water-soluble copolymers with pendent coumarin function-
ality. The dimerization of coumarins in solvents with varying
polarity has been studied, with high quantum yields observed in
water.”® Therefore, following cross-linking of the coumarin units
and removal of the surrounding support medium, free-standing
hydrogels could be obtained which, upon exposure to short-wave
UV irradiation, can be degraded into soluble copolymers (Figure
1a). As a consequence, hydrogels may be prepared in one shape,
degraded through retrocyclization to regenerate the soluble
precursor polymer, and subsequently molded and cured into a
new shape (Figure 1b). Furthermore, this dynamic reversibility
provides a concise route to photopatterned hydrogels in the
presence of a photomask. Under these conditions, only the areas
not covered by the photomask will be affected by the light source,
leaving a clear pattern imprinted in the hydrogel (Figure Ic).
Finally, combining these reversible covalent hydrogels with soft-
matter 3D-printing technology allows access to an endless
number of more complex structures, such as hollow hydrogel
spheres and tubular structures (Figure 1d). The application of
coumarin-cross-linked hydrogels in a top-down approach, as well
as their use as a degradable ink to assist in bottom-up additive
manufacturing, highlights their versatility and tremendous
potential in the production of sophisticated soft materials and
3D cell-culture scaffolds.

B MATERIALS AND EXPERIMENTAL METHODS

Detailed synthetic procedures and methodological details are provided
in the Supporting Information. Coumarin-containing copolymers were
synthesized via radical copolymerization of N,N-dimethylacrylamide
(DMA) with either an acrylic (7-(2-acryloyloxyethoxy)-4-methylcou-
marin) or acrylamido (7-(2-acrylamidoethoxy)-4-methylcoumarin)
monomer with coumarin functionality. The monomers were mixed at
a desired molar ratio (99:1 or 95:5) in 1,4-dioxane, and polymerization
was initiated thermally using azobisisobutyronitrile. Number-average
molecular weights, weight-average molecular weights, and molar mass
dispersities were measured using gel permeation chromatography
equipped with multi-angle light scattering detection. Coumarin
incorporation in the purified copolymers was measured using 'H
NMR spectroscopy in CDCl;. All cyclization (using long-wave UV
light) and retrocyclization (using short-wave UV light) were performed
with commercially available lamps with emission centered around 365
nm (long-wave UV) or 254 nm (short-wave UV). Coumarin
dimerization and retrocyclization kinetics were studied in aqueous
solution by monitoring the change in absorbance at 4 = 320 nm,
corresponding to the consumption or reemergence of the vinyl group of
the a,f-unsaturated ester, respectively.

Soft-matter additive manufacturing was performed using custom-
built instruments described previously.*” In short, three linear
translational stages were used, with a fourth linear stage as a syringe
pump. The stages were controlled with custom-written MATLAB
scripts and trajectories. Prepolymer solutions were loaded into a glass
syringe with a 26-gauge blunt dispensing needle and printed into a
jammed microgel support medium (Ashland 980 carbomer prepared at
0.15 wt % polymer and neutral pH). The printed inks were cured into
hydrogels using a UV flood curing lamp with an emission window of
320—390 nm. To print objects containing two disparate hydrogels, two
separate dispensing syringes were used. The MATLAB scripts were
written to accommodate interchanging the two syringes at appropriate
points in the printing process.

B RESULTS AND DISCUSSION

Copolymers containing coumarin functionality have been
synthesized by a variety of methods, including polycondensation
of A—A- and B—B-type monomers,”*>” radical polymerization
of vinyl monomers,””*** and post-polymerization incorpo-
ration of coumarin-containing molecules.””®" Our strategy for
incorporation of pendent coumarins into hydrophilic copoly-
mers was to directly copolymerize coumarin-containing vinyl
monomers with a water-soluble comonomer. This allows for
accurate control over the coumarin incorporation through
variation of the comonomer feed ratio. Therefore, the polymers
were produced via radical copolymerization of DMA with one of
two coumarin-based vinyl monomers (Figure 2). The first, 7-(2-
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Figure 2. Structure of PDMA/coumarin copolymers. DMA and
coumarin-containing monomers were copolymerized using conven-
tional radical polymerization to yield water-soluble copolymers.

acryloyloxyethoxy)-4-methylcoumarin (CoumAc), was synthe-
sized according to a previous report.”” A second acrylamide-
based monomer necessitated the use of a boc-protected
bromoethylamine to install the acrylamide functionality.
Following deprotection, the amino-terminated coumarin was
acylated with acryloyl chloride to yield 7-(2-acrylamidoethoxy)-
4-methylcoumarin (CoumAAm). The structures of the inter-
mediates and monomers were confirmed using "H and *C NMR
spectroscopy and electrospray ionization high-resolution mass
spectrometry (Figures S1—S8). UV—vis spectra of both
monomers displayed the characteristic maximum absorbance
of the coumarin unit at 320 nm (Figures S9 and S10).

Initial copolymerizations were conducted with a molar ratio of
[DMA],/[CoumX], of 99:1. Reactions were carried out with a
monomer concentration of 1.5 M in 1,4-dioxane at 70 °C. After 1
h, the viscosity of the solution drastically increased, and gel
permeation chromatography with multi-angle light scattering
detection (GPC-MALS) yielded molecular weights in the range
of 100 kg mol™" (Figure S11). After polymerization, the reaction
mixture was dialyzed against deionized water to remove
unreacted monomers and initiators, and the purified polymers
were analyzed by "H NMR spectroscopy and Fourier transform
infrared (FTIR) spectroscopy to identify the presence of
coumarin functionality in the final copolymers (Figures S12—
S16). For all polymers, NMR analysis indicated that the
incorporation of coumarin units in the purified polymers closely
matched the initial monomer feed ratio. Increasing the relative
amount of the coumarin monomer to S mol % resulted in
macroscopic gelation under the conditions described above,
which is potentially attributed to either chain transfer to the
vinylic methyl group of coumarin, or to polymerization directly
through the coumarin vinyl group. This undesired result was
suppressed by decreasing the monomer concentration to 0.5 M
and lowering the polymerization temperature to 60 °C resulting
in soluble copolymers with molecular weights in the range of 90—
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150 kg mol™’, as determined by GPC-MALS. The results of
typical copolymerizations are summarized in Table 1.

