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Abstract

In this work, we develop a drug-mimicking nanofibrous peptide hydrogel that shows long-term
bioactivity comparable to a small-molecule inhibitor of inducible nitric oxide synthase (iNOS).
The iNOS inhibitor, AB-(1-iminoethyl)-L-lysine (L-NIL), is a positively charged amino acid whose
structure could be readily integrated into the framework of a positively charged multidomain
peptide (MDP) through the modification of lysine side chains. This new L-NIL-MDP maintains the
self-assembling properties of the base peptide, forming B-sheet nanofibers, which entangle into a
thixotropic hydrogel. The L-NIL-MDP hydrogel supports cell growth in vitro and allows syringe-
directed delivery that persists in a targeted location in vivo for several weeks. Multiple
characterization assays demonstrate the bioactivity of the L-NIL-MDP hydrogel to be comparable
to the L-NIL small molecule. This includes iNOS inhibition of macrophages in vitro, reduced
nitrotyrosine immunostaining in murine subcutaneous histology, and reduced serum levels of
vascular endothelial growth factor in vivo. This study expands the toolbox of available peptide

"Corresponding Authors: Andrew.Sikora@bcm.edu (A.G.S.). jdh@rice.edu (J.D.H.).

Author Contributions

D.G.L. and J.D.H. designed the material sequence and synthesis, analytical characterization, in vitro viability studies, and histological
studies, and D.G.L. conducted the studies. J.M.N., D.G.L., A.G.S., and J.D.H. designed the in vitro and in vivo efficacy studies, and
D.G.L., J.M.N., and M.A.F. conducted the studies. T.L.L.-S. provided supplemental histological data, and A.A.J. provided an
additional material synthesis. All authors interpreted the data. D.G.L., J.D.H., JM.N., S.Y., and A.G.S. wrote the manuscript.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acshiomaterials.9b01447.
Expanded peptide synthesis and purification methods; MALDI-TOF mass spectroscopy spectra; quantification of live cell density;
quantification of cell density; blood vessel immunostaining of L-NIL-MDP hydrogel implants; VEGF serum levels in mice bearing
B16-FO melanoma tumors; antinitrotyrosine immunostaining of inflamed B16-FO tumor; day 3 L-NIL-MDP isotype control panorama;
day 3 K2-MDP isotype control panorama; day 3 R2-MDP isotype control panorama; raw greiss assay results (Figures S1-S10);
antibodies used for immunostaining protocols (Table S1) (PDF)

The authors declare no competing financial interest.


http://10.1021/acsbiomaterials.9b01447
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.9b01447/suppl_file/ab9b01447_si_001.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Leach et al. Page 2

hydrogel scaffold designs that can modify biological activity without the need for any additional
small-molecule drugs, proteins, or cells.
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INTRODUCTION

Biomaterials have attracted large interest in the past few decades for their versatility of
design and unique biological applications. Biomaterial designs include polysaccharide-based
scaffolds,! polymer implants,2 mesoporous silica rods, and complex self-assembling
structures based on polymers,# nucleic acids,? or peptides.t. Peptide-based biomaterials are
particularly interesting as they possess easily customizable structures due to the modular
nature of their amino acid building blocks, and they are inherently biocompatible and
biodegradable.®8 Based on rational sequence design and final material properties, peptide
biomaterials can be developed to load and deliver practically any therapeutic,®10 whether
small molecules,11-13 biologics,141° or cells.16

Our lab has developed a versatile portfolio of multidomain peptide (MDP) biomaterials,
which form syringe-injectable hydrogels.1” MDPs are a family of rationally designed
peptides that self-assemble in the aqueous solution to create nanofibrous networks that
resemble the extracellular matrix (ECM).18 MDP self-assembly is primarily driven by an
amphiphilic core of alternating hydrophobic (often leucine) and hydrophilic (often serine)
amino acids, resulting in a facial amphiphile that initially self-assembles to maximize
hydrophobic packing of aliphatic residues. Further assembly occurs as the peptides form
antiparallel B-sheet networks as a result of peptide-backbone hydrogen bonding (Figure 1C).
Self-assembly is limited and controlled via molecular frustration or the introduction of
competing supramolecular forces, which can be achieved through a variety of mechanisms.
19 Generally, molecular frustration is introduced by incorporation of charged amino acids
(often lysine) on the peptide termini, utilizing charge repulsion to prevent infinite self-
assembly that would result in aggregation and poor solubility. This design also results in
triggerable hydrogelation. Specifically, when buffers containing multivalent counterions
[such as phosphate ions in phosphate-buffered saline (PBS)] are added to an MDP solution,
charge shielding and side-chain crosslinking allow the peptides to form highly entangled
nanofiber networks, resulting in soft ECM-like hydrogels ideal for use as injectable
biomaterials (Figure 1B-D).1’

MDPs have high sequence customizability, capable of incorporating a variety of residues
while still resulting in nanofibers and hydrogels.1® Various agents can also be incorporated
into the MDP or salt buffer solution prior to gelation, yielding loaded gel formulations
evenly distributed with drugs, biologics, or cells.1® We have demonstrated in prior
investigations that the chemistry and functionality of these nanofibrous peptide biomaterials
can be tailored for extended drug delivery applications, including cancer therapy.20-23
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In this study, our goal was to generate a new MDP biomaterial via chemical modification
that would provide inherent bioactivity without exogenous drug loading. Such a material
could be, subsequently, used in future combination therapy studies, where the material’s
long-term pharmacological activity could be synergistically combined with time-released
factors. Herein, we developed a peptide-based biomaterial to mimic the inhibitory action of a
small-molecule inhibitor with immunomodulatory properties called AB-(1-iminoethyl)-L-
lysine or L-NIL (Figure 1A). L-NIL and its derivatives are potent small-molecule drugs
(molecular weight ~ 190 g/mol) that selectively inhibit inducible nitric oxide synthase
(INOS).2425 iNOS is one of the primary enzymes responsible for the in vivo synthesis of
nitric oxide (NO) from L-arginine, with NO being a pervasive and multifunctional cell-
signaling molecule that has many broad-ranging effects.28:27 The expression and activity of
the enzyme iNOS are highly upregulated in many types of cancers, leading to increased
synthesis of NO and promoting conditions conducive to tumor growth, such as increased
angiogenesis, 2829 avoidance of apoptosis,3° and immunosuppression.2:31.32 The small-
molecule drug L-NIL can be used to selectively inhibit iNOS and curtail aberrant NO
production, thereby reducing various downstream effects that are conducive to tumor
growth.

