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ABSTRACT: One-dimensional nanostructures formed by
self-assembly of small molecule peptides have been extensively
explored for use as biomaterials in various biomedical contexts.
However, unlike individual peptides that can be designed to be
specifically degradable by enzymes/proteases of interest, their
self-assembled nanostructures, particularly those rich in β-
sheets, are generally resistant to enzymatic degradation
because the specific cleavage sites are often embedded inside
the nanostructures. We report here on the rational design of β-
sheet rich supramolecular filaments that can specifically dissociate into less stable micellar assemblies and monomers upon
treatment with matrix metalloproteases-2 (MMP-2). Through linkage of an oligoproline segment to an amyloid-derived peptide
sequence, we first synthesized an amphiphilic peptide that can undergo a rapid morphological transition in response to pH
variations. We then used MMP-2 specific peptide substrates as multivalent cross-linkers to covalently fix the amyloid-like
filaments in the self-assembled state at pH 4.5. Our results show that the cross-linked filaments are stable at pH 7.5 but gradually
break down into much shorter filaments upon cleavage of the peptidic cross-linkers by MMP-2. We believe that the reported
work presents a new design platform for the creation of amyloid-like supramolecular filaments responsive to enzymatic
degradation.

■ INTRODUCTION

Peptides with β-sheet forming sequences derived from, or
inspired by, amyloid proteins, have been extensively incorpo-
rated into various molecular building units to construct self-
assembling one-dimensional (1D) nanostructures.1−10 These
1D amyloid-like assemblies can either serve as individual drug
carriers,7,8,11 or further entangle into a 3D network for use as
hydrogels in various biomedical contexts such as protein, or cell
delivery,12,13 regenerative medicine,14,15 tissue engineering,3,16

cancer therapeutics,17−19 and immune therapies.20,21 In all
cases, one challenging yet important design consideration is the
selective degradation of the resulting materials by enzymes/
proteases of interest. This is because chemical breakdown
presents the first step toward ultimate clearance of these
synthetic macromolecular/supramolecular materials once their
duties are finished, and also because controlled degradation by
relevant enzymes could play a critical role in regulating the
release rate of the delivered cargo or in the control of cell fates
such as differentiation and migration when used as extracellular
matrix mimics.22

One current strategy is to incorporate into the molecular
design a particular functional group or peptide sequence that is
specific to the targeted enzymes or proteases. Although this
strategy works fairly well in the design of enzyme-triggered
molecular assembly into well-defined nanostructures (catalytic
reactions occurring on the unassembled molecules),23−26 only
limited successes have been reported on the enzyme-induced

morphological transitions27,28 and the specific degradation of
self-assembled supramolecular filaments (catalytic reactions
affecting the assembled nanostructures).29−34 In the latter cases,
it is not clear whether changes in the assembled structures
(both morphological transition and nanostructure degradation)
stems from the cleavage reactions occurring on the
nanostructures, or on the individual, unassembled molecules
that leads to dissociation of the assembled structures into
cleavable monomers. Specific cleavage of assembled nanostruc-
tures often proves to be challenging, mainly because enzymatic
reactions in biological systems often proceed with high
precision, involving specific interactions of the enzyme with
its substrate in the monomeric form. These specific
interactions, however, can be greatly hindered, or even
prohibited once the substrates assemble into supramolecular
nanostructures. Inspired by the work of Wooley and co-workers
on shell-cross-linked polymeric micelles35,36 and also the work
by Xu, Epstein, and co-workers on postassembly cross-linking
of peptide nanofibers,37,38 we report herein a cross-linking
strategy to construct supramolecular filaments that can
specifically break down in the presence of matrix metal-
loprotease-2 (MMP-2). Notably, we show that the cleavage
reaction actually takes place more efficiently on the degradable
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linkers that stablize the assembled nanostructures, leading to
the breakdown of cross-linked filaments.
MMPs are extracellular proteases that regulate a variety of

