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Abstract
We have synthesized elastin mimetic hybrid polymers (EMHPs) via the step-growth
polymerization of azide-functionalized poly(ethylene glycol) (PEG) and alkyne-terminated
peptide (AKAAAKA)2 (AK2) that is abundant in the crosslinking domains of the natural elastin. 1

The modular nature of our synthesis allows facile adjustment of the peptide sequence to modulate
the structural and biological properties of EMHPs. Thus, EMHPs containing cell-binding domains
(CBD) were constructed from α,ω-azido-PEG and two types of alkyne-terminated AK2 peptides
with sequences of DGRGX(AKAAAKA)2X (AK2-CBD1) and X(AKAAAKA)2XGGRGDSPG
(AK2-CBD2, X = propargylglycine) via a step-growth, click coupling reaction. The resultant
hybrid copolymers contain an estimated five to seven repeats of PEG and AK2 peptides. The
secondary structure of EMHPs is sensitive to the specific sequence of the peptidic building blocks,
with CBD-containing EMHPs exhibiting a significant enhancement in the α-helical content as
compared to the peptide alone. Elastomeric hydrogels formed by covalent crosslinking of the
EMHPs had a compressive modulus of 1.06 ± 0.1MPa. Neonatal human dermal fibroblasts
(NHDFs) were able to adhere to the hydrogels within 1 h, and to spread and develop F-actin
filaments 24 h post-seeding. NHDF proliferation was only observed on hydrogels containing
RGDSP domains, demonstrating the importance of integrin engagement for cell growth and the
potential use of these EMHPs as tissue engineering scaffolds. These cell-instructive, hybrid
polymers are promising candidates as elastomeric scaffolds for tissue engineering.

Introduction
Elastin is a major extracellular matrix (ECM) protein that provides strength and elasticity to
many soft, mechanically active tissues including the skin, lungs, and vocal folds.2, 3 It is
formed by extensive crosslinking of the 72 kDa precursor tropoelastin, which contains
hydrophobic, conformationally flexible amino acid domains in alteration with hydrophilic
crosslinking domains.4 We are interested in developing hybrid elastin-mimetic, polymer-
peptide hybrid materials that maintain the structural and biological properties of the
crosslinking peptide segments in natural elastin, but possess added tunability and chemical
diversity imparted by the synthetic polymer domains, and can subsequently be used to form
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multicomponent hydrogels that can mimic the complex structure of native ECM.5, 6

Compared to genetically-engineered elastin-like polypeptides (ELPs),78 the hybrid system is
more versatile and easier to produce.6, 9 Multiblock hybrid copolymers are an attractive
intermediary between short peptides and intact ECM proteins. When properly designed,
these copolymers can effectively amplify the biological activities of the peptide and elicit
highly coordinated and dynamic interactions with the cells.

We have previously reported the synthesis of elastin-mimetic hybrid polymers (EMHPs)
with alternating multiblock architecture by a step-growth polymerization method.1

Specifically, multiblock EMHPs containing flexible synthetic segments based on PEG
alternating with alanine-rich, lysine-containing peptides were synthesized by step-growth
polymerization using α,ω-azido PEG and alkyne-terminated (AKAAAKA)2 (AK2, A:
alanine; K: lysine) peptide, employing orthogonal click chemistry. This modular synthetic
approach allows facile substitution of the polymer and peptide components to incorporate
desired chemical functionality and structural, mechanical, or biological properties. The
crosslinked EMHPs (xEMHPs) exhibited elastomeric properties and had minimal
cytotoxicity when cultured in the presence of porcine vocal fold fibroblasts. However, the
absence of cell-binding domains (CBDs) in the parent EMHPs limits their utility in tissue
engineering applications.

RGD-containing peptides have been widely used to promote cell adhesion on synthetic
polymer hydrogels, polysaccharide hydrogels, or other peptide- or protein-based materials
that are not naturally cell-adhesive.10, 11 The RGD sequence is recognized by about half of
the known integrins,12 and is therefore broadly useful for improving cell adhesion.
However, modification of the peptide sequence in a multiblock hybrid copolymer can cause
significant changes or enhancements in secondary structure, specifically α-helicity, due to
interactions between the peptide and polymer components. It has been reported that the
covalent attachment of PEG can result in helix stabilization of polymer-peptide
conjugates13, 14 or multiblock hybrid copolymers15 that contain lysine or arginine. Thus, the
secondary structure and the bioactivity of the multiblock hybrid copolymers are likely to be
dependent on the composition and the sequence of the peptidic building blocks. While
increase in α-helicity is desirable in certain applications, it is important to understand that
drastic changes or enhancements in secondary structure could potentially affect mechanical
properties and cellular responses.

In this work, EMHPs were synthesized with regularly spaced CBDs as side chains on the
multiblock polymers. Two types of CBD-containing EMHPs (EMHP-CBD1 and EMHP-
CBD2) were synthesized using telechelic azido-PEG and peptides with a sequence of
DGRGX(AKAAAKA)2X (AK2-CBD1) and X(AKAAAKA)2XGGRGDSPG (AK2-CBD2,
X = Propargylglycine) as the building blocks. The resultant hybrid multiblock copolymers
were characterized in terms of their molecular weight, chemical composition and secondary
structure. Covalent crosslinking of the multiblock copolymers resulted in elastomeric
hydrogels and the ability of these hydrogels to support the attachment and proliferation of
dermal fibroblasts was analyzed.