However, the use of L-NIL or other small-molecule iNOS inhibitors in preclinical research
has been hindered by the need to repeatedly deliver large drug quantities over a long period
of time to achieve treatment efficacy. This is usually achieved by the addition of L-NIL to the
drinking water in murine models.2> While technically simple, this administration procedure
results not only in excessive waste of the valuable material (as drug-doped water must be
exchanged daily) but also results in inconsistent treatment results when administered “ad
libitum” or “as much as desired.” Furthermore, reliance on the oral administration route
must combat issues of absorption, bioavailability, and incomplete drug distribution.2®
Therefore, an injectable, extended-activity system could reduce material waste, standardize
drug intake, and increase the maximum dosage by bypassing the oral delivery route via
direct intratumoral injection.

Our primary hypothesis was that L-NIL bioactivity could be successfully translated into a
peptide biomaterial system, resulting in a unique material that would both retain the
necessary supramolecular and mechanical properties to form a useful biomaterial, while also
gaining new biological properties. In this study, we transformed the chemical structure of a
peptide hydrogel so that it could possess the intrinsic functionality and bioactivity of the
drug L-NIL. The chemical structure of L-NIL is simple and easily manipulatable, as it is
derived from the natural amino acid lysine. Lysine is a residue our lab has extensive
experience incorporating it into multidomain peptide hydrogels, and it is also an amino acid
often used in the charged terminal regions of MDP designs.17:18:24 The L -NIL acetamidine
functional group, like lysine’s amine, critically retains a positive charge at physiological pH.
This cationic charge was predicted to allow for control of the self-assembly of a custom -
NIL acetamidine-based multidomain peptide via charge repulsion (Figures 1 and 2). In this
report, we demonstrate that the L-NIL-MDP hydrogel possesses unique chemical and
mechanical properties that make it a promising biomaterial, as it shows inherent drug
bioactivity, remains in its implanted location for up to 3 weeks, and can create a durable
effect observable in vitro and in vivo.
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Peptide Synthesis, L-NIL-MDP Reaction, and Product Purification.
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Peptide synthesis reagents were purchased from EMD Chemicals (Philadelphia, PA). A
combination of manual synthesis and an Apex Focus XC (AAPPTec) automatic synthesizer
was used to synthesize the multidomain peptides K,(SL)gKo (K2-MDP), E»(SL)gE, (E2-
MDP), Ro(SL)gR, (R2-MDP), and the precursor to the L-NIL-MDP, K,;MM{(SL)gK, MMt
where Mmt represents acid-labile monomethoxytrityl protecting groups on the lysine side
chains. All peptides were synthesized according to standard F-MOC chemistry using solid-
phase peptide synthesis methods previously published.33All peptides were N-terminally
acetylated and C-terminally amidated.

The following method was used to convert KoMMY{(SL)sK,MMt on Jow-loading Rink Amide
MBHA resin to L-NIL-MDP before TFA cleavage (Figure 2). Deprotection of the lysine side
chains was achieved by removal of the Mmt protecting groups with four successive 15 min
washes of AcOH/TFE/DCM (1:2:7), washing until the yellow color of released trityl cation
was no longer observed. After washing, a reaction mixture was added containing 12 equiv
predissolved ethyl acetimidate—HCI and 24 equiv DIiEA in DCM, and the mixture was
shaken for 3 h. The reaction was then drained, a second reaction mixture added, shaken for 2
h, followed by a third fresh reaction mixture for 1-2 h. This sequence was done to ensure
maximum conversion of the lysine side chains to L-NIL functional groups.

Cleavage of all peptides was then achieved by shaking for 3 h with TFA and protecting
scavengers, in a 2:1:1:18 ratio of Milli-Q (MQ) HyO/triisopropylsilane/anisole/TFA. Rotary
evaporation was used to remove excess TFA, and trituration with cold diethyl ether yielded
crude peptide. The peptide was then dissolved in purified Milli-Q (MQ) water, pH adjusted
to approximately 7.0, and dialyzed against MQ water for 5-7 days to remove small-molecule
scavengers, TFA, and other contaminants using 100-500 Da MW cut-off dialysis tubing
(Spectra/Por, Spectrum Laboratories Inc., Rancho Dominguez, CA). Dialyzed peptide
solutions were adjusted to pH 7.2-7.4, after which they were sterile-filtered using 0.2 ym
filters and lyophilized to powder for storage and use in experiments. All peptides were
analyzed by Autoflex matrix-assisted laser desorption ionization (MALDI) time-of-flight
mass spectrometry (MS) (Bruker Instruments, Billerica, MA) for confirmation of expected
peptide mass (Figure S1).

Hydrogel Preparation and Loading.