physiological processes and represent key players in facilitating
molecular communication between cells and their surround-
ings.39 Recently, there has been a rapidly growing interest in the
development of peptide-based supramolecular filaments
responsive to specific MMPs due to their important biomedical
applications.27,29,30,33 Examples include the RADA peptides
containing MMP-2 specific substrates by Chau et al.,33 the self-
assembling multidomain peptides developed by the Hartgerink
lab (responsive to MMP-2),30 and the self-assembling β-hairpin
degrading peptides developed by Schneider, Pochan and Giano
(responsive to MMP-13).29 These researchers have shown
compelling evidence that the resultant supramolecular hydro-
gels can break down in response to the cleavage reactions of
their respective, targeted MMPs. However, since in these
examples the MMP-specific sequences were incorporated into
the molecular building units, their contributions to the self-
assembly process may lead to difficulties in predicting the
assembled morphologies as well as the mechanical properties of

the resulting hydrogels. Using these systems for a different type
of MMPs would require a complete redesign and character-
ization of the assembly system. Moreover, the formation of
enzyme−substrate complexes, a critical intermediate step to
facilitate the enzymatic reaction, would be affected or even
suppressed if the peptide substrate is deeply embedded inside
the assembled nanostructures and inaccessible to its targeted
MMPs. As a result, assembly into supramolecular nanostruc-
tures would complicate the specificity of the incorporated
sequence to the targeted MMPs, most likely reducing the
degradation rate. Therefore, it would be advantageous to design
a peptide assembly platform that could separate the assembly
process (structural and morphological control) from the
incorporation of MMP degradation features into supra-
molecular filaments (MMP responsiveness).

■ EXPERIMENTAL SECTION
Peptide Synthesis. All peptides used in this work were

synthesized utilizing standard Fmoc solid-phase peptide chemistry
on an AAPPTec Focus peptide synthesizer. In brief, for each amino
acid coupling cycle, the resin first underwent Fmoc-deprotection

Figure 1. (a) Chemical structure of the studied molecule and (b) the key design feature of the molecular assembly principle: the reversible nature of
dissociating the self-assembled 1D filaments in response to pH variation. (c) Illustration of the cross-linking strategy and the expected degradation
pathway by targeted MMP. PCL represents peptide cross-linkers (PCL) containing MMP specific substrates. The designed amphiphilic peptide is
expected to self-assemble into stable 1D nanostructures at a lower pH value, followed by a postcross-linking process that employs EDC/NHS
chemistry and utilizes PCLs as linkers. Chemical structures of the PCL linkers are presented in Scheme 1.
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through treatment with 20% 4-methylpiperidine in dimethylforma-
mide (DMF), followed by reaction with a mixture of Fmoc-amino
acid, O-benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexafluoro-
phosphate(HBTU), and diisopropylethylamine (DIEA; 4:4:6 mol
equiv relative to resin) in DMF. Side chain modification of the
branching lysine was performed by use of an orthogonal protecting
group strategy: the ε-amine group on the branching lysine was initially
protected by 4-methyltrityl (Mtt) group that can be deprotected by 3%
trifluoroacetic acid (TFA), 5% triisopropylsilane (TIS) in dichloro-
methane (DCM), and then reacted with a mixture of acid/HBTU/
DIEA (4:4:6) in DMF. The N-termini for all designed peptides were
acetylated using 20% acetic anhydride in DMF. The cleavage of the
peptides from the resin was accomplished by treating the resin with
95% TFA, 2.5% TIS, and 2.5% H2O for 3 h. Cleaved peptides were
isolated by removal of the solvents and precipitation with cold diethyl
ether. Purification of the peptides was performed on a preparative
HPLC column using a gradient of water and acetonitrile both
containing 0.1% TFA or ammonium hydroxide. Fractions were
collected and analyzed by matrix assisted laser desorption-ionization
(MALDI-ToF) mass spectrometry. Product-containing fractions were
combined and lyophilized. All lyophilized peptides were stored in a
−20 °C freezer. A detailed synthesis scheme can be found in Scheme
S1.
Cross-Linking. The self-assembling peptide MASP1 was first

dissolved in 0.1 M MES buffer (pH 4.5) and allowed to form a
hydrogel overnight before the postcross-linking chemistry was carried
out. The MASP1 solution (3.5 mM, 90 μL) was initially activated by
the addition of EDC/NHS (0.788 M, 10 μL) that was prepared
beforehand in 0.1 M MES buffer (pH 4.5). The solution was vortexed
for 5 s on the constant speed vortex mixer and settled for 10 min. To
this solution was added either peptide cross-linkers or polyamines
(25.2 mM for PCLs and spermines, 50 mM for EDBE, 50 μL) that
were also prepared beforehand in 0.1 M MES buffer. The cross-linking
reaction was allowed to continue for 2 h at room temperature after
vortexing for 5 s. The final stoichiometry was made up to 25-times

