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Abstract

Pro-angiogenic drugs hold great potential to promote reperfusion of ischemic tissues and in tissue
engineering applications, but efficacy is limited by poor targeting and short half-lives. Methods to
control release duration or provide enzymatically-responsive drug delivery have independently
improved drug efficacy. However, no material has been developed to temporally control the rate
of enzymatically-responsive drug release. To address this void, hydrogels were developed to
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provide sustained, tunable release of Qk, a pro-angiogenic peptide mimic of vascular endothelial
growth factor, via tissue-specific enzymatic activity. After confirmation that sustained delivery of
Qk is necessary for pro-angiogenic effects, a variety of previously-identified matrix
metalloproteinase (MMP)-degradable linkers were used to tether QK to hydrogels. Of these, three
(IPESJLRAG, GPQGIWGQ, and VPLS]LYSG) showed MMP-responsive peptide release.
These linkers provided tunable Qk release kinetics, with rates ranging from 1.64 to 19.9 x 1073
hours™! in vitro and 4.82 to 8.94 x 1073 hours™1 in vivo. While Qk was confirmed to be bioactive
as released, hydrogels releasing Qk failed to induce significant vascularization in vivo after one
week, likely due to non-enzymatically degradable hydrogels employed. While Qk was the focus of
this study, the approach could easily be adapted to control the delivery of a variety of therapeutic
molecules.
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1. Introduction

Pro-angiogenic therapies hold great potential for treatment of ischemic tissue disorders(1]
and in tissue engineering applications, where tissues larger than 100-200 um in any
dimension require supporting vasculature.[2] Delivery of pro-angiogenic proteinst3l and
peptides[4! have shown promising therapeutic results. Peptides offer advantages over
proteins as they do not require complex tertiary structure for bioactivity, and due to small
molecular weights, can be produced synthetically and delivered at higher concentrations to
target tissues.[48] While peptides do not always fully recapitulate the bioactivity of the
proteins they mimic, some, such as the vascular endothelial growth factor (VEGF) mimic
Qk, show comparable bioactivity to protein counterparts.[4] However, when simply injected
in vivo, both proteins and peptides suffer from poor targeting and short half-lives due to
rapid clearance and degradation, necessitating the use of controlled release systems.[!

VEGF is one of the most common pro-angiogenic proteins exploited for therapeutic
angiogenesis.[3 6] However, tight spatio-temporal control over VEGF presentation is
required to exploit its full potential and prevent the formation of immature, leaky
vasculature.[3: 6€] Poly(lactic—co-glycolic acid)[6¢: 6] and alginatel3] materials have
successfully extended the duration of encapsulated VEGF delivery through hindered
diffusion or upon hydrolytic degradation, increasing tissue vascularization. However, these
approaches deliver VEGF over pre-dictated, and not necessarily therapeutically-relevant,
time frames. Alternately, enzymatically-responsive hydrogels that release VEGF in response
to local matrix metalloproteinase (MMP) expression have been developed.[62 60] These
materials are based on the theory that micro-environmental concentrations of VEGF are
critical for angiogenesis,[®€] and cell-dictated release would result in ideal VEGF delivery
profiles.[62 651 While the use of MMP-degradable tethers provides cell-dictated drug release,
release rates were not manipulated due to use of a single, common MMP-cleavable
substrate, precluding temporal control over enzymatically-responsive VEGF delivery.
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Therefore, these previously developed materials are unable to investigate the role of
temporally controlled enzymatically-responsive growth factor delivery in angiogenesis.

In this work, the first materials approach to temporally control enzymatically-responsive
drug delivery was developed. Poly(ethylene glycol) (PEG)-based hydrogels were modified
to provide enzymatically-responsive release of the VEGF mimic Qk,[4] a potent pro-
angiogenic peptide that mimics the a-helix region of VEGF (Figure 1). Hydrogels were
formed with Qk tethered to the gel via MMP-degradable peptide linkers (Table 1) utilizing
five distinct linkers with a variety of reported keKy~t values to temporally control release
(Table S1). The ability of QK to retain bioactivity as released (“tail” form; Table 1) was
assessed. Hydrogel swelling ratio, peptide incorporation efficiency, and enzymatically-
responsive peptide release behavior were also characterized. Hydrogels that demonstrated
MMP-responsive release were implanted subcutaneously in vivo to track the in vivo release
of fluorescently labeled peptides. Hydrogels vascularization in vivo was also assessed by
measuring hemoglobin (Hb) content and imaged using multiphoton fluorescent microscopy.