All chemicals not otherwise specified were purchased from Sigma-Aldrich (Sigma-Aldrich,
St. Louis, MO). For the preparation of all sterile K2-MDP, L-NIL-MDP, E2-MDP, and R2-
MDP hydrogels, 2 wt % (20 mg/mL) peptide solutions were made by dissolving lyophilized
peptide mass in sterile 298 mM sucrose. Sterile 1x Hank’s balanced salt solution (HBSS,
Fisher Scientific, Hampton, NH) was used to initiate gelation in cationic MDPs (K2-MDP, L-
NIL-MDP, and R2-MDP), while a separate solution of 45 mM Mg(Cl), in 1x HBSS was
used with the anionic E2-MDP, calculated to achieve 22.5 mM (4 molar equiv) MgZ* upon
final dilution with peptide. To form all hydrogels, 2 wt % peptide solutions were diluted 1:1
with 1x HBSS or 1x HBSS + 45 mM Mg?2* depending on peptide gelation requirements, for
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final formulations containing 1 wt % peptide (10 mg/mL, approximately 5-6 mM), 0.5x
HBSS, and 149 mM sucrose.

Circular Dichroism (CD).

Peptide samples were prepared at 0.1 wt % in MQ H,0 (diluted from 1 wt % hydrogels in
HBSS and sucrose) for CD analysis on a Jasco J-810 spectropolarimeter (Jasco Inc., Easton,
MD). Scanning experiments were performed from 250 to 180 nm with a 0.1 nm pitch, using
an accumulation of 5-10 scans to acquire averaged spectra with reduced noise. The 0.1 wt %
peptide solutions were loaded into 0.1 or 0.01 mm glass cuvettes. Diagnostic peaks for the
B-sheet secondary structure identification were as follows: minimum near 216 + 2 nm and
maxima near 196 + 2 nm.

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FT-IR) Spectroscopy.

Peptide samples (10 4L of 1 wt % peptide solution) were dried under nitrogen on a Golden
Gate diamond window of an ATR stage for 4-24 h as necessary to remove water. IR spectra
were then collected on a Jasco FT/IR-660 plus spectrometer (Jasco Inc., Easton, MD) at 1
cm~1 resolution with 64 scans accumulation, and the background was collected and
subtracted to minimize the contribution of water in the resulting spectra. Relevant peaks in
the 1750-1450 cm™1 range were plotted and analyzed to determine the secondary structure
of the peptides.

Oscillatory Rheology.

Peptide hydrogels were analyzed for their mechanical properties by oscillatory rheology
using a TA Instruments AR-G2 rheometer (TA Instruments, New Castle, DE). Samples of
150 4L of 1 wt % MDP hydrogels were prepared 24 h prior to use for rheology, to allow full
equilibration of the material. Gel samples were then transferred from a cut syringe onto the
rheometer stage equipped with a 12 mm stainless-steel parallel plate set to a 1000 x/m gap
height. The following program was used to monitor the storage modulus (G’) and loss
modulus (G”) under various conditions, as has been previously published.3# Strain sweep
analysis was performed using an applied strain of 0.01-200% at a frequency of 1 rad/s.
Frequency sweep analysis was performed under 1% strain at 0.1-100 rad/s. Shear recovery
analysis was performed by subjecting the peptide sample to 1% strain for 20 min, then 200%
for 1 min, and finally 1% for 20 min, allowing for disruption of the hydrogel and monitoring
of G" and G” recovery.

Transmission Electron Microscopy (TEM).

Peptide nanostructure was studied by TEM. All samples were prepared via negative staining
on Quantifoil R1.2/1.3 holey carbon films on copper mesh grids. Peptide samples were
prepared at concentrations ranging from0.1 to 0.01 wt %, and 10 s from each solution was
spotted onto individual grids. Excess peptide solution was blotted after being allowed to
adsorb for 1 min. The sample grids were negative stained for 5 min using a 2 wt %
phosphotungstic acid (PTA) solution in MQ H,0 prepared at pH 7 and sterile-filtered.
Excess PTA solution was wicked of the grids before drying overnight. Prepared samples
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were imaged at 120 kV and 40 000x magnification using a JEOL 2010 TEM microscope
(JEOL USA Inc., Peabody, MA).

Cell Culture.

For in vitro experiments, mouse RAW 264.7 cells (ATCC TIB-71) were grown in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
fetal bovine serum (FBS), L-glutamine, sodium pyruvate, and 1% penicillin—streptomycin.
Cells were cultured at 37 °C with 5% CO, and subcultured using scraping.

For two-dimensional (2-D) culture live—dead viability studies, peptide hydrogels were
pipetted into 0.4 cm? wells of Lab-Tek 16 well glass chamber slides (Thermo Fischer,
Rochester, NY). Gels were pipetted to produce 70 gL pucks with a thickness of 1.75 mm.
The gels were carefully pipetted into the bottom of each well and tapped before shear
recovery to create flat gel profiles. After pipetting, the samples were allowed to shear
recover for 5-10 min before adding 200 4L of cell media and 10 000 RAW 264.7 cells. For
each experiment, time point (days 1 and 3) separate slides with duplicate gels were created.
The cell media was changed every 2 days, taking care to not disturb or dislodge the gel
material.

At each desired time point, the following procedure was used to stain the cells for live—dead
analysis. Live—dead staining solution was prepared in Dulbecco’s phosphate-buffered saline
(Thermo Fisher Scientific, Rockford, IL) with 2 ¢zM Calcein AM (Life Technologies), 4 tM
ethidium homodimer (Life Technologies), and 5 pg/mL of Hoechst 33342 (BD Biosciences,
San Jose, CA). Cell media was removed from the top of the hydrogel samples, which were
then washed with PBS. Samples were then stained with 100 wL of the prepared solution by
incubating at 37 °C with 5% CO, for 60 min while protected from light. After staining, the
gels were removed from the glass chamber slides and placed in PBS before immediately
imaging by confocal. Gels were analyzed by zstack imaging using a Nikon Al Confocal
Microscope with a 40x water objective (405 nm blue channel laser, 488 nm green channel
laser, 561 nm red channel laser). Image processing was done using NIS Elements, and the
Imaris Cell Counting software was used to quantify cell viability and proliferation.

iINOS Knockdown in Vitro Greiss Assay.

