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Controlled delivery of drugs in response to environments has the potential of targeting therapies and personalized
treatments. Here, we described self-assembled peptide sequences that release therapeutic payloads upon specific
interaction with disease-associated proteases. The core peptide sequence consists of a protease cleavable region
flanked by two self-assembly motifs. In aqueous solution, the peptides self-assemble as a gel scaffold. With
treatment of the model preparations with the appropriate protease, the matrix can be degraded in a controlled
fashion, where the degradation rate is fine-tuned by varying the peptide compositions. Protease-mediated drug
release was demonstrated by enzymatic treatment of a model therapeutic peptide incorporated into the optimized
matrix. Our results suggest that this type of material may have far-reaching applications for functionally targeted
drug delivery.

Introduction

The goal of any chemotherapy is to ensure the safety and
efficient transportation of drug molecules to the targeted sites.
During the past decade, advances in biotechnology enable us
to design more sophisticated approaches for drug deliveries. For
example, biological compounds such as peptides, proteins, and
antibodies are employed to target angiogenesis.1 Nanometer-
sized particles are proposed for passive targeting of tumors.2

Traditional materials used for drug deliveries are generally
controlled and degraded by chemical reactions such as spon-
taneous hydrolysis of ester linkages. Biomaterials that are
responsive to physiological stimulus and at the same time release
an adaptable dosage may reduce treatment failure from phar-
macogenomic differences of individual patients.3

Proteases are known to be involved in many physiological
processes such as tissue remodeling,4 wound healing,5 and tumor
invasion.6-8 Thus, proteases have been identified as potential
candidates to control drug release in vivo. A few meticulously
engineered biomaterials that are sensitive to proteases have been
prepared for various biomedical applications. Synthetic copoly-
mers with the capacity to mimic matrix metalloproteinase-
mediated invasion of the natural provisional matrix are useful
in assisting tissue regeneration.9,10 Quenched fluorescent poly-
mers containing protease switches have been developed for
medical imaging.11 In addition, polymeric derivatives responding
to proteolytic degradation were developed for drug delivery.12

Anticancer drugs, for example, have been linked to polymer
backbones through protease-specific peptide spacers, enabling
selective drug release at tumor sites with high protease
activity.13-15 Here, we demonstrate a rational design of a new
protease-responsive biomaterial. The protease-sensitive matrix
is assembled by using building blocks, which contain a protease-
sensitive motif and two weakâ-sheet forming peptides se-
quences (Figure 1). The binaryâ-sheet peptides are able to form
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Figure 1. Design of the encapsulated enzyme releasable peptide-
based matrix. (a) The core peptide sequence is composed of a
protease cleavable region flanked by â-sheet forming motifs. In
aqueous solution, peptides self-assemble into a gel matrix. Thera-
peutic agents can be encapsulated into this formulation. Upon addition
of the targeted protease, the enzyme digests the preparations at the
substrate cleavage site, resulting in release of gel fragments and
therapeutic agents. (b) The optimized sequence of building block 6-u-8
and its nondegradable scramble control C-6-u-8. The designed
peptide is cleaved selectively by uPA. (c) The composition of the
therapeutic peptide, B-r7-kla, used in gel encapsulation. The fluo-
rescent labels are added at the N-termini of the matrix and drug
peptide sequences as the reporter molecules.
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self-assembled matrix viaâ-sheet stacking. Cleavage of the
protease-sensitive sequence fragments the building blocks, on
the gel surfaces to be cleaved, which in turn weakens theâ-sheet
interactions and results in matrix degradation.

Materials and Methods

Peptide Synthesis.Peptide synthesis was performed on an automated
peptide synthesizer employing traditional NR-Fmoc methodology.
Fluorescein isothiocyanate (FITC) and 5-(and-6)-carboxytetramethyl-
rhodamine (TAMRA) were attached to the N-termini of the peptide
on resin as previously described.16,17 Cleavage of peptides from the
resin and side-chain deprotection employed a mixture of TFA/
thioanisole/ethanedithiol/anisole 90/5/3/2 for 3 h atroom temperature.
Peptides were then precipitated by methyl-tert-butyl ether at 4°C and
purified by size exclusion chromatography in DMF. The collected
fractions were further precipitated by diethyl ether and dried in vacuo.
All peptides were characterized by MALDI-TOF mass spectrometry.