2. Results and Discussion

2.1. Pro-angiogenic potential of Qk

2.1.1. Qk benefits from sustained release—The pro-angiogenic effect of Qk
presented to cells transiently and continuously was first analyzed. A modified human
umbilical vein endothelial cell (HUVEC) tube formation assay was developed that emulates
bolus and sustained treatment (Figure 2A) with Qk or full-length VEGF. Bolus treatment
(high dose for 5 minutes, followed by control media for 8 hours) with VEGF did not induce
significant tube networks (1.2-fold over control media); however, sustained treatment (low
dose for 5 minutes, followed by low dose for 8 hours) resulted in a significant 1.8-fold
increase in tube length (Figure 2B). This is unsurprising, as activation of receptor tyrosine
kinase signaling due to interactions of VEGF with VEGFR1 and VEGFR2 has been shown
to be both time- and dose-dependent.[8] Additionally, our assay results are consistent with in
vivo data showing VEGF benefits from continuous, long-term delivery.[3: 6¢. 6d] Similar to
VEGF, only when continuously presented to cells did Qk significantly affect tube network
formation (1.6-fold over control media). The control scrambled peptide did not significantly
affect tube formation upon bolus or continuous treatment. To alleviate concerns about
trypsin affecting the effects of the bolus treatment, a modified assay was performed when
cells were treated in suspension with washes and media changes performed by
centrifugation. VEGF and scrambled peptide showed similar trends regardless of trypsin use
(Figure 2 and S1). Similar results between Qk and VEGF was expected, as Qk mimics the
a-helix region of VEGF, and has been shown to bind both VEGFR1 and VEGFR?2, resulting
in similar levels of phosphorylation and ERK1/2 and Akt signaling.[42 4c] Qverall, these
data suggest that the sustained availability of Qk is critical for its bioactivity, and sustained
Qk release is likely to result in more robust pro-angiogenic effects. This is also consistent
with previous in vivo reports, exploiting methods to provide sustained Qk delivery to ensure
bioactivity, including osmotic pumps, Matrigel, and diffusive release from hydrogels.[42 4b]
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2.1.2. Qk bioactivity is unaffected by amino acids left after MMP-degradable
sequence cleavage—MMP-degradable linkers described in literature and adapted for
this work are cleaved in the middle of the sequence, and therefore leave residual MMP
substrates, or “tails”, on Qk when it is released (i.e., Qk “fast linker”, or Qk(FL) is
KLTWQELYQLKYKGI-PES|{LRAG-C-G, and upon MMP cleavage releases Qk “fast
linker tail”, or Qk(FT) KLTWQELYQLKYKGI-PES; Table 1). To determine if the residual
peptide substrates affect bioactivity, Qk was tested in the HUVEC tube formation assay in
both native “N” and as released “tail” forms (Figure 3). While the presence of some “tails”
decreased the extent of tube formation induced by Qk (i.e. at 1 uM Qk(NRT?2) increased
tube length ~ 1.5-fold, while Qk(N) increased tube formation ~ 2.6-fold control media), all
“tail” forms of Qk significantly increased tube length over the same 100-fold concentration
range as Qk(N). This confirms that Qk remains bioactive in its predicted released form for
all five linkers, and all linkers warrant further investigation of temporally controlled
enzymatically-responsive Qk release.

2.2. Hydrogel formation and characterization

To facilitate hydrogel incorporation, Qk was synthesized in linker form, with an MMP-
degradable linker and cysteine to allow for hydrogel incorporation on the C-terminus (Qk-
linker-C-G; Table 1). Hydrogels were formed using a 2:3 crosslinking thiol:ene molar ratio,
with the remaining 1:3 norbornene groups used for drug tethering (Figure 1).

2.2.1. All linkers result in Qk hydrogel incorporation and altered hydrogel
swelling ratio—In comparison to fully crosslinked (1:1) hydrogels, the use of a 2:3
crosslinking thiol:ene molar ratio increased hydrogel swelling ratio from 19 to 28 mg mg™!
(Figure 4A). This is consistent with previous work showing swelling ratio increases as
network crosslinking decreases.[8] Interestingly, including tethered peptides reduced
swelling ratio to levels similar to the fully crosslinked network, ranging from 18 to 21 mg
mg~1, but the swelling ratio was not affected by the specific peptide incorporated. This
decrease in swelling ratio is likely due to intermolecular peptide interactions, similar to our
previous observations.[ All peptide drug/linker combinations were successfully
incorporated into hydrogels, with incorporation efficiencies varying from 75 and 69% for
Qk(NRL?2) and Scrambled(FL) to above 90% for Qk(FL), Qk(ML), Qk(SL), and Qk(NRL1)
(Figure 4B).

2.2.2. Temporal control over enzymatically-responsive peptide release in vitro
was achieved—Hydrogels were formed with peptides tethered via MMP-responsive
linkers and swollen overnight. Gels were incubated with 10 nM MMP2, and peptide release
was analyzed and compared with control gels incubated in buffer alone. Of the five linkers
investigated, all which have been previously used as crosslinks in enzymatically-degradable
PEG hydrogels,[7] only three resulted in enzymatically-responsive Qk release: FL, ML, and
SL (Figure 5B-D). The other two linkers, NRL1 and NRL2 did not result in detectable Qk
release (Figure 5E-F). FL was also exploited to provide enzymatically-responsive release of
the negative control scrambled peptide (Figure 5A). As seen in Figure 5G, varying the
enzymatically-responsive linker used to tether Qk to the hydrogel successfully achieved
temporal control over enzymatically-responsive Qk release. Mass spectrometry on released
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peptides (Figure S2) confirmed release in predicted “tail” forms used in bioactivity testing
(Figure 3). Hydrogel mass over the time course of peptide release remained stable,
confirming that peptide release was successfully uncoupled from hydrogel degradation
(Figure S3).

