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Abstract

Soft materials that facilitate the three-dimensional (3D) encapsulation, proliferation, and facile
local delivery of cells to targeted tissues will aid cell-based therapies, especially those that depend
on the local engraftment of implanted cells. Herein, we develop a negatively charged fibrillar
hydrogel based on the de novo-designed self-assembling peptide AcCVES3-RGDV. Cells are easily
encapsulated during the triggered self-assembly of the peptide leading to gel formation. Self-
assembly is induced by adjusting the ionic strength and/or temperature of the solution, while
avoiding large changes in pH. The AcVES3-RGDV gel allows cell-material attachment enabling
both two-dimensional and 3D cell culture of adherent cells. Gel—cell constructs display shear-thin/
recovery rheological properties enabling their syringe-based delivery. In vivo cellular fluorescence
as well as tissue resection experiments show that the gel supports the long-term engraftment of
cells delivered subcutaneously into mice.
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INTRODUCTION

The first FDA-approved Car-T cell therapy, tisagenlecleucel, for B-cell precursor acute
lymphoblastic leukemia exemplifies the potential of cell-based therapies, which as a
therapeutic class, encompasses an enormous spectrum of clinical indications with cancer
being only one.1-2 For example, ex vivo gene modification of hematopoietic stem cells holds
promise to cure sickle cell disease,3 and somatic and other cell-based approaches are
continuously under development for tissue regenerative therapies. Delivery of cells and
their maintenance in vivo is of paramount importance to the success of any cell-based
therapy. For some clinical indications, delivery leading to systemic distribution is important,
and for others, local delivery to a particular tissue. For the later, soft materials such as
hydrogels can act as scaffolds to facilitate localized delivery, inform phenotype, and aid in
establishing long-term engraftment. Self-assembled peptide-based gels are particularly
promising in that biochemical cues can be directly incorporated into the peptide’s sequence,
they are chemically defined, cells can be directly incorporated during material formation,

and some peptide gels exhibit rheological properties that enable their syringe-based delivery.
5-15

We have been developing a class of g-hairpin peptide gels for use in localized drug delivery,
12,16-22 with many of the gels having the potential to deliver cells.23-33 In our system,
peptides are designed to be fully soluble when initially dissolved in water but undergo
triggered self-assembly leading to the formation of a fibrillar gel network in response to
environmental change.33-41 If cells are present during self-assembly, they can be directly
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encapsulated during gel formation. The resultant peptide gels exhibit shear-thin/recovery
behavior following shear stress, allowing their injection by syringe locally to the tissue.
Capillary flow studies reported by Pochan et al. indicate that cells experience little or no
shear rate during delivery using these gels as a vehicle.*243 Our early work centered on the
development of gels formed by cationic peptides due to their ease of synthesis and
purification. Although these peptide gels can be used for cell delivery, the highly positively
charged fibrillar networks they form can impact cell viability and phenotype.2® More
recently, we turned our attention to developing self-assembling anionic peptides whose
negatively charged gel networks might display improved cytocompatibility.44 Our first-
generation design comprised carboxylate-rich sequences that undergo triggered self-
assembly leading to gelation in response to changes in pH and temperature.32 Although a
few of the gels in this family could be used for cell encapsulation, large swings in pH (from
pH 11 to 7.4) were needed to trigger material formation. Changes in pH of this magnitude
are certainly less than optimal for most cells. Given all the other beneficial characteristics of
peptide-based gels, we set out to design a new sequence capable of encapsulating and
delivering cells whose gelation did not require large changes in pH. Herein, we report the
design, biophysical and mechanical characterization, and utility of a hydrogel formed from
the peptide AcVES3-RGDV. The peptide assembles under physiological pH, temperature,
and ionic strength conditions affording cytocompatible, semirigid gels capable of
encapsulating and delivering cells in vivo for long-term engraftment, Figure 1.

MATERIALS AND METHODS

Peptide Synthesis and Purification.

Peptides were synthesized on PL-rink resin (Agilent Technologies) using an automated ABI
433A peptide synthesizer (Applied Biosystems). Syntheses were performed via solid-phase
Fmoc-based chemistry with 1A4-benzo-triazolium-1-[bis(dimethylamino)methylene]-5-
chloro-hexafluoro-phosphate-(1-),3-oxide (Peptide International) activation. Fmoc-protected
amino acids were purchased from Novabiochem. Dried resin-bound peptides were cleaved
from the resin and side chain deprotected with a trifluoroacetic acid/thioanisole/
ethanedithiol/anisole (90:5:3:2) cocktail for 2 h under an argon atmosphere. Crude peptides
were precipitated with cold ethyl ether and lyophilized. Peptides were purified by reversed
phase-high-performance liquid chromatography (RP-HPLC) with a Phenomenex PolymerX
column employing a linear gradient from 0 to 80% acetonitrile with 20 mM ammonium
bicarbonate, peptide peaks fractionated, and finally lyophilized. Peptides were then
dissolved in 20 mM ammonium bicarbonate at 1 mg mL~1 and converted to their sodium
salts by the addition of a NaOH solution followed by lyophilization. Analytical HPLC and
electron spray ionization (hegative mode) mass spectrometry (MS) confirmed the purity and
composition of the peptides.

