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Abstract
The ideal wound healing scaffold should provide the appropriate physical and mechanical
properties to prevent secondary infection, as well as an excellent physiological environment to
facilitate cell adhesion, proliferation and/or differentiation. Therefore, we developed a synthetic
cell-adhesive polypeptide hydrogel with inherent antibacterial activity. A series of polypeptides,
poly(Lys)x(Ala)y (x+y=100) with varied hydrophobicity via metal-free ring-opening
polymerization of NCA-Lys(Boc) and NCA-Ala monomers (NCA = N-carboxylic anhydride)
mediated by hexamethyldisilazane (HMDS) were synthesized. These polypeptides were cross-
linked with 6-arm PEG-amide succinimidyl glutarate (ASG) (Mw = 10K) to form hydrogels with a
gelation time of five minutes and a storage modulus (G') of 1400–3000 Pa as characterized by
rheometry. The hydrogel formed by cross-linking of poly(Lys)60(Ala)40 (5 wt%) and 6-arm PEG-
ASG (16 wt%) (Gel-III) exhibited cell adhesion and cell proliferation activities superior to other
polypeptide hydrogels. In addition, Gel-III displays significant antibacterial activity against E. coli
JM109 and S. aureus ATCC25923. Thus, we have developed a novel, cell-adhesive hydrogel with
inherent antibacterial activity as a potential scaffold for cutaneous wound healing.
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1. Introduction
Wound healing typically occurs through the process of hemostasis, inflammation, tissue
repair and remodeling [1–2]. However, some wounds, such as diabetic ulcers, burns, or
arterial ulcers, develop into chronic wounds that do not heal [3]. Conventional wound
dressings are composed of fabric materials that protect the wound site from external
contamination [4–5]; however, they do not provide an appropriate environment for tissue
repair and regeneration. Advanced dressings, including both biological and synthetic
scaffolds, can provide a physical barrier against secondary infection, as well as a compatible
physiological environment [4–6]. Biological dressings, such as allografts [7–8], xenografts
[9–10], reconstituted collagen-based matrices [5, 11–12], hyaluronan-based scaffolds [13–
15], and chitosan-based scaffolds [16–18], can greatly improve quality of healing, and
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decrease healing time [5]. However, concerns with biological scaffolds are their poor
biostability, low mechanical properties, high cost, low shelf-life, risks of immunological
rejection, and lot-to-lot variability [6]. Synthetic dressings have been developed to overcome
these problems [6]. Many synthetic polymers, including polyurethane (PU) [19],
polyglycolic acid/polylactic acid (PLGA) [20], poly(L-lactide) (PLLA) [21],
polycaprolactone (PCL) [22], peptide nanofibers [23] and poly(ethyleneglycolterephthalate)-
poly (butyleneterephthalate) copolymer et al. [21], have been examined with or without
natural polymers for wound repair and tissue regeneration.

An ideal wound healing scaffold should include these characteristics: appropriate physical
and mechanical properties to prevent secondary infection, and excellent physiological
environment to facilitate cell adhesion, proliferation and/or differentiation. Among synthetic
dressings, hydrogels with inherent antibacterial activity are particularly advantageous since
they can prevent water loss and secondary infection when exposed to the environment,
absorb wound fluids, and provide adequate gaseous exchange [24–28]. These materials can
improve cell adhesion and proliferation, and prevent infection, while no harsh sterilization is
required [28]. Antimicrobial hydrogels have been prepared through encapsulation of
antibacterial molecules into the hydrogel scaffold [25, 29–32], or self-assembly of
alternating Lys-Val peptides [28]. However, limitations with the above two approaches are
the fast release of antibiotics with the former, and the high cost, difficult preparation and
poor tunability in terms of incorporating of other bioactive agents with the latter.