Experimental Section
Materials

All chemicals were used as received without further purification unless otherwise specified.
Water was deionized and filtered through a Barnstead NANOpure Diamond water
purification system.
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Characterization
1H NMR spectra were recorded in D2O or DMSO-d6 on a Bruker Avance 400 MHz or
Avance 600 MHz NMR spectrometer and the acquired NMR data were analyzed with
Bruker Topspin software. Chemical shift values were referenced using the solvent peak at
4.80 ppm (D2O) or 2.50 ppm (DMSO). The water signal was suppressed by a pre-saturation
scheme for all spectra in D2O.16, 17 1H chemical shift assignments of EMHP-CDB1 and
EMHPCDB2 were made through a number of 2D-TOCSY spectra at different mixing times
(data not shown). FT-IR spectra were obtained with a Thermo Nicolet Nexus 670
spectrometer equipped with a DuraSampIIR II ATR accessory (SensIR Technologies). An
average of 128 scans were collected for the background of the clean silicon crystal at a
resolution of 4 cm−1 from 650 to 4000 cm−1. Polymer and peptide samples were analyzed
using the same measurement parameters after depositing the solid material on the silicon
ATR crystal and gently pressed during the measurement. The background was automatically
subtracted from all sample spectra using the OMNIC software. Gel permeation
chromatography (GPC) was conducted on a system comprising a Waters 515 HPLC pump,
Ultrahydrogel 250 and Linear (7.8 × 300 mm) columns in series, and Waters 2414 refractive
index and 2996 photodiode array detectors. All samples were dissolved at a concentration of
about 1–2 mg/mL in 10 mM phosphate buffered saline (PBS) at pH 7.4 and filtered with
0.22 μm PVDF syringe filters before analysis. PBS was used as the mobile phase, and
samples were run at a flow rate of 1 mL/min. Molecular weight calibration was based on
standards of alkyne-functionalized peptide starting materials and proteins of known
molecular weights (myoglobin and catalase, purchased from Sigma-Aldrich), and data was
analyzed with Waters Empower software. Amino acid analysis (AAA) was conducted by the
Molecular Structure Facility at the University of California, Davis (Davis, CA) using a
Hitachi L-8800 sodium citrate-based amino acid analyzer (Tokyo, Japan). Peptide and
multiblock copolymer samples were cleaved by HCl hydrolysis, separated with ion-
exchange chromatography, and detected using a ninhydrin reaction. ESI-MS was conducted
on a Thermo Finnegan LCQ Advantage mass spectrometer with Surveyor MS pump.
Samples were dissolved in a mixture of 90/10 methanol/water at a concentration of ca. 0.2
mg/mL and analyzed in a positive ion mode. Peptides were analyzed by reverse-phase high
performance liquid chromatography (HPLC) on a Waters Delta 600 (Waters Corporation,
Milford, MA) system with a Waters Symmetry 300 C18 analytical column (3 μm particle
size, 4.6 × 75 mm), and Waters 2996 photodiode array detector. Semi-preparative scale
HPLC purification was conducted with a Waters Symmetry 300 C18 column (5 μm particle
size, 19 × 150 mm) and Waters Fraction Collector III.

Synthesis of N3-PEG-N3

The hydroxyl end groups of PEG (Acros, Mn = 1450 g/mol) were converted to azide end
groups (N3-PEG-N3) via a mesylate intermediate, as previously reported.1 The resultant N3-
PEG-N3 had an end-group functionality of 96%, as confirmed by 1H NMR.

Synthesis of AK2-CBD1 and AK2-CBD2 Peptides
All peptides were synthesized by standard Fmoc-based solid phase peptide synthesis (SPPS)
on a PS3 automated peptide synthesizer (Protein Technologies, Inc., Tucson, AZ). The
peptide sequences were X(AKA3KA)2X (AK2), DGRGX(AKA3KA)2X (AK2-CBD1), and
X(AKA3KA)2XGGRGDSPG (AK2-CBD2), where A = alanine, K = lysine, R = arginine, D
= aspartic acid, G = glycine, S = serine, and P = proline (Protein Technologies, Inc.), and X
= propargylglycine (AnaSpec, Fremont, CA). All peptides were synthesized on Rink Amide
MBHA resin (Novabiochem, San Diego, CA), and the N-terminus was acetylated by
capping with acetic anhydride. The peptides were cleaved and deprotected in trifluoroacetic
acid/water/triisopropylsilane (95/2.5/2.5 v/v) for 4–6 h, precipitated twice into cold diethyl
ether, collected by centrifugation, then dissolved in water and lyophilized. Characterization
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of CBD-free AK2 was reported previously.1 The crude peptide AK2-CBD1 (yield: 51%)
was purified via semi-preparative HPLC (Figure S1) with fraction collection. The mass was
confirmed via ESI mass spectrometry (m/z) 1857.7 [(M+H)+, calculated 1858.0]. The AK2-
CBD2 peptide was synthesized at a yield of 71% and its mass was confirmed via ESI mass
spectrometry (m/z) 1079.5 [(M+H)2+, calculated 1079.63], 719.8 [(M+H)3+, calculated
720.1]. 1H NMR (D2O) δ (ppm): 3.95–4.53 (m, 24H, NH-CH-CO), 3.85 (m, 2H, Ser CH2-
OH), 3.75 (m, 2H, Pro CH2-NH-), 3.22 (m, 2H, Arg CH2-NH-C(NH2)=NH2

+), 3.02 (m, 8H,
Lys CH2NH2), 2.73–2.84 (m, 6H, Asp CH2-COOH and PrGly CH2C ≡ CH), 2.48 (m, 2H,
PrGly CH2C ≡ CH), 2.32 (m, 3H, terminal COCH3), 1.9–2.07 (m, 6H, Pro
CHCH2CH2CH2-NH- and CHCH2CH2CH2CH2NH2), 1.68–1.84 (m, 22H, Arg
CH2CH2CH2-NH-C(NH2)=NH2

+ and Lys CHCH2CH2CH2CH2NH2), 1.41 (m, 38H, Ala
CHCH3 and Lys CHCH2CH2CH2CH2NH2)

Synthesis of CBD-containing Multiblock Hybrid Copolymers (EMHPs)
CBD-containing EHMPs were synthesized using N3-PEG-N3 and AK2-CBD1 or AK2-
CBD2 and the resultant hybrid copolymers are referred to as EMHP-CBD1 and EMHP-
CBD2, respectively. In a typical procedure, N3-PEG-N3 and the AK2-CBD1 or AK2-CBD2
peptide were dissolved at concentrations of 18–20 mM each at a molar ratio of 1:1 in a
mixture of water/DMSO (80/20 v/v), CuSO4·5H2O (0.2 eq, based on molar concentration of
alkyne groups), sodium ascorbate (1 eq), and the ligand tris-(benzyl-triazolylmethyl)amine
(TBTA, synthesized following a previously reported method1, 18) (0.4 eq). The reaction
mixture was stirred at 80 °C for 24 h, then diluted with water and stirred at room
temperature in the presence of Cuprisorb resin (Seachem Laboratories, Madison, GA) for
another 24 h to remove residual copper. The resin was removed by vacuum filtration. The
yellow filtrate was collected, dialyzed against water at room temperature (MWCO 3500) for
3 days, then lyophilized to obtain the CBD-containing EMHP as a fluffy, pale yellow solid.
Yield: 40%. 1H NMR of EMHP-CBD1 (D2O) δ (ppm): 7.94 (s, 3H, triazole C=CH), 4.65
(m, 3H, linker triazole-propargylglycine NH-CH-CO), 3.96–4.57 (m, 15H, NH-CH-CO),
3.71–3.83 (m, 99H, OCH2CH2), 3.22-3.02 (m, 12H, Arg CH2-NH-C(NH2)=NH2