Circular Dichroism Spectroscopy.

CD spectroscopy of the peptides was performed on an Aviv 410 spectropolarimeter (Aviv
Biomedical). Samples in buffer were prepared by first making a 300 £M stock solution of
peptide in MilliQ water. To this, an equal volume of ice-chilled 2x buffer [50 mM A-(2-

hydroxyethyl)-piperazine- A/ -ethanesulfonic acid (HEPES) containing 300 mM NaCl, pH
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7.4] was added resulting in a final 150 zM solution of peptide in 25 mM HEPES, 150 mM
NaCl, pH 7.4 buffer. Samples of peptide in pure water were also prepared. Wavelength
spectra were collected using a 1 mm path length cell pre-equilibrated at 5 °C, which was
then heated to 37 °C. Temperature-dependent data were collected following ellipticity at 216
nm from 2 to 52 °C in 5 °C increments and a 10 min equilibration time for each temperature
point. Mean residue ellipticity [6] was calculated from [6] = (Epps/10/cr), Where Gy is the
measured ellipticity in millidegree, /is the cell path length in centimeters, cis the
concentration in molarity, and ris the number of residues in the peptide.

Transmission Electron Microscopy.

Fibril morphology was assessed using a Hitachi H-7650 transmission electron microscope at
a voltage of 80 kV. Gels were first prepared by mixing 1 wt % solutions of desired peptide
and an equal volume of HEPES buffer (50 mM HEPES containing 300 mM NaCl, pH 7.4)
to initiate gelation. Gels were incubated overnight at 37 °C. Afterward, samples for
transmission electron microscopy (TEM) analysis were prepared by suspending 5 yL of the
resulting peptide gel in 195 y4_ of water to yield a 40-fold dilution. Small amounts (5 /L) of
each diluted gel solution were applied to separate carbon-coated copper grids. After 1 min,
the grid was washed with water. Then, a 1 w/v % uranyl acetate aqueous solution was placed
on each grid for negative staining. Excess staining solution was blotted away, and the grids
were then air-dried and imaged.

Oscillatory Rheology.

Rheology experiments were performed on an AR-G2 rheometer (TA Instruments) equipped
with a 25 mm stainless steel parallel plate geometry with a 0.5 mm gap height. Gel
formation and subsequent shear-thin/recovery was analyzed using the following procedure.
For gels formed in HEPES buffer, a 1 wt % peptide solution in water was first prepared on
ice, and then an equal volume of buffer (50 mM HEPES containing 300 mM NaCl, pH 7.4)
was added to initiate gelation. For the gelation by Dulbecco’s modified Eagle’s medium
(DMEM), a 1 wt % peptide solution containing 285 mM sucrose was prepared and then an
equal volume of HEPES-supplemented DMEM was added to initiate gelation. After gelation
was initiated, 300 4L of the solution was immediately transferred to the rheometer plate
equilibrated at 5 °C. Oil was placed around the sample and on the plate to prevent
evaporation. The temperature was then ramped to 37 °C (0.5 °C s71), and a 1 h dynamic time
sweep was performed monitoring the storage (G’) and loss (G”) modulus using an angular
frequency of 6 rad s™1 and 0.2% strain. After this, 1000% strain was applied for 30 s to
dilute the material. Subsequently, the ability of the hydrogel to recover was monitored by
measuring G’ at 6 rad s~ and 0.2% strain for an additional 1 h. Bovine type I collagen gels
(0.3 wt %, Thermo Fisher Scientific) were prepared following manufacturer’s instructions.

Rheology measurements of cell-encapsulating gels after 4 days of three-dimensional (3D)
cell culturing were performed using an 8 mm stainless steel parallel plate geometry with a
0.5 mm gap height. A cell-encapsulating gel (100 £L) in a transwell insert (24-well plates,
Corning) was transferred to the rheometer plate previously equilibrated at 37 °C and oil was
placed around the sample. A dynamic time sweep was performed with 6 rad s~ angular
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frequency and 0.2% strain, the gel was shear-thinned at 1000% strain for 30 s every 10 min,
and allowed to recover by reducing the strain to 0.2%.

Optical Transmittance Measurements.

Optical transmittance measurements were performed using an Agilent 8453 UV-visible
Spectroscopy System. A 1 wt % aqueous solution of peptide was prepared, and an equal
volume of buffer (50 mM HEPES containing 300 mM NaCl, pH 7.4) was added to initiate
gelation. The solution (150 y1) was immediately transferred to a 10 mm path length quartz
cell and incubated for 1 h at 37 °C to complete gelation. A 0.3 wt % collagen gel was also
prepared following manufacturer’s instructions. The transmittance of the gels was measured
in the wavelength range of 380-780 nm.

Cell Maintenance.

Human neonatal dermal fibroblasts (HDFs) and red-fluorescent protein (RFP)-expressing
human neonatal dermal fibroblasts (RFP-HDFs) were purchased from Cell Applications and
ANGIO-PROTEOMIE, respectively. Cells were maintained in DMEM (low glucose,
Thermo Fisher Scientific) containing 10% fetal bovine serum (FBS), 100 U/mL of
penicillin, and 100 tg/mL of streptomycin.

