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Abstract

Materials engineered to elicit targeted cellular responses in regenerative medicine must display
bioligands with precise spatial and temporal control. Although materials with temporally regulated
presentation of bioadhesive ligands using external triggers, such as light and electric fields, have
been recently realized for cells in culture, the impact of in vivo temporal ligand presentation on
cell-material responses is unknown. Here, we present a general strategy to temporally and spatially
control the in vivo presentation of bioligands using cell adhesive peptides with a protecting group
that can be easily removed via transdermal light exposure to render the peptide fully active. We
demonstrate that non-invasive, transdermal time-regulated activation of cell-adhesive RGD
peptide on implanted biomaterials regulates in vivo cell adhesion, inflammation, fibrous
encapsulation, and vascularization of the material. This work shows that triggered in vivo
presentation of bioligands can be harnessed to direct tissue reparative responses associated with

implanted biomaterials.
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Cell adhesion to the extracellular matrix (ECM) provides mechanical support and
biochemical signals regulating diverse cell behaviors critical to tissue morphogenesis,
homeostasis and repair 2. Far from static, the adhesion process comprises dynamic
interactions over multiple time and length scales, spanning nano-scale integrin receptor-
ECM ligand binding (seconds), clustering of integrins with cytoskeletal elements into sub-
micron/micron-scale focal adhesions (minutes-hours), activation of signaling pathways and
transcriptional programs (hours-days), and meso/macro-scale ECM remodeling and tissue
organization (days-weeks) 3#. Cell-ECM adhesion is tightly regulated, and misregulated
interactions often result in pathological conditions such as developmental defects, wound
healing deficiencies and tumorigenesis 2-. In an analogous fashion, the engineering of
materials to elicit desired cellular responses in regenerative medicine will require precise
control over spatiotemporal bioligand presentation 10, Despite progress in the fabrication

1-13 ' materials with

of biomaterials with exquisite spatial control of bioligand display
temporally regulated presentation of bioadhesive ligands using external triggers (e.g.,
temperature, light, electric field) under in vitro culture conditions have only been recently
realized !4-21. A standing question in the biomaterials field is whether temporal presentation
of bioligands on implanted materials can be exploited to modulate in vivo cell behaviors to
elicit targeted reparative responses. Because biological responses to implanted materials
comprise temporal cascades, control over in vivo material properties such as presentation of
bioactive ligands represents a powerful and novel approach to engineer host responses to
implanted materials. In the work presented here, we establish a general strategy to
temporally and spatially control the in vivo presentation of bioligands using a synthetic cell-
adhesive RGD (Arg-Gly-Asp) peptide with a protecting group (‘cage’) on its integrin
receptor-binding site that can be easily removed with light at prescribed wavelengths to
render the RGD peptide fully active. Furthermore, we demonstrate that non-invasive,
transdermal activation of the cell-adhesive RGD peptide on biomaterials at particular time
points after implantation regulates in vivo cell adhesion, inflammation, and vascularization

of the material.

Light-triggered activation of caged RGD peptide

We engineered light-triggerable cell adhesive materials using the cyclic RGD peptide
cyclo(Asp-D-Phe-Lys-Arg-Gly) modified with a 3-(4,5-dimethoxy-2-nitrophenyl)-2-butyl
ester (DMNPB) photolabile caging group on the carboxylic side group of the Asp residue 4.
Upon exposure to light (A ~ 350-365 nm), the caging group is released resulting in the
presentation of the active cyclic RGD peptide (Fig. 1a). We first examined presentation of
cell adhesive peptides on the surface of poly(ethylene glycol) di-acrylate (PEGDA)
hydrogels, a widely used biomaterial with excellent non-fouling and cell adhesion-resistant
properties. For tethering onto hydrogels, adhesive peptides were first acrylated using a
commercial reagent. MALDI mass spectrometry demonstrated acrylation of the caged RGD
peptide as demonstrated by the predicted shift in mass/charge ratio (Fig. S1). Hydrogels
presenting adhesive peptides were generated by covalently incorporating acrylated peptides
(2% w/v) onto the surface of bulk PEGDA hydrogels via free-radical polymerization.