+ Lys
CH2NH2, Asp CH2-COOH), 2.06-1.84 (m, 18H, Arg CH2CH2CH2-NH-C(NH2)=NH2

+ and
Lys CHCH2CH2CH2CH2NH2), 1.41 (m, 30H, Ala CHCH3 and Lys
CHCH2CH2CH2CH2NH2). 1H NMR of EMHP-CBD2 (D2O) δ (ppm): 7.94 (s, 1H, triazole
C=CH), 4.65 (m, 3H, linker triazole-propargylglycine NH-CH-CO), 3.96–4.57 (m, 24H,
NH-CH-CO), 3.71–3.83 (m, 218H, OCH2CH2), 3.22 (m, 2H, Arg CH2-NH-
C(NH2)=NH2

+), 3.02 (m, 8H, Lys CH2NH2), 2.63–2.68 (m, 2H, Asp CH2-COOH), 2.32 (m,
3H, terminal COCH3), 2.0 (m, 4H, Pro CHCH2CH2CH2-NH-), 1.68–1.84 (m, 20H, Arg
CH2CH2CH2-NH-C(NH2)=NH2

+ and Lys CHCH2CH2CH2CH2NH2), 1.41 (m, 38H, Ala
CHCH3 and Lys CHCH2CH2CH2CH2NH2).

Covalent Crosslinking
EMHPs were crosslinked by adding hexamethylene diisocyanate (HMDI, Sigma Aldrich) to
a 10 wt% solution of EMHP or EMHP-CBD2 dissolved in DMSO. The ratio of EMHP to
HMDI was 1:2 (w/v), which was calculated to be a molar ratio of approximately 15:1
isocyanate:lysine functional groups. After vortex mixing, ~100 μL of the EMHP/HMDI
solution was added to a 1 mL syringe, covered, and allowed to crosslink overnight at room
temperature. The crosslinked gels (xEMHP, or xEMHP-CBD2) were subsequently dried in
an oven at 50–60 °C for 8–10 h. After removal from the syringes, the gels were soaked in
acetone for 2 h followed by DI water for at least 24 h until immediately before the
measurement.
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Mechanical Testing
Mechanical analysis was conducted on an RSA III dynamic mechanical analyzer (TA
Instruments, New Castle, DE) using an 8 mm parallel plate geometry. Ten cyclic loading
and unloading tests were conducted on each sample at a compression rate of 0.05 mm/s. The
samples were allowed to recover for approximately 1 min between cycles. The compressive
modulus was calculated using the linear portion of the stress-strain curve between 5 and
10% strain, and is reported as an average of 8 individual samples ± the standard deviation.

Water Uptake
EMHP-CBD2 gels (10 repeats) were prepared as described above. After soaking in acetone
and water to remove residual or uncrosslinked material, pieces of gel were dried under
vacuum overnight before recording the dry weight. The samples were then immersed in
water for 24 h at room temperature. The wet weights were measured after blotting excess
water, and the swelling ratio was calculated as the wet weight divided by the dry weight for
each sample. The data reported were an average of at least three separate repeats ± the
standard deviation.

MTT Assay
Neonatal Human Dermal Fibroblasts (NHDFs) (ATCC, Manassas, VA) were cultured in
fibroblast basal media (ATCC) supplemented with recombinant human fibroblast growth
factor beta (rhFGF-β), L-glutamine, ascorbic acid, hydrocortisone hemisuccinate,
recombinant human insulin, 2% fetal bovine serum (FBS), and penicillin (10 units/mL),
streptomycin (10 μg/mL), and amphotericin B (25 ng/mL) (ATCC). Confluent cells
(passage 3) were trypsinized and seeded onto 24-well plates at a density of 10,000 cells/well
in 1 mL of cell culture media. The sterile-filtered (0.22 μm) peptide and polymer solutions
(N3-PEG-N3, AK2- CBD2, and EMHP-CBD2) were added to each well so that their final
concentrations were in the range of 0.002–2.00 mg/mL. The relative toxicity of these
materials was assessed with an MTT cell proliferation assay kit (ATCC) after 3 days of
culture without changing the medium. The absorbance was measured at 590 nm with a plate
reader (Perkin Elmer Universal Microplate Analyzer). Cells cultured under the same
conditions in pure medium were used as a positive control, and the results were expressed as
the measured absorbance normalized to that of the controls. The data reported were an
average of five separate repeats ± the standard deviation. Statistical analysis was performed
using a two-tailed, equal variance Student’s t-test, where a p-value of ≤0.02 was considered
to be statistically different.

Cell Attachment
EMHP/HMDI solutions were prepared in DMSO as described above. EMHP hydrogel films
were prepared by adding 2 μL drops of solution onto glass coverslips (Fisher). The
crosslinking reaction was allowed to occur overnight at room temperature while the solvent
slowly evaporated. The dry films were subsequently immersed in acetone for 2 h, soaked in
water for at least 2 h, and allowed to dry again at room temperature. The hydrogel-coated
glass coverslips and blank glass coverslip controls were sterilized with 70% ethanol for 20
minutes under the UV light (254 nm), and then left to dry under the UV light for 20 min.
Samples were rehydrated overnight in NHDF media that was free of phenol red and FBS.
The next day, media were removed before cell seeding. Cell attachment and morphology
were assessed fluorescently by labeling NHDFs pre- or post-seeding.

Cell tracker staining—NHDFs (passage 3) were pre-stained with CellTracker™ Green
(5-chloromethylfluorescein diacetate, Invitrogen) according to the manufacturer’s
instructions. The stained cells were trypsinized, counted and re-suspended in phenol red and
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FBS-free media at a concentration of 500,000 cells/mL A 25 μL of cell suspension was then
deposited on the gelcoated coverslips (films of approximately 5 mm diameter) at a density
of 62,500 cells/cm2, and the cells were incubated for 3 h at 37 °C with 5% CO2. Samples
were then rinsed with PBS, fixed with 4% paraformaldehyde (Electron Microscopy Science,
Hatfield PA) for 15 min, and rinsed again with PBS before being imaged with a confocal
microscope (Axiovert LSM 510, Zeiss).