Two-Dimensional Cell Culture.

Hydrogels used for two-dimensional (2D) culture (Figures 5 and S3) were prepared as
follows. Peptides were initially dissolved in water at 1 wt % and chilled on ice and then
mixed with an equal volume of ice-cold HEPES buffer (50 mM HEPES, 300 mM NaCl, pH
7.4). Aliquots of the resulting solution (50 L per well) were transferred to a nontissue
culture-treated 96-well plate and incubated at 37 °C to initiate gelation. After 1 h, HDFs (2 x
10* cells per 200 £ per well) were seeded onto the gels and culture using Essential 8
Medium (data shown in Figure 5) or serum-free DMEM (data in Figure S3a) or 10% FBS-
supplemented DMEM (Figure S3b). Cells were cultured for 4 days. Bovine type | collagen
gels (0.3 wt %, 50 yL per well) were prepared in 96-well plates following manufacturer’s
instructions.

3D Cell Encapsulation and Culture.

For cell encapsulation, peptides are initially dissolved in 285 mM sucrose at 1 wt % and
chilled on ice. This solution is mixed with an equal volume of cells suspended in serum-free,
HEPES-supplemented DMEM (2 x 10° cells mL™1). A portion of the resulting suspension (5
x 104 cells per 50 £ per insert) was transferred to a Falcon cell culture insert (for 24-well
plates, 8 um pore size, corning) and incubated at 37 °C for 30 min for gelation. These inserts
were previously coated with the empty hydrogel (30 £L per insert) to avoid cell adhesion to
the bottom surface of the inserts. After gelation of cell-peptide solution, 500 yL of Essential
8 Medium was added to the top and bottom of the gels. Type I collagen gels were prepared
following manufacturer’s instructions. Briefly, a 0.4 wt % collagen solution was prepared on
ice and mixed with cell suspension in serum-free DMEM (4 x 106 cells mL™1) at a ratio of
3:1 (0.3 wt % collagen, 1 x 108 cells mL™1).
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Cell Viability Assay.

Cell viability was evaluated by live and dead cell staining after 2D and 3D cell culture.
Serum-free DMEM containing 1 M calcein-AM and 2 1M ethidium homodimer-1 was
added to the cells (200 gL per well for 2D culture and 500 4L each to the top and bottom of
the gels for 3D culture). After incubation at 37 °C for 30 min, live and dead cells were
visualized using an EVOS FL Auto Cell Imaging System (Thermo Fisher Scientific). For the
pseudo-colored Z-stack composite, images of the live-stained cells were captured every 5
4m and then Z-stack images for each 100 xm were flattened using the EVOS software, and
the flattened images were pseudo-colored and merged using ImageJ.

Cell Proliferation Assay.

Cell proliferation was assessed using a WST-8 assay, Cell Counting Kit-8 (CCK-8, Dojindo
Molecular Technologies) for 2D and 3D cell culture. Serum-free DMEM containing 10%
CCK-8 was added to the gels (200 L per well for 2D culture; 500 L to the top of the gels
for 3D culture) and incubated for 2 h at 37 °C. Subsequently, media were transferred to 96-
well plates (150 zL per well) and their absorbance measured at 450 nm relative to control
viabilities from day 0 for 2D cell culture and day 1 for 3D cell culture. Experiments were
performed in triplicate.

Cytoskeleton Staining.

For 2D cell culture, the peptide and collagen gels (70 z1.) were prepared as described above
on the glass bottom of 35 mm dishes (7 mm glass diameter, MatTek). HDFs in Essential 8
Medium (1.5 x 10° cells per 3 mL) were added to the dishes and incubated at 37 °C for 24 h.
Cells were fixed and permeabilized with 4% paraformaldehyde and 0.1% Triton X-100 in
phosphate-buffered saline (PBS) for 15 min and then blocked with 1% BSA in PBS. Cells
were incubated with anti-vinculin antibody (hVVIN-1, Sigma) for 1 h at room temperature.
Then, a goat anti-mouse 1gG (H + L) cross-adsorbed secondary antibody, Rhodamine Red-X
(2 9 mL~1, Thermo Fisher Scientific), Alexa Fluor 488 phalloidin (5 units mL™, Thermo
Fisher Scientific), and Hoechst 33342 (5 19 mL™1, Invitrogen) in PBS were added to the
dishes and incubated for 1 h at room temperature. After washing, the cells were visualized
using an EVOS FL Auto Cell Imaging System.

For 3D cell culture, HDF-encapsulating gels were prepared in the Falcon cell culture inserts
(5 x 104 cells per 50 £ gel per insert) as described above. Next, the cells were cultured in
Essential 8 Medium for 4 days. The cells were then fixed, permeabilized, and stained
simultaneously with 4% paraformaldehyde, 0.1% Triton X-100, and Alexa Fluor 488
phalloidin (5 units mL™1) in PBS (500 4 to the top and bottom of the gels) for 1 h at room
temperature. After washing with PBS (15 min, three times), Hoechst 33342 (5 zg mL™1, 500
AL to the top and bottom of the gels) was added for 30 min at room temperature. The cells
were washed with PBS and visualized using an EVOS FL Auto Cell Imaging System.