Table 1. Summary of DMA/Coumarin Copolymers

sample ‘gf]% ycfg/zlj’gler [keg 1'11\1/1(‘;1_1] < M,/M,°
P(DMA,9-co-CoumAcy,)* 1 1 105 222
P(DMA g9-co-CoumAAm o, )* 1 1 100 3.07
P(DMA g5-co-CoumAcy o5)° S 6 156 2.23
P(DMA,g5-co-CoumAAm o5)° s 4 90.5 1.81

“Denotes the initial molar feed ratio of y.q = [CoumX],/[CoumX +
DMA], X 100. “The incorporation of CoumX (Vcopolymer) as measured
from 'H NMR spectroscopy of the purified copolymer. “Measured
using GPC with multi-angle light scattering detection. d[M] ,=15M,
T =70 °C. “[M], = 0.5 M, T = 60 °C.

The solution dimerization/retrodimerization behavior of
these copolymers was examined using UV—vis spectroscopy, as
coumarin possesses a strong absorbance at 320 nm that
diminishes upon dimerization. A dilute solution of P(DMAs-

co-CoumAcy ) (0.05 wt % in water) was prepared and exposed
to 365 nm light. UV—vis spectra were recorded as a function of
the irradiation time and, as expected, the absorbance at 320 nm
decreased as the coumarin groups dimerized and conjugation
was lost (Figure 3a). After 1 h, approximately 80% of coumarin
moieties were in their dimeric form (Figure 3b). As the coumarin
dimer can be reverted back to its monomeric form under short-
wave irradiation, we postulated that recovery of the original
prepolymer should be possible. Irradiation of the dimerized
solution with 254 nm light led to a recovery of absorbance
(Figure 3c), corresponding to cleavage of over 80% of coumarin
dimers in 15 min (Figure 3d). Cycloreversion was not
quantitative because of the establishment of an equilibrium
between the forward and reverse reactions under short-wave UV
irradiation.”>™®° When P(DMA, ¢s-co-CoumAAmy5) was used
in the same experiments, similar results were obtained (Figures
S17 and S18).

The effect of the polymer concentration and coumarin content
in the copolymer on the dimerization kinetics was also examined.
First, dimerization of P(DMAys-co-CoumAcyys) at 0.02 and
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Figure 3. UV—vis study of dimerization and de-dimerization of P(DMA 45-co-CoumAc,ys). (a) As a solution of the DMA/CoumAc copolymer (0.05 wt
% in water) was irradiated with long-wave UV (4,,,, = 365 nm), a decrease in absorbance was observed, corresponding to dimerization of coumarin. (b)
Percent coumarin dimerization as a function of the irradiation time at 365 nm. (c) After 4 h irradiation at 365 nm, the solution was irradiated with short-
wave UV (4,,,. = 254 nm), and an increase in absorbance was observed as the coumarin dimers were cleaved. (d) Percent coumarin de-dimerization as a

function of the irradiation time at 254 nm.
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Figure 4. Recycling of coumarin-cross-linked hydrogels using reversible photodimerization. (a) Solution of P(DMA 45-co-CoumAc,ys) in water (S wt
%). (b) Hydrogel formed in a cylindrical vial after irradiation of 5 wt % polymer solution with 365 nm light for 30 min. (c) Resultant polymer solution
after irradiating the preformed cylindrical hydrogel with 254 nm light for 30 min. (d) Recycled hydrogel was formed in a conical mold from resolubilized
P(DMA 5-co-CoumAc,os) by irradiating at 365 nm for 30 min. (e) Image of cone-shaped hydrogel after removal from the conical mold.

Original hydrogel Masked hydrogel Patterned hydrogel

(b)

Figure S. Mask-based photopatterning of coumarin hydrogels. (a) Schematic for post-gelation patterning of coumarin-cross-linked hydrogels. A
hydrogel is cast on a glass slide and a Teflon photomask is applied. After irradiation of the gel with short-wave UV light, the exposed areas are etched
away, leaving only the desired pattern. (b) Representative Teflon photomask used for photopatterning. (c) Image of a coumarin-cross-linked hydrogel

after photopatterning using a photomask. Scale bars are 1 cm.

0.01 wt % under 365 nm light was monitored. Similar reaction
kinetics were observed regardless of the polymer concentration,
with the extent of dimerization reaching between 70 and 80% for
each sample (Figure S19). Furthermore, dimerization kinetics of
P(DMA, go-co-CoumAcy ;) were studied at comparable coumar-
in concentrations to the S mol % copolymer (ie., polymer
concentrations of 0.05, 0.10, and 0.25 wt %). Within this series,
similar results were again obtained in which comparable extents
of dimerization were measured after 4 h of irradiation (Figure
$20). When comparing the dimerization processes, it was
discovered that the rate of dimerization increased with increasing
coumarin content in the copolymer (Figure S21).

On the basis of these results, the polymer concentration was
increased further to study the gelation behavior. Solutions of all
prepolymers were screened at concentrations varying from 5 to
30 wt %. Although all polymers tested are moderately water-
soluble, those with 1 mol % coumarin are significantly more so, as
evidenced by their faster dissolution times and greater solution
clarity. As expected, irradiation with long-wave UV led to rapid
coumarin dimerization, resulting in gelation of the prepolymers
in less than 30 min. Compared to most other methods of photo-
cross-linking, no external initiator was necessary, potentially
allowing for curing in the presence of cells or other radical-
sensitive compounds. Oscillatory shear rheology was used to
measure the moduli of coumarin-cross-linked hydrogels (Figures
§22—-S25 and Table S1). Storage moduli were obtained in the
range of 10°—10° Pa, values that are on the order of soft tissues
such as brain, lymph nodes, and liver tissues.’® Control over the
mechanical properties of hydrogels is vital, as the stiffness of the
support medium has been shown to directly impact cell
differentiation and morphology.67 Therefore, to investigate the
suitability of coumarin-cross-linked hydrogels for biomedical
applications, the viability of human mammary epithelial (MCF-
10A) cells exposed to coumarin-containing polymers and
hydrogels under various conditions was studied (Figure S26).
First, a precured 10 wt % P(DMA, gs-co-CoumAcys) hydrogel
was placed in cell-growth media with plated cells, resulting in
only a small decrease in cell viability. Next, cells were prepared
with coumarin copolymer solution (i.e., cells plated with solution
added on top or cells dispersed within the coumarin solution)

and subsequently exposed to UV light to induce gelation. In all
cases when UV light was applied, a sharp decrease in the cell
viability was observed. Interestingly, suspending the cells in an
aqueous solution of the coumarin copolymer increased the cell
survival relative to control measurements, possibly because of the
attenuation of the applied light through absorption and
subsequent photodimerization. These results indicate that the
poly(DMA) (PDMA)/coumarin copolymers (and their resul-
tant hydrogels) are not acutely toxic, but a more mild gelation
stimulus is necessary to cure the hydrogel with cells present.

