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Abstract

Controlling and guiding cell behavior requires scaffolding materials capable of programming the three-dimensional (3-D) extracellular envi-
ronment. In this study, we devised a new self-assembling peptide template for synthesizing nanofibrous hydrogels containing cell-responsive li-
gands. In particular, the insertion of a matrix metalloproteinase-2 (MMP-2) labile hexapeptide into the self-assembling building blocks of
arginine-alanine-aspartate-alanine (RADA) was investigated. A series of peptides, varied by the position of the MMP-2 hexapeptide substrate
and the length of RADA blocks, were prepared by parallel synthesis. Their self-assembling capabilities were characterized and compared by cir-
cular dichroism spectroscopy and dynamical mechanical analysis. Among all the different insertion patterns, the sequence comprising a centrically
positioned MMP-2 substrate was flanked with three RADA units on each side self-assembled into a hydrogel matrix, with mechanical properties
and nanofiber morphology comparable to the native material built with (RADA)4 alone. Exposure of the new gel to MMP-2 resulted in peptide
cleavage, as confirmed by mass spectroscopy, and a decrease in surface hardness, as detected by nanoindentor, indicating that the enzyme me-
diated degradation was localized to the gel surface. The new design can be used for introducing biological functions into self-assembling peptides
to create scaffolding materials with potential applications in areas such as tissue engineering and regenerative medicine.
! 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The natural extracellular matrix (ECM) contains a plethora
of signals that synergistically activate various intracellular
signaling pathways to control and guide the cell behavior.
Recapitulating the ECM regulatory mechanisms is of central
importance in fundamental cell studies and cell-based

applications such as tissue engineering. Methods have been
established to capture the nano-topographical and biochemi-
cal characteristics in the natural ECM [1,2]. Most of these
methods, however, entail chemical syntheses that lack an
adequate flexibility to generate tunable biochemical patterns
for the rational design of extracellular environment. In addi-
tion, a thorough and comprehensive understanding of ECMe
cell interactions and the screening of biomaterials may
involve high-throughput studies that require systematically
varying material and biochemical properties in a facile way
[3,4]. We explore here a pure peptide-based platform for
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enriching biological functions in self-assembling three-
dimensional (3-D) scaffolds. A new family of biofunctional
materials can potentially be obtained from automated peptide
synthesis.

Self-assembling peptides (SAPs) have recently emerged as
an attractive class of 3-D scaffolding materials, mainly due to
their nano-scale fibrous and porous topographies that mimic
the natural ECM features [5e8]. Among them, peptides
(arginine-alanine-aspartate-alanine)4 ((RADA)4) have been
used to form scaffolds in situ for tissue engineering applica-
tions [9e11]. This material has been shown to support the
growth and differentiation of a variety of cells, including those
originated from human, mammals, mouse and chicken, and
covering stem cells, progenitor cells and established cell lines
[12]. We reason that cell behavior can be further controlled by
cellematerial interactions if biofunctions are synthesized into
the peptide scaffolds. Thus, we investigated a new SAP
template that consists of two modules: one for generating
ordered secondary structures to enable hydrogel formation,
and the other for supplying biological cues to elicit specific
cellular responses.

Cellular adhesion ligands, such as arginine-glycine-aspartate
(RGD) fromfibronectin and tyrosine-isoleucine-glycine-serine-
arginine (YIGSR) from laminin, have been widely used in the
tissue-scaffold design to enhance cell attachment and other
basic functions [13]. In order to further direct cell behavior, it
is necessary to incorporate additional signals on the scaffold
to communicate with cells as they remodel the extracellular ma-
trix (ECM) [1].More recently, oligopeptides that are sensitive to
the enzymatic cleavage of matrix metalloproteinases (MMPs)
have been added to synthetic polymers and peptide-amphiphiles
[14,15]. MMPs belong to a family of proteases that degrade
ECM components and therefore play important roles in tissue
regeneration. They make way for cells to expand, allow the
ECM to be remodeled, and release embedded growth factors
and other signals from the ECM to stimulate cell differentiation
and tissue growth [16,17]. Incorporating MMP-cleavable
substrates into SAPs is an attractive strategy to engineer a
dynamic mechanism for eliciting cell and tissue remodeling
activities [1].