In Vivo Implantation.

Six to eight week-old nontumor-bearing female athymic nude mice were used (7= 3).
Animal care was in accordance with the procedures outlined in the Guide for Care and Use
of Laboratory Animals (National Research Council, 1996; National Academy Press,
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Washington, D.C.), and animal protocols were approved by the Frederick National
Laboratory for Cancer Research (FNLCR) Institutional Animal Care and Use Committee.
RFP-HDFs were encapsulated in 0.5 wt % AcVES3-RGDV at 107 cells mL~1 as described
in the 3D cell culture section. After gelation, the gel—cell construct (106 cells per 100 /1)
was syringe-injected into the left dorsal region of the mouse, and as a control, an RFP-HDF
suspension in serum-free DMEM (108 cells per 100 zL.) was injected into the right dorsal
region of the mouse. Multispectral fluorescence imaging was performed daily (Monday-
Friday) for 42 days using a Maestro Flex imager (PerkinElmer). Briefly, mice were
anesthetized for 3—4 min in an induction chamber with 3% isoflurane with filtered air (0.2
um filter) used as a carrier at a flow rate of 1 L per minute. After isoflurane induction, the
mice were transferred to an imaging chamber, where isoflurane was reduced to 2% and O,
was used as a carrier. The imaging platform was kept at 37 °C to maintain the mouse’s
internal temperature. Image acquisition (Maestro software, ver. 2.10.0) of the RFP
fluorescence signal utilized a 533 + 26 nm excitation filter (placed in front of the 300 W
xenon excitation source), a 580 nm long-pass filter (placed in front of the charge-coupled
device), and implementing a multispectral imaging acquisition of 550-720 nm range, 10 nm
increment, autoexposure (typically 0.5-5 s per emission wavelength), with a 2 x 2 pixel
binning, resulting in a stack of images (image cube). The RFP signal was distinguished from
the tissue autofluorescence by employing a vendor-specified unmixing protocol.
Quantitative analysis was performed by drawing a standard circular region of interest (ROI)
over the injection site of the unmixed RFP component image. The total RFP signal (scaled
counts second™1) within each ROl was measured and plotted as a function of time.

After in vivo imaging on day 42, mice were euthanized using CO, and ex vivo images
(Maestro Software) were acquired by exposing the gel—cell construct injection site. Image
acquisition and processing were performed with the same parameters as performed for in
vivo imaging as stated above. The RFP-positive tissue was isolated utilizing the unmixed
RFP image to guide its resection. The isolated tissue was homogenized and cells were
isolated via a cell strainer. The collected cells were then cultured on a tissue culture plate
with FBS-supplemented DMEM for 10 days and observed using an EVOS FL Auto Cell
Imaging System.

RESULTS AND DISCUSSION

Peptide Gel Design.

We have expended considerable effort in defining the design rules for the self-assembling
cationic B-hairpin peptides that have been previously developed. Careful biophysical,
23,34,35,37,40,45-48 mechanical,41-434549.50 and structural4151-53 studies have provided
insight into their mechanism of self-assembly, hydrogel material properties, and their
structure in the self-assembled state to molecular detail. When these cationic peptides are
initially dissolved in water, they adopt an ensemble of random coil conformations because of
the electrostatic repulsion between their protonated side chains affording a stable solution of
monomeric peptide. This is an important design feature of these peptides in that it ensures a
well-defined starting phase state from which self-assembly and resultant hydrogelation can
be triggered. Many other reported peptide systems rely on rapid dissolution of a peptide’s
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lyophilized solid state, which often takes place concurrently with self-assembly. Dissolution
kinetics are highly dependent on particle size and environmental conditions and thus difficult
to control. Thus, the self-assembly mechanism, fibril morphology, and mechanical properties
of resultant gels can vary dramatically batch-to-batch.

From the unordered state of our peptides, self-assembly is triggered by a number of means
but usually entails alleviating the charge repulsion between amino acid side chains by
adjusting the pH or ionic strength. Increasing the temperature also facilitates assembly by
driving the hydrophobic effect and the burial of hydrophobic side chains into the dry interior
of the fibrils. Solid-state NMR indicates that this class of peptide assembles into fibrils
where sequences are folded, adopting an amphiphilic -hairpin structure.>3 Peptides
assemble with high fidelity into fibrils of reproducible morphology composed of a bilayered
cross-g structure. Folded hairpins assemble with their g-strands in-register along a given
fibril monolayer. The resulting network formed by these fibrils constitutes a mechanically
rigid hydrogel. Having established the core design principles allows one to efficiently design
new peptides with targeted characteristics.