Protease-Assisted Matrix Degradation.Peptide analogues (1 mg/
10 µL) dissolved in DMSO were added to a 96-well culture cluster
plate in PBS buffer (200µL). Yellow gels were formed immediately
at the bottom of each well. After 24 h, the matrixes turned orange in
color and were washed three times with PBS. To compare the
degradations of different gel sequences, various analogues were
incubated with uPA (100 nM) in PBS (200µL) for 24 h. The sample
solutions (100µL) were transferred to a 96-well clear-bottom plate in
PBS (100µL). Fluorescence intensity measurements were recorded on
a computer-controlled fluorescence plate reader. All data were acquired
and analyzed by the installed computer software. For time course assays,
preparations were made in a 96-well plate as described above. The
samples were allowed to incubate with or without uPA (100 nM) in
PBS (200µL) for 24 h at room temperature. The sample solutions (100
µL) were transferred to a 96-well plate in PBS (100µL) to measure
the relative fluorescence intensities. The gels were then washed three
times with PBS (200µL). The procedures were repeated for four
consecutive days. B-r7-kla encapsulated gel matrixes were prepared
by using the same procedures, except B-r7-kla and 6-u-8 were mixed
in DMSO prior to the matrixes formation.

MTS Assay.HT-1080 human fibrosarcoma cell lines supplied from
American Type Culture Collection were cultured in 5% CO2 at 37°C.
The HT-1080 fibrosacroma cells were incubated in DMEM supple-
mented with 10% (v/v) fetal bovine serum, glucose (4.5 g/L),
L-glutamine (4 mM), nonessential amino acids (0.1 mM), sodium
bicarbonate (1.5 g/L), penicillin (50,000 U/L), and streptomycin (0.05
g/L). Cells (5000/well) were seeded on a 96-well cell culture cluster
plates for 12 h. Therapeutic peptides or solution mixtures from the gel
degradations were added to individual wells and were incubated an
additional 24 h. MTS solution (20µL) was then added to individual
wells. Samples were done in triplicate and the absorbance was measured
at 490 nm. The results were recorded and analyzed by computer. The
LD50 values were calculated by Prism software.

Results and Discussion

The KLD-12 peptide (Ac-KLDLKLDLKLDL) was previ-
ously reported to form stableâ-sheet structures spontaneously
in aqueous solution. Formation of these structures is induced
by the repetitive alternating ionic hydrophilic and hydrophobic
amino acids of the peptide.18,19 Derivatives of thisâ-sheet
forming peptide were used for preparation of membranes,
nanotubes, and matrixes20-22 To add sensitivity, a substrate
peptide, SGRSANA, specific for urokinase plasminogen activa-
tor (uPA) was inserted between the KLD-12 self-assembly
motifs. uPA was selected as a model protease because it plays
an important role in extracellular matrix remodeling and
facilitates cancer invasion into the surrounding tissues.23-25

Clinically, elevated uPA in malignant breast, gastrointestinal,
and urogenital tumors indicate poor diseases prognosis.26 In
primary breast cancer, high tumor levels of uPA are associ-
ated with poor overall survival.27,28 The synthetic substrate
(SGRSANA) is known to be 840 times more efficient in uPA
cleavage (kcat/Km ) 1200 M-1 s-1) than the native sequence
from plasminogen29 and was used previously to prepare a uPA-
sensitive fluorescence probe.16

The self-assembled peptide matrixes are prepared by solvent
exchange and can be molded in a casting frame. A fluorescein
isothiocyanate (FITC) tag was covalently attached to the
N-terminus of the building blocks as a reporter to monitor
degradation of the matrix. An initial screen was performed to
activate the protease-mediated release of the building blocks
with various lengths ofâ-sheet forming segments, extending
from 6 to 10 residues at both C- and N-termini of the assembly
motifs (Supporting Information). From this study, it is evident
that variation of the self-assembly motif length is not a
predictable approach for controlling the degradation rates. As
the length of theâ-sheet forming segment is increased, the
digested peptides may remain attached onto the scaffolds by
hydrophobic interactions. The optimized building block 6-u-8,
KLDLKL-SGRSANA-DLKLDLKL, was found to be the most
sensitive matrix to the target uPA protease (Figure 1b). This
sequence was found to consist 40% ofâ-sheet structure
(Supporting Information). The resulting preparations have a
strong orange color, indicating high fluorochrome content, but
they are fluorescently silent (excitation at 460-480 nm and
emission at 520-540 nm) (Figure 2a). Complete quenching of
the fluorescein emission is attributed to the tightâ-sheet
structure. After incubation of the matrix with uPA (100 nM)
for 12 and 24 h, increased fluorescence emission, indicating
the release of FITC-containing peptide fragments into the buffer,
was observed. The wells containing amiloride (1 mM), an uPA