To test the ability to trigger cell adhesion to these materials in vitro, peptide-modified and
unfunctionalized PEGDA hydrogels were either exposed to UV light (A = 351 nm, 20
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mW/cm?) for 10 minutes or not exposed. Fibroblasts were then cultured on these hydrogels
for 24 hours, and adherent cell numbers and spreading were evaluated by image analysis.
Very few cells adhered to unmodified PEGDA, confirming the cell adhesion-resistant
background provided by this material (Fig. 1b). Hydrogels presenting caged RGD peptide
that were not exposed to light also supported very low numbers of adherent cells, and the
few cells that adhered were round, similar to the levels of cell adhesion to unmodified
PEGDA (Fig. 1b). In contrast, hydrogels presenting caged RGD peptide that were UV-
exposed to remove the caging group supported high numbers of well spread, adherent cells,
similar to those on hydrogels presenting control cyclic RGD peptide (Fig. 1b). As expected,
no differences in cell adhesion were observed between UV-exposed and non-exposed gels
that presented control RGD peptide or unmodified PEGDA. Quantification of the number of
adherent cells over multiple fields demonstrated equivalent low levels of cell adhesion
between non-UV exposed caged RGD peptide-presenting gels and unmodified PEGDA (p =
0.5, Fig. 1¢c). UV-exposed gels presenting caged RGD peptide supported 4-fold higher
adherent cell densities (p < 0.01). No differences in cell density (p = 0.08) or spreading (892
+ 83 um? vs. 871 + 91 pm? [mean + stdev], p=0.73) were observed between UV-exposed
caged RGD-presenting gels and hydrogels presenting control RGD peptide, demonstrating
that the uncaged RGD peptide displays full adhesive activity. Finally, low levels of adhesion
were observed on hydrogels presenting a scrambled RGD peptide (RDG), showing that cell
adhesion in this system is specific to the presence of the RGD sequence.

Transdermal activation of caged bioligands

We selected light as the trigger for the display of bioactive molecules because this stimulus
offers unparalleled spatiotemporal control and the potential to use transdermal light
exposure to remove the caging group in vivo in a non-invasive fashion. For in vivo studies in
mice, we used UV-A light (A = 351 nm, 20 mW/cm?) for short exposures (10 minutes) to
minimize photo-damage. This longer wavelength produces less damage than UV-B and UV-
C and has been used for transdermal photopolymerization 22. Preliminary experiments
demonstrated no skin photo-damage or adverse effects at the doses used.

We measured UV attenuation through murine skin in our experimental set-up using a
photometer. UV attenuation increased with the thickness of the skin sample and follows an
exponential decay as predicted by Beer’s Law (Fig. S2). For the skin from the murine
dorsum where the biomaterial samples were implanted, we estimate 90% attenuation of the
UV light.

We next analyzed the stability and uncaging efficiency of the caged RGD peptide-
functionalized gels following subcutaneous implantation in mice and transdermal UV
exposure. For these studies, we used an acrylate derivative of bis-(5-carboxymethoxy-2-
nitrobenzyl)ether (CMNB)-caged fluorescein as an analogue for the caged RGD peptide
(Fig. S3). This caged fluorescein has low fluorescence when the caging group is present but
displays high fluorescence when the caging group is removed. PEGDA gels presenting UV-
exposed or non-exposed caged fluorescein and unfunctionalized gels were implanted into
mice, and at prescribed times the area of the skin corresponding to where the implant was
located was either exposed to UV light or left untreated (Fig. S4). After sacrifice at 7 or 14
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days, the implants were recovered and the fluorescence intensity, corresponding to the
extent of uncaging, was quantified. Hydrogels presenting caged fluorescein that were not
exposed to UV light exhibited minimal fluorescence after 7 and 14 days implantation (Fig.
S4), equivalent to background fluorescence levels associated with unmodified PEGDA gels.
Hydrogels that were UV-exposed transdermally immediately after implantation exhibited
10-fold higher fluorescence levels compared to implants presenting caged fluorescein that
were not UV exposed (p < 0.0001, Fig. S4), demonstrating that transdermal UV exposure
removes the caging group to trigger in vivo presentation of the caged molecule. Importantly,
there are no differences in the fluorescence signal among hydrogels presenting caged
fluorescein exposed to UV prior to implantation (pre-exposed) and hydrogels presenting
caged fluorescein exposed to UV transdermally immediately after implantation (Day 0) or at
14 days post-implantation (Day 14) (Fig. S4). These results demonstrate that both caged and
uncaged compounds remain stable in vivo and that transdermal uncaging efficiency is high
and independent of implantation time.