To overcome these limitations, we prepared an easily synthesized cell-adhesive hydrogel
with inherent antibacterial activity based on chemical cross-linking between a polypeptide
and 6-arm polyethylene glycol (PEG)-amide succinimidyl glutarate (ASG). The presence of
lysine or arginine in antimicrobial peptides (AMPs) and their amphiphilic structures are
known to inhibit bacterial growth [33]. Thus, lysine was used in the generated polypeptides
not only as a cross-linker for 6-arm PEG-ASG but also for its anti-microbial properties. To
make antibacterial hydrogels, we synthesized a series of biodegradable polypeptides
poly(Lys)x(Ala)y (x+y=100) with varied cationic/hydrophobic balance via ring-opening
polymerization (ROP) of NCA-Lys(Boc) 1 and NCA-Ala 2 monomers (NCA = N-
carboxylic anhydride) mediated by hexamethyldisilazane (HMDS) [34]. The amphipathic
conformation of AMPs can facilitate binding to and insertion into bacterial membranes [33].
The subsequent membrane disruption [33], membrane depolarization [35], or inhibition of
cell wall synthesis [36] is thought to lead to bacterial cell death. We demonstrate that only
the poly(Lys)60(Ala)40 (Polypeptide-3) and 6-arm PEG-ASG cross-linked hydrogel Gel-III
displayed both antibacterial and cell adhesive properties. This new hydrogel, therefore, has
the potential to be a new tissue engineering scaffold for wound healing.

2. Matereials and Methods
2.1 Materials and general methods

6-arm PEG-ASG (M.W. = 10K) was purchased from Sunbio PEG-shop. H-Lys(Boc)-OH
was purchased from Aroz Technologies (Cat # HK-0201). Trilysine and L-Alanine were
obtained from Sigma-Aldrich (Milwaukee, WI) (Cat # L8901 and 05130). Triphosgene was
purchased from TCI America (Cat # T1467). All the dry solvents were used as received and
handled under dry argon. Collagen Type I (rat tail) concentrated solution was bought from
BD Biosciences (Cat # 354249). All reactions were carried out under an Ar atmosphere in
oven-dried glassware unless otherwise specified. Inova300 and Inova400 MHz NMR
Instruments were used to perform NMR analysis, and spectra were recorded in CDCl3 or
CD2Cl2 unless otherwise noted. 1H-NMR spectra are reported as chemical shift in parts per
million (multiplicity, coupling constant in Hz, integration). 1H-NMR data are assumed to be
first order. All NMR spectra are shown in the supporting information. LIVE/DEAD
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viability/cytotoxicity kit for mammalian cells (L3224), LIVE/DEAD BacLight bacterial
viability kit (L13152), Quant-iT PicoGreen dsDNA reagent and kit (P7589) and Vybrant
MTT cell proliferation assay kit (V13154) were purchased from Invitrogen. E. coli strain
(JM109) was purchased from Agilent Technologies, and S. aureus strain (ATCC 25923) was
purchased from VWR International. Light scattering (OD625nm) was measured on a UV-
Visible Spectrophotometer employing a 1 cm pathlength cell. NIH3T3 fibroblasts were
cultured in 90% Dulbecco's Modified Eagle's Medium (DMEM) with PenStrep glutamine
(50 units/mL penicillin, 50 μg/mL streptomycin, 146 μg/mL L-glutamine), and 10% bovine
calf serum.

2.2 Monomer synthesis
NCA monomers, NCA-Lys(Boc) 1 and NCA-Ala 2 were synthesized via reaction of their
corresponding amino acids with triphosgene (Fig. S1) [37]. As a high purity of NCA
monomers are required for anionic ROP reactions [38], the NCA monomers were
recrystallized three times from THF/hexane to provide ultra pure products for ROP.

NCA-Lys(Boc), 1. NCA-Lys(Boc) was prepared by following the same procedure described
in literatures (60% yield).[37] 1H-NMR (400 MHz, Acetone) δ 7.97 (s, 1H), 5.99 (s, 1H),
4.56 (m, 1H), 3.10 (m, 2H), 1.88 (m, 2H), 1.55-1.38 (m, 13H). 13C-NMR (101 MHz,
Acetone) δ 171.9, 156.7, 152.9, 79.0, 58.5, 40.7, 32.4, 22.9.

NCA-Ala, 2. NCA-Ala was prepared by following the same procedure described in
literatures (55% yield).[37] 1H-NMR (400 MHz, Acetone) δ 7.88 (s, 1H), 4.59 (m, 1H), 1.49
(d, J = 8 Hz, 3H). 13C-NMR (101 MHz, Acetone) δ 172.8, 152.6, 54.1, 17.8.

2.3 Polypeptide synthesis
Different molar ratios of 1 and 2 were dissolved in dry dimethyl formaldehyde (DMF) under
dry argon at room temperature ([1]+[2] = 1.0 M). Hexamethyldisilazane (HMDS, 1 mol% of
the total NCA monomers) was added into the above solution via syringe. The reaction was
stirred for 24 h at rt, followed by the addition of water to get precipitates. The precipitates
were filtered, washed with water, and dried under vacuum. The NMR spectral comparison
of Intermediate-1 to -5 is summarized in Fig. S2 in the supporting information.