The retro-dimerization reaction was examined further for its
utility in gel reversal. An aqueous solution (5 wt % polymer,
Figure 4a) of P(DMA, ¢5-co-CoumAc, ys) in a cylindrical vial was
cured with long-wave UV light for 30 min to form a covalent
hydrogel (Figure 4b). This hydrogel was then irradiated with a
254 nm lamp. After 30 min, it was apparent that the gel exposed
to UV-C irradiation reverted to an uncross-linked form, as
evidenced by its re-solubilization in water (Figure 4c). GPC
analysis of the degraded hydrogels suggested a low degree of
branching after degradation, as would be expected because of the
equilibrium that is established during retrocyclization (Figures
$27 and S2). These results suggested that these hydrogels could
be readily remolded into different shapes through iterative
solubilization-gelation cycles. To examine this possibility, the
polymer solution after initial degradation was transferred to a
conical mold and re-cured under 365 nm light to generate a
reshaped hydrogel (Figure 4d,e). To further examine the
efficiency of multiple cycles of dimerization and retrocyclization,
UV—vis spectroscopy was used to monitor the processes in
solution [0.05 wt % P(DMA, gs-co-CoumAc,ys)]. As shown in
Figure S29, a majority of coumarin dimers were reverted back to
their monomeric form after two dimerization and retrocycliza-
tion cycles.

After these initial results, the materials were examined for use
in photopatterned gels (Figure Sa). A hydrogel was formed on a
glass slide by irradiating a S wt % solution of P(DMA gs-co-
CoumAcyys) with long-wave UV light. The slide was then
immersed in water to equilibrate the water content of the
hydrogel and avoid additional swelling after photoetching. Next,
a photomask was placed on top of the hydrogel (Figure Sb), and
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the material was irradiated with short-wave UV to degrade
exposed regions of the gel. After rinsing away the de-cross-linked
polymer by soaking in water, a hydrogel in the shape of the
photomask remained (Figure Sc). This methodology was
extended to photomasks with various patterns (Figure S30).

Traditional mask-based photoetching as described above
suffers from the need to etch uniformly in one direction, which
severely limits the ability to create a controlled structure in the
third dimension, perpendicular to the photomask. To improve
upon these limitations in etching depth by many orders of
magnitude, 3D printing can be employed to fabricate more
complex structures, such as tubular or spherical objects with
hollow interiors.”*® A recent advancement in soft-matter
additive manufacturing has provided an avenue for the writing
of polymeric hydrogels directly into a granular microgel
medium.”” By eliminating the effects of surface tension and
gravity, precise objects with high aspect ratios and high levels of
detail may be produced with this technique. We reasoned that
sacrificial coumarin-cross-linked hydrogels could assist in
removing packed microgels from within cylindrical shells while
avoiding significant agitation or damage to the permanent
hydrogel structure. Hollow objects could therefore be created by
printing and curing the degradable coumarin-based copolymer
core inside a nondegradable polymer shell. Inducing the reverse
reaction of the coumarin dimer would then liquefy the core and
leave behind a cross-linked hydrogel shell.

A tube consisting of nelfilcon A [cross-linkable poly(vinyl
alcohol), PVA] as the permanent exterior and P(DMA, gs-co-
CoumAc ;) as the sacrificial interior was printed into a jammed
microgel support medium (Figure 6a and Supporting
Information Movie S1). To examine the quality of printing
two unique prepolymers into a single material, confocal
microscopy was performed on a cross section of the printed
tube. In this process, green fluorescent beads were mixed with the
PVA prepolymer and red fluorescent beads were mixed with the
coumarin prepolymer before printing and curing. In Figure 6b, it
is clear that there is an outer green ring (PVA) surrounding the
inner red cylinder (coumarin copolymer). Importantly, no
mixing of the red and green layers is observed, suggesting the
presence of two discretely cross-linked gels in close proximity to
one another. Furthermore, a solid cylinder was obtained
following cross-linking of both layers with long-wave UV
irradiation (Figure 6c). A cross-sectional image of a solid
cylinder (Figure 6d) reveals the presence of both intact gels, the
PVA gel wall and the coumarin gel interior, which were stained
with Reactive Blue 4 dye for contrast. This printed object was
then irradiated with short-wave UV for 3 h and soaked in a water
bath overnight to remove any remaining soluble coumarin
polymers. The resulting hollow PVA tube collapsed under its
own weight when removed from water, indicating complete
removal of the interior gel (Figure 6e). After coumarin gel
reversal, the remaining tube was dyed with Reactive Blue 4.
Imaging the cross section of the object clearly showed the
remaining PVA ring and that the coumarin gel was no longer
present (Figure 6f). Indeed, the resulting hollow hydrogel tube
was able to sustain the flow of water (Figure 6g and Supporting
Information Movie S2).

The printing process was extended to access another complex
architecture—a hollow hydrogel sphere—that is not readily
prepared by conventional hydrogel molding procedures
(Supporting Information Movie S3). Again, nelfilcon A was
employed as the permanently cross-linked shell, with a 30 wt %
solution of P(DMAgge-co-CoumAcy,;) as the sacrificial core

(a) PVA gel Soluble coumarin copolymer
254 nm
—_—
Coumarin copolymer gel H.O
2
wash

Hollow center !

Figure 6. Formation of a 3D-printed hollow hydrogel tube. (a) Solution
of the coumarin copolymer was printed into a cylinder, and the PVA
solution was printed around the exterior to generate a bilayered cylinder.
Following cross-linking, a solid cylinder with a coumarin network in the
interior and an outer PVA layer was obtained. Photoinduced de-cross-
linking and removal of the interior gel left a hollow hydrogel structure.
(b) Green fluorescent beads were mixed with the PVA prepolymer, and
red fluorescent beads were mixed with the coumarin prepolymer.
Confocal microscopy of a cross-sectional area of the cross-linked tube
indicated the quality of the print, displaying a green ring surrounding the
red interior with a lack of mixing of the two polymers. (c) Photograph of
PVA tube filled with a cross-linked coumarin hydrogel. (d) Photograph
of the cylinder cross section directly immediately after printing and
cross-linking showed a solid material throughout the entire diameter
(stained with Reactive Blue 4 dye for contrast). (e) Following irradiation
with short-wave UV light and removal of the resulting soluble coumarin
copolymers, a hollow PVA tube remained. (f) After reverting the
coumarin gel to soluble polymers and rinsing with water, the cross-
sectional image indicated a complete removal of the interior coumarin
gel while the intact PVA shell remained (stained with Reactive Blue 4
dye for contrast). (g) Hollow PVA tube was capable of sustaining liquid
flow through its cavity.