Figure 2. Response characteristics of the self-assembled matrixes.
(a) Fluorescence image of 6-u-8. Matrixes were imaged in a 24-well
plate as previously described. The images were taken 12 and 24 h
after the addition of uPA (100 nM) in PBS buffer. Due to tight stacking
of the building blocks, complete quenching of FITC was observed in
the matrix. The fluorescence signal was restored after release from
the matrix by uPA activity. (b) Percentage increase in fluorescence
signal versus various uPA concentration (0-500 nM). The increase
in fluorescence emission is enzyme-dependent. Amiloride (1 mM) was
used as the inhibitor. The same amount of uPA (100 nM) was added
to both the C-6-u-8 and inhibition experiments. Fold increased in
fluorescence ) [F1/F0 - 1]. (c) Comparison of the degradation ratios
for matrixes containing different compositions of 6-u-8 and C-6-u-8
24 h after addition of uPA (100 nM). (d) Degradation of the matrixes
containing different compositions of 6-u-8 and C-6-u-8 with time (per
24 h).
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inhibitor,30 show only a trace amount of fluorescence emission,
suggesting the observed fluorescence is specific to uPA activity.
Gel degradation is uPA concentration-dependent; fluorescence
emission increased with increasing uPA concentrations (Figure
2b). As previously observed, only a slight increase in fluores-
cence emission was found when amiloride inhibitor was added
(1 mM). To further confirm the selectivity of 6-u-8 to uPA, the
building block C-6-u-8 was synthesized by replacing the
substrate cleavage site with a scrambled sequence (SGASNRA)
(Figure 1b).16,31As expected, the C-6-u-8 matrix containing the
scrambled sequence did not show degradation upon addition
of uPA (100 nM) (Figure 2b).

Given the difference in stability between 6-u-8 and C-6-u-8
sequences allows for rational design of controlled-release
hydrogels. Matrix analogues were prepared by formulating
different ratios of 6-u-8 and C-6-u-8. As expected, the degrada-
tion rates correlate with the proportion of 6-u-8 in the gel matrix.
Preparations with a higher percentage of 6-u-8 were more likely
to be digested by uPA (Figure 2c). Time course experiments
show that the degradation rates decrease with increasing C-6-
u-8 proportions (Figure 2d). Our results support the hypothesis
that by mixing the degradable 6-u-8 with the nondegradable
C-6-u-8, the degradation rates can be controlled, thus affording
the ability to fine-tune the desired degradation kinetics.

To demonstrate potential drug delivery applications of the
biomaterial, a mitochondrial disruption peptide, klaklakklaklak
(kla), was encapsulated into the gel matrix. Previously, this
peptide was shown to induce apoptosis in tumor cells.32-34 A
membrane penetrating polyarginine peptide, rrrrrrr, was tethered
to the C-terminus of kla peptide for enhanced intracellular
delivery, and aâ-sheet forming segment (kldlkl) was added to
the N-terminus to facilitate aâ-sheet stacking (Figure 1c). The
whole peptide (B-r7-kla) was synthesized usingD-amino acids
to prevent metabolic degradation in vivo. In addition, carboxy-
tetramethylrhodamine (TAMRA) was added as a reporter to
monitor drug release by absorbance spectroscopy. Prior to any
investigations, the cytotoxicity of B-r7-kla to HT-1080 human
fibrosarcoma cell lines was confirmed with the MTS assay.35

The obtained IC50 value was 6.2µM (Supporting Information).
To study the drug release efficiency, matrixes were formulated

with various ratios of 6-u-8 and B-r7-kla (% v/v). The casted
matrixes were then incubated with equal amount of uPA. To
avoid potential Fo¨rster fluorescence resonance energy transfer
(FRET) from the FITC to TAMRA, peptides were quantified
simultaneously by UV absorbance at 495 and 555 nm, which
correspond to the presence of FITC from the gel matrixes and
TAMRA from the B-r7-kla drug, respectively. Matrix degrada-
tion increased inversely with the ratio of 6-u-8 (Table 1). This
may be the result of decreasing the number of the available
uPA-cleavage sites on the gel surface available for enzyme

cleavage. Enhanced drug release is observed to correlate with
increased degradation of the gel matrix.

The mechanism of protease-assisted drug release was further
confirmed by reverse-phase HPLC and mass spectrometry.
Elution peaks were monitored by the absorbance of FITC and
TAMRA, representing the matrix and the drug, respectively.
In the presence of uPA, an early-eluted new peak with FITC
absorbance was found, suggesting 6-u-8 was cleaved by uPA
(Figure 3a). MALDI-TOF MS analysis gave a single peak at
1490.77 Da, representing [M+ H]+ mass ion of FITC-Bkldlkl-
SGR the cleaved fragments (Figure 3c). As previously described,
the enzyme cleavage site was located between the arginine and
serine residues.29 Meanwhile, the B-r7-kla peptide remained
intact. No degradation of the drug peptide was observed in the
activated and nonactivated matrixes. This was shown by the
overlapping HPLC spectra (Figure 3b) and confirmed by the
mass spectrometry (Figure 3d).