To synthesize SAPs prone to remodeling by ECM proteases,
we inserted an MMP-2 cleavable sequence, proline-valine-
glycine-leucine-isoleucine-glycine (PVGLIG) into an SAP.
This hexapeptide was selected from screening a combinatorial
peptide library for optimal MMP substrates [18]. Its specificity
and sensitivity was previously demonstrated in an MMP-
sensitive polymerepeptideedrug conjugate [19]. The optimal
placement of PVGLIG within an SAP was studied by synthe-
sizing a series of peptides with varied PVGLIG positioning
and RADA block length. The self-assembling and gelling
capabilities of the resulting materials were compared and char-
acterized by dynamical mechanical analysis (DMA), circular
dichroism (CD) spectroscopy and atomic force microscopy
(AFM). The MMP-mediated degradation of the selected
PVGLIG-containing SAP was studied by a fluorescence
detection assay, mass spectroscopic analysis and nanoindenta-
tion analysis.

2. Materials and methods

2.1. Parallel peptide synthesis

Peptides were synthesized by the Biopolymers Laboratory at the Massa-
chusetts Institute of Technology using a multiple peptide synthesizer (Intavis,
Koeln, Germany). Standard FMOC (9-Fluorenylmethoxycarbonyl) procedures
were followed and O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HATU) was used as the coupling reagent. All the pep-
tides in this study have an acetylated N-terminus and an amidated C-terminus.
Their identity was confirmed by matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectroscopy. Typically, one batch of syn-
thesis gave a yield of 1e10 mg of crude product for each programmed peptide
sequence. The crude peptides were dissolved in deionized water at 5 mg/ml,
sonicated for an hour and centrifuged at 8000 rpm (5415C, Eppendorf, West-
bury, NY). Any precipitate was discarded and the supernatant was retained and
lyophilized. This peptide product was used for mechanical and spectroscopic
characterization. Peptides used for AFM imaging and fluorescence detection
assay were further purified by reversed-phase HPLC over a gradient of
0e100% acetonitrile containing 0.2% trifluoroacetic acid (TFA) on a C-18
column (Vydac, Hesperia, CA). The final purity was "80% according to the
result of analytical HPLC assays.

2.2. Circular dichroism spectroscopy

Secondary structures were analyzed by measuring ellipticity spectra from
250 to 190 nm using a CD spectrometer (model 202, Aviv, Lakewood, NJ).
Each peptide was first dissolved at 1% (10 mg/ml) in deionized water, sonicated
for at least 30 min and left to stand overnight. The peptide solution was then
diluted to 0.01e0.05% with deionized water and pipetted into a cuvette with
1 mm path length for acquiring spectra. A blank reference of water was sub-
tracted from the raw data before molar ellipticity was calculated. The calcula-
tion was based on the formula: [q]l# qobs$ 1/(10Lcn), where [q]l#molar
ellipticity at l in deg cm2 d/mol, qobs# observed ellipticity at l in mdeg,
L# path length in cm, c# concentration of peptide in M, and n# number of
amino acids in the peptide.

2.3. Dynamical mechanical analysis

To analyze the gellability and the bulk mechanical properties of peptides,
dynamic shear experiments were performed in a coneeplate geometry (cone
with 2 cm diameter and 2% angle) using a rheometer (AR2000, TA Instrument,
New Castle, DE). The peptide was dissolved in deionized water at 1% (10 mg/
ml), sonicated for at least 30 min and left to stand overnight, giving time for
the self-assembling process (if present) to proceed. Eighty microliters of ali-
quot was pipetted onto the center of the peltier plate. The cone was lowered
to an instrument with a default gap of 58 microns, and an oscillatory frequency
sweep was performed from 1 to 10 Hz with 1% shear strain to record the stor-
age modulus G0 (characterizing the elastic behavior) and loss modulus G00

(characterizing the viscous property and energy dissipation) of the peptide
solution. To induce gelation, 0.5 ml phosphate-buffered saline (PBS, pH 7.4)
was applied to the periphery of the peptide solution without changing the con-
finement gap between the cone and plate. After 1 h, PBS on the periphery was
blotted dry and the same frequency sweep was performed again to characterize
the resulting aqueous peptide after PBS application. To analyze the change in
the bulk mechanical property due to enzymatic digestion, PBS containing
50 nM MMP-2 was applied to the periphery for 24 h. The enzyme solution
was blotted dry before the frequency sweep was performed. (More details
are provided in Supplementary information 3.)