ACVES3-RGDV contains 28 residues and is designed to adopt an unsymmetrical
amphiphilic g-hairpin in its self-assembled fibril state, Figure 1B. Here, the C-terminal
strand is eight residues longer than the N-terminal strand because of the inclusion of a linker
and integrin binding motif. Designing unsymmetric B-sheets is not trivial and requires exact
turn reversal in the sequence of the peptide main chain. Linear peptides designed to fold into
B-sheet structure can easily shift their g-strand registry, even when they contain turn
sequences intended to exactly define the location of main chain reversal.>* AcVES3-RGDV
incorporates one of the strongest turn-propensity motifs known at sequence positions 9-12,
namely—VPPPT. This four-residue turn sequence contains a -CPP- at the 7+ 1, 7+ 2
positions of the reverse turn. Balaram’s structural work on PPro-Xxx dipeptide motifs
indicate that they form ideal type I1” turn geometries that strictly define chain reversal and
facilitate the formation of B-hairpin structure.>>56 Valine was placed at the /-position for its
ability to enforce a trans-prolyl bond at the p-proline, a requirement for ensuring chain
reversal at this position within the sequence.®’ Lastly, threonine was included at the j+ 3
position based on its inherent propensity to occupy this position in type 11" turns of naturally
occurring proteins.® The peptide contains two eight-residue segments proximal to the turn
region, each containing an alternating sequence of hydrophobic and hydrophilic residues,
which gives AcCVES3-RGDV facial amphiphilicity when folded in the self-assembled state.
Valines, occupying the hairpin’s hydrophobic face, are a S-branched residue with a high
propensity for sheet structure.>® Hydrophobic collapse of the valine-rich faces of hairpins
drives self-assembly and the formation of the bilayered cross-4 structure of the fibrils.>3 The
design of the hydrophilic face of the AcCVES3-RGDV hairpin is more involved. We designed
toward a hairpin having a formal charge state of -5 (excluding residues in the integrin
binding motif). Previous work suggested that this degree of charge displayed from a facial
amphiphile could be screened by solutions of physiological ionic strength.32 Glutamic acid
was used to imbibe charge, whose positional placement within the hairpin is important for
defining the initial solution phase state of the peptide and actuating self-assembly. Four of
the Glu residues were placed in pairs directly opposing each other across the hairpin at
positions 2/19 and 8/13. Pairwise charge repulsion keeps the peptide unfolded and
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monomeric until solution conditions permit self-assembly. The fifth Glu residue was placed
at position 17, which can interact diagonally with Glu2 to also inhibit self-assembly. Neutral
hydrophilic serine residues were placed at the remaining positions on the hairpin’s
hydrophilic face. As will be shown later, screening the Glu-based charged can trigger
hydrogelation under physiological conditions. Last, -RGDV-, a known integrin binder was
incorporated at the C-terminus through a four-residue Gly linker to facilitate cell adhesion.59
The length of the linker was chosen based on polymer studies showing that four glycines
were sufficient to allow cellular adhesion.62:62 Two additional peptides were prepared as
controls. The first, ACVES3-RGEYV, is a negative control that replaces the aspartic acid
residue in the integrin binding domain with glutamic acid. This sequence change should
limit the ability of the gel to foster cell adhesion. The second control, ACVES3, lacks the
linker and integrin binding domain altogether to determine if placing sequence extensions at
the C-terminus influences peptide self-assembly, gelation, and gel mechanical properties.
Peptides were prepared by Fmoc-based solid-phase peptide synthesis, purified by HPLC,
and their primary structure characterized by electrospray ionization (ESI)-MS, Figure S1.

Triggered Gelation under Physiological Buffer Conditions.

ACVES3-RGDV undergoes triggered self-assembly leading to the formation of a fibrillar gel
under various physiologically relevant buffer conditions, including biophysical buffers and
cell culture media with or without calf serum. For example, we first studied the self-
assembly of AcVES3-RGDV using biophysical buffer. CD spectroscopy shows that when
ACVES3-RGDV is initially dissolved in water, the peptide remains unfolded at 37 °C
because of the charge repulsion between glutamate side chains, Figure 2a (solid symbols).
Adding saline buffer resulting in a solution composed of 25 mM HEPES and 150 mM NaCl
(pH 7.4) increases the ionic strength of the solution, which screens the glutamate charge
allowing self-assembly and the formation of B-sheet-rich fibrils as evidenced by the
transformation of the wavelength spectra from a random coil to the B-sheet (open symbols).
34 A similar behavior is observed for the two control peptides, Figure 2b,c. Increasing the
temperature also drives self-assembly via the hydrophobic effect. Each of the peptides are
also able to undergo temperature-dependent assembly at pH 7.4 in buffered saline as shown
in Figure 2d-f (open symbols). Peptides dissolved in pure water are largely temperature-
insensitive (closed symbols). Thus, thermal energy can trigger assembly only if the solution
conditions (ionic strength and pH) are permissive. Importantly, ACVES3-RGDV shows a
capacity to assemble at 37 °C when dissolved in physiologically relevant buffer.