Next, enzyme activation kinetics of preparation 6-u-8/B-r7-
kla:80/20 were investigated. Different concentrations of uPA
(0-500 nM) were added (att ) 8 h) to investigate the matrix
degradation (Figure 4a and b). Samples were incubated for 8 h
with uPA. Degradation of the gels is uPA-dependent, but the
maximum dissociation of 6-u-8 fragments from the matrixes

Table 1. Degradation and Release of Drug-Containing Matrixa

absorbance at 495 nm
matrix

absorbance at 555 nm
drug

components
matrix/drug

(% v/v) no enzyme enzyme
degradation

(fold) no enzyme enzyme
drug release

(fold)

100/0 0.78 ( 0.11 1.91 ( 0.23 2.45 0.00 ( 0.00 0.00 ( 0.00
80/20 0.54 ( 0.04 1.14 ( 0.11 2.11 0.10 ( 0.01 0.18 ( 0.01 1.80
60/40 0.51 ( 0.06 0.92 ( 0.11 1.80 0.13 ( 0.02 0.19 ( 0.01 1.46
40/60 0.39 ( 0.07 0.66 ( 0.14 1.69 0.10 ( 0.01 0.14 ( 0.02 1.40
20/80 0.22 ( 0.06 0.34 ( 0.11 1.54 0.07 ( 0.03 0.06 ( 0.01 0.85

a Various preparations (n ) 3) contain different components of 6-u-8 and B-r7-kla. Identical amounts of peptide (1 mg/µL) were used for the gel
formations in a 96-well plate. After incubation with uPA (100 nM) in PBS for 24 h at 25 °C, buffer solutions (100 µL) were diluted with PBS (300 µL). The
release of the digested matrix fragments and B-r7-kla from all preparations was quantified by absorbance at 495 and 555 nm, respectively. The fold
increased in absorbance of a particular preparation was calculated by dividing the background signal of the correspondent analogue without uPA.

Figure 3. Characterization of the encapsulated matrix formulations.
After enzyme treatment (100 nM), the solution mixtures were injected
and analyzed by RP-HPLC. For ease of comparison, peptide amounts
were normalized in accordance with the concentrations of fluoro-
phores prior to HPLC injection. Absorbance at (a) 460 nm and (b)
555 nm indicates release of matrix fragments and B-r7-kla, respec-
tively. The 6-u-8 fragment was identified as a fast-eluting peak.
Analysis of the HPLC fractions by MALDI-TOF spectrometry (c and
d).
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was delayed for 8 h in all samples with enzymes, as indicated
by the peak absorptions att ) 24 h. On the other hand, the
encapsulated B-r7-kla was released almost instantly with uPA
(Figure 4b). Maximum absorbance was found att ) 16 h (Figure
4b) and immediately returned to the background levels after
enzyme removal. The delayed gel degradation kinetics could
be attributed to the hydrophobic interaction of the peptide
fragments to the matrixes. Despite the different kinetic profiles
of matrix degradations, the system demonstrates the enzyme-
assisted drug release effects were digitized. To demonstrate this
principal, gels (n ) 6) were separated into two groups and were
activated at specific time points. The release of B-r7-kla from
the matrix could be controlled at any given time point by
addition of enzyme and was only observed in the presence of
the enzymes (Figure 4c). The cytotoxcity of the solution
obtained from uPA-dependent release using HT-1080 cell lines
was investigated. With no enzyme, the encapsulated B-r7-kla
was released slowly and no cytotoxic effects were observed
(Figure 4d). High uPA concentrations (500 nM), however,
significantly enhanced drug release. After 24 h, the fraction of
variable cells was reduced to 18%.

Conclusions

In summary, peptide-based matrixes with varying uPA
sensitivities have been synthesized and tested. The materials
were constructed from biologically inspired peptide sequences
and were labeled with fluorescein for physiochemical studies.
Unlike traditional synthetic materials, which are usually de-

graded by chemical reactions, such as ester hydrolysis,36,37

degradation of our matrixes proceed via dose-dependent enzy-
matic cleavage and dissolution. The degradation pattern can be
adjusted by varying the ratios of different components of the
gels and thus control the rate of matrix degradation. Initial
toxicity assay indicated the prepared matrixes are nontoxic in
vitro. Such an approach may be applied for making controlled
or enhanced release preparations, especially for preparing hybrid
materials for drug delivery.38 In addition, the approach may be
adapted to prepare similar biomaterials for additional proteases.
Overall, our data suggested that this type of material could have
far-reaching applications for targeted and functional drug
delivery. We believe biomaterials that are responsive to physi-
ological stimulus and have the ability to release an adaptable
dosage may lead to successful treatments.
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