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B
iomolecules have the remarkable abil-
ity to self-assemble into well-defined
and intricate structures.1 One of the

most typical examples is collagen, the
most prevalent component in extracellular
matrix.2 Collagen molecules consist of three
polypeptide R chains, each of them contain-
ing a repeatingGly-Xxx-Yyy sequence,where
X and Y are usually proline and hydro-
xyporline.3,4 The three chains are supercoiled
around a central axis to form a triple helix,
which is the fundamental and characteristic
structural unit of collagen. Essential biophy-
sical properties of collagen are derived from
the triple helix, including thermal stability,
mechanical strength, and the ability to
engage in specific interactions with other
biomolecules.2 Collagen fibrillogenesis, the
assembly of collagen into fibers in vivo, is
mainly due to this triple-helix structure.
On the other hand, the collagen fibrillogen-
esis has a stabilizing effect on the triple helix.
In vivo, collagen molecules are synthesized
by cells and released out into the extracel-
lular space after intracellular enzymaticmod-
ification. In the extracellular space, collagen
molecules assemble to formfibers to support
cell development and tissue formation. Col-
lagen fibers are of broad biomedical impor-
tance andhave a central role in arthritis, tissue
repair, fibrosis, tumor invasion, and cardio-
vascular disease.2,5,6 Collagens are thought
not only as structural constituents in extra-
cellular matrix but also as functional biomo-
lecules. Some cell-binding motifs, such as
aspartic-glycine-glutamate-alanine (DGEA)
andGFOGER,were found in collagen. Several
integrins, such as R1β1, R2β1, R3β1, R10β1, and
R11β1, have been shown to bind to these
bioactive motifs of collagen and activate cyto-
plasmic intracellular signaling pathways.7�11

Integrin-mediated cell adhesion to collagen
is known to be crucial for biological processes

such as embryogenesis, homeostasis, and
tissue remodeling and healing.12,13

Much progress has been made in eluci-
dating and mimicking the structure of the
collagen triple helix and its stability.2 Syn-
thetic collagen model peptides comprising
the repeating units of glycine-proline-hy-
droxyproline (GPO) have been synthesized
and used to study the triple helix of col-
lagen. The stability of the triple helix was
dependent on the number of repeating
units. In addition, collagen-mimetic pep-
tides containing unnatural residues have
also been synthesized, including repeating
Gly-Nleu-Pro, Gly-Pro-Nleu, and Gly-Pro-
FPro (where Nleu = N-isobutylglycine,
FPro = trans-4-fluoroproline).14�16 These col-
lagen peptides with unnatural residues
have been shown to enhance the stability
of the triple helix. Recently, bioactive motifs
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ABSTRACT Molecular assembly of protein and peptide is highly specific and frequently occurs in

biological systems. Collagen, which is the most abundant component in extracellular matrix, can

assemble into fiber and play an essential role in cell adhesion and growth. Since native collagen is

difficult to modify and can engender pathogenic and immunological side effects, its application on

tissue regeneration is limited. The preparation of collagen-mimetic materials, hence, is gaining

interest in the field of tissue regeneration. Collagen peptides have been synthesized to mimic some

properties of collagen, such as its triple helix. However, few studies have been done to prepare

artificial collagen fiber to mimic its high-level structure and biofunctions. In this work, a novel

collagen-mimetic peptide amphiphile (CPA) was prepared by conjugating a single hydrophobic tail

with a collagen-mimetic peptide, supplemented with bioactive glycine-phenylalanine-hydroxypro-

line-glycine-glutamate-arginine (GFOGER). The physical studies indicated that the CPA had a

collagen-mimetic triple-helical conformation and was able to self-assemble into nanofiber. In

addition, the CPA conjugated with the integrin-specific GFOGER sequence was shown to promote

collagen-mimetic cell adhesion and development. The self-assembled peptide nanofiber was shown

to have the ability to structurally and biologically mimic native collagen fiber. We anticipate that this

artificial collagen fiber holds great potential as collagen-mimetic materials for tissue regeneration

applications.
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were introduced tomake these peptides biofunctional.
The integrin-specific GFOGER sequence, derived from
residues 502�507 of collagen R1 (I), has been iden-
tified as a major cell-binding site within type I
collagen.17�20 Different from other collagen cell-bind-
ing motifs, GFOGER within the triple-helical domain of
collagen is recognized by integrin receptors in a con-
formation-dependent manner. Previously, we have
synthesized collagen-mimetic peptides (CMPs) by in-
corporating GFOGER into the repeating structural units
(GPO)n.