F-actin/Vinculin staining—NHDFs (passage 3) were trypsinized, counted, and re-
suspended in phenol red- and FBS-free media at a concentration of 100,000 cells/mL. A 25
μL drop of the cell suspension was deposited on top of each gel sample. After 1 h
incubation, samples were either subjected to immunostaining (1 h time point) or replenished
with 1 mL of fresh media for additional culture for 24 h. At a pre-determined time, samples
were rinsed with 1 mL PBS, fixed with 4% paraformaldehyde in PBS for 15 min,
permeabilized for 5 min with 0.1% Triton-X100 in PBS, and blocked for 2 h with 3% BSA
(bovine serum albumin, Jackson ImmunoResearch, West Grove PA) in PBS. Following
blocking, samples were incubated for 1 h with mouse antivinculin (1/100 in 3% BSA,
Millipore, Billerica MA), then incubated for 1 h with Alexa 488 anti-mouse (1/100 in 3%
BSA, Invitrogen), and TRITC-phalloidin (1/200 in 3% BSA, Millipore) and finally
counterstained with Draq5™ (1/1000, Axxora). Between each step, samples were rinsed 2 or
3 times with a washing buffer (0.05% Tween-20 in PBS, Fisher). Before imaging, samples
were mounted using Fluoro Gel mounting medium (Electron Microscopy Science). Imaging
was done using a Zeiss LSM 510 confocal microscope.

Cell Proliferation
EMHP solutions containing HMDI were prepared in DMSO as described above. To prepare
the gel samples, 70 μL of solution was added to a cylindrical glass well (9 mm I.D., 11 mm
O.D., surface area ~0.635 cm2) to obtain a hydrogel sample with a thickness of ~1 mm. At
least three samples were prepared for every time point in each experiment. The wells were
covered with a glass slide and the gels were allowed to crosslink overnight at room
temperature. On the following day, the crosslinked gels and blank glass wells were soaked
in large volumes (at least 300 mL) of acetone for 2 h, then soaked in large volumes of DI
water for at least 24 h (changing water once) until the start of the experiment. The gels were
sterilized and equilibrated in serum free NHDF media following the procedure described
above. The trypsinized NHDFs (passage 3) were suspended in phenol red- and FBS-free
media at a concentration of 100,000 cells/mL and a 200 μL cell suspension was added to
each gel. After 6, 24, 48, 72, and 168 h, cells were rinsed with 200 μL PBS. Dead cells were
removed by the rinsing procedure, and the remaining attached cells were trypsinized for 5
min, and counted with a hemacytometer. The counting procedure was repeated 3 times and
the experiment itself was repeated 3 times. The results were expressed as mean ± SEM and
statistical analysis was conducted using a two-tailed, equal variance Student’s t-test, where a
p-value of ≤0.01 was considered to be statistically different.

Results and Discussion
Elastin mimetic hybrid polymers (EMHPs) with a strictly alternating molecular architecture
were previously synthesized using copper (I)-catalyzed azide-alkyne cycloaddition
(CuAAC) as a step-growth polymerization method using telechelic, azide-functional PEG
and an alkyne-terminated peptide that is abundant in the crosslinking domains of natural
elastin. 1 The EMHPs were found to have mechanical properties similar to the native elastin,
but lacked cell-binding motifs. Although tropoelastin does not contain an RGD motif, cell
adhesion to tropoelastin is integrin-mediated. In a recent study, the C-terminal GRKRK
motif of tropoelastin has been identified as the integrin binding motif and integrin αVβ3 as
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the major receptor necessary for fibroblast adherence and spreading onto human
tropoelastin.19 In this proof-of-concept investigation, we employed well-established cell-
binding domains (CBDs) containing the RGD sequence to demonstrate the modular nature
of our system that allows for ready incorporation of biologically active peptide motifs. We
also demonstrated that depending on the specific amino acid sequence, in some cases these
motifs could significantly increase the helicity of the EMHPs through H-bonding
interactions between the PEG and peptide. Careful selection and strategic placement of
CBDs in the AK2 peptide led to the production of xEMHPs with the ability to support the
attachment and proliferation of dermal fibroblasts.

Synthesis of CBD-containing EMHP
CBD-tagged AK2 peptides were synthesized by standard Fmoc SPPS protocols. The peptide
design was based on the AKA3KA crosslinking domains from tropoelastin, with the alkyne-
containing non-natural amino acid propargylglycine (denoted as X) at either end of the
peptide for CuAAC reaction with the azide-functional synthetic polymer domains. Although
about half of the 24 known integrins, including αvβ3, α5β1, and αIIbβ3, bind RGD ligands,
the amino acids adjacent to the RGD sequence affect which integrins bind most readily.20

The AK2-CBD1 peptide is included to demonstrate the effect of these additional peptide
sequences on the structural properties of the multiblock polymers. Cyclic DGR peptides
were recently shown to selectively bind the αvβ5 integrin,21 and other DGR-containing
peptide sequences were able to specifically bind bladder tumor cells.22 While some
competitive binding studies have indicated that DGR-containing peptides have significantly
lower integrin binding activity than RGD-containing peptides,23, 24 in other cases, the
binding activity of DGR was observed to be as high as RGD in inhibiting cell attachment to
fibronectin.25 The RGDSP sequence in AK2-CBD2 was selected to promote cell adhesion
via the α5β1 integrin, and adding flanking amino acids has been shown to increase the
peptide activity compared to RGD alone.20, 26

In both AK2-CBD1 and AK2-CBD2 peptides, glycine residues were introduced as flexible
spacers. The CBDs were also placed outside the propargylglycine residues so that after
polymerization by CuAAC, the cell adhesion domains would appear as side chains along the
multiblock polymer backbone for greater accessibility to integrins on the cell surface. For
human mesenchymal stem cells encapsulated in PEG hydrogels, RGD sequences tethered by
one terminus to the gels resulted in a greater number of focal adhesions compared to gels
that contained RGD sequences attached to the gel through both termini of the peptide.27

Steric hindrance was proposed to cause more difficulty in integrin binding to the RGD
tethered at both termini, and an RGD sequence along the backbone of multiblock polymers
in a crosslinked hydrogel would be similarly confined and hindered. Separately, azide-
functional PEG (Mn=1450 g/mol) was synthesized according to the previously reported
method via mesylation of the PEG hydroxyl end groups followed by a substitution reaction
with sodium azide. The azide end group functionality was calculated as 96% by NMR.1