excess for EDC/NHS, and 4× excess for peptide cross-linkers or
polyamines; the final concentration of MASP1 was 2.1 mM. All
solutions added to MASP1 solutions were adjusted to pH 4.5 by 4 M
HCl prior to mixing. After 2 h of cross-linking, the solutions were
transferred into a dialysis unit, and dialyzed against 1 L of deionized
water to remove the side products and salts (MWCO 2000, Thermo
Scientific) for 24 h. The solution pH was checked by pH test paper
and adjusted to ∼7 with 1 M NaOH if necessary.

Circular Dichroism. MASP1 was dissolved in 0.1 M MES buffer
(pH 4.5) or Tris buffer (50 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 100
mM CaCl2) at a concentration of 400 μM. The solutions were loaded
onto a 0.1 mm detachable cuvette and the spectra recorded on a
JASCO spectropolarimeter. The mean residue ellipticity [θ] was
calculated using the following equation

θ θ=
· ·c l n

[ ]
(1)

where θ is the measured ellipticity in mdeg, c is the concentration in
dmol L−1 of the peptide calibrated by the absorbance of the tyrosine
residue at 275 nm (1390 AU mol−1 cm−1), l is the light path length of
the cuvette in cm, and n is the number of amino acid residues.

Transmission Electron Microscopy. Specimens for TEM were
prepared by loading 5 μL of solution on a copper grid covered with
carbon film, and negatively stained using 2% uranyl acetate (Electron
Microscopy Sciences, U.S.A.) following a previously reported
procedure.7,8,40 Cryogenic TEM specimens were prepared using a
Vitrobot (FEI, U.S.A.): in brief, a drop of solution was first loaded
onto a copper grid coated with lacey carbon film (Electron Microscopy
Sciences, U.S.A.), followed by blotting using a piece of filter paper.
The specimen was then plunged into liquid ethane to obtain a vitrified
sample. All the samples were kept in liquid nitrogen before imaging.
The detailed procedure for preparing cryo-TEM samples can be found
in previous literature.41 These samples were imaged on an FEI Tecnai
12 TWIN electron microscope operated at 100 kV. Digital
micrographs were collected using a SIS Megaview wide angle camera.

Figure 2. Molecular assembly and characterization of the design peptide. TEM (a) and cryo-TEM (b) micrographs of supramolecular filaments
formed by MASP1 in MES buffer at 2.1 mM. Both bars = 200 nm. (c) Photograph of 2.1 mM MASP1 in MES buffer (pH 4.5; a self-supporting gel
marked with a white arrow) and in Tris buffer (pH 7.5; a fluidic liquid). (d) Fluorescence spectra of Thioflavin T when incubated with 500 μM
MASP1 in MES and Tris buffer. Concentration of Thioflavin T = 100 μM; excitation: 442 nm. (e) CD spectra of 400 μM MASP1 in MES and Tris
buffer, showing strong characteristics of PPII helical secondary structure of the oligoproline.
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Enzymatic Degradation Studies. The cross-linked hydrogels
were treated with active MMP-2 (Merck Millipore, U.S.A.; active,
human, recombinant, CHO cells) in testing buffer (final concentration
was made up to 50 mM Tris-HCl, pH 7.5, 0.1 M NaCl, 100 mM
CaCl2) and incubated at room temperature for 6 h. Solutions were
then loaded onto the stainless steel plate and mixed with 1% sinapinic
acid for MALDI-ToF mass spectrometric analysis.

■ RESULTS AND DISCUSSION

Molecular Design. Figure 1 shows the rational design of
the studied molecules illustrating two key design principles: (1)
the reversible nature of the quick morphological transition
process (Figures 1a,b and 2) the cross-linking of the assembled
filaments using MMP-degradable sequences (Figure 1c). Our
design rationale is to separate the molecular assembly event
from the enzymatic cleavage reaction, with the aim of using the
enzymatic cleavage to trigger the disassociation of the
supramolecular filaments into individual building units. To
accomplish this, we first create an amphiphilic peptide that has
the ability to only self-assemble into 1D supramolecular
filaments under acidic conditions (pH 4.5), where the cross-
linking strategy can be applied to covalently lock the structure.
These cross-linked filaments should then be stable under
neutral conditions (pH 7.5) but will have the ability to quickly
disassociate into individual molecules once the cross-linkers
have been degraded by the targeted MMP.
The design of the self-assembling peptide was based on a

miktoarm star motif with each arm possessing a specific
function necessary to imbue the desired assembly properties.42