19�21 The CMP sequence was designed as
GPOGPOGPOGPOGFOGERGPOGPOGPOGPOGPO, which
has been shown to form a triple helix and possess
collagen-mimetic functions such as cell adhesion,
and has been used to engineer collagen-mimetic
bioactive surfaces.19,21�23

These synthetic collagen-mimetic peptides men-
tioned above, although valuable for understanding
andmimicking the triple-helix structure and functional
properties of collagen, are limited for many potential
biomaterial applications. The limitation is mainly due
to their small size, which does not approach the scale of
natural collagen protein or fiber. Inspired by collagen
biosynthesis, material scientists thus are seeking to
fabricate artificial collagen fibers that can resemble the
properties of natural collagen fibers via chemical and
self-assembly routes. Raines' group and Koide's group
have independently designed and synthesized short
collagen fragments in which the three strands are held
in a staggered array by disulfide bonds.24,25 Self-
assembly of these short, triple-helix fragments was
mediated by the association of the sticky ends, result-
ing in collagen fibers as long as 400 nm.24 Maryanoff
and co-workers developed a π-stacking approach to
produce micrometer-scale triple-helical fiber.26 Przy-
byla and Chmielewski used metal-induced self-assem-
bly to obtain collagen fibers.27 Recently, Chaikof and
co-workers reported the observation of a D-periodic
structure in their synthetic collagen fibers.28 All of
these have successfully fabricated artificial collagen
fibers with some properties of native collagen, which
have narrowed the gap in biophysical properties be-
tween native and artificial collagen fibers. However,
more work is necessary to bridge this gap, especially
for incorporating biological properties. The fabrication
of artificial collagen fibers with both structural and
biofunctional properties may provide significant po-
tential applications in tissue regeneration.
In this work, we aim to use a self-assembly strategy of

single-tail peptide amphiphiles to scale up collagen-
mimetic peptides to form artificial collagen fibers with
both the structural and biological properties of native
collagen. This molecular self-assembly strategy was de-
veloped by Stupp's group and has been shown to be a
versatile way for simultaneously controlling nanostruc-
ture and chemical functionality.29�32 Briefly, CMPs were
synthesized and conjugated into single hydrophobic

carbon tails to form CPAs. The nanostructure and che-
mical functionality of self-assembling CPAs were then
studied through various characterization methods.
Transmission electron microscopy (TEM) was used to
study the self-assembled nanostructure of CPAs. The
conformation of CPAs was characterized using circular
dichroism (CD) spectroscopy andmelting curve analysis.
Cell-binding activity of CPAs was studied through cell
adhesion and cytoskeletal immunofluorescence stain-
ing. These studiesmayprovideabetter understandingof
the fabrication of artificial collagen fibers using a single-
tail peptide amphiphile strategy, and the fabricated
collagen-mimetic fibers should hold high potential for
tissue regeneration applications.

RESULTS AND DISCUSSION

Design and Synthesis of Collagen-Mimetic Peptide Amphi-
philes. A series of CPAs have been designed and
synthesized, based on the designing principles of
single-tail peptide amphiphiles.30�34 CPAs contain four
segments, namely, an N-terminal palmityl segment, a
β-sheet-forming segment, a lysine spacer, and an
epitope segment, shown in Figure 1. The single palmi-
tyl segment is designed to drive amphiphilicmolecules
to aggregate into micelles. The β-sheet segment aims
to elongate the micelles into nanofibers via β-sheet-
type hydrogen binding. The lysine spacer is used to
connect the epitope segment with hydrophobic and
beta-sheet segments as well as to make CPAs control-
lable. In this work, three collagen-mimetic peptide
sequences were inserted into the epitope segments
of peptide amphiphiles, as shown in Table 1. Collagen-
mimetic peptide 1 (CMP1) incorporated with the GFO-
GER motif, (GPO)3GFOGER(GPO)3, has been found to
form a triple helix and possess biofunctions such as
promoting liver cell adhesion, proliferation, and func-
tions in previous studies.19�21 CPA composed of CMP1
in the epitope segment is termed CPA1, as shown in
Figure 1. In addition, two reference CPAs (i.e., CPA2 and
CPA3) were designed and synthesized. The difference
between CPA2 and CPA1 is the absence of the bioac-
tive sequence GOFGER. In CPA3, a short collagen-
mimetic peptide, (GPO)2GFOGERGPO, was inserted in
the epitope segment. All peptide sequences were
synthesized by the solid phase peptide synthesis
method and then were conjugated with palmitic acid
via an amide bond to form peptide amphiphiles. Mass
spectroscopy was used to verify the identity of each
product, and the result showed that the molecular
weight of each product obtained was consistent with
that of the desired product.