To evaluate the iINOS knockdown efficacy of various materials, the following procedure was
used to test % iNOS inhibition of RAW 264.7 cells stimulated with lipopolysaccharide
(LPS, Thermo Fisher Scientific, Rockford, IL) and recombinant mouse interferon gamma
(IFNy) (Biolegend, San Diego, CA). RAW macrophages were plated at 2.5 x 10° cells per
well in 24-well plates. For samples, testing the efficacy of 2-D surface cell culture, 200 gL
of MDP hydrogels was applied to evenly coat the surface of each well before the addition of
cells. Each experimental condition was performed in triplicate. The following controls were
included in every experiment: (1) media alone, (2) stimulated cells alone, and (3)
unstimulated cells alone. To each well, stimulation media or normal media was then added
based on the experimental requirement. Stimulation media was prepared with LPS (final
concentration 1 gg/mL) and IFN-y (final concentration 100 U/mL). For samples, testing
material efficacy in the solution (e.g., free L-NIL), after 6 h of incubation at 37 °C with 5%
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CO,, the desired concentration of the inhibitor was added to achieve a range of
concentrations between 1 xM and 1 mM.

In all cases, after 24 h from the time of stimulation, samples of cell media were collected
from each well after mixing media by pipetting before collection. Media samples were
placed into a 96-well plate and centrifuged at 5000 rpm for 10 min. Supernatants were
removed and placed in a new clear 96-well plate, and samples were immediately analyzed
using a colorimetric Greiss Assay (Cayman Chemical, Ann Arbor, MI) to assess nitrite
levels.3> The color was allowed to develop for 10 min following addition of Greiss reagents,
and absorbance was read at 540 nm on a plate reader. Percent iNOS inhibition for each
sample was calculated by first subtracting the absorbance of the media-only baseline and
then converting to a percent of maximum nitrite signal as determined by the internal
standard of stimulated cells alone. Data were normalized for cell viability on each hydrogel
surface determined from the live—dead viability assay at day 1 time point.

Evaluation of Serum Vascular Endothelial Growth Factor (VEGF) Reduction in Vivo.

C57BL/6J male mice were purchased from The Jackson Laboratory. All experiments were
performed with the approval of IACUC at Baylor College of Medicine and followed
established protocols. B16-FO melanoma cell line was purchased from American Type
Culture Collection (ATCC) and maintained according to manufacturer instructions (DMEM
high-glucose with 10% fetal bovine serum and 1% penicillin/streptomycin). Tumor
inoculation was performed when mice reached 10-14 weeks of age. C57BL/6J mice were
injected subcutaneously (s.c.) with 3 x 10° B16-FO cells in a single flank. Once tumors
became palpable (day 7 post-inoculation), mice were injected intratumorally (i.t.) with either
buffer control (HBSS), free L-NIL dissolved in HBSS at 20 mM, K2-MDP hydrogel at 1 wt
% (5.6 mM peptide), or L-NIL-MDP hydrogel at 1 wt % (5.2 mM peptide or approximately
20 mM L-NIL functional groups). All injections were done using 100 gL of total injection
volume.

Mice were euthanized 5 days following i.t. injections, and the tumor/blood was collected.
The blood was allowed to clot prior to centrifugation (2000g, 10 min, room temperature),
and the serum was collected from the supernatant and stored at —80 °C prior to analysis.
VEGF quantification of the undiluted serum was performed using a mouse VEGF
Quantikine ELISA kit (R&D Systems, Minneapolis, MN) following the manufacturer’s
instructions. All individual mouse samples were run in triplicate and averaged for the final
reported value per mouse. Statistical differences were evaluated using Tukey’s multiple
comparisons test.

Subcutaneous Experiments and Histology.

C57BL/6J female mice were purchased from The Jackson Laboratory at age 8-12 weeks for
subcutaneous characterization experiments. Mice were housed under specific pathogen-free
conditions in standard temperature and lighting conditions with free access to food and
water, and experiments were conducted with the approval of the Institutional Animal Care
and Use Committee (IACUC) at Rice University and according to NIH guidelines. Mice
were injected with 100 L of MDP hydrogels in each of four separate sites in the
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subcutaneous space of the dorsal flank after the skin was shaved and sterilized with alcohol.
Atdays 3, 7, 14, and 21, the mice were euthanized and the dorsal skin around the entire
implant was removed, fixed overnight in 10% neutral buffered formalin, processed and
paraffin embedded, and finally sectioned at 5 m thickness for staining using standard
Masson’s trichrome or hematoxylin and eosin procedures as well as immunohistochemical
analyses [e.qg., antinitrotyrosine immunohisto-chemistry (IHC) shown in Figure 7 or a-
smooth muscle actin blood vessel analysis shown in Figure S4]. Antibodies used in all IHC
experiments are listed in Table S1.

RESULTS AND DISCUSSION

Material Synthesis and Chemical Characterization.