Interestingly, there was no clear relationship between reported K.5:/Km values for the linker
and MMP2 and release of Qk by that linker (Figure 5, Table S1). For example, NRL1 had
the highest reported key Kyt of any linker investigated but resulted in no detectable Qk
release, while ML had the smallest kez Kyt investigated and resulted in moderate rates of
enzymatically-responsive Qk release. Changes in degradable linker peptide structure upon
inclusion of the Qk peptide was examined using PEP-FOLD prediction software, shown to
deviate from NMR structures by less than 3 A.[10] However, investigations into the length,
number, and location of amorphous regions, a-helix, and B-sheets were uninformative in
predicting release profiles (Figure S4). Further investigation as to the role of linker size,
hydrophobicity, and amino acid composition, as well as reported kg4 values for the linker
and time to degradation of hydrogels formed using the peptide as a crosslinkerl”] were
unable to satisfactorily predict Qk release rates (Figure S5 and S6). This makes design of
similar systems challenging, as the literature values for sequence cleavage in solution cannot
be used to predict linker release profiles. These results are not surprising, as linker sequence,
MMP, linker-adjacent peptide modifications, and hydrogel incorporation have all been
shown to affect cleavage kinetics.l”: @ 111 For example, the same modification to
GPLGLWAQ increases its MMP3 cleavage rate 3-fold, but does not affect cleavage by
MMP1.[12] Modification of the linker IPES|LRAG (FL) with different adjacent peptides
affects MMP2 cleavage rate.[¥] Hydrogels crosslinked using MMP-responsive sequences
SGESPAY/YTA (NRL1) and GPQGJIWGQ (ML) produces gels that degraded in ~ 1 and ~
4 days in MMP2, while RPFS{MIMG-crosslinked gels are stable for 10 days, despite
contradictory reported ke Kyt values for MMP2 (440000, 555, and 4600 M~1s~2 for
NRL1, ML, and RPFS{MIMG, respectively).[’] As additional materials are developed
utilizing MMP-degradable sequences for controlled, enzymatically-responsive drug release,
the relationship between drug, degradable sequence, and linker cleavage kinetics will likely
be further illuminated, facilitating predictive drug release profiles.

2.3. Temporal control over enzymatically-responsive Qk release was achieved in vivo, but
did not affect hydrogel vascularization

Hydrogels were formed using fluorescently labeled peptides and implanted subcutaneously
in mice after in vitro testing confirmed that live animal fluorescent imaging (IVIS) is an
accurate and non-invasive method to track peptide release (Figure S7). Subcutaneous
implantation was selected as it is a commonly used method that allows for rapid assessment
of vascularization (e.g., 1 week after implantation).[!2] Hydrogels were formed within non-
degradable silicone reactors to aid in localization of the target tissue for collection and
imaging (Figure S8). Soluble controls were similarly injected into reactors after placement
in the subcutaneous pocket. Specifically, hydrogels with fluorescently-labeled Qk(FL),
Qk(ML), Qk(SL), and Scrambled(FL) were studied.
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2.3.1. Temporal control over enzymatically-responsive peptide release in vivo
was achieved—Upon subcutaneous implantation, temporal control over enzymatically-
responsive peptide released was demonstrated, with Scrambled(FL), Qk(FL), Qk(ML) and
QK(SL) releasing ~ 50% of the tethered peptide after ~ 1, 3, 5, and 7 days, respectively
(Figure 6A). Peptide release was significantly affected by time and hydrogel type, with a
significant interaction between the two factors (p<0.0001). Undetectable amounts of peptide
remained in gels after ~ 1 to ~ 2.5 weeks, depending on the linker utilized and the drug
delivered. To facilitate quantitative comparisons of release profiles, in vitro and in vivo
release data was fit to a pseudo-first order release model, and the release coefficients
calculated (Figure 6B). In vitro, the release coefficient for Qk(FL) was the highest, followed
by Scrambled(FL), Qk(ML), and Qk(SL) (19.9, 12.1, 3.59, and 1.64 x 1073 hours™,
respectively). In vivo, the release coefficient for Scrambled(FL) was the highest, followed by
Qk(FL), Qk(ML), and Qk(SL) (22.9, 8.9, 6.4, and 4.8 x 1073 hours~2, respectively).