2.4. Atomic force microscopy

Each peptide was first dissolved at 1% (10 mg/ml) in deionized water,
sonicated for at least 30 min and allowed to stand overnight to allow time
for the self-assembling process (if present). The peptide solution was then di-
luted to 100 mg/ml with deionized water. One microliter sample was loaded
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onto a clean mica surface and air-dried overnight in a covered holder. Images
with a resolution of 512$ 512 pixels were obtained by an AFM microscope
(Nanoscope-MultiMode/Dimension, Digital Instruments, Santa Barbara, CA)
running in a tapping mode. Silicon probes with a tip radius of 10e15 nm,
a resonance frequency of 200 kHz and a spring constant of 3 N/m were
used (Nanosensors probe, Neuchatel, Switzerland).

2.5. Enzymatic degradation of peptide solution by matrix
metalloproteinase

Each peptide solution at 1% in water was diluted 10-fold further with Dul-
becco’s phosphate-buffered saline (DPBS) containing calcium and magnesium
(Invitrogen, Carlsbad, CA). Recombinant active human MMP-2 (Calbiochem,
San Diego, CA) was added to each peptide solution to a final concentration of
50 nM. For controls, the same volume of DPBS was added instead of the
enzyme. Samples were incubated at 37 %C for 24 h. The extent of enzymatic
digestion was analyzed by measuring the fluorescence yielded from reacting
fluorescamine (97% pure, Sigma, St. Louis, MO) with free N-terminals
produced by enzymatic cleavage. After incubation, two parts of fluorescamine
solution, which was prepared as a 40 mM stock in acetone and diluted to 5 mM

with DPBS just before use, was added to one part of each sample. Fluores-
cence was measured immediately using a plate reader (SpectraMax, Molecular
Devices, Sunnyvale, CA) with an excitation wavelength of 355 nm and an
emission wavelength of 460 nm. Serial dilutions of glycineeglycine solution
were used as standards to correlate the fluorescence signals and the concentra-
tions of free amines. The percentage cleavage was determined by this formula:

2.6. Enzymatic degradation of peptide gel by matrix
metalloproteinase

We first prepared a gel sample by dissolving the peptide in water at 1% w/v
and keeping the solution at room temperature until viscous. PBS was gently
applied on top of the peptide solution to initiate the gelation process. After
1 h, PBS was removed and the resulting hydrogel was used in the digestion
experiments.

The degradability of the self-assembled peptide hydrogel was qualitatively
investigated by mass spectroscopic analysis. The preformed hydrogel com-
posed of 1% peptide was submerged in PBS containing 50 nM MMP-2 at
a 1:9 volume ratio. The mixture was incubated at room temperature for
24 h. The composition of the solid gel was then subjected to qualitative anal-
ysis by ESI-TOF (QSTAR XL Mass Spectrometry System, Applied Biosys-
tems, USA).

The change in the gel surface due to MMP-2 treatment was analyzed by
a nanoindentor (CSM Instruments SA, Peseux, Switzerland) equipped with
a Berkovich tip. A thin piece of the preformed hydrogel was sliced and placed
on the glass slide. The load-displacement measurement was performed with
a loading rate of 3 mN/s to a maximum load of 1 mN, followed by a holding
time of 60 s, and an unloading rate of 3 mN/s. After the initial measurement,
10 ml of PBS containing 0.5 mg/ml MMP-2 was added on top of the gel piece.
For the control experiment, the same volume of PBS was added instead of
enzyme. A cap with Vaseline" surrounding the edge was put on the glass slide
to prevent dehydration. After 24 h of incubation with the enzyme solution or
blank PBS, the load-displacement curve was measured again by probing
within 20 nm from the same point on the gel sample. We reported the fold
difference in contact depth and surface hardness compared to the initial mea-
surement. As the gel has a relatively rough surface, and surface unevenness
introduces a large variation to the nanoindentation measurement, reporting
the fold difference at the same location is more meaningful than the absolute
values in revealing the real trend.

In analyzing the data, correction has been made to account for the visco-
elasticity of the hydrogel based on the method developed by Ngan and
coworkers [20].