The step-growth CuAAC polymerization reactions between N3-PEG-N3 and
alkynefunctional AK2-CBD1 and AK2-CBD2 peptides are shown in Scheme 1A and B,
respectively. If the copper catalyst and the ligand are chosen properly, the CuAAC reaction
can be conducted in a wide variety of organic and aqueous solvents.1, 28, 29 In this case, a
mixture of 80/20 water/DMSO was chosen for optimum solubility of all reagents. The
reaction is also highly selective and can be conducted in the presence of a number of other
chemically reactive functional groups, including those present on the side chains of the
various amino acids in the AK2-CBD2 peptide domains. CuAAC reactions have been
conducted in the presence of RGD sequences as well as lysine residues without the
occurrence of side reactions.30, 31 In addition, the 1,2,3 triazole ring products are good
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peptide bond mimics because they are planar, possess a dipole moment, and the nitrogen
atoms can participate in H-bonding with peptide amide NH groups.32, 33

The step-growth polymerization was successful with the both AK2-CBD1 and AK2-CBD2
peptides and the unreacted peptide and PEG monomers were removed by extensive dialysis.
A molecular weight increase was observed for the AK2-CBD1 peptide (Mn = 1,858 g/mol)
upon conversion to the EMHP-CBD1 product (Figure 1A, Mn = 14,800 g/mol; Mw = 51,600
g/mol, calculated from protein standards). The molecular weight was estimated to
correspond to an average of seven to ten total polymer and peptide blocks per chain, with a
maximum of up to twenty five blocks. A molecular weight increase was also observed for
the AK2-CBD2 peptide starting material (Mn = 2,155 g/mol) upon conversion to the EMHP-
CBD2 product (Figure 1B, Mn = 13,180 g/mol; Mw = 31,700 g/mol), and the molecular
weight was estimated to correspond to an average of five to seven total polymer and peptide
blocks per chain, with a maximum of up to fifteen blocks. The molecular weight is lower for
EMHP-CBD2 possibly due to the steric hindrance of the longer GGRGDSPG sequence
which could impede the reaction of the alkyne groups with PEG diazide. The inherent step-
growth nature of the polymerization inevitably gave rise to hybrid copolymers of varying
sizes.34 Consequently the GPC trace showed a relatively broad and multimodal molecular
weight distribution. A slower reaction and lower molecular weight could explain the lower
polydispersity index (PDI) observed for EMHP-CBD2 (PDI=2.4) compared to EMHP-
CBD1 (PDI=3.5)

FTIR and NMR studies were conducted to confirm the successful synthesis of the CBD-
containing AK2-CBD2 peptide and EMHP-CBD2. FTIR (Figure 2) confirmed the presence
of both PEG (C-O stretch at 1100 cm−1) and peptide (N-H stretch at 3,280 cm−1, Amide I at
1,650 cm−1, and Amide II at 1,530 cm−1) bands in the EMHP-CBD2 product. After the
polymerization, the azide asymmetric stretch at 2,100 cm−1 in the N3-PEG-N3 starting
material had mostly disappeared (some azide groups remain as end groups on the EMHP),
further indicating the high efficiency of the coupling reaction. From estimation of the areas
of the azide bands in the PEG starting material and EMHP-CBD2, relative to the C-O bands,
approximately 30% of the azide peak remained after the reaction. This agrees with the GPC
results as it corresponds to an average of about five to seven total blocks per chain if three or
four PEG blocks were in alteration with peptide blocks and two (of the six or eight total)
PEG azide end groups were left unreacted. It is possible that the presence of lower
molecular weight products or unreacted PEG diazide may also increase the area of the
residual azide peak. The remaining azide end groups could potentially be useful for further
modification of the EMHPs with alkyne-functional biomolecules.

The 1H NMR spectra of the AK2-CBD2 peptide and EMHP-CBD2 are shown in Figure 3A
and 3B, respectively. In the EMHP-CBD2 spectrum (Figure 3B), a peak from the triazole
ring (a: CH) formed as a result of the CuAAC reaction is clearly visible at 7.9 ppm. An
intense peak from the PEG repeat unit (b: CH2O at 3.7 ppm) and several peptide peaks
including the lysine side chain (c: CH2NH2 at 3.0 ppm) are also apparent. The peptide peaks
are broader in the EMHP-CBD2 spectrum because their mobility is more restricted in the
multiblock polymer. The NMR results further confirm the successful synthesis of CBD-
containing EMHPs.

Secondary structure of CBD-containing EMHP
The secondary structures of the peptide and EMHP were monitored by 1H NMR and CD
spectroscopy. As shown in the CD spectrum of AK2-CBD1 (Figures 4A), the peptide alone
exhibited α-helical conformation, as evidenced by minima at 208 and 222 nm. The
fractional helicity was calculated from the ratio of the mean residue ellipticity at 222 nm
([θ]222) over the theoretical value for a 100% helical peptide [θ]n), adjusted to account for
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the peptide length,35 and the results are summarized in Table 1. Previously, the AK2 (CBD-
free) peptide alone was shown to have increased helicity when the pH was raised because of
decreased charge repulsion upon deprotonation of the lysine residues, but the helicity of the
AK2 domain in the EMHP was significantly reduced and was not responsive to pH,1 which
was attributed to the hydrophilicity and steric hindrance of the PEG segments. A pH effect
similar to that previously observed for the AK2 peptide was observed for the AK2-CBD1
peptide (Figure 4A). At pH 7.4, AK2-CBD1 had a higher fractional helicity (9.3%) than the
AK2 peptide (6.3%). When the pH was raised to 12, the helicity of AK2-CBD1 increased to
13.7%, which is slightly lower than the AK2 peptide alone without any side chains (15.8%
at pH 11.9). Remarkably, for EMHP-CBD1 (Figure 4B), the helicity was amplified to 42.4%
at pH 7.4, and increased only slightly further upon deprotonation of the lysine residues
(46.1% at pH 12). We speculate that reduced electrostatic repulsion and increased helix
stabilization, due to H-bonding of the guanidinium groups of the arginine residues (and
amine groups of the lysine residues, to a lesser extent) with the oxygen atoms in PEG (as
well as the peptide backbone carbonyl groups), may be the reason for this effect. Arginine
can form up to five H-bonds with oxygen, and has been found to play an important structural
role in proteins such as carbonic anhydrase, xylose isomerase, and ribulose-l,5-bisphosphate
carboxylase/oxygenase.36 In a related work, arginine-rich coiled-coil-forming peptides also
showed an increase in helical content upon formation of multiblock copolymers of the
peptides with PEG.15 As mentioned previously, the triazole rings can also participate in H-
bonding either through the nitrogen atoms bonding with peptide backbone amide NH
groups, or the CH groups bonding with carbonyl oxygens,33 and these interactions may
further stabilize the helices. The AK2-CBD2 peptide alone, in contrast, exhibited reduced
helicity as compared to the CBD-free AK2 peptide, and was significantly lower at pH 12
when the lysine amines were deprotonated (7.8% for AK2-CBD2 compared with 15.8% for
AK2) (Figure 4C). The GGRGDSPG sequence in the AK2-CBD2 peptide may introduce
steric hindrance and result in a lower percent helicity than the CBD-free peptide, even when
the lysine residues are uncharged. As observed for EMHP-CBD1, however, the helicity of
the peptides in the EMHP-CBD2 was greater than that of the peptide alone at all pH values
from 7.4 to 12. This effect is also likely due to H-bonding interactions between arginine and
the PEG oxygen atoms. However, in the case of EMHPCBD2, the helicity does not increase
as dramatically (Figure 4D) compared to the peptide starting material (Figure 4C), perhaps
because the longer side chain may hinder the formation of H-bonds between PEG and the
arginine or lysine residues.