Figure 1a shows the synthesized peptide MASP1, comprising
three structural units: a β-sheet forming sequence plus three
glutamic acid residues, an oligoproline segment, and a
hydrophobic hydrocarbon. First, the peptide sequence of
GNNQQNY was chosen to achieve the desired one-
dimensionality. This seven-residue peptide is derived from
the key amyloid-forming region of the yeast prion Sup35,
known to adopt a parallel β-sheet secondary structure in the
native protein.43 Three glutamic acid residues were placed at
the C-terminal of the peptide to impart the amphiphilic nature
and the pH-responsiveness.
Second, an oligoproline unit is included to serve as a

hydrophobic segment and, more importantly, is a key design
feature to regulate the transition kinetics between the
assembled filaments and other assembled/unassembled states.
Oligoprolines are known as “molecular rulers” because of their
high propensity to form the stable polyproline type II (PPII)
helical secondary structure.44,45 It has been reported that when
packed in the crystal form, the center-to-center distance
between PPII helices is ∼6.6 Å,44 a distance greater than the
characteristic hydrogen bonding length in β-sheets (∼4.7 Å).
Consequently, if intermolecular hydrogen bonding between
Sup35 segments occurs, the oligoproline segment must distort
its natural PPII conformation to accommodate β-sheet
formation (Figure 2b). We expect that this deformation of
the PPII helical structure and its desire to return to its natural
state will greatly accelerate the disassociation kinetics. Lastly, a
short hydrocarbon tail (C8) was introduced to provide
increased hydrophobicity, enhancing the assembly potential of
the designed molecules which were found to have poor
assembly characteristics in its absence (vide infra). Details of
the molecular synthesis, purification and characterization are
described in Experimental Section and in the Supporting
Information (SI; Figures S1−S5).

Characterization of Assemblies. The supramolecular
filaments formed in MES buffer (∼pH 4.5) can be clearly
visualized using both transmission electron microscopy (TEM;
Figure 2a) and cryogenic-TEM imaging techniques (Figure
2b). The diameter of the observed filaments is approximately
10 nm, with lengths on the order of tens of micrometers.
Macroscopically, MASP1 forms a clear, self-supporting gel
above 2 mM in MES buffer but presents as a fluidic liquid in
Tris buffer (pH = 7.5; Figure 2c). The gel-to-solution transition
was found to occur instantly when the solution pH was raised
from 4.5 to ∼7.0 by the addition of NaOH. TEM imaging
showed no evidence of filamentous nanostructures existing in
solutions aged overnight (Figure S6 in SI). It should be noted
that the occasionally spotted irregular nanostructures in
conventional TEM micrographs are not a dominant morphol-
ogy and could just be a result of drying effects during TEM
sample preparation. However, our Nile Red encapsulation
experiments indeed reveal that MASP1 aqueous solution at pH
7.5 is still capable of sequestering the hydrophobic dye Nile
Red, indicating that MASP1 could form some kind of micellar
assemblies at the concentration of 2.1 mM (Figure S7). These
micellar assemblies are expected to be in a dynamic equilibrium
with the MASP1 monomers. A Thioflavin assay was also used
to confirm that this self-assembling behavior is responsive to
pH. Thioflavin T is a dye that exhibits enhanced fluorescent
intensity when it binds to highly ordered amyloid structures.46

After incubating the Thioflavin T with MASP1 in MES and Tris
buffer, respectively, the dye fluoresced more intensively when
mixed with MASP1 in MES buffer, where the filamentous
structures were abundant in the solution; on the other hand,
fluorescence of Thioflavin T was mostly quenched when mixed
with MASP1 in Tris buffer (Figure 2d).
Circular dichroism (CD) studies on the MASP1 aqueous