3. Results

To investigate how the insertion of a biofunctional sequence
would affect the self-assembling process, we synthesized a se-
ries of peptides containing an MMP-labile sequence, PVGLIG,
and systematically varied the length of the flanking RADA
units. For nomenclature, the peptides were designated as
[m, n], with m and n indicating the number of RADA units
bonded to the amino and carboxyl end of PVGLIG, respec-
tively. Flanking arms containing 2e4 RADA units were studied.

Self-assembling of RADA peptides is initiated in water with
the formation of beta-sheets, driven by the hydrophobic and
charge interactions of the amino acid constituents. Profiling
the secondary structures of the PVGLIG-containing peptides
by CD spectroscopy and examining the existence of beta-
sheets can provide basic information to understand the assem-
bling capability of the peptides. The CD spectra of beta-sheets
are typically characterized by a minimum at 216 nm and a max-
imum at 195 nm, while those of random coils a maximum at

218 nm and a minimum at 198 nm [21]. By comparing our
data with the CD spectra of polylysine containing varying
amounts of secondary structures [21], we found that all the
PVGLIG-containing peptides showed mixed structures of
beta-sheets and random coils (Fig. 1a, b). However, among
these samples, [3, 3] and [4, 4] (Fig. 1a) had distinctively dif-
ferent CD curves with a trough at 216 nm indicating that the
beta-sheet content was more than 50%. In contrast, the shortest
sample [2, 2] and those peptides with unequal numbers of the
flanking RADA units all showed a trough at 198 nm (Fig. 1b),
indicating a more pronounced ratio of random coil over beta-
sheet conformation adopted by the peptide chains. The CD
spectrum of (RADA)4 was consistent with the known fact
that this peptide had a dominant beta-sheet content (Fig. 1c).
It is noted that both [3, 3] and [4, 4] had a smaller molar ellip-
ticity at 216 nm compared to (RADA)4, suggestive of a lower
beta-sheet content and more mixed secondary structures in the
functionalized SAPs.

As indicated by the CD spectra, [3, 3] and [4, 4] have
a higher beta-sheet content than the other PVGLIG-containing
peptides. We expect that a dominance of ordered secondary
structure is a prerequisite for the formation of nanofibers in
water and the subsequent salt-induced gelation. The depen-
dence of the peptide gellability on PVGLIG insertion pattern
was further characterized by DMA (Table 1). An oscillatory
frequency sweep (frequency# 1e10 rad/s) was performed to
measure the storage modulus G0 and the loss modulus G00.

Percentage cleavage

# Concentration of free amines in peptide solution after incubation with MMP-2&Concentration of free amines in peptide solution without enzyme

Concentration of peptide in solution calculated from mass and volume
$ 100%
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The loss angle, d, reflecting the ratio of G0 to G00, quantifies the
balance between mechanical energy storage and loss. When
solid properties dominate over liquid properties, G0 is larger
than G00 and d is less than 45%. Within the low frequency range,
a relatively stable G0 can be observed and the sample is de-
fined as a gel. The PVGLIG-containing peptides dissolved in
water resulted in solutions with different viscosities after an

overnight equilibrium (by visual observation), but all samples
remained as liquid capable of flowing. The increase in viscos-
ity in water is related to the growth of nanofiber from the self-
assembling peptides. PBS was subsequently used to promote
the physical crosslinking of self-assembled peptides resulting
in gelation. Among the samples tested, [3, 3] exhibited a small
d with consistent storage moduli (G0) higher than 1 kPa over
a range of different frequencies (data averaged over
1e10 Hz). The storage moduli were smaller than the original
(RADA)4. Besides [3, 3], [4, 4] also showed solid properties e
the storage moduli, however, were one order of magnitude
lower than [3, 3] and (RADA)4. The resulting gel as a conse-
quence was not strong enough and could hardly maintain a cer-
tain physical shape for practical use. The remaining peptides
with PVGLIG insertion, including [2, 2], [3, 2], [4, 2] and
[4, 3], did not form gels in PBS solution; they all had negligi-
ble storage moduli close to zero. Since the storage moduli for
these peptides were too small to be detected accurately by the
DMA instrument, the averaged G0 values had a high noise-to-
signal ratio and exhibited a large standard deviation.