Although peptide amphiphiles incorporated with
small bioactive sequences such as arginine-glycine-
aspartic acid (RGD) and isoleucine-lysine-valine-ala-
nine-valine (IKVAV) in epitope segments have been
shown to self-assemble into nanofibers and have
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corresponding biofunctions,34,35 it is unknown whether
CPAs incorporated with long collagen peptides in epi-
tope segments could self-assemble into nanofiber.
Fields' and Tirrell's groups, for example, have synthe-
sized collagen peptide amphiphiles by conjugating
collagen peptides with single or double hydrocarbon
tails.36 However, their collagen peptide amphiphiles
have formed only spherical micelles instead of
nanofibers.36�39 Moreover, even if CPAs could self-
assemble into well-defined nanofibers, it is still un-
known whether the collagen-mimetic peptide seg-
ments could form a triple helix and retain biofunctions
in the formation of nanofibers. The process of the self-
assembly of CPAs is hypothesized and shown in Figure
2. It is hypothesized that the CPAs may form triple
helices in aqueous solution and may self-assemble into
nanofibers after screening the positive charges of the
lysine spacer. To confirm this hypothesized self-assem-
bly process and to verify the biofunctions of self-
assembled nanofibers, studies of nanofiber morphology,
secondary structure, and cell assay were performed.

Study of Morphological Structure. Amphiphilic mol-
ecules can spontaneously form micelles in aqueous
solution when the concentration is above a critical
micelle concentration (CMC). The CMC of CPAs is
around 0.003 mg/mL. Thus, the subsequent experi-
ments were conducted above this concentration to
ensure micellization. TEM micrographs of Figure 3
show the morphology of self-assembled CPA1 after
screening the positive charges of the lysine spacer via
base induction of NH4OH. The micrographs indicate
that, after screening the positive charges in the lysine
spacer, the CPA1 can self-assemble into nanofibers
with a diameter of approximately 16 nm and lengths

in the micrometer range. CPA2 and CPA3 can also self-
assemble into nanofibers with similar morphology
when their charges are similarly screened (see Figure
S1 in the Supporting Information). The diameter of the
CPA3 fiber, around 13 nm, is slightly smaller than that
of CPA1 and CPA2, which may be due to its shorter
head group. On the basis of the TEM micrographs, the
absence of a triple helix in CPA3 does not obviously
affect the morphological properties of the self-assem-
bling nanofibers. In addition, we observed that CPAs
could also self-assemble into nanofibers, although
short, without screening the positive charges. The
above results demonstrate that CPAs incorporated
even with long collagen-mimetic peptides can self-
assemble into nanofibers instead of spherical micelles,
which is not consistent with the results from previous
studies of Fields' group.36,37,40,41 The self-assembly of
collagen peptide amphiphiles synthesized by Fields'
group into spherical micelles instead of nanofibers
may be due to the presence of hydroxyproline in the
β-sheet segment, because hydroxyproline has been
shown to disrupt the formation of β-sheet-type hydro-
gen bonding. In our design, the AAAAA sequence is
introduced next to the single-hydrocarbon tail to be a
β-sheet segment, in which the β-sheet-type hydrogen
bonding is formed to drive the elongation of micelles
into nanofibers. In addition, peptide nanofiber hydro-
gels can form when the concentration of CPAs is
increased and the charges are screened, as shown in
Figure 4. To visualize its structure, the hydrogel was
treated by the critical point drying technique and was
observed using scanning electron microscopy (SEM).
SEM micrographs of Figure 4c show the fiber-network
structure of the hydrogel. The formation of the hydro-
gel may be due to the entanglement of nanofibers. The
peptide fiber hydrogel holds high potential for the
application of tissue engineering and regeneration.