To synthesize a bioactive L-NIL-mimicking peptide nanofiber (or L-NIL-MDP), we used a
modified solid-phase peptide synthesis method depicted in Figure 2 to maximize the chance
for successful conversion of the large number of lysine side chains of the parent peptide.
Since the parent K2-MDP is designed to aggregate and self-assemble into higher-ordered
structures and nanofibers, the conversion reaction to the L-NIL-MDP would have been
difficult to perform in the solution, due to concentration limitations and the likelihood for
some of the key side-chain amines to be buried within the fibers and relatively inaccessible.
A reaction on the solid-phase resin was, therefore, performed, and the low-loading MBHA
resin was used to maximize interpeptide strand spacing and achieve theoretical “infinite
dilution” to facilitate side-chain accessibility and a higher conversion ratio. The synthetic
scheme (Figure 2) incorporates the use of a highly acid-labile monomethoxytrityl (Mmt)
protecting group on the terminal lysine residues (Figure 2A), allowing for the on-resin
deprotection of the lysine side chains prior to conversion. Thus, after first synthesizing
KoMMY(SL)sK,MMt on the solid phase and acetylating the N-terminus, the lysine side chains
were deprotected using the mild acidic conditions of 10% acetic acid (Figure 2B) and
synthetically converted to the L-NIL moiety using an acetimidation reaction of the
nucleophilic amines (Figure 2C), modified from literature procedures.?*

After this on-resin conversion process, the modified peptide was cleaved from the solid-
phase and recovered in the solution, with MALDI-MS analysis showing the successful
conversion of the peptide to primarily the fully modified species (Figure 3A). Critical to the
final design is that the L-NIL-MDP retains the cationic properties of the original lysine-
based MDP, with the converted L-NIL acetamidine moieties bearing positive charges at
physiological pH akin to canonical lysine or arginine amino acid side chains. This maintains
the ability to control MDP self-assembly and hydrogel formation by charge repulsion and
ionic crosslinking.

In characterizing the material, we compared its self-assembly, secondary structure,
nanostructure, and viscoelastic properties to the parent material K2-MDP, with our
hypothesis being that the process of chemical conversion to L-NIL-MDP should not
significantly affect the final peptide material’s physical properties (Figure 3). Similar to
previously designed cationic MDPs, hydrogelation of the L-NIL-MDP is controlled by the
addition of multivalent negative ions (e.g., phosphate anions in PBS or HBSS buffers) or pH
variation. When prepared at 1 wt % (5.2 mM) in an aqueous buffer containing sucrose for
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cell compatibility and phosphate anions for crosslinking (HBSS), the L-NIL-MDP forms a
compliant hydrogel with a storage modulus (G") of approximately 260-300 Pa, a loss
modulus (G”) of approximately 20-25 Pa, and a shear recovery of ~86% of its initial
storage modulus 1 min after a high strain event such as injection through a needle (Figure
3B). For comparison, the parent K2-MDP hydrogel has been reported to have a G’ in the
range of approximately 200-500 Pa with a shear recovery of ~82% after 1 min.1” These
results demonstrate that the converted material has retained thixotropic mechanical
properties ideal for hydrogel syringe injectability. The L-NIL-MDP was also shown to
possess a S-sheet secondary structure highly similar to the parent peptide, as confirmed by
minima near 216 + 2 nm and maxima near 196 + 2 nm in the circular dichroism (CD)
spectra for both K2-MDP and L-NIL-MDP (Figure 3C). Furthermore, infrared spectroscopy
(ATR-FT-IR) confirmed the secondary structure to be an antiparallel 5-sheet, with
characteristic amide | absorbances observed at 1695-1696 and 1618-1620 cm™1 for both
parent and converted peptides (Figure 3D). Transmission electron microscopy (TEM)
analysis of the self-assembled nanostructure showed the formation of highly similar
nanofibers for both MDPs, with the L-NIL-MDP nanofibers potentially showing a slightly
reduced persistence length (Figure 3E,F). Fiber widths were also observed to be similar
between both peptides and consistent with expectations based on previous studies.1”36 Thus,
overall material characterization confirmed that the L-NIL-MDP retains the same secondary
structure, nanostructure, and bulk material properties as the parent K2-MDP. Therefore, any
resulting biological effects of the chemically modified peptide cannot be ascribed to
differences in material properties but rather must be due to the new chemical functionality
and bioactivity provided by the acetamidine conversion.

Evaluation of Material Bioactivity in Vitro.

As an essential step in the development of any new biomaterial, the L-NIL-MDP hydrogel
was evaluated in various biological assays to determine how it interacts with living systems.
First, the material’s cytocompatibility in vitro was compared to other MDP hydrogels
developed by our lab [e.g., Ko(SL)gKy, Ro(SL)gRy, or Eo(SL)gE; MDPs].18 RAW 264.7
macrophages were utilized in all in vitro studies as nitric oxide (NO) is a key macrophage
product for various cellular functions and activities, and RAW 264.7 is a murine cell line
widely used in iINOS-related experiments in the literature.37-39 Live—dead analysis of RAW
macrophages cultured for 1-3 days on 1 wt % hydrogel surfaces showed that the L-NIL-
MDP was compatible for cell growth (approx. 96% cell survival after 3 days), facilitating the
attachment and proliferation of macrophages on the hydrogel comparable to K2-MDP, R2-
MDP, and E2-MDP (Figures 4 and S2). It was noted that the highest degrees of cell
attachment and proliferation were observed for the cationic MDPs (L-NIL-MDP, K2-MDP,
and R2-MDP), while the anionic E2-MDP showed poorer cell survival and proliferation
rates likely due to inhibition of cell attachment by the negative carboxylic acid functional
groups displayed by the material (Figure S2). This is consistent with various other studies
that have demonstrated the ability of cationic moieties or materials (such as polylysine) to
facilitate cell attachment, while negative materials often do not.40-42