Intermediate-1, 88% yield. 1H-NMR (400 MHz, DMSO) δ 9.05 (s, 100H), 6.78 (s,
100H), 4.41 (m, 100H), 2.88 (m, 200H), 1.68-1.35 (m, 1500H).

Intermediate-2, 85% yield. 1H-NMR (400 MHz, DMSO) δ 9.05 (s, 100H), 6.77 (s,
80H), 4.39 (m, 100H), 2.87(m, 160H), 1.67-1.35 (m, 1260H).

Intermediate-3, 83% yield. 1H-NMR (400 MHz, DMSO) δ 7.90 (s, 100H), 6.73 (s,
60H), 4.25 (b, 100H), 2.85 (b, 120H), 1.62-1.20 (m, 1020H).

Intermediate-4, 89% yield. 1H-NMR (400 MHz, DMSO) δ 9.05 (s, 100H), 6.78 (s,
40H), 4.42 (m, 100H), 2.87 (m, 80H), 1.68-1.35 (m, 780H).

Intermediate-5, 91% yield. 1H NMR (400 MHz, DMSO) δ 9.05 (s, 100H), 6.75 (s,
20H), 4.39 (m, 100H), 2.87 (m, 40H), 1.68-1.35 (m, 540H).

The Boc groups of polypeptides were removed by trifluoroacetic acid (TFA). Polypeptide (1
g) was dissolved in TFA (5 mL), and the solution was stirred for 2 h at rt. Half amount of
TFA was evaporated by argon purging, and ethyl ether (30 mL) was added to get sticky
precipitates. The above mixture was centrifuged, and the precipitates were washed with
ethyl ether, dialyzed against DI water using a dialysis tubing (M. W. C. O. = 1000 Da), and
freeze-dried under vacuum.
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Polypeptide-1, 85% yield. 1H-NMR (400 MHz, D2O) δ 4.07 (m, 100H), 3.02 (m,
200H), 2.01-1.56 (600H).

Polypeptide-2, 90% yield. 1H-NMR (400 MHz, D2O) δ 4.07 (m, 100H), 3.00 (m,
160H), 2.01-1.54 (m, 480H).

Polypeptide-3, 88% yield. 1H-NMR (400 MHz, D2O) δ 4.25 (m, 100H), 2.99 (m,
120H), 1.92-1.37 (m, 360H).

Polypeptide-4, 87% yield. 1H-NMR (400 MHz, D2O) δ 4.06 (m, 100H), 3.04 (m, 80H),
2.00-1.52 (m, 240H).

Polypeptide-5, 85% yield. 1H-NMR (400 MHz, DMSO) δ 4.35 (m, 100H), 3.12 (m,
40H), 2.10-1.69 (m, 120H).

2.4 PDI (Polydispersity Index) determination
The polymers (before flash column chromatography purification) were dissolved in THF (1
mg/mL). An aliquot (100 μL) of the polymer solution was injected and analyzed by
Viscotek GPC system and OmniSEC software using a Phenogel column (300 × 7.80 mm, 5
μm, linear mixed bed, 0–75k MW range), and a RALS and RI dual detection system. Elution
was performed at 0.5 mL/min with THF at 30 °C. In order to calculate the number-averaged
molecular weight (Mn) and polydispersity index (PDI), a dn/dc value 0.12 ml/g was used for
all polymers.

2.5 Preparation of crosslinked hydrogels
Hydrogels for all the bioassays were prepared in separate wells of 96-well or 48-well
polystyrene plates. For a given well of 96-well plates, 35 μL of a polypeptide or trilysine
stock solution was introduced, followed by the addition of 35 μL of a 6-arm PEG-ASG stock
solution to initiate gelation. For a given well of 48-well plates, 50 μL of a polypeptide or
trilysine stock solution was introduced, followed by the addition of 50 μL of a 6-arm PEG-
ASG stock solution to initiate gelation. The resulting hydrogels were allowed to incubate at
37 °C for 2 h, followed by swelling in fresh DMEM (200 μL and 500 μL for 48-well and 96-
well plates, respectively) overnight at 37 °C. Prior to the start of the assays, the media was
aspirated.