CD Spectra. Structurally, native collagen has a triple-
helix characteristic. To mimic native collagen, the for-
mation of the triple helix thus is inevitable and is
fundamental, which greatly affects the biophysical
properties of collagen, such as thermal stability, mo-
lecular assembly, and bioactivity. The collagen-mi-
metic triple helix exhibits a unique CD spectrum

Figure 1. Molecular structure of CPA1 that contains four segments: lipophilic, β-sheet, spacer, and epitope segments.
A bioactive GFOGER sequence is inserted within the repeating structural unit GPO as the epitope segment.

TABLE 1. Primary Molecular Sequence of CPAs and Their

Molecular Weights

CPA sequencea molecular weight

CPA1 C16-AAAAAKKKKG(GPO)3GFOGER(GPO)3G 3502.1
CPA2 C16-AAAAAKKKKG(GPO)8G 3376.9
CPA3 C16-AAAAAKKKKG(GPO)2GFOGERGPOG 2572.0

a Standard one-letter code is used to express the amino acid sequences, except
where noted. O represents a hydroproline residue.
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characterized by a positive peak at around 220 nm, a
crossover near 213 nm, and a large negative peak at
approximately 197 nm (see Figure S2 in the Supporting
Information).42,43 The CD spectra of CPA1, CPA2, and
CPA3 at 25 and 70 �C are shown in Figure 5. CPA1
exhibited CD spectral features characteristic of a col-
lagen-mimetic triple helix, with a positive peak around
220�225 nm and a large negative one near 200 nm, as
shown in Figure 5a. The CD spectra of CPA1 displayed a

red shift in band positions with respect to the CD
spectral band positions of collagen, probably due to
the higher percentage of amino acid content.44 Similar
to native collagen, the temperature can affect the peak
intensity of CPA1: at higher temperature, the peak has
lower intensity. In the CD spectra of CPA2, similar
trends were observed, indicating the presence of a
triple helix. In addition, the CD spectra of CPA3 did not
display any feature that is indicative of the presence of
a triple helix. The absence of a triple helix in CPA3 may
be because there are not enough repeating structural
units of (GPO)n to drive the folding of CPA3 into the
triple-helix structure. The above results demonstrate
that CPA1 and CPA2 may have triple-helix secondary
structure, but CPA3 should not display the feature of a
collagen-mimetic triple helix.

Melting Point Study. Since the CD spectrum of the
collagen-mimetic triple helix is similar to that of the
Polypro II helix, further verification of the formation of

Figure 2. CPA1 self-assembly process: three collagen-mimetic peptide head groups self-assemble into a triple helix, while the
hydrophobic tails and β-sheet-type hydrogen bonding drive and guide the assembly of triple-helical CPA1 into nanofibers.
The peptide portion is exposed on the periphery of the nanofiber.

Figure 3. TEM micrographs of self-assembled peptide na-
nofibers with a diameter of ∼16 nm. The peptide concen-
tration for TEM testing was 0.1 mg/mL, which was diluted
from 1% w/v peptide gel.

Figure 4. CPA solution (a) with 1% w/v concentration was
prepared in deionized water and treated with NH4OH to
screen the positive charges to form peptide nanofiber gels
(b). The vial was tippedupsidedown to illustrate that the gel
is self-supporting. (c) SEM image of the peptide gel after
critical point drying.