Interestingly, and despite releasing peptide with approximately the same profile in vitro
(Figure 5G), the Scrambled(FL) hydrogels released peptide more quickly than Qk(FL) gels
when implanted in vivo (Figure 6). This is likely due to unexpected complete degradation of
Scrambled(DL) gels. While all Qk-releasing gels were intact when collected for
vascularization measurements at 1 week post-implantation, all Scrambled(FL) gels had
degraded, contributing to the decrease in gel fluorescence observed and confounding the K|
calculations. Due to the presence of the ester bond between the PEG and norbornene
groups,[23] all hydrogels used here are expected to be hydrolytically degradable over 1-2
months based on in vitro studies[13P], with PEG hydrogel degradation in vitro correlating
well with in vivo behavior.[24] However, exclusive degradation in vivo of the scrambled-
peptide releasing gels was unexpected, as they were formed with the same enzymatically
stable peptide crosslinker, had similar swelling ratios (Figure 4), and were stable over the
same time frames in vitro as the Qk-releasing gels (Figure S3). While the crosslinking
peptide was shown to be stable against MMP2 (Figure S3), it is possible that non-specific
enzymatic degradation of the crosslinking peptide occurred. It is possible that degradation
specifically of the Scrambled(FL) gels is due to inflammatory macrophage recruitment. The
RGD peptide present in these hydrogels intended to facilitate vascular infiltration has also
been shown to mediate macrophage adhesion and foreign body giant cell formation involved
in the inflammatory response after implantation.[*>] Macrophages have been shown to
degrade biomaterials by releasing hydrolytic enzymes, esterases, hydroxyl radicals, and
many other reactive species that could contribute to accelerated cleavage of ester, ether, or
amide bonds within hydrogel crosslinks.[8] Our results indicate delivery of the VEGF
mimic Qk may have decreased the activity or number of macrophages present at the implant
site, either by directly affecting macrophages or by initiating a feedback loop between tissue
and immune cells.[*3] VEGF has been shown to shift macrophages from an inflammatory
(M1) to a regenerative (M2) phenotype.[1] As the VEGF mimic Qk shows similar receptor
binding and biological effects to the full-length protein,[l it could be polarizing
macrophages to an M2 rather than M1 phenotype, delaying macrophage-mediated
degradation of Qk-releasing gels. However, additional investigations are necessary to
support these theories.
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All Qk-releasing gels remained stable in vitro and in vivo, allowing comparison of the
release coefficients. Kinetics of drug release followed similar trends in vitro and in vivo,
with Qk(FL) exhibiting the fastest release kinetics, followed by Qk(ML) and Qk(SL),
although the k| values were not significantly different in vivo. Qk(ML) and Qk(SL) had
statistically equivalent release rates in vitro and in vivo, but Qk(FL) released more rapidly in
vitro. These results show that by altering the specific MMP-responsive linkage used to tether
the drug to the hydrogel, cell-dictated peptide release can be temporally manipulated. This
provided a method for exquisite control over the in vitro and in vivo presentation of Qk to
target cells/tissues. While the relative release rates were consistent between in vitroand in
vivo conditions, the relative differences in release were not. There was a 12-fold difference
in ke between QK(FL) and QKk(SL) in vitro, but only a 1.9-fold difference in vivo. This
provides useful information for design of similar systems; differences in release profiles are
dampened when exposed to the more complex in vivo environment. Based on these results,
degradable linkers should be selected that provide ~ 5-10-fold larger differences in release
rates in vitro than are desired for in vivo release (i.e., if a 3-fold difference in release rate is
desired in vivo, linkers should be identified that produce 15 to 30-fold differences in in vitro
rates).

Differences in release rates between in vitro and in vivo conditions were not unexpected, and
are consistent with other studies.[88] Numerous MMPs are expressed in vivo, with
differential expression profiles based on the tissue and extent of injury or disease state.[18]
Additionally, tissue inhibitors of metalloproteinases (TIMPs) present in vivo could affect
MMP activation levels.[180] As the linkers investigated here are reported to be susceptible to
multiple MMPs (Table S1), it is possible that MMPs other than the MMP2 used in vitro are
contributing to peptide release in vivo. Due to differential MMP expression that occurs
based on tissue type and injury,[*8] it is likely that the release profiles achieved in this study
would not directly correlate with release in a different tissue (i.e., ischemic hindlimb or
cardiac tissue). However, the material developed here would likely still provide differential
enzymatically-responsive release profiles, and alternate MMP-degradable linkagesl”: 191
could be investigated if the desired temporal release profiles were not achieved.

2.3.2. Non-enzymatically degradable Qk-releasing hydrogels do not induce
vascularization after one week—While the main goal of this work was to develop a
method to temporally control enzymatically-responsive peptide delivery, a secondary goal
was to study the effects of temporal control over enzymatically-responsive QK release on
angiogenesis in vivo. Therefore, vascularization resulting from Qk-releasing hydrogels was
assessed. One week after implantation, hydrogel-containing reactors were explanted and
vascular ingrowth was quantified by measuring hemoglobin (Hb). Multiphoton fluorescent
microscopy was also used to qualitatively assess vasculature. Neither the Qk-releasing
hydrogels, nor soluble Qk significantly affected Hb relative to PBS or scrambled-peptide
releasing (Figure 7A). Similarly, while variations in average vessel size between treatment
groups was observed (from 15 to 22 pm for Qk(SL) and QKk(N), respectively), there was no
significant difference between treatment groups (Figure 7C). However, preliminary studies
examining vascularization of hydrogels four weeks after implantation shows significantly
greater Hb resulting from Qk(ML) and Qk(SL) vs. Qk(FL) gels (Figure S9), suggesting the
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therapeutic potential of these hydrogels and the influence of temporally-controlled
enzymatically-responsive peptide release.