Transdermal activation of cell adhesion

Having established the ability to trigger transdermal uncaging of the bioligand, we assessed
whether transdermal activation of caged RGD peptide-tethered hydrogels regulates in vivo
cell adhesion (Fig. 2). Unmodified PEGDA gels and hydrogels presenting control or caged
RGD were implanted subcutaneously in mice. Immediately after wound closure, implants
were either exposed to UV transdermally or not exposed. Twenty-four hours after
implantation, hydrogels were carefully explanted and adherent cells were stained for DNA,
neutrophil (NIMP-R14) and macrophage (CD68) markers using fluorescent antibodies and
analyzed by microscopy (Fig. 2b, c). Few cells adhered to unexposed or UV-exposed
unfunctionalized PEGDA hydrogels, showing that UV exposure does not alter cell adhesion
to these non-fouling materials. Equivalent low cell numbers were observed on hydrogels
presenting caged RGD peptide which were not UV-exposed, showing that the caged RGD
peptide retains low cell adhesive activity in vivo. In contrast, hydrogels presenting caged
RGD peptide which were transdermally exposed to UV light exhibited high numbers of
adherent cells that were uniformly distributed over the biomaterial surface (p < 0.001),
equivalent to cell numbers and distribution on control RGD or caged RGD peptide that was
UV exposed prior to implantation. Immunostaining of adherent cells showed that the
majority of the recruited cells were neutrophils (NIMP-R14+) with macrophages (CD68+)
comprising the rest of the adherent cells, consistent with the expected inflammatory cell
profile at this acute time point 23, Taken together, these results demonstrate transdermal
activation of caged RGD peptide to trigger in vivo acute cell adhesion to biomaterials.

We also examined transdermal activation of cell adhesion to a different class of PEG
hydrogel. PEG-maleimide hydrogels offer significant advantages over PEGDA hydrogels
such as well-defined hydrogel structure, stoichiometric incorporation of adhesive peptides,
and flexibility in using protease-degradable cross-links that allow for robust cell spreading
and migration within the gel 2%, For this follow-up study, we synthesized a cysteine-
containing caged RGD peptide for reacting with maleimides in 4-arm PEG-maleimide
macromers (Fig. S5a, b). Importantly, we also generated a caged RDG scrambled peptide to
serve as a stringent non-adhesive control peptide for the caged RGD peptide. Peptide-
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functionalized hydrogels were implanted subcutaneously and exposed to UV light
transdermally immediately after wound closure. Twenty-four hours later, the hydrogels were
explanted and the number of cells adherent to the material was quantified by image analysis.
Consistent with our observations for the PEGDA gels, PEG-maleimide gels presenting
caged RGD peptide that were not UV-exposed had background levels of adherent cells,
equivalent to hydrogels presenting control RDG peptides (Fig. S5¢). Hydrogels that had
been exposed to transdermal UV light had approximately 3-fold higher cell numbers than
non-UV exposed controls (Fig. S5¢c, p < 0.0001). No differences in cell numbers were
detected among hydrogels presenting caged RGD peptide that were exposed to UV
transdermally or exposed to UV light prior to implantation and hydrogels presenting control
cyclic RGD peptide. Importantly, hydrogels presenting the caged scrambled RDG peptide
exhibited low numbers of adherent cells regardless of whether they received UV light
exposure or not. These results demonstrate control of in vivo cell adhesion to biomaterials
via UV light-based activation of RGD peptides.

In vivo spatial patterning of adhesive ligands

A major advantage of the use of light as an external trigger is the ability to spatially pattern
light exposure to control the spatial activation of caged bioligands. To demonstrate this
application, we implanted PEG hydrogels presenting either caged RGD or caged RDG
peptides subcutaneously and exposed them to UV light transdermally through a mask
containing a 0.9 mm hole centered over the area where the hydrogel was implanted (Fig.
3a). The next day, hydrogels were explanted and stained for cell nuclei (DNA). For
hydrogels presenting caged RGD peptides, high cell numbers were observed directly at the
site of UV light exposure and cell numbers decreased to background levels away from the
irradiation spot (Fig. 3b). For hydrogels presenting caged RDG peptide, adherent cell
numbers were low and independent of position. Fig. 3c presents a composite image of
photographs of adherent cells at different positions along the hydrogel surface showing high
numbers of adherent cells localized to the exposure spot (yellow circle) and low levels of
adherent cells outside the exposure point. Quantification of cell numbers at different spatial
positions on the hydrogel shows monotonic decreases in cell density with distance away
from the irradiation spot (Fig. 3c). These results demonstrate spatial control over in vivo
RGD presentation and cell patterning via transdermal illumination.