These results indicate two salient features relevant for the application of these types of
polymers as elastomeric substrates for cells. First, the EMHP-CBD1 data demonstrate that
the composition of the peptide can drastically affect the secondary structure of the peptide in
the context of multiblock polymers, which may be a useful structural handle in future studies
should increased helicity of the peptide segments result in variation of the properties of the
EMHPs. However, when considering availability of the peptides for integrin binding,
minimal extent of such H-bonding would be desirable. At pH 7.4, the high helicity of the
EMHP-CBD1 may indicate that a large percentage of the arginine residues would be
engaged in H-bonding and not available for integrin binding. Given the lower helicity of the
EMHP-CBD2 constructs, all subsequent studies were conducted using only the AK2-CBD2
peptide and EMHP-CBD2.

When comparing the expanded 1H NMR spectrum of the AK2-CBD2 peptide alone with
that of the EMHP-CBD2 in the region of the peptide α-CH groups along the backbone (4.1–
5.0 ppm) (Figure S2A and S2B), we noticed that the peaks in the EMHP spectrum were
shifted upfield from their original positions in the peptide spectrum. The 1H NMR chemical
shifts of the α-CH for each amino acid have been reported to shift upfield upon α-helix
formation and downfield upon β-sheet formation, relative to the values reported for random
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coil conformations.37–39 As shown in Figure S2A and S2B, the α-protons of serine and
proline at approximately 4.53 and 4.45 ppm in the AK2-CBD2 peptide shifted upfield to
4.44 and 4.38 ppm respectively, in EMHP-CBD2. The overlapping arginine and lysine alpha
proton peaks at ~4.35 ppm have most likely been shifted upfield as well, merging with the
alanine α-CH peak centered around 4.28 ppm in the peptide spectrum and increasing the
area of the alanine α-CH peak. These peak shifts suggest the formation of α-helical
structures in the multiblock copolymers. Due to the relatively short length of the peptide
segments in EMHPs, the observed shifts are not as large as the average shift reported for
larger proteins with a higher α-helical content.37 The peak at 4.61 ppm does not appear in
the spectrum of the peptide, as it results from the α-protons of the propargyl glycine
residues after the CuAAc reaction. The high concentration of the NMR samples
(approximately 20 times higher than the concentration of the CD samples) may also
contribute to the observed helix stabilization through increased H-bonding. The 1H NMR
spectra of the AK2-CBD2 peptide and the resultant EMHP were also studied in DMSO
(Figure S3) to assess the conformations of the peptide domains under conditions more
similar to those used during the crosslinking reaction. Similar upfield shifts of the alpha
protons were observed, indicating that the peptide domains are also helical in DMSO
(Figures S3A–D).

Hydrogel Characterization
The CBD-containing EMHPs were crosslinked with HMDI via the reaction between the
isocyanates and the lysine amines. Amino acid analysis was employed to calculate the
degree of crosslinking and to confirm that all functional groups in the RGDSP sequence
were preserved after crosslinking. The degree of crosslinking was calculated by comparing
the lysine content before and after crosslinking.1, 40 As shown in Table S1, the lysine
content was reduced in the crosslinked samples, and comparison of the lysine/alanine ratios
before and after crosslinking indicates that approximately 75% of the lysine amines were
consumed during crosslinking in the xEMHP-CBD2 hydrogels. The relative ratios of
aspartic acid, arginine, and serine (compared to alanine), in contrast, remain constant before
and after crosslinking, confirming the expectation that the side-chain functional groups of
these amino acids are not chemically modified during the crosslinking reaction. This is in
agreement with previous studies conducted on RGD-containing ELPs.41

The compressive modulus of xEMHP-CBD2 was measured on a dynamic mechanical
analyzer (DMA). Ten compression cycles were collected for each sample, and representative
stress-strain curves are shown in Figure 5. Although the samples exhibited some permanent
plastic deformation as indicated by the stress returning to zero at about 5% strain, the curves
from repeated cycles are perfectly overlapping. The permanent deformation may be caused
by irreversible structural changes after compression, as the samples did not fully return to
their original shape over extended periods of time. The modulus was calculated to be 1.06 ±
0.1MPa for fully hydrated xEMHP-CBD2 gels, which is in the range of literature values for
the modulus of native elastin (0.1–1.2 MPa).7, 42, 43 The xEMHP-CBD2 hydrogels had a
swelling ratio of 4.5 ± 1.1, demonstrating that they are able to absorb a significant amount of
water.

Cellular Responses
The hybrid multiblock copolymers are designed for use as instructive scaffolds for the
engineering of mechanically active tissues. The toxicity of the PEG diazide and AK2-CBD2
peptide starting materials, as well as that of the uncrosslinked EMHP-CBD2, was measured
using an MTT assay with neonatal human dermal fibroblasts (NHDFs). The average
absorbance shown in Figure 6 was normalized, for all samples, to a positive control of cells
in unmodified media. No significant toxicity was observed from AK2-CBD2, N3-PEG-N3,
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and EMHP-CBD2 at a concentration of 0.002–0.2 mg/mL, despite the positive charge of the
AK2-CBD2 peptide.44 All samples had a normalized absorbance above 0.85 in this
concentration range, which is similar to results observed previously with the CBD-free AK2
peptide and EMHP. The toxicity of soluble EMHP-CBD2 at 2 mg/mL was slightly higher
than that of the peptide or PEG starting materials, which may be due to a small amount of
residual copper bound to the polymer.