Evaluating bioactivity is critical to studying any system that has changed the structure or
availability of a drug. The conversion of a small-molecule drug to a chemical motif
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displayed on a larger scaffold in no way guarantees superior drug persistence (or even any
drug activity at all), as changing the size or chemical structure of a molecule can
fundamentally change how it interacts with its biological environment. To begin evaluating
the bioactivity of the L-NIL-MDP, an in vitro iNOS knockdown assay was performed to
compare the efficacy of different MDP hydrogels to free L-NIL drug in the solution as a
positive control. RAW 264.7 macrophages were cultured on various material surfaces,
comparing the effects of different MDP hydrogels to tissue culture plastic (TCP) alone or
free L-NIL in the solution in 24-well plates. All cells were stimulated with LPS and IFN-y to
upregulate iNOS activity and promote the release of detectable iNOS products into the
media (i.e., nitrites), and media was removed 24 h from the start of the experiment and
assessed using a colorimetric Griess assay to determine the extent of relative iINOS
inhibition by each material. The L.-NIL-MDP was shown to be the most effective surface-
culture material tested compared to TCP, K2-MDP, R2-MDP, and E2-MDP, exhibiting over
80% iNOS inhibition of RAW macrophages cultured on the hydrogel (Figure 5). This is
comparable to the level of inhibition achieved when using 100 x#M of free L-NIL in the
solution (Figure 5B). However, it must be stated that in this static in vitro system, which
tests only the first 24 h of activity, fluid flow and free diffusion into larger environments that
are present in vivo are not occurring, and, therefore, the true advantages of an implantable
and long-acting hydrogel (compared to a freely diffusible small molecule) are not fully
realized. Furthermore, while we attempt to draw comparisons between material activities
and soluble L-NIL concentrations, a direct concentration-based comparison of a discrete
biomaterial to a freely diffusible small molecule is not truly appropriate, as cells will interact
with each in a unique fashion.

In comparing the activity of the L-NIL-MDP to other MDP hydrogels tested, it is interesting
to note that the parent K2-MDP displays some inherent level of iNOS inhibition comparable
to <10 1M free L-NIL (Figure 5B). This is likely because AB-[1-iminoethyl]-L-lysine (L-NIL)
is chemically derived from lysine based on the originally published synthesis.24 Therefore,
the lysine-rich K2-MDP was observed to display basal levels of activity due to its close
chemical relation to L-NIL, though this activity is nearly 10-fold less than the L-NIL-MDP in
terms of comparison to free L-NIL concentration. This only further reinforces the strengths
of displaying the L-NIL drug moiety on a lysine-based peptide scaffold, suggesting that even
the few unreacted lysine residues within the L-NIL-MDP material (Figure 3A) can still
display basal inhibitory activity. For the R2-MDP, the simple structural comparison would
suggest that the arginine guanidinium side chain would show relatively similar iNOS
inhibition to L-NIL or the L-NIL-MDP, due to its similarity to the drug’s acetamidine moiety.
Yet in contrast to L-NIL-MDP or even K2-MDP, the R2-MDP showed little to no iNOS
inhibition. This can be attributed to the fact that arginine is the natural substrate for iNOS in
the synthesis of nitric oxide (NO), and, therefore, in this system, it likely acts as a substrate
for the enzyme.2® Finally, the glutamic acid-based E2-MDP similarly shows little to no
iNOS inhibition likely due to complete structural mismatch. Most importantly, this assay
was the first to demonstrate that the L-NIL-MDP does not eliminate the bioactivity of L-NIL,
but rather it displays an ability to inhibit iNOS activity and nitrite production in cell
populations that interact with the hydrogel material.
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Histological Material Evaluation and Host Response.

Evaluation of material biocompatibility, degradation, and host response in vivo was
performed by histological analysis of hydrogel implants injected subcutaneously in healthy
mice. L-NIL-MDP hydrogel implants were injected as 100 zA_ boluses underneath the skin
and extracted 3, 7, 14, and 21 days later to study material persistence and degradation as
well as the host tissue response (Figure 6). At the day 3 time point (Figure 6A-C), a high
density of cellular infiltration, mostly in the periphery of the hydrogel implant, was observed
by cells that morphologically resemble innate immune cell populations such as monocytes,
macrophages, and granulocytic cells. This represents an initial acute inflammatory reaction
by the host to the foreign material that is consistent with previous immune cell profiling of
other subcutaneously injected MDP hydrogels. However, over the course of 7-21 days, this
initially large and uneven infiltrating cell population resolves into a homogenous and less
dense infiltrate that is observed deeper into the core of the hydrogel (Figure 6D-L).
Quantification of the local density of cell nuclei per mm? within the hydrogel bolus shows a
clear decrease in density over 2 weeks of implantation, likely as the initial acute
inflammatory reaction resolves (Figure S3). This demonstrates that the material does not
cause a chronic inflammatory reaction after injection but is biocompatible and facilitates
cellular infiltration and remodeling of the hydrogel implant over 1-3 weeks.

In general, the hydrogel bolus is also observed to steadily decrease in overall size with each
passing week (Figure 6A,D,G,J), marking the natural biodegradation and remodeling of the
material that can also be observed by increasing local collagen deposition (shown in blue)
within and around the implant over time. These histology data show a degradation profile
that is slower than other classes of MDPs studied in prior investigations, such as fast-
degrading anionic or neutral MDPs,19 as the L-NIL-MDP hydrogel implants are still
observable even 3 weeks post-injection. A slow degradation rate suggests that the hydrogel,
and its biological effect, will persist in its injected location for multiple weeks. This is
supported by the observation that at every time point, including the longest time point
studied (day 21), large islets of what appear to be pristine, noninfiltrated L-NIL-MDP
hydrogel are still present and have not yet been degraded by interacting cells (Figure 6J-L).

Evaluation of iNOS Inhibitory Activity in Vivo.