Activation of RGD peptide modulates fibrous encapsulation

We next examined whether time-regulated presentation of RGD peptide modulates chronic
inflammatory responses to biomaterials. We used PEGDA hydrogels because these gels are
non-degradable and elicit a uniform collagenous fibrous capsule allowing direct
comparisons among different exposure conditions. Unmodified PEGDA hydrogels and gels
presenting control RGD or caged RGD peptide were implanted subcutaneously in mice. At
0, 7 or 14 days post-implantation, implants were exposed to UV transdermally. After
sacrifice at day 28, implants and associated tissues were carefully explanted, embedded in
plastic, and processed for Masson’s trichrome staining. Fig. 4a presents sections of the
biomaterial-tissue interface showing the collagenous fibrous capsule characteristic of
chronic inflammation to biomaterials 23-2%. The fibrous capsule thickness (yellow bar) was
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quantified as a measure of chronic inflammation (Fig. 4b). Unmodified PEGDA gels elicited
thin capsules, whereas hydrogels presenting control RGD peptide produced fibrous capsules
that were 60% thicker than capsules for unmodified PEGDA (p < 0.001). This result shows
that static presentation of RGD adhesive peptides on biomaterials promotes chronic
inflammation and fibrous encapsulation. Additionally, no differences in fibrous capsule
thickness were observed between UV-exposed and non-UV exposed subjects for these
control implant groups (Fig. S6), demonstrating that transdermal UV exposure does not alter
chronic inflammatory responses to these materials. Hydrogels presenting caged RGD
peptide which were not exposed to UV light had thin fibrous capsules, equivalent to those
for unmodified gels (Fig. 4a, b). In contrast, hydrogels presenting caged RGD peptide which
were irradiated immediately after implantation (day 0) exhibited fibrous capsules that were
50% thicker than capsules for gels with caged RGD peptide which were not exposed to UV
light (p < 0.01). The fibrous capsule thickness for caged RGD peptide-tethered gels exposed
at day 0 was equivalent to the capsule thickness for gels with control static RGD peptide (p
= (.12). Hydrogels presenting caged RGD peptide transdermally exposed to UV at either 7
or 14 days post-implantation exhibited fibrous capsules that were 50% thinner than those for
hydrogels presenting caged RGD peptide that were irradiated immediately after implantation
(p <0.05), and the capsule thickness was not different from that for unmodified hydrogels or
gels presenting caged RGD peptides which were not exposed to UV light (p = 0.2). These
results demonstrate that delayed presentation of adhesive ligands on implanted biomaterials
significantly reduces chronic inflammation and fibrosis.

In vivo RGD activation triggers vascularization of hydrogels

Having demonstrated that time-dependent in vivo activation of RGD peptide presentation
modulates cell adhesion and inflammation at the tissue-biomaterial interface, we next
examined whether light-based activation of adhesive peptides could trigger 3-D cell invasion
and vascularization of implanted biomaterials. We used PEG-maleimide hydrogels with
precise incorporation of adhesive peptides and protease-degradable cross-links that allow for
robust cell spreading and migration within the gel 24. We first examined in vitro cell
invasion into these biomaterials by polymerizing peptide-functionalized hydrogels around a
cell pellet and evaluating cell sprouting into the gel (Fig. S7). Fibroblast sprouting into the
gel was completely dependent on the presentation of adhesive RGD peptide as shown by
significant cell invasion into the gel for control RGD peptide and no cell outgrowth for
scrambled RDG control peptide (p < 0.0001). UV exposure of hydrogels presenting caged
RGD peptide resulted in significant fibroblast sprouting (p < 0.05), whereas no cell
outgrowth was observed in gels that were not exposed to UV light, demonstrating light-
triggered cell invasion into these biomaterials.

We have shown that PEG-maleimide hydrogels with adhesive peptides and protease-
degradable cross-links are suitable vehicles for controlled delivery of VEGF that direct in
vivo vascularization 27. In this system, VEGF is released upon protease-dependent
degradation of the hydrogel. To demonstrate that VEGF is retained within the hydrogel over
time, we performed an ex vivo VEGF release experiment. Fluorescently-labeled VEGF was
incorporated within PEG hydrogels and incubated in either buffer or buffer containing
collagenase to degrade the hydrogel. At defined time points, VEGF released into the
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surrounding media was measured to quantify VEGF release. More than 60% of the
incorporated VEGF remains within the hydrogel over 7 days in culture (Fig. S8). However,
in the presence of collagenase, the gel degrades releasing the incorporated VEGF. These
results demonstrate that VEGF is retained with the hydrogel network and released in
response to collagenase-mediated degradation.