solutions exhibited typical absorptions of the polyproline II
(PPII) helical conformation in both acidic and physiological
conditions, as evidenced by a strong negative peak at 205 nm
and a slightly positive peak around 225 nm (Figure 2e). This
PPII helical conformation can be attributed to the oligoproline
segment. Given the one dimensionality of the assembled
nanostructures under acidic conditions, we speculate the
formation of intermolecular hydrogen bonding among Sup35
segments but its existence cannot be directly confirmed via CD
measurements as the β-sheet absorption was seemingly
overwhelmed by the PPII signals. Wide angle X-ray scattering
experiments were therefore performed, revealing the character-
istic β-sheet spacing reflection (∼4.7 Å; Figure S8 in SI). The
existence of β-sheets strongly suggests the PPII helix (∼6.6 Å
minimum packing spacing) must be distorted within the
filaments to accommodate the typical 4.7 Å spacing required for
β-sheet formation. The slight difference in CD absorption
(Figure 2d) might arise from this distortion of the PPII helix
packing, combined with contributions from the β-sheet
absorption.
We believe that the buried stress associated with the PPII

deformation provides the impetus to rapidly disassociate the
filaments into micellar assemblies and monomers at pH ∼ 7. It
has been shown by Meredith and co-workers that addition of a
polyproline segment to the C-terminus of a polyglutamine
sequence inhibits the formation of aggregation-prone β-
sheets.47 Indeed, removing the C8 segment in our system, we
found that the resultant conjugate (P9G-Sup35) was unable to
assemble into any well-defined structures at pH 4.5, possibly
due to the β-sheet inhibitive nature imposed by the PPII-like
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conformation adopted by the oligoproline segment (Figure S9
in SI). We also noted that the P9G-Sup35 conjugate is capable
of forming filamentous structures, only when the solution pH
was lowered below 3. In contrast, the conjugate possessing no
oligoproline (C8-Sup35) can self-assemble into filamentous

nanostructures at pH 4.5 (Figure 3a−c). However, these
filaments do not rapidly disassociate upon raising the solution
pH to around 7. After aging overnight, TEM examination still
showed the existence of filaments as the dominant morphology
(Figure 3d). Therefore, both the hydrocarbon and oligoproline

Figure 3. (a) Chemical structure of C8-Sup35. Cryo-TEM (b) and TEM (c) micrographs of the filamentous structures formed by C8-Sup35 in acidic
conditions (pH 4.5) at 2.1 mM. (d) TEM micrograph of the filaments formed by C8-Sup35 in pH ∼ 7 at 2.1 mM. All bars = 200 nm.

Scheme 1. Chemical Structures of the Four Cross-Linkers Designed/Used in the Study
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segments are critical elements in the design of supramolecular
filaments that possess rapid pH responsive behavior between
pH 4.5 and 7.5.
Two MMP-2 peptide substrates, GPQG-IAGQ and IPVS-

LRSG, were chosen for the design of the peptide cross-linkers
PCL1 and PCL2 (the hyphen denotes the expected cleavage

sites by MMP-2). Both sequences were reported to be
degradable by MMP-2 with high specificity, with the latter
yielding an ∼8-fold higher value of kcat/KM than the former.48

The sequence of PCL1 is actually derived from natural
collagen.48 Two lysine residues were placed at each terminal
(Scheme 1) to react with the multiple carboxylic groups of the

Figure 4. TEM micrographs of filaments after the postcross-linking treatment and qualitative analysis of cross-linked filaments. TEM micrographs of
cross-linked filaments by PCL1 (a), PCL2 (b), EDBE (c), and spermine (d) at pH ∼ 7. All scale bars = 200 nm. (e) Analytical HPLC traces of cross-
linked filaments by PCL1 (blue) and PCL2 (orange; solid lines). In all cases, the corresponding peaks remain sharp and monodisperse in the
chromatograms if EDC/NHS were not introduced to initiate the cross-linking chemistry (dashed lines).