While it did not significantly induce vascularization as a soluble, injected drug here, Qk(N)
has been shown to be pro-angiogenic in vivo when delivered using alternate approaches. For
example, when Qk is encapsulated within Matrigel and implanted subcutaneously,
vascularization is significantly increased compared to controls.[4P] Matrigel provides a
degree of sustained delivery and a physical matrix facilitating cellular adhesion and
infiltration not provided by the soluble injection control here.[2%] This is likely the reason the
Qk(N) peptide did not induce a significant angiogenic response in this study. Lackluster
vascularization one week after implanting hydrogels providing enzymatically-responsive Qk
release was observed. One week is a commonly used assessment point for vascularization of
subcutaneous implantats,[*2] and the positive control VEGF significantly increased
vascularization, supporting the validity of the in vivo model. The temporal release profiles
obtained here (~ 1 to 2.5 weeks in vivo) are likely not the cause for the lackluster
vascularization, as they are within the range of release profile ranges previously shown to
improved vascularization via VEGF delivery (~ 2-3 weeks).[38 62. 6d] However, some
materials have shown improved vascularization when release occurred over ~ 3-4 weeks,[21]
suggesting it could be advantageous to identify MMP-degradable tethers that further
prolongs Qk delivery. It is possible that released Qk lacks bioactivity. However, this is
unlikely, as Qk was confirmed to be bioactive in the form it is released from the gels (Figure
3 and S2). It is more likely that minimal vascularization observed with Qk-releasing
hydrogels is due to the non-enzymatically degradable nature of the hydrogels employed. In
this initial study, hydrogels were designed to be stable over the time course investigated, to
prevent confounding Qk release with hydrogel degradation (as was observed with the
Scrambled(FL) gels). However, this causes hydrogels to present physical resistance to
infiltrating vasculature due to the small mesh sizes of the gels (~ 16-17 nm),[138] regardless
of the pro-angiogenic signals delivered. It is possible that released peptides diffused into
nearby tissue and induced vascularization near the hydrogel implant. However, vasculature
in nearby tissue was not assessed due to difficulty discriminating between pre-existing host
vasculature and vasculature that developed in response to hydrogels. Preliminary studies
looking at vascularization of these hydrogel after four weeks, e.g., once gels were degraded,
showed greater vascularization than at the one-week time point used here (Figure 7 and S9),
further supporting this conclusion. Use of degradable hydrogels either via enzymatic or
temporally-relevant hydrolytic mechanisms has been shown to greatly improve cell invasion
in vitrol”] and in vivo.[%8] Future studies could employ an enzymatically-degradable
crosslinking peptide for hydrogel formation,[”- 221 facilitating simultaneous cell-dictated
hydrogel degradation and drug release, likely increasing the pro-angiogenic efficacy of the
hydrogels.

While this material was designed to achieve temporal control over enzymatically-responsive
release of Qk, the hydrogel system could be easily translated to deliver any number of
therapeutic peptides with a range of functionality (e.g., pro-angiogenic,[23] anti-
inflammatory, 241 or chemotherapeutic).[25] The material could also be used for controlled
delivery of protein drugs, with the inclusion of degradable linkages at either the C- or N-
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termini. It could also be used to deliver non-peptide therapeutics that contain complementary
chemical functionalities to allow for tethering to MMP-degradable linkers.[28] However, as
linker-adjacent modification has been shown to affect cleavage kinetics, delivery of different
therapeutic agents would likely require different MMP-degradable linkers to achieve similar
temporal release profiles.®: 111 It is possible that inclusion of a spacer such as linear PEG or
poly(glycine) between the MMP-degradable linkage and the therapeutic sequence could
decrease the influence of the therapeutic on linker cleavage kinetics (e.g., by reducing steric
hindrance),[27] and result in drug release profiles that more closely emulate well-established
soluble linker cleavage kinetics.

3. Conclusions

In conclusion, we developed a PEG hydrogel system providing temporally controlled
enzymatically-responsive release of the pro-angiogenic peptide Qk, for which sustained
release was confirmed necessary for bioactivity. Qk was successfully incorporated into PEG
hydrogels using five MMP-degradable linkers. Three of the linkers (IPESJLRAG (FL),
GPQGJIWGQ (ML) and VPLS|LYSG (SL)) provided a range of MMP-responsive peptide
release rates both in vitro and in vivo. While unable to promote significant vascularization in
vivo one week after implantation, likely due to the slow degradation of the hydrogels,
temporally controlled enzymatically-responsive peptide release was attained. This approach
can be readily adapted for controlled delivery of a number of therapeutic peptides, proteins,
and small molecule drugs, and provides a means to study how temporal control over cell-
dictated release affects drug efficacy.

4. Experimental Section

Materials and Methods

Unless otherwise noted, all chemicals were obtained from Sigma-Aldrich, all amino acids
from AAPPTec, and all cell culture materials obtained from Lonza.

Peptide synthesis

Peptides were synthesized as previously described (Table 1).[%] O-benzotriazole-N,N,N*,N’-
tetramethyl-uronium-hexafluoro-phosphate (0.5 M, AnaSpec) in dimethylformamide (DMF)
and diisopropylethylamine (2 M, DIEA, Alfa Aesar) in N-methylpyrrolidone was used as
the activator and activator base for RGD, NDL, and “N” and “T” peptides, and
diisopropylcarbodiimide (0.5 M, Chem-Impex International) and hydroxybenzotriazole (1
M, Advanced ChemTech) in DMF as activator and activator base for all “L” peptides.
Peptides were cleaved in trifluoroacetic acid (TFA, Alfa Aesar) containing 3,6-dioxa-1,8-
octanedithiol (Alfa Aesar), triisopropylsilane (Alfa Aesar), and distilled, deionized water
(ddH,0) (2.5 vol% each), with thioanisole (2.5 vol%, Alfa Aesar) if the sequence included
arginine. After 3—6 hours, peptides were precipitated and washed in ether.

Peptide purification and assessment

Synthesis was confirmed using Matrix Assisted Laser Desorption lonization-Time of Flight
(MALDI-ToF) mass spectrometry (Bruker). Peptides were dialyzed in ddH,0 overnight
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using 1-500 or 1,000 MWCO tubing (Spectrum Laboratories). After collection by
lyophilization, percent peptide was determined by measuring absorbance at 205 nm
(Evolution 300 UV/Vis detector, Thermo Scientific).[28] Peptide purity was determined to be
~ 90% as measured by High Performance Liquid Chromatography (HPLC, Shimadzu
Prominence) on a Kromasil Eternity C18 column (4.6 x 50 mm) running a gradient from 5
to 95% acetonitrile in water (both containing 1% TFA).