To examine triggerable control over in vivo vascularization, PEG-maleimide hydrogels
presenting caged RGD or RDG peptides, protease-degradable crosslinks, and VEGF
vasculogenic protein were polymerized directly into subcutaneous pockets in mice. At 0 or 7
days post-implantation, implants were exposed to UV light transdermally. Following
sacrifice at day 14, hydrogels were explanted, stained for different cell markers, and
analyzed by confocal microscopy to examine cell infiltration and vascularization within the
hydrogel. As shown by cell nuclei staining, all implanted hydrogels exhibited high cell
numbers within the implant with no gross differences for cell infiltration among hydrogel
type (RGD, RDG) or UV exposure condition (Fig. 5a). This observation is in agreement
with previous reports 26-28, Staining for inflammatory cell markers revealed that the large
majority of cells were macrophages and no staining for neutrophils was evident, which is the
expected inflammatory cell profile at this time point 2325, Importantly, hydrogels presenting
caged RGD peptide that had been UV-exposed transdermally at day O or day 7 contained
many tubular structures that stained positive for the endothelial cell marker CD31 and
smooth muscle cell marker aSMA (Fig. 5a and S9), indicating vascularization of these
hydrogels. In contrast, hydrogels presenting caged RGD peptide which had not been
exposed to UV light exhibited diffuse staining for CD31 and aSMA, and no tubular
structures resembling blood vessels were observed (Fig. 5a and S9). Likewise, hydrogels
presenting caged scrambled RDG peptide showed diffuse CD31 and aSMA staining and no
evidence of blood vessels for any UV exposure condition. These results demonstrate that
UV-light triggered activation of RGD peptides promotes vascularization of these hydrogels.

To examine whether hydrogels presenting caged RGD peptide supported formation of
functional blood vessels, VEGF-containing hydrogels were polymerized in situ
subcutaneously and exposed to UV light transdermally at day O or 7 post-implantation. At
day 14, DyLight488-conjugated tomato lectin was infused intravenously to label functional
vasculature, and implants were recovered and imaged by confocal microscopy as whole
mount preparations. Image projections from 3-D reconstructions and vessel counts clearly
show functional vessels within hydrogels presenting control RGD peptide and sparse vessels
for gels presenting scrambled RDG peptide (Fig. 5b, ¢). This result shows that adhesive
RGD peptide is required for the in vivo formation of functional blood vessels within
implanted hydrogels, consistent with our previous reports 26-27. Gels presenting caged RGD
peptides which were not exposed to UV had few blood vessels, with equivalent low vessel
counts as gels presenting scrambled peptides. In contrast, hydrogels presenting caged RGD
peptides which were UV exposed transdermally exhibited robust functional blood vessel
formation and had 3 times more vessels than non-UV exposed gels (p < 0.05). There are no
significant differences in blood vessel density between hydrogels presenting caged RGD
peptides which were exposed to UV light at day O or day 7 (p = 0.1) or between these groups
and the control RGD peptide (p = 0.06). Taken together, the immunostaining and lectin
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perfusion results demonstrate that in vivo triggering of cell adhesive RGD peptides regulates

vascularization of VEGF-containing hydrogels.

The present study establishes a general strategy to spatially and temporally control the in
Vivo presentation of bioligands using bioactive peptides with a protecting group that can be
easily removed via transdermal light exposure to render the peptide fully active. This
strategy is fundamentally different from other work using light for in vivo drug delivery and
self-assembly applications that relies on energy-driven physical changes in the

material 2931, We demonstrate that non-invasive, transdermal activation of the cell adhesive
RGD peptide on implanted biomaterials regulates in vivo cell adhesion and spatial
patterning, inflammation, fibrous encapsulation, and vascularization of the material. This
work shows that triggered in vivo presentation of bioligands can be harnessed to direct tissue
reparative responses associated with implanted biomaterials. As shown in this study, light-
regulated ligand activation can be exploited to promote desired healing responses (e.g., cell
adhesion, vascularization) while avoiding deleterious biological consequences (e.g.,
inflammation, fibrous encapsulation). We targeted the cell adhesive RGD peptide because of
its critical importance in binding to several integrin receptors associated with host responses
to biomaterials. Delayed activation of RGD presentation reduced the thickness of the fibrous
capsule around the implanted biomaterial. A possible explanation for this reduced chronic
inflammatory response is altered adhesion and signaling by neutrophils and macrophages
recruited to the biomaterial surface. Blocking of RGD peptide binding to apf3, (Mac-1)
integrin among others on macrophages results in reduced pro-inflammatory cytokine
secretion in cultured cells and thinner fibrous capsules around polymeric implants 32. The
RGD peptide also binds the avyf3 integrin, which plays a central role in endothelial cell
function and vascularization 33,

The present research focused on a UV-labile cage. This light trigger is limited for in vivo
applications in terms of spatial resolution and depth of penetration because of the significant
attenuation and scattering due to the optical properties of biological tissue and target
biomaterials. However, we expect that photosensitive groups with near-infrared response
regimes would provide for enhanced tissue penetration and reduced scattering. Because of
the high degree of spatiotemporal control afforded by light and the availability of various
photosensitive groups, we anticipate that this strategy will find widespread adoption in
biomedical applications requiring precise spatiotemporal bioligand presentation. Exemplary
applications include directed host-material integration and vascularization, antigen
recognition and tolerance induction for immunoengineering, targeting of nano/
microparticles to local sites in cancer and inflammatory disorders, and generation of stem
cell niches with dynamic bioligand presentation.