(Figure 7a). After printing and curing these materials, a solid
spherical hydrogel was obtained (Figure 7b). Upon cutting the
sphere in half, a solid hemisphere was obtained (Figure 7c), and a
dye solution could be suspended on top of the solid coumarin
hydrogel interior (Figure 7d). An intact sphere was submerged in
water and exposed to short-wave UV irradiation, at which time
the interior coumarin hydrogel was solubilized. The result of this
process was de-crosslinking of the core of the material, yielding a

hollow hydrogel sphere after passive diffusion of the soluble
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(a)

Coumarin copolymer gel  Hollow interior

254 nm

PVA gel

Figure 7. Formation of a 3D-printed hollow hydrogel sphere. (a) Core
of the hydrogel sphere is composed of the PDMA/coumarin copolymer
and the shell of nelfilcon A. Following cross-linking, a solid sphere with a
coumarin network in the interior and an outer PVA layer was obtained.
Reversal and removal of the interior gel left a hollow hydrogel structure.
(b) Photograph of the PVA sphere filled with a cross-linked coumarin
hydrogel. (c) Photograph of solid hydrogel sphere cut in half. (d) Oil-
based dye solution was suspended on top of the solid coumarin interior,
displaying the in-tact core—shell hydrogel. (e) Photograph of a hollow
hydrogel sphere after degradation of the coumarin gel. The interior was
filled with a blue oil-based dye solution to provide contrast. (f)
Photograph of a hollow hydrogel sphere cut in half. (g) Hemisphere was
filled with a blue oil-based dye solution to provide contrast. All scale bars
are 5 mm.

polymer from the interior of the object. To confirm that the
interior of the sphere was hollow, a blue oil-based dye solution
was injected into the sphere, which suggested the absence of a
hydrogel core (Figure 7e). Furthermore, upon cutting the sphere
in half, the resultant “bowl-shaped” hemisphere was filled with a
dye solution, reinforcing that the coumarin hydrogel had been
successfully removed from the interior (Figure 7fg). These
results indicate that application of a sacrificial hydrogel to soft-
matter additive manufacturing allows for the development of
hollow hydrogel constructs that are difficult or impossible to
produce by alternative methods.

Bl CONCLUSIONS

In summary, we have developed hydrogels composed of
polymers cross-linked by coumarin dimers. Radical copolymer-
ization of coumarin-containing vinyl monomers with a water-
soluble comonomer yielded water-soluble copolymers that, upon
irradiation with long-wave UV, were cured into free-standing
hydrogels. Because these materials were bridged by coumarin-
based cyclobutane dimers, they could be reverted back to soluble
copolymers upon exposure to short-wave UV light. Importantly,
the resolubilized polymers could be cured a second time,

providing recyclability of the polymeric hydrogel.
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The reversible nature of the cross-links also allowed the
hydrogels to be photopatterned. A uniform hydrogel was
prepared and masked such that only unmasked areas were
exposed to short-wave UV. Therefore, only the exposed regions
were de-crosslinked and etched away, leaving a desired pattern
imprinted in the hydrogel. Moreover, traditional limitations of
mask-based photoablation (e.g, a requirement for uniform
etching in one direction) can be circumvented by using a recently
developed soft-matter 3D printing technology. In this process,
the combination of a nondegradable hydrogel with coumarin-
linked hydrogels provided a means to selective etching of a
printed material. As an example, we prepared 3D-printed
hydrogel structures composed of a nondegradable PVA wall
and a degradable P(DMA-co-CoumAc) interior. Upon exposure
of the entire hydrogel structure to short-wave UV, the interior
was reverted to the soluble prepolymer that was readily washed
away. However, the PVA gel was unaffected, leaving only the wall
behind and cleanly forming hollow hydrogel spheres and
cylinders. This methodology can, in principle, be further
extended to the formation of branched networks reminiscent
of vasculature, or multicompartmental hollow constructs. In
addition, the coumarin groups needed for reversible cross-linking
could be appended to pre-existing polymers by post-polymer-
ization modification,”””" increasing the diversity of accessible
polymer compositions and architectures.””

The materials in this work display low cytotoxicity, suggesting
potential use in the biomedical arena. One current drawback in
this respect is the use of UV irradiation for hydrogel curing;
although the materials themselves are not harmful to embedded
cells, exposure to high-power, long-wave UV irradiation for only
S min leads to cell death after 24 h. Although the current
materials may be useful for applications in which cells are not
physically encapsulated within the network, developing a system
that cures upon exposure to a more benign stimulus may allow
this. Further, integrating a mechanism for degradation of the
hydrogel under mild conditions would allow for straightforward
cell harvesting and further facilitate the use of these hydrogels as
cell scaffolds.
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Materials

All chemicals were used as received unless otherwise noted. Azobisisobutyronitrile
(AIBN, Sigma, 98%) was recrystallized from ethanol and dried in vacuo prior to use.
N,N-Dimethylacrylamide (DMA, Aldrich, 99%) was passed through a column of basic
alumina to remove inhibitors and acidic impurities prior to polymerization. Di-tert-butyl
dicarbonate (99%), 4-methylumbelliferone (>98%), 2-bromoethanol (95%), 2-
bromoethylamine hydrobromide (99%), acryloyl chloride (>97%), sodium bicarbonate
(>99%), and 1,4-dioxane (>99%) were purchased from Sigma-Aldrich. Trifluoroacetic
acid (99%), sodium chloride (ACS), chloroform (ACS), dichloromethane (ACS), sodium
sulfate (ACS), N,N-dimethylformamide (DMF, ACS), acetone (ACS), and ethanol
(100%) were purchased from Fisher Scientific. Triethylamine (TEA, 99%) was purchased
from Alfa Aesar. Potassium carbonate (ACS) and hydrochloric acid (ACS) were
purchased from EMD Millipore. Ashland 980 Carbomer was obtained from Ashland.
Nelfilcon A was obtained from Alcon Laboratories, Inc.