Figure 5. CD spectra of (a) CPA1, (b) CPA2, and (c) CPA3
obtained at room temperature (blue line) and 70 �C (pink
line). Samples were prepared at 0.5 mg/mL in water.
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the triple helix in CPAs is necessary. Triple helices melt
in a highly cooperative manner, as the structures are
stabilized by both intra- and interstrand hydrogen-
bonding water networks.45�47 This provides a basis
for distinguishing triple helices from the Polypro II-like
and nonsupercoiled structures through the compari-
son of their thermal melting characteristics.47 The
thermal stability of the peptide-amphiphiles was stu-
died by monitoring their ellipticity at λ = 225 nm, as a
function of temperature. The melting point curves of
CPA1 at different concentrations, 0.5, 0.7, and 2mg/mL,
are shown in Figure 6a, and the first derivative of mean
residue ellipticity (MRE) used to indicate the melting
point is represented in Figure 6b. Themelting profile of
CPA1 exhibited a sigmoidal feature, indicating a co-
operative transition, which is typical of a triple-helical
conformation. The first derivative of themelting curves
gave a melting temperature (Tm) of 39 �C for 0.5 mg/mL,
39 �C for 0.7 mg/mL, and 47 �C for 2 mg/mL. The value
of Tm represented the stability of the triple helix:
the higher the value of Tm, the more stable the triple
helix. The stability of the triple helix increased with
increasing concentration, as confirmed by the increase
in melting temperature. In a previous study, the melt-
ing point of collagen peptide (GPO)3GFOGER(GPO)3 at
0.5 mg/mL was found to be at 25 �C.21 This indicates
that the thermal stability of the triple helix in CPAs is
higher than that of collagen peptide, which is consis-
tent with previous reports from Fields' group that the
thermal stability of the triple helix could be enhanced
through amphiphilic assemblies.37,38 The enhanced
stability may be due to the flexibility of the alkyl chain
and the hydrophobic interaction that drives the tails
together, thus bringing the collagen peptide head
groups closer. Such collagen peptide assembly results
in tight alignment of the three termini, which stabilizes
the triple helix.45

The refolding melting study was performed to
investigate the refolding behavior of the triple-helical
structure in the form of amphiphilic assemblies. CPA1,
CPA2, and CPA3 were induced to undergo the refold-
ing process in solution as the temperature was de-
creased from 80 �C to 5 �C. The unfolding and refolding
melting curves of CPA1 and CPA2 at 0.7 mg/mL are
shown in Figure 7. CPA3 did not possess a cooperative
melting transition curve due to the absence of triple
helices, as seen in Figure S3 in the Supporting Informa-
tion. The symmetry between the unfolding and refold-
ingmelting curves indicates that the folding process of
the triple-helical structure in CPA1 and CPA2 is rever-
sible. For CPA1, Tm obtained from the first derivative of
the refolding melting curve gives a value of 39 �C,
consistent with the value obtained from the unfolding
melting curve, as shown in Figure 7b. For CPA2, the Tm
value of the refolding melting curve is around 42 �C,
consistent with that of the unfolding melting curve, as
shown in Figure 7d. The Tm of CPA2 in the unfolding

and refolding process is slightly higher than that of
CPA1, which may be due to more repeating units of
(GPO)n and the higher stability of the triple helix in
CPA2. The folding results show that the unfolded
collagen-mimetic head group is almost able to com-
pletely refold into a triple-helical conformation in a
short time. The ability of quick and complete refolding
of CPA1 and CPA2may be due to the tight alignment of
the three collagen peptide head groups in the amphi-
phile, which canmake the collagen head groups closer.
Therefore, the triple-helical peptide gel formed by
CPA1 and CPA2 nanofibers can recover quickly and
completely after being denatured at high temperature.

Cell Adhesion Assay. The bioactive motif GFOGER with
the triple-helical domain of collagen has been shown to
recognize and combine with several integrin receptors
ofR1β1,R2β1,R10β1, andR11β1.17�20,52 Previously,we
have shown that triple-helical peptides conjugatedwith
GFOGER could specifically bind to integrin receptors of
several cells.19�21 In this study, HepG2 cells were used
to examine the bioactivity of CPAs since the cells can
constitutively express R1, R2, R6, and β1 subunits
and thus are a suitable model system in the study of
bioactivemotif GFOGER.51HepG2 cellswere culturedon
the surfaces of substrates coated with bovine serum
albumin (BSA), collagen, CPAs (CPA1, CPA2, and CPA3),
and collagen peptides (CP1, CP2, and CP3, where
the sequences are (GPO)4GFOGER(GPO)4, (GPO)10, and
(GPO)2GFOGERGPO, respectively). Cell adhesion to
the native collagen substrate was taken as the 100%