Fluorescent peptide labeling

QKk(FL), Qk(ML), Qk(SL), and Scrambled(FL) were selectively labeled at the N-terminal
primary amine by reacting on-resin peptides with Texas Red succinimidyl ester (Life
Technologies). Texas Red in DMF (2 mg, 10 mg mL1) was added drop-wise to peptide in
DMF (0.25 mM in 3 mL) containing 3 drops DIEA. The mixture was protected from light
and stirred overnight at room temperature. The peptide was cleaved and precipitated as
above. The labeled peptide was purified by dialysis in ddH,O until the water remained clear
for at least 6 hours, and labeled peptide collected by lyophilization.

HUVEC cell culture

Human umbilical vein endothelial cells (HUVECS), originally from Lonza, were a gift from
Dr. Stephen Dewhurst. After thawing from cryostorage, cells were maintained in
Endothelial Growth Media 2 (Endothelial Basal Media-2 (EBM-2) containing EGM-2
SingleQuots; EGM-2), at 37 °C with 5% CO,. Cells were used at least two passages after
thawing, but prior to passage 10. Control media consisted of EBM-2 containing fetal bovine
serum (2.5 vol%, Atlanta Biologicals), penicillin (100 U mL™1), streptomycin (100 U
mL~1), and amphotericin B (250 ng mL™1, Thermo Scientific).

HUVEC tube formation assay

Tube formation was assessed as previously described,®! with minor modifications to
simulate bolus versus continuous treatment. HUVECs were grown to 60-70% confluency,
then washed and treated for 5 minutes. Cells were then washed, trypsinized, resuspended in
the continuous treatment, and seeded on Matrigel (2.4x10% cells well=%; Figure 2A). For the
dose response testing, HUVECs were suspended directly in the treatment solution and
seeded on Matrigel, with no pre-treatment step. All cells were fluorescently imaged (0.5 uL
mL~1 calcein AM, Invitrogen) 8 hours after seeding on Matrigel, using a Nikon Eclipse Ti
2000 inverted light microscope with temperature/humidity control (Pathology Devices).[2°]
Tube length was quantified using the image processing program Angioquant.[30]

Poly(ethylene glycol) norbornene synthesis

Poly(ethylene glycol) norbornene (PEGN) was synthesized from 8-arm 20 kDa PEG
(JenKem Technologies USA) as previously described.[31] Functionalization was determined
to be >95% by *H-NMR (400 MHz, CDCl3, §): 6.25 — 5.8 (m, 8H, norbornene vinyl
protons), 4.35 — 4.05 (d, 8H, -COOCHy,), 3.9 — 3.35 (m, 892H, -CH,CH,0-)). The final
product was dialyzed overnight in ddH,O using 1000 MWCO dialysis tubing, collected by
lyophilization, and stored at —20 °C.
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Hydrogel formation

Hydrogels were formed as previously described,[®] with minor modifications. All gels
contained 10 wt% PEGN with a 2:3 crosslinking thiol:ene ratio using NDL as the
crosslinking peptide, with the remaining 1:3 thiol:ene containing tethered drug, unless
otherwise specified. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (0.05 wt%, LAP,
synthesized as described[32]) was used as photoinitiator, and acetonitrile/water (25/75 vol/
vol) used as the solvent to improve Qk solubility.[%] 40 pL of hydrogel precursor solution
was injected into a custom cylindrical Teflon mold (~ 5 mm in diameter, ~2 mm in height)
and exposed to 10 min 365 nm UV light (~ 2.5 mW cm™2) to induce polymerization. All
hydrogels were swollen overnight in buffer (10 mM CaCl,, 50 mM NacCl, 50 uM ZnCl,
(Alfa Aesar), 50 mM Tricine (Acros Organics), and 0.05 wt% Brij35 (Alfa Aesar) in
ddH,0, pH 7.4) at 37 °C prior to use. For in vivo studies, gels also contained 2.8 mM RGD
to facilitate cell adhesion, and fluorescently labeled peptides were used to facilitate tracking.
Gels were polymerized within reactors (OD=7.94 mm, 1D=4.76 mm, h=2.25 mm) cut from
pharmaceutical grade silicone tubing (Thermo Scientific), to facilitate tissue identification
for collection. These reactors are similar to the Angioreactors used in the directed in vivo
angiogenesis assay (DIVAA) which have been shown to induce only mild inflammatory
infiltration.[33] However, the increased exposed surface area of the reactors used in this
study allows for a more accurate simulation of reactor-free implantation. Reactors were
placed in a custom Teflon holder temporarily capping the bottom end. Precursor solution (40
pL) was then pipetted into the reactor and gels were polymerized in situ. Gels in reactors
were then transferred to a 24-well plate, where they were incubated in buffer overnight
before subcutaneous implantation (Figure S8).