METHODS
RGD peptides and hydrogels

Synthetic protocols are included in SI. Synthesis of the caged RGD peptide has been
described 4. Caged RDG peptide and fluorescein and cysteine-containing peptides were
synthesized using similar methods described in SI. Acrylated caged RGD peptide was
generated by reacting 1.1:1 molar ratio acryl-PEG-SVA (Laysan Bio) with the primary
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amine of the caged RGD peptide for 4 hours in NaHCO3 buffer (pH = 8.2). PEGylated
control RGD and scrambled RDG peptides (Peptides International) were generated in the
same fashion. Acrylated peptides were dialyzed and lyophilized for storage at —20°C.
Peptide acrylation was confirmed by MALDI-mass spectrometry.

PEGDA hydrogels were prepared using a mixture of 10% PEGDA (3400 Da, Laysan Bio)
and 0.05% Irgacure 2959 (BASF) in phosphate-buffered saline. These precursors were
cross-linked in a sterilized silicon mold mounted to a glass coverslip sealed by a Sigmacote-
coated microscope slide. Hydrogels were cross-linked using a UV light table (A = 351 nm,
10 mW/cm?) for 15 minutes. Bulk gels were functionalized with a thin top gel (25 L)
consisting of 8% PEGDA and 2% acrylated peptide and cross-linked via free radical
polymerization using TEMED and ammonium persulfate. This chemical polymerization
resulted in a 50 um thick functionalized gel that was mechanically integrated onto the bulk
hydrogel.

For PEG-maleimide gels, 4-arm PEG-maleimide macromers (20 kDa, Laysan Bio) were
functionalized with cysteine-containing RGD or RDG peptides and cross-linked with a
protease-degradable peptide (GCRDVPMSMRGGDRCG) as previously described 24, The
final peptide density in these gels was 2.0 mM.

Hydrogels were prepared as disks (8 mm diameter, 2 mm thick) or polymerized directly in
situ (75 pL). Hydrogels were prepared using sterile filtered components under sterile
conditions. Precursor solutions and hydrogels were tested using LAL assay and found to be
endotoxin-free, with values well below the 20 EU/per device as specified by ISO10993
standards.

UV exposure system

A custom-built UV exposure system consisting of an X-Cite 120 Arc Lamp (Exfo),
collimator, band-pass filter, VS14/25 shutter and VMM-T1 Shutter Driver Controller
(Uniblitz) was used for all in vitro and in vivo experiments.

In vitro cell adhesion and outgrowth

NIH3T3 fibroblasts (20,000/cm2) were cultured overnight on peptide-functionalized or
unmodified PEGDA hydrogels. Cells were labeled with the Live/Dead assay (Invitrogen)
and fluorescence images were acquired in a Nikon TE-300 microscope with a 20X objective
and Spot RT digital camera. Cell densities were quantified using in-house macros in ImagelJ.

IMR-90 fibroblasts were detached, pelleted, and pipetted into polymerizing PEG-maleimide
gels to encapsulate the cell pellet within gel. After 30 minutes, cell media was added. Cell
outgrowth sprout length was analyzed at 24 hours post-encapsulation using ImagelJ.

Implantation of hydrogels and transdermal UV exposure

Sterile, endotoxin-free hydrogels (8 mm diameter, | mm thick), were implanted
subcutaneously (2 implants/mouse) following IACUC-approved procedures in 610 week
old male Balb/c mice (Jackson Laboratories). The custom-built UV exposure system was
used for transdermal irradiation. At prescribed time points, mice were anesthetized and the
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skin in the vicinity of the implant was treated with depilatory cream to remove hair and
exposed to UV light (\ = 351 nm, 20 mW/cm?) for 10 minutes.

To measure UV attenuation through skin, the dermal layer of the ventral and dorsal sides of
Balb/c mice euthanized following IACUC-approved methods was removed and cut into 2
cm X 2 cm squares and kept in ice cold PBS. Dermal layer thickness was then measured in
triplicate utilizing a digital caliper (Storm Equipment). Percent UV attenuation was
measured in triplicate for each piece of derma using a UVX radiometer (UVP). For Beer’s
law analysis, data for UV attenuation as a function of skin thickness was fit with a single
exponential curve using GraphPad Prism 6.0.