Instrumentation and Methods

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H and °C NMR spectra were
recorded in CDCl3; or DMSO-ds using an Inova 500 MHz spectrometer at 25 °C.

Electrospray Ionization-High Resolution Mass Spectrometry (ESI-HRMS). HRMS
was carried out using an Agilent 6220 TOF-MS mass spectrometer in the electrospray
ionization (ESI) mode.

Gel Permeation Chromatography (GPC). Molecular weight and polydispersity were
determined by gel permeation chromatography in N, N-dimethylacetamide (DMAc) with
50 mM LiCl at 50 °C and a flow rate of 1.0 mL min ' (Agilent isocratic pump, degasser,
and autosampler, columns: Viscogel I-series 5 um guard + two ViscoGel I-series G3078
mixed bed columns: molecular weight range 0—20 x 10° and 0-10 x 10° g mol™).
Detection consisted of a Wyatt Optilab T-rEX refractive index detector operating at 658
nm and a Wyatt miniDAWN Treos light scattering detector operating at 659 nm.
Absolute molecular weights and polydispersities were calculated using the Wyatt
ASTRA software and the dn/dc for poly(N,N-dimethylacrylamide) in the GPC eluent
(0.0699 mL/g).

UV-Vis Spectroscopy. All measurements were taken using a Molecular Devices
SpectraMax M2 Multimode Microplate Reader at 25 °C. Absorbance measurements were
conducted with 200 pL of sample on clear 96-well polypropylene microplates (Greiner
Bio-One).

Fourier Transform Infrared (FTIR) Spectroscopy. Infrared spectra were collected on
a Thermo Nicolet 5700 FT-IR spectrometer equipped with a single bounce diamond stage
attenuated total reflectance (ATR) accessory.



UV Irradiation. Long-wave UV irradiation was performed using a commercial UV lamp
with an intensity of 7 mW cm™ (measured with General UV513AB Digital UV AB Light
Meter calibrated at 365 nm) or in a 400 W, 320 to 390 nm UV flood curing lamp
(Sunray). Short-wave UV irradiation was performed in a Stratagene UV Stratalinker 1800
equipped with five 254 nm light bulbs (8 W each).

Cell Viability. MCF-10A (human mammary epithelial cells) were dyed using a Calcien
Red-Orange dye prior to passaging. The cells were then passaged, and treated under one
of five sets of conditions (pictorial representations in Fig. S26). In (i), the cells were
plated and viability was measured as a control. In (if), a pre-cured PDMA/coumarin
hydrogel was placed into cell growth media on top of plated cells. In (iii), the cells were
plated and irradiated with 365 nm light for 5 min. In (iv), the cells were plated, and a
solution of PDMA/coumarin copolymer was introduced. The sample was irradiated with
365 nm light for 5 min to cure the hydrogel. In (v), the cells were suspended in a solution
of P(DMA gs-co-CoumAcys) copolymer (5 wt% in MEGM cell growth media). The
solution was dispersed in glass bottom petri dishes (x 4) and subjected to irradiation with
365 nm UV light for 5 min (Sunray flood curing lamp) to cure the hydrogel. After
polymerization, additional media was placed on top of the gel with CMFDA (Cell
Tracker Green) dye and placed in the incubator for 24 h. After this time, confocal images
were taken using the red and green channel. All cells were dyed red by Calcien-Red
Orange, while the green cells were those that were dead after the UV curing process.

Oscillatory Shear Rheology. Oscillatory shear rheology was performed on a TA
Instruments Discovery Hybrid Rheometer (DHR-2) operating at 25 °C with a 20 mm flat-
plate geometry. Frequency sweeps were conducted at 1% strain and strain sweeps were
conducted at an angular frequency of 10 rad s™.

3D Printing. All 3D printing was performed using the methods described by
Bhattacharjee ef. al.' Three translational linear stages were equipped with a fourth linear
stage as a syringe pump (Newport). Both the syringe pump and translational stages were
controlled using custom-written MATLAB scripts and trajectories. Prepolymer solutions
were loaded into a glass syringe (Hamilton) with a 26 gauge blunt dispensing needle
(McMaster Carr) before being printed into a jammed microgel support material (Ashland
980), prepared at 0.15 wt% and swollen at neutral pH. After printing, polymers were
cured using a 400 W, 320 to 390 nm UV flood curing lamp (Sunray) for 10
min. Supplementary Movies 1 and 3 depict example processes for printing two-
component hydrogel tubes and spheres, respectively. In these videos, red and/or green
insoluble fluorescent beads are added to the polymeric inks to add contrast. The printed
materials shown in these videos are not cured and are used solely to demonstrate the
procedure for printing complex hydrogel structures.



Procedures

Synthesis of 7-(2-hydroxyethoxy)-4-methylcoumarin
Br/\/OH

050 OH  y co, Og 0 O~0H
O B0

The target compound was synthesized according to previously reported procedures.” 4-
Methylumbelliferone (4.00 g, 22.7 mmol, 1 equiv.) and potassium carbonate (6.23 g, 45.4
mmol, 2 equiv.) were mixed in anhydrous DMF (40 mL) under argon atmosphere. 2-
Bromoethanol (2.42 mL, 34.0 mmol, 1.5 equiv.) was added, and the reaction was heated
at 90 °C for 18 h. The reaction mixture was cooled to room temperature and poured into
ice-cold water. The white precipitate was collected by vacuum filtration and dried in
vacuo. Yield: 4.7 g (94.0%). '"H NMR (500 MHz, DMSO-dy): § (ppm) 7.67-7.63 (d, 1H),
6.97-6.93 (m, 2H), 6.18 (s, 1H), 4.95 (t, 1H), 4.09 (t, 2H), 3.74 (t, 2H), 2.38 (s, 3H).