Hydrogel characterization

Hydrogel swelling ratio was determined by measuring gel mass prior to and after
lyophilization (Q=Myet/Mgry; Mg mg~1). Peptide incorporation efficiency was assessed by
forming gels with known amounts of drug in the precursor solution, incubating gels
overnight in buffer, collecting buffer, and assessing the amount of peptide released using
HPLC as described for peptide purification. Peak areas (absorbance at 214 nm for
Scrambled peptides and 278 nm for Qk peptides) were compared to a standard curve to
determine the amount of peptide released into buffer. The incorporation efficiency was then
back-calculated based on the amount used to form the gel and the amount of peptide
released (not incorporated into the gel) (%Drug Incorporated = (Mprecursor solution =

Mreleased in buffer)/Mprecursor solution*loo%)-

Characterizing peptide release

After overnight swelling, gels were transferred to fresh buffer or buffer with 10 nM
recombinant human MMP2 (PeproTech). Solutions were collected and replaced
periodically, at a minimum once every 48 hours as MMP2 inactivates fairly rapidly.["]
Solutions were stored at —20 °C until peptide release was quantified using HPLC, as before.
Peptide release data was fit to a pseudo-first order release equation (Equation 1):
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where Dy is the drug remaining in the gel at time t, Dg is the initial drug loaded in the gel,
and ke is the pseudo-first order release rate.[34]

In vivo testing

All animal procedures were approved by the University Committee of Animal Resources
(UCAR) at the University of Rochester. 6—8 week old female BALB/c mice (Taconic) were
used for all studies. Buprenorphine (3.25 mg kg™1) was given immediately prior to surgery
and every 12 hours thereafter as necessary for pain. Mice were randomly assigned to
treatment groups, making sure each treatment group spanned at least two surgery days.

Subcutaneous implantation model

Mice were anesthetized (60 mg kg~lketamine, 4 mg kg1 xylazine). Fur was removed using
clippers followed by Nair. A subcutaneous pocket was formed on each side of the mouse
dorsal flank, and a hydrogel within a reactor (formed as described above) placed in each
pocket. For soluble treatment (PBS, 11.7 mM Qk(N), and 80 pug mL~1 VEGF), empty
reactors were placed in the pocket and 40 uL of solution injected into the reactor in situ.
Incisions were closed with skin glue.

Peptide release tracking

Peptide release was tracked using the VIS live animal imaging system (IVIS) as previously
described, 4] using Aey/em = 570/620 nm (Xenogen 1V1S-200 Optical In Vivo Imaging
System, Caliper Life Sciences Inc.). Mice were imaged immediately following surgery and
isoflurane inhalation used as anesthesia for subsequent imaging sessions. Mice were re-
depilated as necessary to reduce background signal from fur. Fluorescence (total radiant
efficiency, [(p s™1) (MW cm™2) ~1]) was measured using a ROI of constant area, and
normalized by within group average day 0 fluorescence. Release data was fit to a pseudo-
first order model, using a modified version of Equation 1 where Fi/Fq (gel fluorescence at
time t over initial gel fluorescence) was used in place of Dy/Dy.

Quantification of vascular ingrowth

7 days after implantation, vascular ingrowth was assessed by measuring hemoglobin within
the reactor, which has been shown to correlate well with other measures of angiogenesis.[3°]
Reactors were explanted, and residual hydrogel and ingrown material removed and placed in
1 mL Drabkin’s reagent (RICAA chemical). Samples were homogenized via sonication,
centrifuged for 20 minutes at 14,000 g, and then filtered through 0.45 um polyvinylidene
(PVDF) filters (PerkinElmer). Absorbance at 540 nm was determined relative to the
reference wavelength of 650 nm, and a hemoglobin standard curve used to determine the
hemoglobin concentration.[35¢]
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Multiphoton imaging

Mice were anesthetized by ketamine/xylazine injection, and 2M MW fluorescein
isothiocynate-dextran (10 mg mL™1, FITC, LifeTechnologies) in PBS (50 pL) injected retro-
orbitally. After one hour, mice were sacrificed and the dorsal flank opened to expose the
hydrogel reactor for in situ imaging. Excitation light generated using a MaiTai Ti:Sapphire
laser was directed towards the sample through a BX61W!I upright microscope (Olympus).
An Olympus Fluoview FV300 scanning system further controlled beam scanning and image
acquisition. 350 mwW of 810 nm light, with 100 fs pulses at 80 MHz was directed into the
scan box to image all samples. Excitation light was focused and the backscattered
fluorescent and second harmonic generation (SHG, collagen) signal was collected using an
Olympus UMPLFL20xW water immersion lens (20%, 0.95 N.A.). Signals were separated
from the excitation beam first using a 670 nm short pass dichroic mirror, and then separated
from each other using a 475nm long pass filter. 535 nm band-pass (HQ535/40m-2P,
Chroma) and 405 nm band-pass filters (HQ405/30m-2P, Chroma) were used to filter the
FITC and SHG emission signals, respectively, with hamamatsu HC125-02 photomultiplier
tubes used to collected both channels. Images were collected from the same five locations in
each reactor. 21 images taken every 5 um were taken at each location and then maximum
intensity projected to form a 100 pm stack. Vessel diameter was measured manually in
ImageJ, with 5 of the largest vessels in each image quantified, and the average diameter for
the gel reported. Images were collected and vessel measurements made by a user blinded to
treatment groups.

Statistical analysis

Data assembly and calculations were performed using Microsoft Excel (2010 v14.0). Figure
preparation and statistical analysis were performed using Graphpad Prism (5.04). All data is
shown as mean + standard error of the mean (SEM). Data presented in Figure 2, 5, and 6
was analyzed using a two-way ANOVA, data in Figure 3, 4, and 7 was analyzed using a
one-way ANOVA, with post-hoc testing (Bonferroni, Tukey, or Dunn) as necessary. All
experiments were performed in at least duplicate to reach n=6-16 as indicated in legends.
p<a=0.05 was considered significant for all analyses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Temporal control over enzymatically-responsive peptide delivery. 8-arm 20 kDa norbornene

functionalized poly(ethylene glycol) (PEGN) is crosslinked with enzymatically stable
peptide crosslinkers using a 2:3 thiol:ene molar ratio. The remaining norbornene groups are
linked to the therapeutic peptide Qk via enzymatically-degradable peptide tethers. By
changing the enzymatically degradable tether and associated Kgzt K™t values, temporal
control over enzymatically-responsive peptide release was achieved. Not to scale.
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Figure 2.