For in vivo uncaging efficiency studies, CMNB-caged fluorescein was acrylated with acryl-
PEG-SVA using 1:1.1 ratio and DMF/DIPEA coupling conditions (SI). Caged fluorescein-
functionalized PEGDA hydrogels were generated in the same manner as described for RGD
peptide-presenting hydrogels. Pre-exposed and unexposed caged fluorescein-presenting gels
and control bare hydrogels were implanted subcutaneously in mice, and exposed to UV
transdermally at defined time points. Following sacrifice, implants were recovered and
fluorescence imaged using a Nikon TE-300 microscope and quantified using Imagel.

For transdermal patterning studies, an exposure mask consisting of a large sheet of
aluminum foil with a central 0.9 mm hole created with a 20-gauge needle was prepared.
Anesthetized mice were exposed to UV light for 10 minutes through the mask gently
pressed onto the skin with the hole aligned over the center of the implanted hydrogel. At day
1, mice were euthanized and implants were extracted and washed in cold PBS followed by
fixation in 4% paraformaldehyde for 30 minutes. Cells were stained with DAPI and explants
were imaged using a Nikon Eclipse Ti microscope connected to a Nikon C2+ confocal
module. Cell adhesion and patterning were quantified using ImagelJ.

For histological analyses of fibrous encapsulation, explants were fixed in formalin and
embedded using the Immunobed Kit (Polysciences). Tissue sections (2 um thick) were
stained Mason’s trichrome stain, imaged, and collagenous capsule thickness was analyzed in

Imagel.

Vascularization

RGD or RDG peptide-functionalized PEG-maleimide macromers were mixed with
Recombinant human VEGF-165 (R&D, 10 pg/mL final concentration) and cross-linking
peptides, and the resulting mixture (75 pL) was directly polymerized within subcutaneous
pockets in the backs of mice. At day 14, mice were euthanized and the hydrogels explanted,
washed with ice cold PBS, fixed in 10% formalin overnight. Whole-mounted implants were
cut in half, blocked with 3% bovine serum albumin, and stained for either CD31 and a-
smooth muscle actin or CD68 and NIMP-R14 (Abcam). The secondary antibodies used were
either conjugated to AlexaFluor488 or AlexaFluor555 (Invitrogen). Explants were then
stained with DAPI and imaged using a Nikon Eclipse Ti microscope connected to a Nikon
C2+ confocal module. 2-D images over the sample thickness were acquired to generate 3-D
reconstructions using a Nikon C2+ laser scanning confocal head on a Nikon Eclipse-Ti
microscope and Elements software in order to cells and structures within the hydrogel.

Nat Mater. Author manuscript; available in PMC 2015 September 01.



1duiosnuey Joyiny 1duosnuepy Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Lee et al.

Page 11

To label functional blood vessels, DyLight488-conjugated tomato lectin (1 mg/mL) was
injected through the tail vein and allowed to circulate for 20 minutes. Mice were then
perfused with 0.4% papaverine in saline through the left ventricle and bled through the
inferior vena cava. The circulatory system was then perfused with 50 mL of 1% papaverine-
containing saline for 5 minutes. Hydrogels were explanted, fixed in formalin, and whole
mounted on microscope slides. 2-D images over the sample thickness were acquired to
generate 3-D reconstructions using a Nikon C2+ laser scanning confocal head on a Nikon
Eclipse-Ti microscope and Elements software in order to image vessels within the hydrogel.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 6.0. For normally distributed data
with equal variances, one-way ANOVA with Tukey’s multiple comparison test was used.
For data that did not satisfy the requirements for ANOV A, non-parametric Kruskal-Wallis
tests with Bonferroni-Dunn’s multiple comparison tests were used. A p-value < 0.05 was
considered significant. Non-linear regression analyses were also performed in GraphPad
Prism 6.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Light-triggered activation of cell adhesion activity of caged RGD peptide on hydrogels
a, Schematic representation of caged RGD peptide-functionalized PEGDA hydrogels. Light

exposure at 350-365 nm cleaves UV-labile caging group to present active cyclic RGD
peptide. Magenta/green denotes caged/active RGD peptide. b, Photographs of fluorescently
labeled cells cultured on unmodified PEGDA and peptide-modified hydrogels that were
either exposed to UV light or not exposed (scale bar, 300 pm). Hydrogels presenting control
RGD peptide and UV-exposed caged RGD peptide supported high levels of adherent cells.
Unmodified PEGDA gels and hydrogels presenting RDG scrambled peptide and non-
exposed caged RGD peptide supported very low numbers of adherent cells with rounded
morphology. ¢, Adherent cell density on hydrogels, box-whisker plot (minimum, 25t
percentile, median, 75™ percentile, and maximum) for 4 samples per group. Kruskal-Wallis
p <0.0026. UV-exposed gels presenting caged RGD supported 4-fold higher adherent cell
densities than hydrogels functionalized with caged RGD peptide that were not exposed to
UV (+ p <0.01), surfaces presenting scrambled RDG peptide, and bare PEGDA hydrogels
(p <0.01). Cell density was higher on control RGD compared to RDG peptide (p < 0.05).
No differences in cell adhesion density were observed between UV-exposed caged RGD
peptide-presenting gels and hydrogels presenting control RGD peptide (p = 0.08).
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Figure 2. Transdermal activation of in vivo inflammatory cell adhesion
a, Schematic representation of timeline for in vivo activation of cell adhesion using