Immunohistochemistry staining was performed on hydrogel implant tissue sections to
further study in vivo properties of the L-NIL-MDP compared to related cationic MDPs.
Antinitrotyrosine immunostaining was used to assess relative levels of nitrosylation of
tyrosine within and around the subcutaneously injected hydrogel implants as an indirect
marker of iINOS activity (Figure 7). It is known that the formation of nitric oxide (NO) and
other nitrogen oxides in vivo can lead to observable post-translation modifications of
peptides and proteins.#3 For example, surface-exposed 3-nitrotyrosine can be used as a
marker of cell or tissue inflammation and damage by reactive nitrogen and oxygen species,
such as NO.** The higher the local levels of iNOS activity and NO production, the greater
should be the density of nitrosylated tyrosine. Therefore, visualization of nitrotyrosine levels
by targeted antibodies can serve as a general indication of in vivo iINOS activity or in the
case of the L-NIL-MDP, local iNOS inhibition.
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As shown in Figure 7, nitrotyrosine staining intensity shown in red was significantly lower
in the L-NIL-MDP hydrogel implants compared to other cationic MDPs such as K2-MDP
and R2-MDP. This result was striking, as all three cationic hydrogel materials are known to
result in high levels of cellular infiltration indicative of similar initial immune reactions by
histology. Therefore, the nitrotyrosine intensity differences observed here cannot be
attributed to differences in cellular density. This result is most dramatic in the day 7 post-
injection images shown in Figure 7D-F, as nitrosylation of tyrosine residues is a cumulative
phenomenon that is known to increase with time of exposure to nitrosylating species,
consistent with our observations here. Thus, it is even more striking that the L-NIL-MDP
maintains low nitrotyrosine levels in and around the implant for over 7 days, even into the
skin and muscle layer above the hydrogel bolus (Figure 7A,D). These data suggest durable
iNOS inhibition from a single subcutaneous injection of the L-NIL-MDP, significantly
reducing reactive nitrogen species in the surrounding environment and protecting labile
species such as tyrosine from nitrosylation over time. Isotype control tests using rabbit IgG
in place of rabbit antinitrotyrosine primary showed little to no nonspecific staining of
antirabbit 568 nm secondary antibody, validating the significant staining intensity
differences observed between materials (Figures S7-S9). While histological nitrosylation
can be caused or inhibited by factors other than the iNOS pathway (e.g., reactive oxygen
species levels), the results we see here are highly suggestive that the L-NIL-MDP is
operating via a similar mechanism of action to the selective iNOS inhibitor L-NIL.

Furthermore, staining intensity increased in inverse correlation to previously evaluated iNOS
inhibition efficacy in vitro for each material (Figure 7G,H), showing excellent agreement
between two separate studies. The R2-MDP showed the lowest iNOS inhibition in vitro
(Figure 5) and conversely the highest nitrotyrosine staining in vivo (Figure 7), the K2-MDP
showed both moderate iNOS inhibition and nitrotyrosine intensity, and finally the L-NIL-
MDP showed both the greatest degree of iNOS inhibition among the tested cationic
hydrogels as well as the lowest degree of nitrotyrosine staining in vivo (Figure 7H). These
highly correlated results demonstrate that the L-NIL-MDP hydrogel displays the desired
bioactivity in various biological systems, validating our system design and experimental
hypothesis.

Finally, the systemic effect of the L-NIL-MDP in vivo was evaluated by serum vascular
endothelial growth factor (VEGF) quantification in tumor-bearing mice. Aberrant iNOS
activity and NO production observed in various cancer models are known to increase VEGF
secretion, such that inhibition or genetic knockdown of iINOS can decrease VEGF levels.
21,4546 EISA quantification of the undiluted serum from mice injected intratumorally with
either HBSS buffer control, soluble L-NIL, K2-MDP hydrogel, or L.-NIL-MDP hydrogel
showed that only the L-NIL-MDP significantly reduced systemic VEGF levels 5 days post-
injection, returning them to basal levels observed in naive mice (Figure S5). These results
further demonstrate that the L-NIL-MDP biomaterial possesses inherent bioactivity in vivo
and can generate a systemic response that was not observed with either K2-MDP or L-NIL
alone.
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CONCLUSIONS

In this study, a peptide biomaterial (L.-NIL-MDP) was synthesized and characterized for its
ability to incorporate a druglike functionality via side-chain modification while maintaining
its ability to self-assemble into nanofibers and form a hydrogel. This bioactive peptide
hydrogel showed excellent mechanical properties ideal for syringe injection and can readily
interface with biological systems, facilitating cell adhesion and proliferation in vitro and
cellular infiltration upon injection in vivo. The hydrogel displayed strong bioactivity by the
Greiss assay analysis of iINOS knockdown in vitro, protected against tyrosine nitrosylation
in vivo as observed by immunostaining of subcutaneous implants, and reduced systemic
VEGEF levels in sera from tumor-bearing mice. These results confirmed our hypothesis that
the chemical conversion of a peptide-based scaffold to mimic a charged drug moiety would
neither interfere with the bulk supramolecular chemistry and material properties of the
system nor destroy the bioactivity of the original small-molecule drug. Future questions,
however, can be investigated concerning the biological mechanism of such peptide-based
iNOS inhibition such as the mechanisms of in vivo material degradation and drug release,
cell membrane interactions, or intracellular functions.

In future treatment efficacy tests, the L-NIL-MDP may show unique utility over current
combination treatment strategies that utilize the small-molecule drug L-NIL, as the material
can potentially be used to create an extended systemic response with only a single injection.
We hope to combine the useful properties of the L-NIL-MDP as a bioactive carrier material
with additional loaded agents, creating extended-release, multicomponent combination
therapies. The material design remains cationic and, thus, allows for the noncovalent
incorporation of other anionic agents within the hydrogel, exactly analogous to past
hydrogels used by our lab to intratumorally deliver potent anionic cancer immunotherapy
drugs such as STING agonists.23 Yet what is fundamentally different is that now, what was
previously only a carrier vehicle for the loading of exogenous drugs can display its own
inherent axis of bioactivity. Fundamentally, this study establishes the successful
development of a novel bioactive material, where neither the material properties of the
hydrogel nor the pharmacological functions of the drug were compromised by their
combination.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Chemical structures of the small-molecule drug A8-(1-iminoethyl)-L-lysine (L-NIL) (A) and
the designed L-NIL multidomain peptide (B) chemically derived from the lysine-based
peptide, K>(SL)gK, by converting the starting material’s lysine side chains to L.-NIL
acetamidine functional groups. (C) Graphic depicting the nanofibers formed by self-
assembly of multidomain peptides into antiparallel g-sheets, driven by hydrophobic packing
and the formation of hydrogen-bonding networks between peptide backbones. Charged
functional groups are displayed on the fiber surface and interact with phosphate counterions
to extend and crosslink fibers. (D) Image of the easily manipulated hydrogel biomaterial that
forms when the L-NIL-MDP is prepared at 1 wt % in phosphate-containing buffer.
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Figure2.
L-NIL-MDP solid-phase synthesis scheme. (A) KoMMY(SL)sK,MMt is synthesized on Rink