Peptides assemble into morphologically well-defined fibrils as shown in Figure 3. Here,
fibrils are isolated from 0.5 wt % gels and interrogated by TEM. The average width of fibrils
formed by AcVES3-RGDV is 4.0 = 0.4 nm, which is consistent with the peptide adopting
the desired unsymmetrical hairpin fold in its self-assembled fibrillar state. The width of the
ACVES3-RGEYV fibrils is nearly identical as expected, and the width of fibrils formed by
ACVESS3, the control peptide lacking the integrin binding domain, is ~3 nm, consistent with
a shorter symmetrical hairpin comprising these fibrils.

The rheological properties of 0.5 wt % gels formed by the three peptides were characterized
by time sweep shear-thin/recovery experiments, Figure 4. Here, self-assembly is triggered
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and hydrogel formation is followed over 60 min; at that time, the resultant gels are thinned
and allowed to recover. Gelation was triggered either by the addition of HEPES saline buffer
(green data, final buffer: 25 mM HEPES, 150 mM NacCl, pH 7.4) or cell culture media (red
data, final buffer: 0.5x HEPES-supplemented DMEM containing 143 mM sucrose). After 60
min, both the AcVES3-RGDV and control AcVES3-RGEV form moderately rigid gels (G’
~ 300 Pa) in HEPES buffer. Although the ionic strength of the DMEM solution is sufficient
to screen the glutamate side chain charge to initiate self-assembly and resultant gelation,
each gel exhibits a decrease in rigidity in cell culture media (G ~ 200 Pa). This difference is
most likely due to the lower ionic strength of cell culture media compared to HEPES buffer.
Gels formed by the second control peptide, ACVES3, are significantly more rigid (G" ~
1200 Pa) and show no dependence on the triggering buffers used here. The observed
differences in G’ between the gels formed by the AcVES3 control and the other two longer
peptides are interesting. Although CD and TEM indicated that the C-terminal integrin
binding domain contained in the longer peptides does not influence self-assembly and fibril
formation, rheology suggests that this sequence extension does influence network rigidity.
The molecular basis for this is currently unknown but could be due to changes in fibril
bending moduli or fibril network mesh size.83-65 At any rate, all three peptide gels are of
sufficient rigidity to encapsulate cells and are capable of shear-thin/recovery, indicating that
they can be delivered in vivo by syringe injection. For comparison, we performed similar
experiments on a bovine type | collagen gel, which is FDA approved and widely used for 2D
and 3D cell culture,56:67 Figure 4d. The collagen gel is substantially weaker and does not
recover well after being shear-thinned, suggesting that its ability to deliver cells by syringe
injection may be limited. Dynamic frequency and strain sweep experiments were also
performed on the gels and provided in Figure S2.

Last, we assessed the optical transparency of the peptide gels, Figure 4e,f. Transparency is a
useful gel characteristic that allows microscopy to be performed on encapsulated cells. Panel
(e) shows a visual comparison of an AcVES3-RGDV gel, which is optically clear, with the
collagen gel, which appears opaque. Light transmittance was also measured over a range of
wavelengths (380-780) commonly employed in cell microscopy. Panel (f) shows that the
peptide gels can transmit significantly more light than the collagen gel. Taken together, the
CD, TEM, and rheological analysis indicate that ACVES3-RGDV and its control peptides
undergo triggered self-assembly under physiological buffer or cell culture conditions to form
gels composed of morphologically well-defined fibrils. Gels exhibit shear-thin/recovery
behavior allowing their delivery by syringe injection.

2D Cell Culture on Peptide Gel Surfaces.

Initial 2D experiments were performed to assess the ability of the gels to permit cell
adhesion, viability, and proliferation. The data in Figure 5 were collected using gels

prepared in HEPES saline buffer. After gel formation, HDF (human dermal fibroblast) cells
were introduced and cultured in chemically defined Essential 8 Medium. These serum-free
conditions were used to eliminate any possible effects from adsorbed serum proteins. Figure
5a shows a time-dependent live—dead assay that reports viability (green cells are alive, red
cells are dead) and also allows qualitative assessment of cell adhesion and morphology. Cells
seeded onto the AcVES3-RGDV gel robustly attach and form spread-out morphologies
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within a day and are viable over the course of 4 days, the last time point tested. The behavior
of cells cultured on the AcVES3-RGDV gel was similar to that of cells cultured on the
collagen gel. In contrast, cells introduced onto the control AcVES3-RGEV gel were initially
attached, but a significant number had lifted off the gel surface over time. Those cells that
did remain attached had rounded clumped morphologies and some cells stained red
indicating death. Cells introduced onto the AcVES3 control gel behaved similarly. Thus, the
control gels, which lack proper integrin adhesion signals, are unable to support long-term
cell attachment nor foster adhesion events leading to spread out morphologies. More
importantly, the data suggest that cells are able to access the -RGDV- motif presented from
the surface of fibrils comprising the AcVES3-RGDV gel, which facilitates adhesion. We
also performed similar live—dead assays using serum-free DMEM to culture the cells and
similar trends were observed underscoring the importance of the integrin binding domain,
Figure S3a. In fact, when cells are cultured in the presence of 10% FBS, cells are unable to
properly adhere and adopt spread-out morphologies presumably because serum protein
adsorption limits access to the -RGDV- motif displayed from the gel’s surface, Figure S3b.
WST-8 cell proliferation assays show that the AcCVES3-RGDV gel also supports cell
proliferation to the same degree as cells cultured on the collagen gel, Figure 5b. In contrast,
although some of the cells cultured on the control AcVES3-RGEV gel were viable, they did
not proliferate. Lastly, confocal microscopy was used to further examine cell adhesion.
Figure 5¢ shows that cells seeded onto the AcCVES3-RGDV gel contain actin stress fibers
and focal adhesion points, the formation of which involves integrin binding.68 Taken
together, these 2D studies show that the AcCVES3-RGDV gel is cytocompatible, and we
proceeded to investigate its potential utility in 3D cell encapsulation, culture, and in vivo
delivery.