transdermal UV exposure. b, Photographs of explanted hydrogels stained for adherent
inflammatory cells (green = NIMP-R 14 [neutrophil], magenta = CD68 [macrophage], blue =
DAPI [DNA], scale bar, 80 um). Unfunctionalized PEGDA hydrogels exhibited minimal
cell adhesion regardless of UV exposure, whereas hydrogels presenting control RGD
peptide supported uniformly high numbers of adherent cells. Hydrogels presenting caged
RGD peptide that were not UV-exposed displayed background levels of cell adhesion. In
contrast, caged RGD-functionalized gels that were exposed to UV transdermal exhibited

high numbers of adherent cells that were uniformly distributed over the biomaterial surface.
C, Adherent cell density, box-whisker plot (minimum, 25th percentile, median, 75th
percentile, and maximum) for 6-8 mice per group, demonstrating light-based triggering of
inflammatory cell adhesion to caged RGD-presenting implants. ANOVA p < 0.0001, * p <
0.05 vs. UV-exposed PEGDA, { p < 0.001 vs. No UV Caged RGD.
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Figure 3. Light-triggered spatial patterning of in vivo cell adhesion
a, Schematic representation of patterning experiment using transdermal UV exposure

through a mask. b, Photographs of explanted hydrogels stained for adherent cell nuclei for
caged RGD and RDG presenting hydrogels at different distances from the center of
irradiation (DAPI, color coded cyan, scale bar, 40 um). c, Left: Composite image of
photographs of adherent cell nuclei (cyan). Yellow circle designates exposure spot (scale
bar, 200 um). Right: Adherent cell density vs. distance away from irradiation point. Data
represent mean =+ standard error for hydrogels explanted for 5 mice per group.
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Figure 4. Time-regulated in vivo activation of RGD peptide modulates fibrous encapsulation of
implanted biomaterials
Unfunctionalized PEGDA hydrogels and gels presenting either control RGD or caged RGD

peptides were implanted subcutaneously and at prescribed time points were exposed to UV
transdermally. Biomaterials and associated tissue were explanted at 28 days. a, Photographs
of plastic-embedded sections stained by Mason’s trichrome of fibrous capsule formation
around implanted hydrogels at 28 days (scale bar, 100 um). Yellow bars denote fibrous
capsule. b, Fibrous capsule thickness around implanted hydrogels, box-whisker plot
(minimum, 25™ percentile, median, 75th percentile, and maximum) for 4-6 mice per group.
ANOVA p <0.0001, * p <0.001 vs. PEGDA, { p < 0.01 vs. No UV Caged RGD, § p < 0.05
vs. Day 0 Caged RGD.
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Figure5. Light-based activation of cell adhesive peptide promotes vascularization of implanted
biomaterials

a, Immunostaining images for hydrogels presenting caged RGD or caged RDG peptide for
different UV exposure conditions. Top: green = CD31 [endothelial cell], magenta = aSMA
[smooth muscle cell], blue = DAPI [DNA], scale bar, 100 pm. Bottom: magenta = CD68
[macrophage], blue = DAPI [DNA], scale bar, 100 um. b, Fluorescent images of blood
vessel ingrowth (green) into PEG-maleimide hydrogels implanted subcutaneously at 14 days
(scale bar, 100 um). PEG-maleimide hydrogels presenting peptides were implanted
subcutaneously and exposed to UV transdermally at selected time points. Mice were
perfused with DyLight488-conjugated tomato lectin at sacrifice to label functional blood
vessels. Hydrogels presenting caged RGD peptides which were exposed to UV
transdermally at Day 0 and Day 7 exhibited robust blood vessel growth, similar to gels
presenting control RGD. Hydrogels functionalized with scrambled RDG peptide or caged
RGD peptide that was not exposed to UV displayed minimal blood vessel infiltration. C,
Blood vessel density, box-whisker plot (minimum, 25th percentile, median, 75th percentile,
and maximum) for 4 mice per group for caged RGD conditions, 3 mice per group for control
peptides. Kruskal-Wallis p < 0.01, * p <0.01 vs. RDG, T p < 0.05 vs. No UV Caged RGD.
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