Figure 6. Unfolding melting studies of CPA1: (a) the un-
folding melting curves showed cooperative transition of
CPA1 at different concentrations, 0.5 mg/mL (green line),
0.7 mg/mL (pink line), and 2 mg/mL (blue line); (b) the first
derivative of unfolding melting curves indicated the Tm
values of 39 �C for 0.5mg/mL, 39 �C for 0.7mg/mL, and47 �C
for 2 mg/mL.
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reference level. It could be seen from Figure 8 that the
percentages of the cell adhesion to CPA1, CPA2, CPA3,
CP1, CP2, and CP3 were approximately 83%, 25%, 30%,
70%, 30%, and 28%, respectively. Cell adhesion results
indicate that HepG2 cells attached on the surfaces of
CPA1 and CP1 more efficiently, as compared to other
surfaces. The cell-binding activity of CPA1 was slightly
higher than that of CP1, indicating that the GFOGER
sequence within the amphiphiles retained and even
improved its cell-binding activity. The receptors on the
cell membrane surface could recognize and interact
with the bioactive sequence located on the periphery of
the nanofiber. In addition, the absence of the GFOGER
hexapeptide in CPA2 and CP2 led to a marked loss of

activity and adversely affected the level of HepG2 cell
adhesion. Although being conjugatedwith the GFOGER
sequence, CPA3 and CP3 exhibited lower cell adhesion.
This may be due to the absence of a triple-helical
conformation of CPA3 and CP2, since the GFOGER
sequence is biologically active only when present in a
triple-helical conformation.19,21 Not only thermal stabi-
lity but also cell-binding ability are dependent on the
triple-helical conformation.

Figure 7. Melting curves of unfolding (blue line) and refolding (pink line) of CPA1 (a) and CPA2 (c) prepared at 0.7 mg/mL
show that themelting transition of CPA1 and CPA2 is reversible. The rate of temperature change is 0.25 �C/min for the folding
processes. Thefirst derivative ofmelting curves of CPA1 (b) andCPA2 (d) showsnegative andpositive curves for the unfolding
and refolding process, respectively. The Tm value of CPA1 is 39 �C, lower than that of CPA2, with a Tm of 42 �C. The arrows
represent the direction of temperature.

Figure 8. Adhesion of HepG2 cells as a function of surface
composition: heat-denatured BSA, calf-skin collagen, CPA1,
CPA2, CPA3, CP1, CP2, and CP3. Cell adhesion to collagen
was used as a 100% reference level. Student's t test, with
p<0.05 for * significantlydifferent fromBSA,CPA2,CPA3, CP2,
and CP3 and ∧ significantly different from CPA1 and CPA2.

Figure 9. Cell adhesion and spreading of HepG2 cells as a
function of substrates: collagen (a), CPA1 (b), CPA2 (c), and
CPA3 (d). Cells were fixed and stained for actin stress fibers
(red) and nuclei (blue) after being incubated in serum-free
medium and examined by confocal microscopy. Scale bar is
10 μm.
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Immunofluorescence Staining for Cell Adhesion and Spread-
ing Study. The adhered HepG2 cells were fixed and
stained for actin stress fibers and nuclei after being
incubated in serum-free medium to study their cytos-
keletal organization. The confocal images presented in
Figure 9 showed that the HepG2 cells displayed a well-
developed actin cytoskeletal structure on collagen and
CPA1-coated substrates. In addition, cell adhesion and
spreading were extensive on both substrates, indicat-
ing the ability of CPA1 to mimic the collagen adhesion
profile. On the other hand, the actin cytoskeletal
organization became less pronounced in the cells
seeded on CPA2- and CPA3-coated substrates, and
most HepG2 cells remained spherical. The absence of
GFOGER hexapeptides or deletion of the triple-helical
conformation substantially decreased HepG2 cell
spreading. Cell spreading on collagen and CPA1-mod-
ified surfaces is distinctly different from the interaction
between the cells and other synthetic polymers, in that
the latter merely depends on the nonspecific contact
between the cell membrane proteins and the func-
tional groups of polymers.49,50 In fact, the extensive cell
spreading shown in this work may be the result of the
integrin-mediated cell adhesion process. To visualize
the interaction between cells and CPA1 fibers, cells
cultured on the top of a thin CPA1 fiber gel were dried
at the critical point and observed under SEM. SEM
micrographs (see Figure S4 in the Supporting
Information) show that the cells can spread well on
the top of CPA1 fibers. The above results demonstrate

that the self-assembled peptide nanofibers from
triple-helical constructs of CPAs with the GFOGER
sequence are able to promote cell adhesion and
spreading, indicating the ability to biologically mimic
collagen.