3D Cell Encapsulation, Culture, and in Vivo Delivery.

Encapsulation of cells within the AcVES3-RGDV gel is accomplished during peptide self-
assembly in a simple procedure. Here, the peptide is initially dissolved in water containing
285 mM sucrose and an equal volume of cells suspended in serum-free, HEPES-
supplemented DMEM is added. The resulting solution is incubated at 37 °C to allow
gelation. This procedure produces uniform distribution of cells directly encapsulated
throughout the hydrogel. Live—dead assays performed over the time course of a week show
that cells are viable and able to form spread-out morphologies within the gel’s fibrillar
network, Figure 6a. A similar behavior was observed for the collagen gel. In contrast,
although cells encapsulated within the AcCVES3-RGEYV control gel remained viable, only a
small population was capable of forming spread-out morphologies. Cell proliferation was
quantified over the same time period, which showed that the cells encapsulated within the
ACVES3-RGDV gel proliferated nearly 3 times more quickly than cells contained within
collagen gels, Figure 6b. Cells within the control AcCVES3-RGEV gel did not proliferate
over the same 7 day period. Confocal microscopy was then used to study cellular
distribution within the gel matrix Figure 6c is a Z-stack image that shows cells embedded
throughout 500 microns of gel where cells are false-colored according to their depth within
the fibrillar network. Cells are uniformly distributed and appear to have adopted healthy
spread-out morphologies, which was later verified via additional confocal studies that
monitored actin stress fiber development, Figure 6d. Every observed cell within the
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AcVES3-RGDV gel formed actin stress fibers, in contrast to those embedded within the
control AcCVES3-RGEV gel. Importantly, gels containing cells that had been cultured for
extended periods of time still maintained their shear-thin/recovery rheological property.
Figure 6e shows a series of time sweep experiments on a gel containing cells that had been
cultured for 4 days. The gel cell culture was repeatedly shear-thinned every 10 min and
showed the potential to recover nearly instantaneously after each thinning cycle. Together,
the data in Figure 6 demonstrate that the ACVES3-RGDV gel can be used to easily
encapsulate and culture adherent cells in 3D and further demonstrate rheological properties
consistent with facilitating in vivo implantation of cell cultures by syringe-based injection.

We next assessed the ability of the AcCVES3-RGDV gel to deliver cells in vivo and facilitate
their long-term engraftment into implanted tissue. RFP-expressing human dermal fibroblasts
were encapsulated into the gel and delivered subcutaneously to the dorsal flank of athymic
mice via syringe injection. Subsequent fluorescence imaging allowed in situ monitoring of
cell residency as a function of time. Figure 7a shows a representative mouse that received an
injection of gel/cell construct into its left dorsal flank. Once injected, the cells may
experience several different fates including death, migration out of the gel into distal regions,
or local engraftment into the tissue at the implant site. The qualitative data in panel (a) and
the quantitative data in panel (b) show that a population of cells remains resident at the
implant site for at least 42 days (the last time point assayed). In contrast, control injections
of cells suspended in media into the right flank maintain residency only about 7 days.

Cell engraftment was verified at day 42 by resecting the subcutaneous tissue at the gel/cell
construct implantation site. Figure 7c shows an isolated skin flap before fully resecting the
tissue, engrafted cells are clearly observed. The isolated and surrounding tissue had no
visible signs of inflammation nor the presence of intact gel, suggesting that it is
biocompatible and fully biodegraded over the time course of the experiment. To further
confirm successful engraftment, the cells were harvested from the isolated tissue at day 42
and expanded in 2D culture. Figure 7d shows a typical culture of cells that clearly
demonstrate a fluorescent phenotype, indicating that a population of delivered cells locally
engrafted into the tissue at the implantation site.

CONCLUSIONS

Gels capable of encapsulating, culturing, and delivering cells could facilitate cell-based
therapies, especially treatments that require local engraftment. We report a new hydrogel,
based on the de novo-designed, self-assembling peptide ACVES3-RGDV that can be used to
easily encapsulate cells during peptide assembly, leading to gel formation. 2D and 3D
culture studies show that the gel facilitates cell attachment, the adoption of spread-out
cellular morphologies, and allows proliferation. Although we demonstrate the utility of
employing adherent cells in this study, the gel should be conducive to delivering
nonadherent cells as well. The viscoelastic gel is shear thinning but self-heals, allowing its
delivery by syringe injection. Cells can be encapsulated and cultured directly in the gels and
then the entire culture directly implanted into mice by syringe. In vivo fluorescent studies as
well as tissue resection cell isolation studies show that the biodegradable AcVES3-RGDV
gel facilitates long-term engraftment of implanted cells.
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Figure 1.