2.6 Preparation of 3D collagen gels
Collagen gels for all the bioassays were prepared in separate wells of 48-well polystyrene
plates. For a given well of 48-well plates, 100 μL of a collagen I (rat tail) stock solution (5
mg/mL, pH = 7.4) was introduced, and was incubated for 1 h at 37 °C to initiate gelation.
The resulting hydrogels were allowed to incubate at 37 °C for 2 h, followed by swelling in
fresh DMEM (500 μL) overnight at 37 °C. Prior to the start of the assays, the media was
aspirated.

2.7 Rheometry characterization
Hydrogels were characterized using an AR-G2 rheometer (TA Instruments, New Castle,
DE) with a 20 mm diameter parallel plate configuration. The evolution of storage (G′) and
loss (G″) moduli and phase angle (δ) at a constant strain of 0.05 was recorded as a function
of frequency.

2.8 Live/Dead cell adhesion assay
Hydrogels were prepared in separate wells of 96-well plates. 3T3 cells in fresh media (~6K
cells/well, 200 μL) were added on top of the hydrogels, and cultured for 96 h at 37 °C and
5% CO2. The media was then aspirated, following by rinsing the hydrogel with 1×PBS
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twice. A solution of LIVE/DEAD staining fluorescence dye (Ethidium Homodimer-1 (final
4 μM) and Calcein AM (final 2μM) in 1×PBS (100 μL)) was added to each well, and was
incubated for 30 min at rt. The dye solution was removed by aspiration. Each hydrogel was
rinsed with 1×PBS twice, and was covered with 1×PBS (100 μL) before imaging using an
Zeiss Observer D.1 microscope. This assay was performed triplicately with two independent
replicates.

2.9 MTT assay
Hydrogels were prepared in separate wells of 48-well plates. 3T3 cells in fresh media (~20K
cells/well, 500 μL) were added on top of the hydrogels, and grown for 96 h at 37 °C and 5%
CO2. The media was aspirate, and each hydrogel was rinsed with 1×PBS twice. In each
well, fresh media (300 μL) and a 12 mM MTT stock solution (30 μL) were introduced, and
were incubated for 4 h at 37 °C. A SDS solution (300 μL) in 0.01 M HCl was mixed with
the above MTT solution in each well thoroughly, and was incubated for 18 h at 37 °C. The
supernatant was transferred to a blank well, and its UV absorbance at 570 nm was read on a
BioTek Synergy 4 microplate reader. This assay was performed triplicately with two
independent replicates.

2.10 PicoGreen cell proliferation assay
Hydrogels were prepared in separate wells of 48-well plates. 3T3 cells in fresh media (~20K
cells/well, 500 μL) was added on top of the hydrogels, and cultured for 96 h at 37 °C and
5% CO2. The media was then aspirate and each well was rinsed with 1×PBS twice followed
by complete aspiration. Plates were stored for 24 h at −20°C for maximum cell lysis. A
1×TE buffer solution (250 μL) was added to each well, and was incubated for 30 min at rt,
followed by shaking for 5 min at 300 rpm. Meanwhile, DNA standard solutions were
prepared by diluting a 2 μg/mL DNA stock solution with 1×TE butter to make 50, 100, 200,
400, 600, 800 and 1000 ng/mL solutions (250 μL each). A PicoGreen reagent (250 μL)
(200-fold dilution of the original stock PicoGreen reagent solution) was mixed with the
above solution, and was shaken for 30 min at 300 rpm. The fluorescence (λExcitation = 480
nm, λEmission = 520 nm) of each solution was measured using a BioTek Synergy 4
microplate reader. This assay was performed triplicately with two independent replicates.

2.11 Antibacterial assay
Hydrogels were prepared in separate wells of 96-well plates. PEGDA gel was prepared from
photopolymerization of a solution containing 70 μL 20 wt% sterile PEG-diacrylate (M.W. =
570) and 0.5 wt% (relative to the amount of PEGDA) of photoinitiator, 2,2-dimethoxy-2-
phenylacetophenone under UV light (λ = 355 nm) for 20 min.[39] For each assay, 200 μL of
the 5 × 107 CFU/mL bacterial stock solution in Tryptic Soy Broth (TSB) was introduced to
the surface of a given hydrogel, and serial 1:10 dilutions were performed across the plate,
resulting in final bacterial concentrations of 3.1× 103, 3.1 × 104, 3.1 × 105, 3.1 × 106, 3.1 ×
107, 3.1 × 108, and 3.1 × 109 CFU/dm2 respectively, for each of seven wells. Controls were
carried out on blank polystyrene surfaces. Bacteria were incubated on control and hydrogel
surfaces for 48 h at 37 °C. Bacterial growth was monitored by measuring OD625nm of the
suspension above the gel. Corrected OD625nm values were calculated according to the
method described in the literature [28]. This assay was performed triplicately with two
independent replicates.
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3. Results
3.1 Preparation of polypeptides