By characterizing and comparing the rheological and CD
properties, the [3, 3] peptide was found to have optimal self-
assembling and mechanical properties. With three repeats of
RADA flanking on each side of the MMP substrate, (RADA)3
PVGLIG(RADA)3, or [3, 3] in short, consists of 30 amino acids
and has an extended amide backbone of length around 10 nm.
Macroscopically, we observed the formation of a hydrogel
from this peptide by both visual observation and DMA. Mor-
phological characterization was performed by tapping mode
AFM to visualize the structural elements of the hydrogel matrix.
The AFM image confirmed the formation of nanofibers in dilute
aqueous condition (Fig. 2a). When plated at the same weight
concentration, the fiber density of [3, 3] was notably lower com-
pared to (RADA)4 (Fig. 2b). As a negative control, we imaged
[2, 2], a peptide containing majority random coil in its second-
ary structure and failing to gel in the presence of PBS. No fiber
formation was observed for [2, 2].

To study the cleavability of (RADA)3PVGLIG(RADA)3 by
MMP, an enzymatic digestion experiment based on a fluores-
cence assay was performed on peptide solution samples. Sev-
eral peptides built with the same sequence template containing
arbitrarily selected insertions, as well as (RADA)4, were used
as negative controls. Complete enzymatic cleavage occurred
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Fig. 1. CD spectra of 0.1% peptide solutions in water: (a) PVGLIG-containing
peptides with a majority of beta-sheet structure, (b) PVGLIG-containing pep-
tides with a majority of random coil structure, and (c) (RADA)4.

Table 1
Average storage modulus (G0) and loss angle (d) of PVGLIG-containing
peptides

(RADA)mPVGLIG(RADA)n
with values of [m, n] as listed

Gellability d (degree) G0 (Pa)

[4, 4] D 6.2' 2.0 214.4' 47.6
[4, 3] e 100.8' 100 &1.9' 4.9
[4, 2] e 126.7' 2.0 &1.5' 2.1
[3, 3] D 5.8' 0.2 1252.0' 62.5
[3, 2] e 110.0' 37.4 &0.3' 4.5
[2, 2] e 132.9' 29.3 &1.6' 3.5
(RADA)4 D 2.9' 0.2 1541.7' 72.2

Average' standard deviation over 1e10 Hz with n# 2; gellable peptides are
highlighted in bold.
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after incubating the PVGLIG-containing peptide solution with
MMP-2 for 24 h (Table 2). In comparison, an insignificant
extent of cleavage was observed for all the control peptides.
Therefore, MMP digestion is specific to (RADA)3PVGLIG
(RADA)3. Further mass spectroscopic analysis on the degrada-
tion products confirmed that MMP-2 cleaved between PVG
and LIG and produced (RADA)3PVG and LIG(RADA)3
(Supplementary Information 1). The scissile bond position is
consistent with the substrate specificity of MMP-2, which pre-
fers proline in the P3 position, glycine in the P1 position, and
leucine in the P10 position [22].

To study the degradability of [3, 3] in the gel state, pre-
formed [3, 3] matrices were immersed in PBS containing
MMP-2, and the peptide degradation was investigated qualita-
tively by mass spectroscopy. After 24 h, all samples remained
as solid gels without any noticeable change in size. The mass
spectroscopic analysis of gel samples revealed that in addition
to the peak representing uncleaved [3, 3] peptide (found
MW# 3076.5, cal. MW# 3076.3 acetylated N-terminal and
amidated C-terminal), there were two peaks at 1553.6 and
1540.8, respectively, corresponding to the cleavage fragments
((RADA)3PVG [cal. MW# 1553.7; acetylated N-terminal]
and LIG(RADA)3 [cal. MW# 1540.7; amidated C-terminal].
The presence of cleavage products suggested that the self-
assembled [3, 3] peptide was attackable by MMP-2 enzyme.

After being exposed to MMP-2 for 24 h, [3, 3] gel did not
show any significant change in the mechanical strength in
terms of the average storage modulus (Supplementary Infor-
mation 3). Although the enzymatic digestion did not cause

a change in the bulk mechanical property, a change in the sur-
face mechanical property was obvious. It led to an increase in
the contact depth to about 2 mm by the nanoindentor tip at
a given maximum load (1 mN in our method). As a result of
the digestion, there was a significant decrease in the surface
hardness (Table 3), where surface hardness is defined as the
maximum load (Pmax) divided by the projected contact area
(A) between the indenter tip and the sample at maximum load.