Synthesis of 7-(2-acryloyloxyethoxy)-4-methylcoumarin (CoumAc)
0]

Ox-© O~~oH  Acryloyl chloride, TEA ~ Ox-© 0\/\0Jm
_
X CHCl3, rit. X

CoumAc was synthesized according to a modified procedure.”” 7-(2-Hydroxyethoxy)-4-
methylcoumarin (4.00 g, 18.2 mmol, 1 equiv.) was suspended in chloroform (75 mL) and
triethylamine (5.06 mL, 36.3 mmol, 2 equiv.) was added. Acryloyl chloride (2.94 mL,
36.3 mmol, 2 equiv.) was added portionwise under argon and the reaction was stirred at
room temperature. After 1 h, additional triethylamine (2.53 mL, 18.2 mmol, 1 equiv.) and
acryloyl chloride (1.47 mL, 18.2 mmol, 1 equiv.) were added and the solution was stirred
overnight. The reaction mixture was diluted with dichloromethane, washed with brine
(100 mL x 2), dried over sodium sulfate, filtered, and concentrated in vacuo. The crude
product was recrystallized twice from ethanol to yield CoumAc as a white powder.
Yield: 1.90 g (38.1%). 'H NMR (500 MHz, CDCl3): & (ppm) 7.51 (d, 1H), 6.89 (dd, 1H),
6.82 (d, 1H), 6.48-6.44 (dd, 1H), 6.20-6.14 (m, 2H), 5.89-5.86 (dd, 1H), 4.55 (t, 2H), 4.28
(t, 2H), 2.39 (s, 3H).

Synthesis of zert-butyl 2-bromoethylcarbamate

Boc,0, TEA H
Bro~oNHBr Br/\/N\n’o
EtOH, 0 °C tor.t. o \K

Tert-butyl 2-bromoethylcarbamate was synthesized according to a previous report.® 2-
Bromoethylamine hydrobromide (5.00 g, 24.4 mmol, 1 equiv.) and triethylamine (5.10
mL, 36.6 mmol, 1.5 equiv.) were dissolved in ethanol (40 mL) and cooled to 0 °C. Di-
tert-butyl dicarbonate (6.30 g, 29.2 mmol, 1.2 equiv.) was dissolved in ethanol (20 mL)
and added dropwise to the slurry. The reaction mixture was warmed to room temperature
and stirred for 20 h, concentrated in vacuo, and redissolved in HO (30 mL). The solution
was extracted with ethyl acetate (100 mL x 2), dried over sodium sulfate, filtered and
concentrated in vacuo. The product was obtained as a colorless oil. Yield: 543 g
(99.5%). 'H NMR (500 MHz, CDCl;): & (ppm) 4.94 (br, 1H), 3.53 (t, 2H), 3.45 (t, 2H),
1.45 (s, 9H). °C NMR (125 MHz, CDCls): & (ppm) 146.88, 85.32, 42.49, 32.99, 28.49.



Synthesis of 7-(2-boc-aminoethoxy)-4-methylcoumarin
H
Br/\/N ©
T oo

o
0s_0O OH \ co, O\/\HJLOJ<
H
X DMF, 90 °C X

4-Methylumbelliferone (2.93 g, 16.7 mmol, 1 equiv.) and potassium carbonate (4.60 g,
33.3 mmol, 2 equiv.) were stirred in anhydrous DMF (35 mL) under argon. Tert-butyl 2-
bromoethylcarbamate (5.60 g, 25.0 mmol, 1.5 equiv.) was added portionwise under argon
and the reaction mixture was heated to 90 °C. After 18 h, the mixture was cooled to room
temperature and precipitated into ice-cold water. The sticky residue was taken up in
acetone and dried in vacuo to yield the product as a yellow-orange solid. Yield: 1.90 g
(35.6%). "H NMR (500 MHz, DMSO-dq): & (ppm) 7.70-7.67 (d, 1H), 7.06-6.93 (m, 3H),
6.21 (s, 1H), 4.01 (t, 2H), 3.32 (t, 2H), 2.39 (s, 3H), 1.38 (s, 9H).

Synthesis of 7-(2-(ammonium trifluoroacetate)ethoxy)-4-methylcoumarin

0
0,0 o .
TFA N
04,0 o\/\NJLOJ< 5 NH5 TFA
~ H DCM, rt. X

7-(2-Boc-aminoethoxy)-4-methylcoumarin (1.90 g, 5.90 mmol, 1 equiv.) was dissolved in
anhydrous dichloromethane (50 mL). Trifluoroacetic acid (8.15 mL, 106 mmol, 20
equiv.) was added and the reaction mixture was stirred for 18 h. The orange solution was
concentrated in vacuo to yield the product as a light brown powder. Yield: 1.99 g (100%).
'H NMR (500 MHz, DMSO-de): & (ppm) 8.10 (br, 3H), 7.71 (d, 1H), 7.03-6.97 (m, 2H),
6.22 (s, 1H), 4.27 (t, 2H), 3.25 (t, 2H), 2.39 (s, 3H).

Synthesis of 7-(2-acrylamidoethoxy)-4-methylcoumarin (CoumAAm)
o}

0O, (0) (6} + - Acryloyl chloride, TEA O, (0) O
N ONH g TFAT  — ' \/\N |
~ DCM, 0°C tor.t. S

7-(2-(Ammonium trifluoroacetate)ethoxy)-4-methylcoumarin (1.99 g, 6.08 mmol, 1
equiv.) and triethylamine (2.54 mL, 18.2 mmol, 3 equiv.) were dissolved in anhydrous
dichloromethane (25 mL) and cooled to 0 °C under argon. Acryloyl chloride (0.98 mL,
12.1 mmol, 2 equiv.) was added dropwise and the reaction mixture was warmed to room
temperature. After 18 h, the solution was diluted with dichloromethane, washed with 0.1
M HCI (50 mL x 3), saturated sodium bicarbonate (50 mL x 3), brine (50 mL x 3), dried
over sodium sulfate, filtered and concentrated in vacuo to yield the monomer CoumAAm
as a light orange solid. Yield: 1.62 g (97.6%). '"H NMR (500 MHz, DMSO-ds): & (ppm)
8.38 (t, 1H), 7.68 (d, 1H), 7.01-6.95 (m, 2H), 6.32-6.06 (m, 3H), 5.63-5.58 (dd, 1H), 4.15
(t, 2H), 3.54 (dd, 2H), 2.39 (s, 3H). >C NMR (125 MHz, DMSO-dc): 5 (ppm) 164.94,
161.41, 160.11, 154.70, 153.35, 131.51, 126.47, 125.43, 113.23, 112.36, 111.23, 101.29,
66.98, 38.06, 18.11. ESI-HRMS: [M+H]" calcd. for C;sH;sNO,, 274.1074; found,
274.1087.

Copolymerization of DMA and CoumAc (99:1)

In a typical copolymerization, DMA (2.00 g, 20.2 mmol), CoumAc (55.9 mg, 0.204
mmol), and AIBN (66.9 mg, 0.400 mmol, 0.02 equiv. relative to total monomer) were
dissolved in 1,4-dioxane (12 mL, [M], = 1.5 M) in a 20 mL scintillation vial and purged



with nitrogen. The vial was placed in a preheated heating block at 70 °C and after 1 h, the
polymerization was quenched. The reaction mixture was dialyzed against deionized water
and lyophilized to yield the final copolymer.