Synthetic polypeptides can be prepared through ROP of α-amino acid NCAs [38, 40].
Primary alkyl amines under high vacuum [40], zerovalent nickel complexes [41–42], and
HMDS [34] have been used to initiate living ROP reactions for the preparation of narrowly
dispersed polypeptides. HMDS was chosen as the initiator since this metal-free initiator can
generate polymers with better molecular weight control and lower PDIs than primary amines
[34].

The route for synthesizing random copolypeptides is provided in Fig. 1. Random
copolymers (Intermediate-1 to -5) containing varied molar ratios of Boc-protected lysine and
alanine were synthesized through HMDS-mediated living ROP of NCA monomers 1 and 2
(Fig. 1). The structures of Intermediate-1 to Intermediate-5, contained ~100 subunits of
amino acids as confirmed by 1H-NMR analysis (Fig. S2). The deprotection of Boc-groups in
the intermediate polymers using trifluoroacetic acid (TFA) yielded polypeptides
Polypeptide-1 to -5 with varied hydrophobicity (Fig. 1). It is difficult to analyze the
molecular weights and polydispersity indices (PDI) of the deprotected polypeptides
(Polypeptide-1 to -5). Therefore, the molecular weights and PDIs of the intermediate
polymers were characterized by gel permeation chromatography (GPC) using a right angle
light scattering (RALS) and refractive index (RI) detection system. It is reasonable to expect
that the deprotection of Boc- groups did not alter the length and composition of
polypeptides. These random copolymers exhibited molecular weights close to their expected
values (Table 1), and broad PDIs (1.8–1.9). The high PDIs of these polypeptides were
caused by the interference of shoulders on the low Mn side in the GPC traces (data not
shown). These shoulders may arise from degradation of an active propagating polymer chain
in air or moisture [34].

3.2 Hydrogel formation
Fast coupling between amines and N-hydroxysuccinimide (NHS) esters in neutral aqueous
media has proved efficient in many biomedical applications [43–46]. In the presented work,
we created hydrogels via cross-linking polypeptides bearing amine groups with multi-arm
NHS ester terminated PEG. PEG has been used for numerous drug delivery [47–52] and
tissue engineering [53–57] applications due to its many useful characteristics such as protein
resistance, biocompatibility, minimal toxicity and immunogenicity, and high solubility in
water. In addition, we utilized PEG in this study for its inert properties, as it would allow us
to specifically study and control the addition of bioactive components. Therefore, 6-arm
PEG-ASG (Mw = 10K) was chosen as the cross-linker for the polypeptides.

To make chemically cross-linked hydrogels, polypeptides and 6-arm PEG-ASG (Mw = 10K)
were dissolved in separate PBS buffer solutions with varied pH values and weight
percentages (Table 2). To slow down the degradation of 6-arm PEG-ASG in aqueous
solution, 6-arm PEG-ASG was dissolved in acidic PBS buffer solution (pH = 4). Equal
volumes of polypeptide and PEG solutions were mixed to form the hydrogels, with the final
mixtures being neutral (Fig. 2). Optimized gelation conditions for trilysine or polypeptides
are summarized in Table 2. Gels were formed within 5 min at rt.

3.3 Cell adhesion and proliferation
To evaluate the ability of the polypeptide hydrogels to support cell adhesion, NIH 3T3
fibroblasts, an immortalized cell type commonly used in adhesion and proliferation
experiments [58], were used. Fibroblasts were seeded on these hydrogels (Gel-I to Gel-VI)
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and cultured for four days; cell viability was evaluated using a LIVE/DEAD assay (Fig. 3).
Only Gel-III & IV supported cell adhesion.

Mitochondrial activities of fibroblasts on the above hydrogel surfaces after 4 days in culture
were measured and compared with that on collagen gels using a MTT assay kit (Fig. 4).
Fibroblasts cultured on Gel-III exhibited higher mitochondrial activity than those on Gel-IV,
which is consistent with our cell adhesion results (Fig. 3). As expected, due to inadequate
cell adhesion, metabolic activity on the other gels (Gel-I & II, Gel-V & VI) was unchanged
over the blank control wells (Fig. 4). Fibroblasts on collagen gels showed higher metabolic
activity than those on the other hydrogels (Gel-I to -VI).