4. Discussion

The ‘‘bottom up’’ approach is an important concept in
modern material design, as it offers potential to construct
novel sophisticated materials from simple building blocks
[5,23]. However, it remains a challenge to understand how
to assemble building blocks at the nano-/microscale to obtain
desirable properties at the macroscopic level. In this study, we
demonstrated a paradigm for building an MMP hexapeptide
substrate into a self-assembling template made of ionic self-
complementary peptides.

By investigating a variety of combination patterns of the
MMP substrate and RADA self-assembling blocks, only one
optimal sequence, (RADA)3PVGLIG(RADA)3, was identified
useful for scaffold design. The factors that may affect the as-
sembling of biofunctional peptides can be summarized. First,
a majority beta-sheet assembling is a prerequisite for pep-
tide’s gellability and extended assembling blocks benefit the
assembling process. This is supported by the fact that insert-
ing PVGLIG into (RADA)4 directly disrupted the assembling

Fig. 2. AFM images of the peptides (a) (RADA)3PVGLIG(RADA)3, (b) (RADA)4, and (c) (RADA)2PVGLIG(RADA)2. The first two peptides self-assemble into
nanofibers in water while the last one is incapable of fiber formation. A 1$ 1 mm field is shown for each peptide. The gradient scale bars next to each frame spans
a Z (height) range from 0 to 5.0 nm (a and b) and 0 to 8 nm (c).

Table 2
Cleavability of different peptides after incubating with MMP-2 for 24 h at
37 %C

Peptides % Cleavage

(RADA)3 PVGLIG (RADA)3 106.66' 8.15
(RADA)4 3.31' 0.85
(RADA)3 YIGSR (RADA)3 4.46' 2.89
(RADA)3 GGGG (RADA)3 0.27' 0.60
(RADA)3 GGGGGGGG (RADA)3 0.83' 0.65

Average' standard deviation, n# 2.

Table 3
Effects of MMP-2 digestion on the surface mechanical properties of the self-
assembling hydrogel formed by (RADA)3 PVGLIG (RADA)3

Fold difference
in contact depth

Fold difference
in surface hardness

24 h Exposure to MMP-2 6.03' 1.97 0.035' 0.029
24 h Exposure to PBS (control) 1.15' 0.56 1.50' 1.86

Average' standard deviation, n# 3.
Fold difference is the ratio of post-exposure measurement to pre-exposure
measurement taken at the same point on the gel surface.
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and resulted in a non-gellable peptide [2, 2]. Adding flanking
RADA units gave rise to [3, 3] and [4, 4] with assembling and
gelling capabilities. Second, the position of functional inser-
tion has a determining effect on the peptide assembling prop-
erties. Comparing to [4, 3] or [4, 2], [3, 3] has a lower or
equal mass ratio of RADA building blocks in the peptide
chain. The superior assembling and gelling properties of [3,
3] can be attributed to the central position of PVGLIG. This
speculation is also supported by another gellable sequence
[4, 4], which has centrically positioned PVGLIG and showed
secondary structures dominated by beta-sheet. However, by
visual observation and by amino acid analysis (data not
shown), [4, 4] had a very poor solubility in water, which
may lead to its low value of storage modulus.

We propose a molecular model to help elucidate how pep-
tide building blocks containing biofunctional sequence as in-
sertion assemble, based on the assumption that these peptides
form beta-sheet through non-covalent inter-molecular interac-
tions similar to those in (RADA)4. In Fig. 3, only a single
sheet (instead of a double sheet) of [3, 3] is shown for clar-
ity. The favorable interactions among the RADA units con-
tribute to a decrease in enthalpy and these peptide
sequences stack into a beta-sheet structure. We hypothesize
that PVGLIG forms a random coil region. For the self-as-
sembling process to be thermodynamically favorable, the en-
thalpic drive must be able to compensate the entropic penalty
due to the incorporation of PVGLIG in the assembling
blocks. This is consistent with our observation that there is
a minimum requirement of the number of RADA units flank-
ing the insertion sequence. A secondary premise in this
model claims that the adjacent peptide strands are anti-paral-
lel. This can possibly explain why sequences with unequal
number of RADA units flanking on each side, such as [4,
3] and [4, 2], do not gel despite meeting the quantity require-
ment of RADA repeats. The extra RADA units cannot be fa-
vorably incorporated into the ordered region and the
mismatch results in more random coil formation and in-
creases the entropic penalty.