(a) Cell encapsulation during peptide self-assembly affords fibrillar hydrogel network laden
with cells that can be syringe-delivered to target tissues. (b) Schematic of unsymmetrical
ACVES3-RGDV hairpin peptide along with the linear sequences of peptides used in this
study.
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(a—c) CD wavelength spectra of 150 1M peptides in water (@) or in HEPES buffer (O) (25

mM HEPES, 150 mM NaCl, pH 7.4) at 37 °C. (d-f) Temperature-dependent CD following
[El216 in HEPES buffer. Increased signal at 216 nm is indicative of B-sheet structure
formation.
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Figure 3.

Transmission electron micrographs showing local morphology of fibrils formed by
AcCVES3-RGDV, AcVES3-RGEV, and AcVES3 peptides. The peptide gels (0.5 wt %) in
HEPES buffer (25 mM HEPES containing 150 mM NaCl, pH 7.4) were formed by
incubating overnight at 37 °C. Then, the TEM samples were prepared by suspending 5 L of
the resulting peptide gel in 195 zL of water to yield a 40-fold dilution. Fibril widths were
determined from 30 independent measurements (scale bar = 100 nm).
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Figure 4.

(a—c) Oscillatory rheological dynamic time sweeps and shear-thin/recovery of 0.5 wt %
peptide gels monitoring the storage modulus (G”). Gelation was triggered with either
HEPES buffer (green data, final buffer in gel: 25 mM HEPES, 150 mM NaCl, pH 7.4) or
cell culture media (red data, final buffer: 0.5x HEPES-supplemented DMEM containing 143
mM sucrose). (d) 0.3 wt % Type | collagen gel in PBS buffer. The first 60 min displays the
onset of gelation under a strain of 0.2% and a frequency of 6 rad s~1. Subsequently, the gels
were shear-thinned at 1000% strain for 30 s (indicated by the dashed line) and allowed to
recover by reducing the strain to 0.2%. (e) Image of an optically clear 0.5 wt % AcVES3-
RGDV gel and an opaque 0.3 wt % collagen gel. (f) Transmittance measurements of 0.5 wt
% peptide gels and a 0.3 wt % collagen gel.
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Figure5.
HDF cells were cultured on the surfaces of 0.5 wt % peptide gels or 0.3 wt % collagen gels

in Essential 8 Medium for 4 days. (a) Live and dead cells were visualized using calcein AM
and ethidium homodimer-1 staining (scale bar = 100 zm), respectively. (b) Cell proliferation
was monitored by quantifying cell viability using a WST-8 assay on days 0, 1, and 4. Data
are represented as mean + standard deviation (SD) of three independent replicates. (c)
Cytoskeleton organization and focal adhesions were stained on day 1 against actin (green),
vinculin (red), and nuclei (blue, scale bar = 100 um).
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Figure 6.

HDF cells were encapsulated and 3D-cultured within 0.5 wt % peptide gels or 0.3 wt %
collagen gels. (a) Live and dead cells were visualized on days 1, 4, and 7, using calcein AM
and ethidium homodimer-1 staining, respectively (scale bar = 100 xm). (b) Cell proliferation
was monitored by quantifying cell viability using a WST-8 assay on days 0, 1, and 4. Data
are represented as mean + SD of three independent replicates. (¢) A pseudo-colored
composite of a Z-stacked image (500 m) of live cells stained with calcein AM encapsulated
within a 0.5 wt % AcVES3-RGDV gel at day 4 of culture. The depths are colored red (0-
100 m), magenta (100-200 gm), yellow (200-300 wm), green (300-400 m), and cyan
(400-500 pm); scale bar = 100 um. (d) Z-stack image of cytoskeleton organization in the
gels on day 4 of culture with actin-stained green and nuclei stained blue, scale bar = 100 xm.
(e) Shear-thin/recovery of a 0.5 wt % AcVES3-RGDV gel containing cells that had been
3D-cultured for 4 days. Gels were shear-thinned at 1000% strain for 30 s (indicated by
dashed line) every 10 min and allowed to recover by reducing the strain to 0.2%.
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Figure7.
(a) RFP-HDFs were encapsulated in AcCVES3-RGDV gels (106 cells per 100 /1) and

injected into the left dorsal region. In the control, the cells were suspended in medium (10°
cells per 100 1) and injected into the right dorsal region of the same mouse. Fluorescent
images were recorded over time. (b) RFP fluorescence from an ROI at the implantation site
plotted as a function of time. Data are represented as mean + SD (7= 3). (c) RFP
fluorescence from the dissected subcutaneous tissue on day 42. Red and white signals
represent RFP fluorescence and tissue autofluorescence, respectively. (d) Cells resected from
an RFP-positive tissue were cultured in vitro for 10 days (scale bar = 400 um).
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