Figure 5. Enzymatic degradation studies on the cross-linked filaments in the presence of MMP-2. MALDI-ToF mass spectra of cross-linked
filaments by PCL1 (a), PCL2 (b), and EDBE (c) before the enzymatic treatment (top spectrum), after the addition of Tris buffer (middle
spectrum), and after 6 h of incubation with MMP-2 (bottom spectrum). Peaks are labeled with the (m,n) format, in which m represents the number
of MASP1 molecules and n represents the number of the cross-linking molecules. (d) Schematic illustration of a representative pentamer of MASP1
linked with five PCLs and their possible degradation products after enzymatic cleavage of the PCLs.
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terminal glutamic acids on MASP1. Polyamines such as
ethylenedioxybisethyamine (EDBE) and spermine (Scheme
1) were used as control cross-linkers for comparison. All cross-
linking experiments were carried out in the assembly conditions
(0.1 M MES buffer, pH 4.5) using 1-ethyl-3-[3-dimethylami-
nopropyl] carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) as initiators. The ratio of amines to carboxylic acids
was chosen to be 4:1. After chemical cross-linking, the solution
pH was adjusted to neutral conditions by adding NaOH to
evaluate if this cross-linking strategy could preserve the filament
structure. Figure 4a−d shows TEM images of the cross-linked
filaments at pH ∼ 7, indicating that all four cross-linkers can
successfully stabilize the supramolecular filaments. No apparent
differences in morphology and length were observed between
the cross-linked filaments and the non-cross-linked ones
formed at pH 4.5, except that the cross-linked filaments
seemed to have a greater tendency to bundle. It has been
shown that the valency and the spacer distance between two
adjacent reactive amines within the cross-linker play an
important role in the cross-linking efficiency, leading to
formation of different assembled morphologies.49 However,
under our experimental conditions (amine/acid = 4:1), the
cross-linker identity did not appear to be a factor in the adopted
morphology. Instead, the molecular design of MASP1 is the
primary factor determining the assembled structures, suggesting
that other cross-linkers specifically cleavable by different
enzymes can also be used to stabilize the MASP1 filament
without altering the assembly behavior of MASP1.
The cross-linking chemistry at the molecular level was first

verified using analytical HPLC (Figure 4e). Without the

addition of EDC/NHS initiators, mixtures of PCLs with
MASP1 were eluted as two sharp, narrow peaks (dashed
chromatograms in Figure 4e). MASP1 was consistently eluted
after 17 min, while PCL1 and PCL2 were eluted after ∼12 and
∼14 min, respectively. EDBE and spermine were not
observable due to their lack of absorbance at 220 nm (Figure
4e). Addition of the EDC/NHS initiators led to a broadening
of the MASP1 elution peak (solid chromatograms in Figure
4e), clearly suggesting the existence of multiple products
resulting from the cross-linking reaction.
MALDI-ToF mass spectrometry was then used to identify

the molecular weights of the resultant chemical species. We
found that these products can be assigned to species with
varying numbers of MASP1 and PCLs (Figures 5a−c and S7
and Table S1 in SI). Because the molecular weights of EDBE or
spermine were very small relative to that of MASP1, mass
spectra of their cross-linked products only list the numbers of
MASP1. These results also suggest that the cross-linking
reaction did not transform the whole filament into one gigantic
polymer. Actually, products containing large numbers of
MASP1 and PCL were rarely observed in both MALDI and
HPLC experiments. However, this lower degree of cross-linking
is sufficient to stabilize the supramolecular filaments as TEM
imaging shows that the cross-linked filaments are stable for at
least five days at pH ∼ 7 (Figure S9 in SI). Quantification of the
relative amount of different cross-linked products was not
possible as the peak intensities in MALDI do not necessarily
correlate to the absolute amount of the molecules present.

MMP-2 Degradation Experiments. The enzymatic
degradation of the cross-linked MASP1 filaments was

Figure 6. (a) TEM micrographs for the PCL2-cross-linked (top panels) and EDBE-cross-linked (bottom panels) filaments after 6 h incubation with
MMP-2. The lengths of PCL2-cross-linked filaments were significantly reduced (top left panels) after incubation with MMP-2 for 6 h, while the
EDBE-cross-linked filaments did not reveal any noticeable changes in filament length (bottom left panels). Both PCL2-cross-linked (top right
panels) and EDBE-cross-linked filaments (bottom right panels) are very stable in the absence of MMP-2, and did not display any noticeable changes
in filamentous structures 6 h after Tris buffer was added. (b) Schematic illustration of degradation pathways of supramolecular filaments cross-linked
by MMP degradable and nondegradable linkers.
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investigated by MALDI-ToF mass spectrometry. After 6 h
incubation with MMP-2 (50 mM Tris, pH 7.5, 0.1 M NaCl, 10
mM CaCl2), multiple new signals were observed for both
PCL1- and PCL2-cross-linked filaments (Figure 5a−c, and
Table S2 in SI). The molecular weight difference between these
new species and the original masses in the untreated samples is
typically around 800 Da, a value close to the molecular weights
of the hydrolysis products of both PCL1 and PCL2 if they were
cleaved at the expected sites (expected molecular weights of the
hydrolysis products of PCL1: 818.92 and 805.96 Da; and
PCL2: 876.05 and 850.02 Da). For cross-linked MASP1
molecules containing odd numbers of PCL residues, their
degradation products can be assigned in the form of (m,n), for
example (2,2.5; Figure 5d). However, one cannot distinguish if
the signal (2,2) resulted from molecules containing two
MASP1 linked by two PCLs, or from molecules containing
two MASP1 linked by one PCL plus two PCL degradation
segments (Figure 5d). For filaments cross-linked by EDBE, it is
difficult to discern if chemical degradation takes place due to
the limited resolution of the MS data obtained. These
experiments reveal clearly that the peptide cross-linkers can
be specifically degraded by the target MMP-2 at the desired
cleavage sites at the molecular level.
To confirm that MMP-2 degradation of the cross-linked