Copolymerization of DMA and CoumAAm (99:1)

In a typical copolymerization, DMA (2.00 g, 20.2 mmol), CoumAAm (55.7 mg, 0.204
mmol), and AIBN (66.9 mg, 0.400 mmol, 0.02 equiv. relative to total monomer) were
dissolved in 1,4-dioxane (12 mL, [M], = 1.5 M) in a 20 mL scintillation vial and purged
with nitrogen. The vial was placed in a preheated heating block at 70 °C and after 1 h, the
polymerization was quenched. The reaction mixture was dialyzed against deionized water
and lyophilized to yield the final copolymer.

Copolymerization of DMA and CoumAc (95:5)

In a typical copolymerization, DMA (500 mg, 5.04 mmol), CoumAc (72.8 mg, 0.266
mmol), and AIBN (17.4 mg, 0.106 mmol, 0.02 equiv. relative to total monomer) were
dissolved in 1,4-dioxane (10 mL, [M], = 0.5 M) in a 20 mL scintillation vial and purged
with nitrogen. The vial was placed in a preheated heating block at 60 °C and after 1 h, the
polymerization was quenched. The reaction mixture was dialyzed against deionized water
and lyophilized to yield the final copolymer.

Copolymerization of DMA and CoumAAm (95:5)

In a typical copolymerization, DMA (500 mg, 5.04 mmol), CoumAAm (72.5 mg, 0.265
mmol), and AIBN (17.4 mg, 0.106 mmol, 0.02 equiv. relative to total monomer) were
dissolved in 1,4-dioxane (10 mL, [M], = 0.5 M) in a 20 mL scintillation vial and purged
with nitrogen. The vial was placed in a preheated heating block at 60 °C and after 1 h, the
polymerization was quenched. The reaction mixture was dialyzed against deionized water
and lyophilized to yield the final copolymer.

UV-Vis Dimerization Study

PDMA 95-co-P(CoumAc)g o5 copolymer was dissolved in water (0.05 wt%) and subjected
to long-wave UV irradiation (Amax = 365 nm) for predetermined times (up to 4 h). The
solution was characterized by UV-Vis spectroscopy as a function of irradiation time.

UV-Vis Retro-Dimerization Study

A solution of PDMA ¢5-co-P(CoumAc)g s copolymer (0.05 wt% in water) that had been
exposed to long-wave UV for 4 h was used for these measurements. The solution was
exposed to short-wave UV (Amax = 254 nm) for predetermined times (up to 15 min). The
solution was characterized by UV-Vis spectroscopy as a function of irradiation time.

Gelation of Coumarin Copolymers

PDMA/Coumarin copolymers were dissolved in water at various weight percents,
typically ~5-10 wt% for 5 mol% coumarin copolymers and ~10-30 wt% for 1 mol%
coumarin copolymers. The solutions were irradiated with long-wave UV (Amax = 365 nm)
until gelation was complete (approx. 5-30 min).



Gel Reversal

Preformed hydrogels from PDMA/Coumarin copolymers were exposed to short-wave
UV irradiation (Amax = 254 nm). After approximately 30 min, the gel had reverted to the
water-soluble prepolymer.

Formation of Hollow Tubes

3D printing was performed as described above. Prepolymer solutions were loaded into a
glass syringe (Hamilton) with a 26 gauge blunt dispensing needle (McMaster Carr)
before being printed into a jammed microgel support material (Ashland 980), prepared at
0.15 wt% and swollen at neutral pH. MATLAB scripts and trajectories were written such
that the inner PDMA/coumarin cylinder [10 wt% P(DMAygs-co-CoumAcis)] was
printed first, followed by the Nelfilcon A shell. After printing, tubes were cured using a
400 W, 320- to 390-nm UV flood curing lamp (Sunray) for 10 min. The cylinder was
removed from the support medium by washing with water, and the cylinder was
submerged in deionized water in a Petri dish. The sample was exposed to 254 nm light
for 3 h and soaked in deionized water overnight to ensure complete removal of soluble
coumarin copolymer. See Supporting Information Movie S1 for an example time-lapse
video of this process. In this video, red and green insoluble fluorescent beads are added to
the polymeric inks to add contrast. The printed materials shown in this video are not
cured and are used solely to demonstrate the procedure for printing complex hydrogel
structures.

Formation of Hollow Spheres

3D printing was performed as described above. Prepolymer solutions were loaded into a
glass syringe (Hamilton) with a 26 gauge blunt dispensing needle (McMaster Carr)
before being printed into a jammed microgel support material (Ashland 980), prepared at
0.15 wt% and swollen at neutral pH. MATLAB scripts and trajectories were written such
that the lower portion of the Nelfilcon A shell was printed first, followed by the interior
coumarin [30 wt% P(DMA ¢9-co-CoumAcy1)] sphere, and finally the upper portion of
the Nelfilcon A shell. After printing, spheres were cured using a 400 W, 320- to 390-nm
UV flood curing lamp (Sunray) for 10 min. The sphere was removed from the support
medium by washing with water, and submerged in deionized water in a Petri dish. The
sample was exposed to 254 nm light for 3 h and soaked in deionized water overnight to
ensure complete removal of soluble coumarin copolymer. See Supporting Information
Movie S3 for an example time-lapse video of this process. In this video, green insoluble
fluorescent beads are added to the polymeric inks to add contrast. The printed materials
shown in this video are not cured and are used solely to demonstrate the procedure for
printing complex hydrogel structures.
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Figure S1. 'H NMR spectrum of 7-(2-hydroxyethoxy)-4-methylcoumarin (500 MHz,
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Figure S2. '"H NMR spectrum of CoumAc (500 MHz, CDCls)
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Figure S3. 'H NMR spectrum of 7-(2-boc-aminoethoxy)-4-methylcoumarin (500 MHz,

CDCls)
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Figure S4. °C NMR spectrum of 7-(2-boc-aminoethoxy)-4-methylcoumarin (125 MHz,

CDCls)
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Figure S5. 'H NMR spectrum of 7-(2-(ammonium trifluoroacetate)ethoxy)-4-

methylcoumarin (500 MHz, DMSO-ds)

c g %
O, 0. O\/\NJHk
m e
d

b

H,0| DMso
ct+e

-4

f

JJL i -
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
6 (ppm)