Amide 4-methylbenzhydrylamine (MBHA\) resin using standard solid-phase peptide
chemistry. (B) Removal of the monomethoxytrityl (Mmt) protecting groups is performed
using 10% acetic acid in trifluoroethanol (TFE) and dichloromethane (DCM) to yield
deprotected K,(SL)gKo. (C) On resin, conversion to L-NIL-MDP is achieved by
acetimidation reaction with excess ethyl acetimidate and N, N-diisopropylethylamine
(DIEA), followed by (D) trifluoroacetic acid (TFA) cleavage from resin to yield free peptide.
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Figure 3.
Chemical characterization data for the L-NIL-MDP biomaterial. (A) MALDI-mass spectrum

showing the successful synthesis of L-NIL-MDP, primarily composed of a fully converted
peptide (all four lysine side chains modified to L-NIL) with a small fraction possessing fewer
modified side chains. (B) Oscillatory rheology showing the successful formation of L-NIL-
MDP hydrogel with a storage modulus (G) of ~300 Pa and loss modulus (G”) of ~25 Pa
and with a shear recovery of ~86% 1 min after the shearing event. Circular dichroism (C)
and attenuated total reflectance Fourier transform infrared spectroscopy (D) spectra (offset
for clarity) confirmed the formation of the antiparallel 5-sheet secondary structure that
closely matches spectra for the parent peptide K2-MDP, demonstrating no significant change
in the peptide structure upon conversion to L-NIL-MDP. Transmission electron microscopy
images of (E) K2-MDP at 0.01 wt % and (F) L.-NIL-MDP at 0.02 wt % shown at 40 000x
magnification with scale bars = 100 nm.
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Figure 4.
Viability of cells grown on MDP hydrogels. RAW 264.7 cells were seeded on top of 70 /L

of hydrogel pucks under 200 yL of media (changed every 2 days) and processed under live—
dead viability assays (green Calcein AM: live cells; red ethidium homodimer I: dead cells;
blue Hoechst 33342: nuclei). Cells are shown to be able to attach and proliferate on all
materials, though to a lesser degree on the anionic MDP hydrogel E2 compared to the
cationic MDPs R2, K2, and L-NIL-MDP. Day 1 images are shown on the top row, day 3
images are shown on the bottom row, and quantification of cell viability is shown on the
right [values are mean + standard deviation (SD) with 7= 3 images]. All scale bars are 50

m.
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Figure5.

Greiss assay results used to evaluate iNOS knockdown efficacy of various materials. (A) The
plot of % iNOS inhibition of RAW 264.7 cells stimulated with lipopolysaccharide (LPS) and
IFN-y cultured in different surface conditions, showing chemical structures of key surface-
exposed functional groups. Data have been normalized for cell viability on each hydrogel
surface determined from the viability assay shown in Figure 4. (B) Quantification of relative
inhibition activity; values are from two experiments and are mean + SD with three replicates

tested per condition.
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Day 3

Figure®6.
Histological analysis of L-NIL-MDP hydrogel implants extracted 3-21 days post-

subcutaneous injection in mice (Masson’s trichrome stained). (A—C) L-NIL-MDP hydrogel 3
days post-injection, with (A) showing a 4x panorama and (B) and (C) showing
representative zoomed 40x images of the core (B) followed by the periphery of the implant
(C), denoted by the black boxes on the main image (same pattern follows in all series). (D-
F) hydrogel 7 days post-injection; (G-I) hydrogel 14 days post-injection; (J-L) hydrogel 21
days post-injection. Scale bars are 1 mm in all 4x panoramas and 0.1 mm in all 40x images.
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Figure7.

Antinitrotyrosine immunostaining of subcutaneously injected MDP hydrogels to evaluate the
effects of relative inhibition of iINOS in vivo, using red 568 nm secondary antibody reactive
to antinitrotyrosine primary and 4’,6-diamidino-2-phenylindole for nuclei counterstain.
Hydrogel implant boundaries have been marked with dotted lines for additional clarity. (A—
C) Immunostained implant images from left to right of L-NIL-MDP, K2-MDP, and R2-MDP,
respectively, 3 days post-injection. (D—F) Images from left to right of L-NIL-MDP, K2-MDP,
and R2-MDP 7 days post-injection. Scale bars = 0.5 mm. (G) Quantification of relative
nitrotyrosine signaling by mean pixel intensity analysis of implant areas, and statistical
significance is noted as **p value <0.049, ***p value <0.005, and ****p value <0.0002
[values are mean * standard error of the mean (SEM) with 7= 3]. The positive control was
the staining intensity of an inflamed B16-F0 melanoma tumor section (Figure S6), and
negative control was the background intensity of the unstained subcutaneous tissue from
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isotype controls that was subtracted from all datasets (Figures S7-S9). (H) Graph of
nitrotyrosine staining intensity shown in (G) plotted vs % iNOS knockdown data shown in
Figure 5 for all cationic MDPs, demonstrating a strong inverse correlation between the two
separate datasets (values are mean + SEM with n=3).
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