CONCLUSION

The present work was to synthesize and characterize
novel collagen-mimetic peptide amphiphiles. It was
found that CPAs could self-assemble into peptide na-
nofibers. Moreover, the peptide nanofibers were shown
to possess a collagen-mimetic triple helix and cell
adhesion ability. The results indicate that the collagen-
mimetic peptide nanofibers are able to structurally and
functionally mimic native collagen fibers. Compared
with the artificial collagen fibers reported by other
groups, collagen-mimetic peptide nanofibers synthe-
sized in this study not only can structurally resemble the
collagen-mimetic triple helix but also have functional
properties of collagen such as promoting cell adhesion
and cell spreading. In addition, since peptide amphi-
philes are easy to synthesize and are highly versatile in
displaying a broad range of chemical functionalities,
there is great potential in using peptide amphiphiles to
fullymimic native collagen fibrils, whenmore functional
motifs found in collagen, such as DGEA, are incorpo-
rated into the hybrid nanofibers. In the next step,wewill
characterize themechanical properties of the hydrogels
that are formed by collagen-mimetic peptide nanofi-
bers and apply this hydrogel as a scaffold for tissue
engineering and regeneration.

EXPERIMENTAL SECTION
Peptide Synthesis. All peptides were synthesized in-house on

an automated Multipep peptide synthesizer (Intavis, Cologne,
Germany) as described previously.19�21 Briefly, all peptides
were assembled on fluorenyl-methoxy-carbonyl (Fmoc)�Gly�
Wang resin (substitution level = 0.66mmol/g resin) at a 50 μmol
scale. Stepwise couplings of amino acids were accomplished
using a double coupling method with 5-fold excesses of amino
acids, equivalent activator reagents, benzotriazol-1-yloxytripyr-
rolidinophosphonium (PyBop), and two equivalents of base,
N-methylmorpholine. The removal of Fmoc was completed using
20% piperidine in dimethylformamide (DMF). Cycles of depro-
tection, washing, double coupling, and washing were repeated
until the desired peptide sequence was achieved. After the
peptide portion of the molecule was prepared, the resin was
removed from the automated synthesizer and the N-terminus
was capped with a fatty acid containing 16 carbon atoms. The
alkylation reaction was accomplished using five equivalents of
the fatty acid, five equivalents of PyBop, and two equivalents of
base, N-methylmorpholine. The reaction was allowed to pro-
ceed for at least 6 h, after which it was monitored by ninhydrin.
The alkylation reaction was repeated until the ninhydrin test
was negative. Then the dried peptidyl resin was cleaved by a
cocktail solution composed of 95% trifluoroacetic acid, 2.5%
deionized water, and 2.5% triethylsilane (v/v). The purity of all
peptides was greater than 90% according to analytical reverse
phase HPLC and matrix-assisted laser desorption/ioniza-
tion time-of-flight (MALDI-TOF) mass spectroscopy on a Bruker

Auto-Flex II MALDI-TOF mass spectroscope (Bruker, Bremen,
Germany).

Base-Induced Self-Assembly of CPAs. Samples of 1 mg/mL con-
centration were dissolved in water and stored at 4 �C at least 2 d
prior to base-induced assembly. The samples were placed in a
small glass vial with an open top. This vial and a second open
top vial filledwith NH4OHwere placed together in a sealed glass
chamber, where the NH4OH vapor was allowed to slowly diffuse
into the PA solution.

Transmission Electron Microscopy. TEM images were taken on a
JEOL JEM 2010 operating at 200 kV accelerating voltage. The
samples were prepared on a holey carbon copper grid. Negative
staining was carried out with 1 wt % phosphotungstic acid in
water. TEMgridswere prepared by casting 10 μL of PAs onto the
carbon side of the grid, followed by wicking off the excess
moisture with filter paper after 1 min. Negative staining was
then performed by placing the grid carbon-side down on a
droplet of filtered phosphotungstic acid solution for 30 s. The
TEM samples were air-dried for at least 3 h before imaging. In all
cases, electron microscopy was performed at an acceleration
voltage of 200 kV.