Figure S6. 'H NMR spectrum of CoumAAm (500 MHz, DMSO-dj)
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Figure S7. °C NMR spectrum of CoumAAm (125 MHz, DMSO-ds)
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Figure S8. High-resolution mass spectrum of CoumAAm

13



0.6

o o o o
(N w EN o

Absorbance (a.u.)

o
—

0

280 300 320 340 360
A (nm)
Figure S9. UV-vis absorption spectrum of CoumAc
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Figure S10. UV-vis absorption spectrum of CoumAAm
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Figure S11. Gel permeation chromatograms of PDMA/Coumarin copolymers with
differential refractive index (dRI) detection
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Figure $12. '"H NMR spectrum of P(DMA ¢ s-co-CoumAc s) (500 MHz, CDCls)
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Figure $13. '"H NMR spectrum of P(DMA ¢ g9-co-CoumAcy ;) (500 MHz, CDCls)
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Figure S14. '"H NMR spectrum of P(DMA ¢ 9s-co-CoumAAmy s) (500 MHz, CDCls)
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Figure S15. "H NMR spectrum of P(DMA g9-co-CoumAAmy ;) (500 MHz, CDCls)
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Figure S17. (A) UV-Vis spectra of P(DMA ¢9s-co-CoumAAmy s) copolymer (0.05 wt%
in water) as a function of irradiation time with long-wave UV (Apx = 365 nm). (B)
Percent coumarin dimerization as a function of irradiation time at 365 nm.
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Figure S18. (A) After 4 h irradiation at 365 nm, the solution was irradiated with short-
wave UV (Anax = 254 nm). UV-Vis spectra of P(DMA 9s-co-CoumAAmy os) copolymer
(0.05 wt% in water) as a function of irradiation time with short-wave UV (Anax = 254
nm). (B) Percent coumarin de-dimerization as a function of irradiation time at 254 nm.
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Figure S19. (A) Dimerization kinetics of P(DMAggs-co-CoumAcyos) at polymer
concentrations of 0.01, 0.02, and 0.05 wt%. (B) Percent dimerization of P(DMA, ¢s-co-
CoumAcys) after 4 h of irradiation with 365 nm light as a function of polymer
concentration.
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Figure S20. (A) Dimerization kinetics of P(DMAgg9-co-CoumAcy;) at polymer
concentrations of 0.05, 0.10, and 0.25 wt%. (B) Percent dimerization of P(DMAy ¢9-co-
CoumAcy;) after 4 h of irradiation with 365 nm light as a function of polymer

concentration.
100
- 80 . e =
IS : B ;
© B > o T * I
g 60 — : PR - =
a B
S 40 z
3 ST e 0.01wt% 5 mol%
| .
& - ® - 0.02wt% 5 mol%
20 ® - 0.05wt% 5 mol%
""""""" 0.05 wt% 1 mol%
- 0.10 wt% 1 mol%
0l e 0.25wt% 1 mol%
I . I . I . I . I
0 60 120 180 240

Time (min)

Figure S21. Comparison of dimerization kinetics of P(DMAg9-co-CoumAcy;) at
polymer concentrations of 0.05, 0.10, and 0.25 wt% and P(DMA g9-co-CoumAcy ;) at
polymer concentrations of 0.05, 0.10, and 0.25 wt%.
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Figure S22. Representative strain sweep of a 5 wt% hydrogel of P(DMAs-co-
COU.mACo_os).
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Figure S23. Representative strain sweep of a 10 wt% hydrogel of P(DMA9s-co-
COU.mACo_os).
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Figure S24. Representative strain sweep of a 20 wt% hydrogel of P(DMAy.g9-co-
COumACo_m).
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Figure S25. Representative strain sweep of a 30 wt% hydrogel of P(DMAy.9-co-
COumACo_m).
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Table S1. Storage (G') and loss (G"") moduli of hydrogels formed from P(DMA ¢s-co-
CoumAcs) and P(DMA, g9-co-CoumAc ;) measured at 1% strain and an angular
frequency of 10 rad s™

A

i

i

ve)

Polymer Concentration (wt%) G’ (Pa) G" (Pa)
P(DMA 95-co-CoumAco os) 5 76 £ 26 612
P(DMA 95-co-CoumAco os) 10 827 +114 27 +£13
P(DMA 99-co-CoumAco 1) 20 187 £ 87 120 £ 49
P(DMA 99-co-CoumAco 1) 30 577 + 84 164 £ 66
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Figure S26. Cell viability of MCF-10A (human mammary epithelial cells). (A) Pictorial
representations of the conditions in this study; (i) control in the absence of long-wave UV
irradiation; (i) plated cells with a slab of pre-cured coumarin gel introduced into the dish;
(iii) control in the presence of long-wave UV irradiation; (iv) cells were plated, then a
solution of coumarin copolymer was introduced and cured under long-wave UV
irradiation; (v) cells were premixed in a solution containing coumarin copolymer and
cured under long-wave UV irradiation. (B) A sample live-dead assay; all cells are stained
red, and dead cells are stained green. The overlay results in dead cells appearing yellow-
orange. (C) Cell viability under conditions (i) and (if) in the absence of long-wave UV
irradiation. (D) Cell viability under conditions (ii7), (iv), and (v) in the presence of long-
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Figure S27. GPC analysis of degraded 10 wt% P(DMAyg9-co-CoumAc ;) hydrogel
indicates the presence of lightly branched polymers due to incomplete cycloreversion.
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Figure S28. GPC analysis of degraded 5 wt% P(DMAggs-co-CoumAcys) hydrogel
indicates the presence of lightly branched polymers due to incomplete cycloreversion.
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Figure S29. Dimerization and retro-dimerization cycles of P(DMA, 9s-co-CoumAcy ¢s) in
water (0.05 wt% polymer). After 240 min of irradiation with 365 nm light, nearly 90% of
coumarin units have dimerized. Irradiation with 254 nm light for 15 min recovers ~80%
of the absorbance at 320 nm attributed to the coumarin monomer. Similar results are
obtained through a second cycle of dimerization and monomer formation.

Figure S30. Results of photoetching using photomasked hydrogels under irradiation with
short-wave UV. Scale bars are 1 cm. (A) UF positive mask; (B) A raised “UF” remains
after masking with the UF positive mask; (C) UF negative mask; (D) An indented “UF”
is imprinted into the gel after masking with the UF negative mask; (E) Circle negative
mask; (F) An indented circle is imprinted into the gel after masking with the circle
negative mask.
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