The ability of Gel–III and -IV to support cell proliferation was assessed using a PicoGreen
assay. After four days in culture, cell proliferation on Gel-III was significantly greater than
that on Gel-VI (Fig. 5). As expected from the MTT assay, cell proliferation on the synthetic
gels was significantly lower than proliferation on collagen gels. It has been shown that many
synthetic polymers have reduced cell adhesion and proliferation compared to natural ECM
components, such as collagen, since they contain limited biological signals [6].

3.4 Antibacterial activities
The bacterial proliferation on Gel-III, which was formed by cross-linking Polypeptide-3 and
6-arm PEG-ASG, was quantified by measuring the optical density (OD) at 625 nm of the
supernatant after incubation at 37 °C for 18 h (Fig. 6). This method, in which the OD
readings indicate the amount of both live and dead bacteria, has been previously established
for characterization of the antibacterial activity of a hydrogel by Schneider et al. [28]. The
OD results from Gel-III were compared with two positive controls for bacterial growth: the
PEGDA gel (no antibacterial activity) and incubation without any hydrogel (blank control).
While Polypeptide-3 in solution did not inhibit bacterial growth (Fig. S3), Gel-III was
capable of efficiently inhibiting both E. coli JM109 and S. aureus ATCC25923 growth when
a bacterial density of up to 3.1 × 109 CFU/dm2 was initially seeded on the hydrogel (the
bacterial density was calculated by dividing the initial bacterial CFUs by the bottom surface
area of wells in the tissue culture plate), as compared to non-coated polystyrene plates (Fig.
6).

3.5 Rheology
To assess the mechanical properties of the potential wound healing scaffolds, rheological
properties of Gel-III, Gel-VI and PEGDA gel were compared in Fig. 7. The data obtained
for all gels was characterized by storage (G′) and loss stimuliG″), both exhibiting a plateau
in the frequency range studied. Gel-VI (G′ = 3000 Pa at 1 Hz) was around 2-fold stiffer than
Gel-III (G′ = 1400 Pa at 1 Hz), while both gels were more compliant than the PEGDA gel
(6310 Pa at 1 Hz). Collagen-based hydrogels have been used extensively in wound healing,
[5–6] and their typical G′ (around 78 Pa at 1Hz, collagen = 1.6 mg/mL)[59] is much lower
than that of Gel-III.

4. Discussion
4.1 Cell adhesion and proliferation

Among the synthetic gels (Table 2), only Gel-III & IV exhibited cell adhesion activities. The
cell adhesion properties of Gel-III & IV are likely a result of a higher weight percentage of
polypeptides (5 wt%), as PEG is well known to be both protein and cell resistant when its
molecular weight is above 2000 Da [60–64]. Due to the poor water solubility of
Polypeptide-5 (Table 2), many undissolved Polypeptide-5 solid aggregates were
encapsulated inside Gel-V. Therefore, the actual weight percentage of Polypeptide-5 in the

Song et al. Page 7

Acta Biomater. Author manuscript; available in PMC 2013 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



components of Gel-V was much lower than the theoretical value (5 wt%), which likely
resulted in the inability of Gel-V to support cell adhesion. Fibroblasts maintained a more
characteristic morphology on Gel-III. While the cells were attached to Gel-IV, the cells had
a rounded morphology, indicating weak cell adhesion. The difference in cell spreading
morphology between Gel-III and Gel-IV may be due to the different amphiphilicity of
Polypeptide-3 and Polypeptide-4. It has been shown that cell adhesion can be inhibited by
materials at the extremes of hydrophilicity or hydrophobicity [65–67]. Our data
demonstrates that, out of the hydrogels tested, Gel-III composed of Polypeptide-3 and 6-arm
PEG-ASG exhibited the best cationic/hydrophobic balance for cell adhesion.

Previous studies have shown that collagen, the most abundant extracellular matrix (ECM)
protein, promotes cell adhesion, migration and proliferation better than many synthetic
polymeric matrices [68–70]. It is also known that PEG with higher molecular weights
conjugate with biomaterials to reduce protein and cell adhesion due to the nonfouling
property of PEG surfaces [68, 71–74]. Therefore, it is reasonable that our polypeptide-PEG
hydrogels displayed lower metabolic activity than a purely collagen gel (Fig. 4 & 5). Our
data also suggests that reduction in weight percentage ratio of PEG in the polypeptide-PEG
hydrogels may facilitate increasing their cell adhesion and metabolic activities.