The assembly of the beta-sheet may involve sliding diffu-
sion processes as proposed previously [24]. It took about 2 h
for (RADA)4 to re-assemble and restore the original fiber
length after ultrasonic disruption of the nanofibers [24].
With the PVGLIG insertion, [3, 3] would presumably experi-
ence more molecular friction than pure (RADA)4 during the
peptide assembling process. This could cause slower nanofiber

formation kinetics by [3, 3]. Indeed, we observed by visual
inspection a difference between [3, 3] and (RADA)4 in their
rates to form viscous solutions in water. A solution containing
1% of (RADA)4 appeared viscous immediately. In contrast,
there was a lag time in the order of hours before the liquid
turned viscous for the peptides containing PVGLIG. Since
the inserted functional sequence mainly adopts a random
coil conformation, the model would predict that the template
pattern of [3, 3] discovered here is applicable to other bioac-
tive peptides.

Enzyme-sensitive hydrogels have been widely investigated
for biomedical application such as drug delivery and tissue
engineering. Only a few systems have so far been built on
self-assembling materials, and how ordered structure would
affect the digestion efficiency of an enzyme remains largely
unknown. A gel made of a low molecular weight hydrogela-
tors has shown that molecular stacking could prevent enzyme
from attacking the target site located within assemblies
[25,26]. Degradation only occurred after the assembled struc-
ture was disrupted and the constituent molecules released. In
another amphiphilic peptide system containing MMP-sensitive
sequences, degradation was observed [15]. These results indi-
cate that the cleavage ability of an enzyme may vary with
different forms of ordered structures. Pure ordered assemblies
built from ionic self-complementary peptides were shown
insusceptible to proteolytic degradation in vitro [27], probably
due to the difficulty of the enzymes to penetrate the well-
stacked fibrous structure.

Degradation occurred when an enzyme-sensitive sequence
was incorporated in our SAP template. This observation is
consistent with the proposed molecular model. Since the
biofunctional sequences make up the loosely ordered random
coil region, and so unlike the sequences protected within the
ordered region, they are exposed and are susceptible to enzy-
matic attack. The [3, 3] hydrogel has a storage modulus over
1 kPa, much stronger than the gel made of amphiphilic pep-
tides [15]. By inserting the PVGLIG segment instead of
appending it to the terminal of an SAP, we intend MMP diges-
tion to weaken the self-assembling gel, similar to the break-
down of ECM during tissue remodeling. Our CD and DMA
studies showed that the degradation products alone had poor
assembling capabilities (Supplementary Information 2), indi-
cating that [3, 3] may not be able to maintain the mechanical
integrity once cleaved by MMP. In our 24 h degradation study
on the [3, 3] gel, enzymatic digestion was confirmed by the
mass spectroscopic detection of cleavage fragments. We
noticed that the digestion was localized to the surface of the
gel, supported by the data that mechanical weakening was
found in surface analysis (Table 3) but not bulk measurement
(Supplementary Information 3). This is not surprising consid-
ering that the hydrogel assembled by ionic self-complemen-
tary peptides has small pores ranging from 5 to 200 nm [5]
and presents a strong diffusion barrier for large enzymes
such as MMP-2 (68 kDa). The localization of the enzymatic
digestion to a surface front mimics proteolysis in vivo, in
which ECM degradation is confined to the immediate pericel-
lular environment [28]. To be more effective, cells concentrate

Fig. 3. A proposed beta-sheet assembling model for [3, 3] peptide, in which
peptide chains align in anti-parallel directions, with a random coil region of
PVGLIG (in blue bands) between RADA assemblies via energetically favor-
able interactions (in pink arrows). A single sheet with four beta-strands is
shown for clarity.
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even soluble enzymes along the invasive front. For example,
MMP-2 is activated by membrane-bound enzymes and inhib-
itors [29] and can dock on integrin-receptors on the cell
surface [30]. It is through a highly regulated and confined pro-
teolysis that cells can precisely orchestrate the dynamics and
spatial orientation of ECM degradation.

5. Conclusions

New MMP-cleavable peptides capable of self-assembling
into a nanofibrous scaffold hydrogel were synthesized. The
material is responsive to MMP degradation and mimics the
remodeling of natural ECM during tissue regeneration. This
design template may also be used to synthesize other func-
tional scaffolding materials with potential applications in areas
such as tissue engineering and regenerative medicine.
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