Circular Dichroism Spectroscopy. Circular dichroism measure-
ments were performed on a J-810 spectropolarimeter (Jasco,
Great Dunmow, Essex, UK) using a 1mmquartz cuvette (Hellma,
Germany). All samples were prepared and stored at 4 �C for at
least 3 d before the test, to allow for proper equilibration of the
triple-helical conformation. A volumn of 200 μL of samples was
used for each measurement. The CD spectra were obtained
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using continuous wavelength scans (average of eight scans)
from 260 nm to 180 nm, at a scan speed of 50 nm/min.

Melting Studies. Melting studies were performed on a J-810
spectropolarimeter (Jasco, Great Dunmow, Essex, UK) using a
1 mm quartz cuvette (Hellma, Germany). Melting point curves
were obtained by recording the ellipticity at 225 nm, while the
temperature was continuously increased between 5 and 80 �C,
at a rate of 0.25 �C/min. For samples exhibiting sigmoidal
melting curves, the reflection point in the transition region
(first derivative) is defined as the melting temperature (Tm).
Peptides and peptide�amphiphiles were prepared and stored
at 4 �C at least 24 h prior to the experiments. In the refolding
studies, the samples were kept at 80 �C for 30 min prior to the
experiments. The refolding melting point curves were obtained
by recording the ellipticity at 225 nm while the temperature
was continuously decreased from 80 �C to 5 �C at a rate of
0.25 �C/min.

Cell Adhesion Assay. Nunclon Delta TC Microwell plates were
coated with one thin layer of collagen, CPA1, CPA2, CPA3, CP1,
CP2, and CP3. In the blank group, the wells of the plate were
coated with heat-denatured BSA (Sigma-Aldrich). Before cultur-
ing the cells, the CPA gels were washed with phosphate-
buffered saline (PBS) solution five times and then were incu-
bated overnight in PBS solution. After this treatment, the pH
was reduced to 7�8, and there was no apparent damage to the
structure of the peptide gels. Then a volume of 100 μL of HepG2
cell suspension in serum-free Dulbecco's modified Eagle med-
ium (10 � 105 cells/mL) was added, and the mixture incubated
for 1 h at 20 �C.

Unattached cells were washed away with PBS twice. Ad-
hered cells were measured using a total deoxyribonucleic acid
(DNA) quantification assay (Hoechst 33258, Sigma-Aldrich).
Briefly, the cells were lyzed using three freeze�thaw cycles in
ultrapure water, and the cell lysates were mixed with 2 mg/mL
bisbenzimide in 10 mM TrisHCl (pH 7.4), 1 mM ethylenediami-
netetraacetic acid (EDTA), and 0.2 M sodium chloride (NaCl)
fluorescence assay buffer and were incubated in the dark for 30
min. The fluorescence was read on a microplate reader (Tecan
Infinite M200) using an excitation wavelength of 360 nm and an
emission wavelength of 465 nm. Assays were conducted in
triplicate, and the data were expressed as means ( standard
deviations (SDs). BSA-coated wells were used as a baseline
reference level, and the adhesion to the collagen-coated well
was used as a 100% reference level.

Immunofluorescence Staining. Coverslips were coated with
one thin layer of either collagen, CPA1, CPA2, or CPA3. Before
culturing the cells, the coverslips were washed using PBS
solution five times and incubated overnight. Then HepG2
cells were allowed to adhere on the coverslips at a density of
280 cells/mm2 in serum-free medium for 3 h. Attached cells
were fixed in cold 3.7% formaldehyde for 5 min, permeabi-
lized with 0.1% Triton X-100 for 5 min, and blocked in
blocking buffer (1% BSA in PBS) for 0.5 h. The cell actin
cytoskeleton and cell nucleus were stained by incubating
the cells with phalloidin�tetramethylrhodamine isothiocya-
nate (Sigma�Aldrich) (1:1000 dilution in PBS) for 1 h and
Hoechst (Sigma-Aldrich) (dilution 1:10000) for 5 min.

Statistical Analysis. The data are presented as means ( SDs.
The statistical analysis of the data was done using Student's t
test. A 95% confidence level was considered significant.
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