The moderate toxicity observed for soluble EMHP-CBD2 at 2 mg/mL does not necessarily
translate to the crosslinked hydrogels. Because the lysine amines were utilized for
crosslinking purposes, the impact of any residual positive charges would be diminished after
the crosslinking reaction. Additional purification processes were applied to the hydrogels,
thereby allowing for future removal of toxic impurities (e.g. residual copper) trapped in the
polymers. When cultured in a medium containing soluble polymers, cells are in direct
contact with all soluble components in the medium. On the other hand, when cultured on the
crosslinked hydrogels, cells are only exposed to the surface of the hydrogels, therefore, the
overall concentration of the residual copper, if any, detected by the cells would be
significantly lower.

We subsequently investigated the ability of the crosslinked, CBD-containing EMHPs to
support the attachment and proliferation of NHDFs. To observe cell attachment and growth
on xEMHP-CBD2, NHDFs were seeded on the hydrogel surface in serum-free media so that
the contribution of the cell adhesion domains could be identified without the interference
from serum proteins. Cell attachment after 3 h was observed by using fluorescently labeled
cells. As shown in Figure 7, NHDFs attached and spread on the xEMHP hydrogels with
(Figure 7C) or without the RGDSP domains (Figure 7B) as well as on the glass control
(Figure 7A) within 3 h of culture. It has been documented that fibroblasts can attach to
hydrophilic surfaces such as glass even in the absence of serum, and that attachment
improves with increased surface wettability or higher surface free energy.45 Poly(L-lysine)
and other positively charged surfaces have also been shown to promote and stabilize
fibroblast attachment both in the presence and absence of serum.46–48 In addition, the
adhesion of bone marrow stromal cells was improved and several adhesion genes were up-
regulated when the cells were seeded on films of triblock poly(ethylene glycol)-poly(L-
lactic acid)-poly(L-lysine) (PEG-PLLA-PLL) compared to films of polymer without PLL,
showing the beneficial effect of positive surface charges on cell adhesion.49 On the xEMHP
gels, cell attachment may initially be facilitated by electrostatic interactions between the
positively charged lysine residues and negatively charged cell membranes.50 In human
tropoelastin, which does not contain an RGD sequence, the mechanism of cell attachment is
also thought to be cation-dependent and involves the C-terminal GRKRK motif.19

Cell attachment to ECM ligands is integrin-mediated and involves the formation of focal
adhesion complexes.51 NHDFs seeded on the xEMHP hydrogels were also stained to
visualize the cell nuclei, F-actin stress fibers, and vinculin in the formation of focal
adhesions after 1 and 24 h (Figure 8). After 1 h, cells had attached to the substrates and cell
processes were observed on xEMHP hydrogels with or without RGDSP domains. It should
be noted that some staining of the hydrogel background was observed. This background
staining may be due to physical interactions of the phalloidin and the vinculin antibody, both
of which contain peptide bonds, with the peptide domains of the xEMHP hydrogels.
However, in all cases the cells are stained more prominently than the gel background and
can be clearly visualized.

After 24 h, NHDF cells had spread out on both EMHP substrates and displayed elongated
cell morphology (Figure 8). Cells spread most readily on glass, but filopodia were observed
anchoring the cells onto both types of xEMHP gels. The vinculin and F-actin stress fibers
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did not appear to be as strongly oriented and polymerized as for cells cultured on glass; this
is likely due to the greater degree of surface roughness and the lower modulus of the
xEMHP gels (xEMHP: 0.12 MPa;1 xEMHP-CBD2: 1.06 MPa, see above) compared to glass
(~70 GPa).52, 53 Although the NHDFs were able to attach and spread on both gels, they
seemed to elongate slightly more on gels containing the RGDSP domains and to have a
shape that is more similar to the cells seeded on glass. It is likely that both integrin
engagement and charge-charge interactions contribute to cell attachment on xEMHP-CBD2
hydrogels.

Although both surfaces supported cell adhesion, differences in the proliferation of cells on
the xEMHPs was assessed by seeding the crosslinked gels with NHDFs and counting the
cells at 6, 24, 48, 72 and 168 h (Figure 9). Six and twenty-four hours post-seeding, no
statistical difference in the cell number was observed between the gels with or without
RGDSP. However, after 48 h, the cell number on xEMHP-CBD2 was significantly higher
than that on xEMHP without integrin-binding domains. Over 7 days of culture, NHDFs were
able to proliferate on the xEMHP-CBD2 gels up to a cell number that was 3.6 times higher
than the number at 6 h post-seeding. On xEMHP gels, the cell number did not increase
significantly from 6 h to 7 days post-seeding. These results indicate that although the initial
cell adhesion is similar on both EMHP gels in terms of cell number and shape, specific cell-
receptor interactions with the immobilized RGDSP domains are required for cell
proliferation to occur on the EMHP hydrogel surface. After 7 days, the fibroblasts will have
produced significant amounts of ECM components that may contribute further to cell
adhesion and proliferation. However, the presence of integrin-binding RGD domains allows
signal transduction and FAK activation, and has been reported to result in the deposition of
more organized ECM components, specifically collagen,54 and the synthesis of more
uniform tissue in vivo.55 These factors may also contribute to the increased proliferation
observed on xEMHP-CBD2. Noteworthy, NHDFs exhibited a significantly higher
proliferation capacity on glass than on xEMHPs with or without RGDSP (Figure 9). This is
not surprising considering the higher modulus of the glass substrate compared to
xEMHPs.53, 56 Additionally the better cell attachment on glass led to a higher initial seeding
density which in turn promoted a faster cell proliferation.