VEGF Scrambled(N) Qk(N)

In vitro analysis of the effect of bolus versus continuous delivery of Qk. A) Scheme of
experimental setup, and B) results of tube formation data. A) To simulate bolus treatment,
cells were pre-treated with a high dose for 5 minutes then given control media alone for the
remainder of the 8 hour experiment. To simulate continuous delivery, cells received a low
dose for the pre-treatment phase as well as the remainder of the 8 hours. Peptide doses were
selected to have approximately the same dose-duration (0.01 pM x 8 hours ~ 1.0 UM x 5
min). VEGF doses were 10 ng mL™1 (bolus) and 1 ng mL~ (continuous). & p<0.01,
$p<0.001 vs. control media. n=9, error bars represent SEM.
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Figure 3.

In vitro screening of the impact of peptide linker “tail” on Qk bioactivity. A) Representative
images of HUVEC tube formation at 0.1 pm, and B) fold increase in average tube length
over within-plate control media. & p<0.01, $ p<0.001, # p<0.0001 vs. control media. Scale
bars = 250 um, n=9, error bars represent SEM.
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Characterization of enzymatically-responsive hydrogels in terms of A) swelling ratio and B)
% peptide incorporated. n.s. p>0.05, $ p<0.001, a—d indicate statistically equivalent groups.
n=9, error bars represent SEM.
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Figure5.
Peptide release from enzymatically-responsive hydrogels. Release of tethered peptide in the

expected “tail” form from A) Scrambled(FL), B) Qk(FL), C) Qk(ML), D) Qk(SL), E)
Qk(NRL1Y), and F) Qk(NRL2) hydrogels, assessed using HPLC. G) shows all MMP-treated
gels on the same plot, for comparison purposes (significances not indicated for clarity). *
p<0.05, & p<0.01, # p<0.0001 vs. buffer alone at same time point. n=6-12, error bars
represent SEM; some obscured by symbols.
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In vivo

Release of fluorescently labeled peptides in vivo, and comparison to in vitro release. A)
Quantification of fluorescence over 3 weeks in vivo, normalized to average within-group day
0 fluorescence. Peptide release in vivo is significantly affected by both gel type and time
(p<0.0001), and there was a significant interaction between the factors (p<0.0001). B)
Pseudo-first order release coefficients (k) were calculated for both in vitro and in vivo
peptide release, to facilitate comparison of release kinetics. $ p<0.001, # p<0.0001. n=12 for

A, 6-12 for B; error bars represent SEM.
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Enzymatically-responsive Qk-releasing hydrogels were formed in non-degradable reactors
and implanted subcutaneously in mice. One week after implantation, vascularization into the
reactor was assessed via A) hemoglobin content and B—C) by multiphoton fluorescent
imaging. B) Representative images of collagen (SHG, blue) and vasculature (FITC-dextran,
red) formed within reactors. C) Quantification of average vessel diameter. n.s. p>0.05, *
p<0.05, $ p<0.001. n=14-16 for A, 6-8 for C; error bars represent SEM. Scale bar = 100

um.
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Table 1

Peptide sequences utilized.
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Type Full name Abbreviation Sequence
QK with fast linker QK(FL) "Qk"—PESLLRAG—C—I(; (no extra C-terminal
Qk with moderate linker Qk(ML) "Qk"-GPQGJIWGQ-C-G
“Linker” forms (for hydrogel Qk with slow linker QK(SL) "Qk"-VPLS|LYSG-C-G
tethering) Qk with non-releasing linker 1 QK(NRLL) "Qk"-SGESPAY/YTA-C-G
Qk with non-releasing linker 2 QKk(NRL2) "Qk"-PVS|LRSG-C-G (no extra C-terminal

Scrambled with fast linker

Scrambled(FL)

N
"Scrambled"-IPES|LRAG-C-G

QK with fast linker tail Qk(FT) "Qk"-PES-G (no extra C-terminal I)
Qk with moderate linker tail Qk(MT) "Qk"-GPQG-G
o g i relesse Qk with slow linker tail QK(ST) "Qk"-VPLS-G
Qk with non-releasing linker 1 tail Qk(NRT1) "Qk"-SGESPAY-G
Qk with non-releasing linker 2 tail QK(NRT2) "QKk"-PVS-G (no extra C-terminal I)
Native Qk Qk(N) "Qk"-G
“Native” form (drug alone) . .
Scrambled control peptide Scrambled "Scrambled" (no extra C-terminal G)
Non-enzymatically degradable crosslinker NDL CLGKGKGKGLCG
Miscellaneous
Cell adhesion peptide RGD CG-RGDS-G

Standard amino acid abbreviations are used. | indicates MMP cleavage site. "Qk" is the VEGF peptide mimic KLTWQELYQLKYKGI;[4b]
"Scrambled" is the scrambled control peptide GLKEQSPRKHRLG. While all linkers used here were reported in literature to be susceptible to

cleavage by MMP2,[7] the observed Qk release behaviors were not consistent with literature predictions. Therefore, peptide linkers are named
based on their observed Qk release profiles as used in this application, and not based on their published linker-alone cleavage kinetics.
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