filaments had the desired effect, TEM imaging was performed
on PCL-2 cross-linked filaments that had been treated for 6 h
with MMP-2 (Figure 6). We found that most filaments had
already dissociated, with only the occasional observation of
some filamentous structures. In the absence of MMP-2, these
cross-linked filaments were found to be very stable and did not
exhibit any noticeable time-dependent morphological variation
(Figure 6). The stability of the cross-linked filaments, combined
with the observation of much shorter filaments after 6 h
incubation with MMP-2, suggests that the MMP-2 cleavage
reaction actually took place on the cross-linkers displayed on
the nanofiber surfaces as shown in Figure 1c, not on the
unassembled molecules in solution. It is very unlikely that the
cross-linked filaments would first dissociate into monomeric
forms which will then be degraded by MMP-2 given the
structural stability of the cross-linked filaments.

■ CONCLUSION
In this work, we have reported a cross-linking strategy to
construct MMP-degradable filaments formed by amyloid-
derived amphiphilic peptides. One key design feature is the
incorporation of an oligoproline sequence that allows for rapid
disassociation of the assembled β-sheet rich nanostructures
upon degradation of the peptide cross-linkers. We also show
that the peptide substrates displayed on the filament surfaces
are still accessible for specific MMP cleavage. Notably, the use
of four structurally different cross-linkers did not alter the
assembled morphology, suggesting the possibility of using other
peptide cross-linkers for different types of enzymes. Because the
assembly process is well separated from the incorporation of
MMP degradability, peptide substrates of other proteases could
be chosen as a potential cross-linker to stabilize the MASP1
filaments. The cross-linked filaments may find their use as
individual carriers for drugs or imaging agents because of their
improved stability during circulation and also of their enzyme-
induced instability once reaching their targets. Hydrogels of the
cross-linked filaments could be potentially used as scaffolding
materials for cell and protein delivery, or for studying cell
differentiation and migration.

In order to develop peptide-based supramolecular filaments
and hydrogels with degradation kinetics controlled by the
targeted proteases (e.g., MMPs) for ultimate biomedical
applications, two important issues need to be addressed:
First, the specificity of the chosen peptide substrates to the
targeted protease must be quantified experimentally. The two
peptide substrates used in our work, one derived from natural
collagen and the other screened from a peptide library, are
highly specific to the MMP-2 in the soluble form, however, it is
not clear how much their specificity is altered when displayed
on the filament surfaces. Although our MALDI experiments
reveal that the cleavage sites of both PCL1 and PCL2 remain
unchanged in our studies, future work should be pursued to
quantify the specificity by directly measuring the value of kcat/
KM. The second important issue is the toxicity of all the
chemicals involved in the cross-linking reactions. Our recent
experiments reveal that, although the designed peptide MASP1
do not possess any potential toxicities to cells, the EDC/NHS
initiators used in our studies are highly toxic. Therefore, these
toxic initiators must be completely removed via extensive
dialysis. Alternatively, other cross-linking methods such as
Michael-type addition,50,51 or enzyme-catalyzed reactions52

could be used to covalently fix the peptide supramolecular
filaments. Despite these challenges, we believe that our
reported system present a new platform for the design of
enzymatically degradable materials, and this platform can be
potentially extended to construct filaments responsive not only
to other members of the MMP family, but also to other types of
proteases or enzymes.
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