Similar cell adhesion and proliferation results to the xEMHP and xEMHP-CBD2 gels were
observed on a poly(D,L-lactic-co-glycolic acid) (PLGA) mesh functionalized with both
amine groups and a covalently grafted RGD peptide.57 The aminated PLGA mesh showed
improved cell attachment compared with the original PLGA mesh because of the positively
charged amine groups, but cell adhesion and proliferation were further enhanced when the
PLGA was both aminated and modified with the RGD-labeled peptides. As in the xEMHP-
CBD2 gels, the PLGA meshes also contained PEG, but the non-adhesive effect of the PEG
was overwhelmed by the positively charged amine groups as well as the RGD cell adhesion
domains. These results, along with the results observed from the xEMHP hydrogels,
demonstrate that initial cell adhesion can be achieved through electrostatic interactions, but
the presence of integrin-binding domains is critical for cell proliferation.

The number of integrin-binding domains required for cell adhesion, spreading, and
proliferation has been studied on a variety of substrates, and the RGDSP density on the
surface of the xEMHP-CBD2 hydrogels was estimated for comparison with previous
literature values. When considering a 10 nm hydrogel surface layer exposed to cells (in
wells of the same diameter used in the proliferation studies, see Figure 9 and related
description), the density of RGDSP on the xEMHP-CBD2 hydrogel surface can be
calculated as approximately 26 nmol/cm2 based on a concentration of 10 wt% polymer, the
known molecular weight of the soluble EMHP as determined by GPC (Figure 1), and the
assumption that all multiblock copolymer chains contain strictly alternating polymer and
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peptide blocks (therefore the chains can be estimated to contain an average of three RGDSP
peptide units). Human foreskin fibroblasts were shown to attach and spread on glass with
covalently immobilized GRGDY peptides at a surface concentration of 1 fmol/cm2, but at
least 10 fmol/cm2 was required for focal contact and stress fiber formation.58 On alginate
gels containing GGGGRGDY peptides, myoblasts were able to attach at a surface
concentration of 1 fmol/cm2, but a higher density of 10 fmol/cm2 was required for
significant spreading, and optimum proliferation was achieved at 30 fmol/cm2.59 Although
the RGDSP surface density in the xEMHP-CBD2 hydrogels is higher than these values, the
concentration employed here may be necessary to account for the fact that not all of the
RGDSP units may be accessible to cells due to the linker length, surface roughness of the
hydrogels, and H-bonding of a number of the arginine residues with the PEG backbone as
described above.

Conclusions
Multiblock EMHPs were synthesized by a step-growth, click coupling of α,ω-azido PEG
and alkyne-terminated peptides with a sequence of DGRGX(AKAAAKA)2X (AK2-CBD1)
and X(AKAAAKA)2XGGRGDSPG (AK2-CBD2). The CBD-containing EMHPs exhibited
increased helical structure compared to the peptides alone, likely owing to H-bonding
between the arginine residues with the oxygen atoms in PEG. EMHP-CBD2 was crosslinked
into hybrid hydrogels that had a compressive modulus in the same range as native elastin.
Neonatal human dermal fibroblasts were able to attach to the EMHP hydrogels 1 h post
seeding, and adopt a spindleshaped morphology after 24 h of culture. Initial cell adhesion is
most likely due to the interaction of positively charged lysine and arginine residues with the
cell membrane in addition to integrin engagement through the RGDSP domains. However,
after 7 days, the cell number increased only on the RGDSP-containing EMHPs, showing
that the integrin-binding domains are needed for proliferation. The CBD-containing EMHPs
are promising tissue engineering scaffolds that are not only strong and elastic, but can
support cell adhesion and growth.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
GPC characterization of the step growth polymerization of AK2-CBD1 (A) and EMHP-
CBD1 (B) with N3-PEG-N3. Mobile phase: PBS, pH=7.4. Detector: photodiode array (PDA)
at 214 nm. Molecular weights calculated by comparison with protein standards.
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Figure 2.
FTIR spectra of N3-PEG-N3, AK2-CBD2 peptide, and EMHP-CBD2.
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Figure 3.
1H NMR spectra of AK2-CBD2 peptide (A) and EMHP-CBD2 (B) in D2O with water
suppression by presaturation.

Grieshaber et al. Page 18

Biomacromolecules. Author manuscript; available in PMC 2013 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Circular dichroism spectra of AK2-CDB1 peptide (A), EMHP-CBD1 (B), and AK2- CBD2
(C), and EMHP-CBD2 (D) at pH 7.4, 10, 12. All spectra were measured in PBS at 20 °C.
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Figure 5.
Representative loading-unloading curves for hydrated xEMHP-CBD2. Samples were
allowed to recover for 1 min after each run.
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Figure 6.
MTT assay of N3-PEG-N3, AK2-CBD2 peptide, and EMHP-CBD2 multiblock at
concentrations of 0.002, 0.02, 0.2, and 2 mg/mL using NHDF. An asterisk indicates
statistical difference from other concentrations of the same material and a bar indicates
statistical difference between two materials at the same concentration when p ≤ 0.02.
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Figure 7.
NHDF attachment on glass (A), xEMHP (B), and xEMHP-CBD2 (C) after 3 h in serum-free
media. NHDFs were stained with CellTracker Green prior to cell seeding. Scale bar 200 μm.
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Figure 8.
Cell attachment (NHDFs) on glass, xEMHP, and xEMHP-CBD2 after 1h and 24h. NHDFs
were stained with Draq-5 (nuclei, blue), TRITC-phalloidin (F-actin, red), and mouse anti-
vinculin (primary antibody) and Alexa 488 anti-mouse (secondary antibody) (vinculin,
green).
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Figure 9.
Proliferation of NHDFs on glass (black squares), xEMHP-CBD2 (red circles) and xEMHP
free of CBDs (blue triangles) in serum-free media. Statistical analysis: an asterisk indicates
statistical difference between glass and both xEMHPs, and a pound sign indicates statistical
difference betwenn xEMHP-CBD2 and xEMHP at a specific time point, with p ≤ 0.01.

Grieshaber et al. Page 24

Biomacromolecules. Author manuscript; available in PMC 2013 June 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Synthesis of EMHP-CBD1 (A) and EMHP-CBD2 (B) by step growth polymerization using
azide-functionalized PEG and alkyne-terminated AK2-CBD1 (A) or AK2-CBD2 (B)
peptides.
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Table 1

Fractional helicity of peptides and EMHPs at pH 7.4, 10, and 12.

Sample ID
Fractional helicity

pH 7.4 pH 10 pH 12

AK2-CBD1 peptide 9.3% 6.6% 13.7%

EMHP-CBD1 42.4% 28.3% 46.1%

AK2-CBD2 peptide 3.9% 4.8% 7.8%

EMHP-CBD2 6.6% 6.7% 9.0%
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