4.2 Antibacterial activities
The cell adhesion and proliferation results indicated that Gel-III was the most promising
scaffold for wound healing among the above polypeptide hydrogels. Therefore, Gel-III was
selected to test its antibacterial activity against E. coli JM109 and S. aureus ATCC25923.
The seeding bacterial suspensions with varied concentrations (5× 102, 5 × 103, 5 × 104, 5 ×
104, 5 × 105, 5 × 106, and 5 × 107 CFU/mL respectively) were added on top of hydrogels. If
bacterial growth was not inhibited, the final OD readings after 48h were expected to be
around 0.2 – 1.3, which was confirmed by the PEGDA gel control and blank control (Fig.
6). The final OD data for Gel-III were around 0, which demonstrates that bacterial growth
was inhibited efficiently when a bacterial density of up to 3.1 × 109 CFU/dm2 was initially
seeded on the hydrogel. During formation of Gel-III, the amount of amine groups in
Polypeptide-3 was around 10–20% more than that of N-hydroxysuccinimide (NHS) groups
in 6-arm PEG-ASG. Therefore, based on the assumption that NHS groups can completely
react with amines in polypeptides, after cross-linking, around 80–90% of amine groups in
Polypeptide-3 could be converted to amide groups, which greatly decreased the
hydrophilicity of polypeptide itself. Meanwhile, around 10–20% of unreacted amine groups
should remain in Gel-III. As a result, the polypeptide component in Gel-III likely maintained
an adequate cationic/hydrophobic balance to inhibit bacterial growth (Fig. 8). The
concentration of PEG crosslinker (16 wt%, Table 2) for the presented experiments was
chosen as the optimal value to achieve both gelation and support antibacterial activities. A
lower PEG concentration resulted in no gelation, while a higher PEG concentration led to
loss of antibacterial activities of the gel (data not shown), which was likely a result of too
few amine groups left to kill the bacteria. In preliminary experiments, we also examined the
use of a linear 2-arm PEG NHS ester crosslinker in addition to the 6-arm PEG-ASG
presented here; however, no gel was formed with concentrations up to 20 wt% (data not
shown). One possible explanation is that the 3D network formed by crosslinking with 6-arm
PEG is denser than that formed by 2-arm PEG. In addition the degradation properties of
PEG-NHS esters could have contributed to this effect as it is well known that the hydrolysis
of PEG-NHS esters is very rapid in a neutral pH solution and hydrolysis of only one NHS
ester in the 2-arm PEG would prevent crosslinking. As a result, 6-arm PEG is a more robust
crosslinker for gelation and was chosen for our experiments.

It has been reported that poly(Lys-Ala) polypeptides killed bacteria efficiently through
membrane disruption [75]. The rapid interaction between bacterial membranes and AMP
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mimics (Fig. 8) would cause membrane depolarization [76], potassium release[76] or pore
formation [76], which would finally lead to cell death. Most mammalian cells, on the other
hand, are richer in the neutral phospholipids (such as phosphatidylcholine) and cholesterol,
which would lead to weaker electrostatic interactions between these cells and Gel-III. After
cross-linking, polypeptides in Gel-III likely maintained a more rigid conformation which is
thought to be preferred for killing bacteria [77–80]. It has been shown that conformationally
restrained arylamide or phenylene ethynylene oligomers exhibited much better antimicrobial
activities than other AMP mimics [77–80]. An antimicrobial hydrogel based on the
crosslinking between an AMP mimic and biocompatible chitosan was recently reported; it
was suggested that the antibacterial properties are facilitated by the nanoporous structure of
the gel [81]. Likewise, bacteria are likely interacting within the pores of Gel-III in addition
to its surface, causing enhanced bacterial membrane disruption.

Although PEG surfaces have little adhesion of proteins, they are not necessarily resistant to
bacterial adhesion [82]. To further demonstrate that the PEG component in Gel-III did not
act as an antibiotic, the bacterial growth above the PEGDA (Mw = 570) gel was also
monitored (Fig. 6). As expected, bacteria proliferated successfully on the PEGDA gel,
which suggests that the free amine groups instead of the PEG component in Gel-III likely
serve as antibacterial agents.

4.3 Gel-III vs Collagen
An additional reason collagen has been well studied in wound healing is that collagenous
fibers are the major component of scar tissue in the final step of wound repair [5]. Forms of
collagen wound dressings can be classified as hydrogels [83], sponges [69], and films [84].
Many commercial collagen-based wound dressings have already been developed, such as
Nu-Gel® (Johnson & Johnson), CellerateRX® (A Wound Management Technologies, Inc.),
Puracol Plus® (Medline Industries, Inc), or Biostep® and Biostep Ag® (Smith & Nephew).

A disadvantage of collagen hydrogels is their low mechanical properties [83]. Collagen
sponges and lattices with stronger mechanical properties have been prepared for wound
repair; however, they still showed poor in vivo stability [85–86]. Our polypeptide-PEG gel
Gel-III is much stronger than collagen gels as measured by rheology (Fig. 7), and thus, may
provide more adequate mechanical support for wound healing. Furthermore, Gel-III is likely
more stable than collagen gels both in vivo and in vitro due to its dense chemically cross-
linking network (Fig. 2).

Application of collagen wound dressings also requires sterilization or incorporation of
antibiotics [5]. Other concerns include their high cost, immunogenicity, and lot-to-lot
variability of physiochemical and degradation properties [87–88]. Our synthetic hydrogel
Gel-III can likely overcome these concerns due to its low cost, inherent antibacterial
activity, and high batch-to-batch consistency.

5. Conclusion
In conclusion, we prepared an easily-synthesized cell-adhesive hydrogel Gel-III with
inherent antibacterial activity. Our data suggest that higher weight ratios between
polypeptide and PEG in the hydrogel composition are better for cell adhesion and
proliferation. In this study, both the antibacterial and cell adhesion properties were
modulated through the addition of the polypeptides. Further studies are, however, underway
to enhance cell adhesion through the incorporation of additional biological moeities. We
expect that these novel hydrogels will have potential applications in wound healing. In
addition to their inherent antibacterial activity, easy synthesis, and high batch-to-batch
consistency, these polypeptide hydrogels should also allow for facile tethering of bioactive
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moieties [89–90], which could further enhance cell adhesion and proliferation, and
accelerate wound healing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Synthesis of polypeptides (Polypeptide-1 to -5). [1]+[2] = 1.0 M.
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Fig. 2.
Crosslinking between polypeptides and 6-arm PEG-ASG in PBS buffer (final pH = 7) at 25
°C.
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Fig. 3.
Photomicrographs of live/dead 3T3 fibroblasts adhered to hydrogels after four days in
culture.
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Fig. 4.
Mitochondrial activity of 3T3 cells on different surfaces after four days in culture. * p < 0.01
compared to Gel-VI.
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Fig. 5.
Proliferation of fibroblasts on collagen 3D gel (■), Gel-III ( ) and Gel-VI ( ) after four
days in culture, as measured by DNA contents of cells bound to hydrogels. * p < 0.01
compared to Gel-VI.
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Fig. 6.
Polystyrene control surfaces (●), Gel-III (◯) and PEGDA hydrogel (▲) surfaces challenged
with an increasing number of CFUs of E. coli JM109 (a) or S. aureus ATCC25923 (b) for 48
h. (The bacterial density was calculated by dividing the initial bacterial CFUs by the bottom
surface area of wells in the tissue culture plate)
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Fig. 7.
Storage modulus G′ (solid symbols) and loss modulus G″ (open symbols) as a function of
frequency for Gel-III (●), Gel-VI (▲), and PEGDA gel (■).
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Fig. 8.
Schematic diagram of the interaction between the positively charged Gel-III and the
negatively charged bacterial membranes. (Bacterial cytoplasmic membrane disruption may
be caused by the rapid interaction of amphiphilic structure of AMP mimics and negatively
charged lipid bilayers.)
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Table 1

Polymerization Results.

Polypeptide Expected Mn Mn
a Mw

b PDI

Intermediate-1 22829 24459 44855 1.83

Intermediate-2 19685 19952 39184 1.96

Intermediate-3 16540 17265 33415 1.94

Intermediate-4 13396 14687 27584 1.88

Intermediate-5 10252 13714 25228 1.84

a
Number-averaged molecular weight by GPC using a static light scattering and RI detection system.

b
Weight-averaged molecular weight by GPC using a static light scattering and RI detection system.
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