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Abstract

Over-expression and activation of matrix metalloproteinase-9 (MMP-9) is associated with multiple
diseases, and can serve as a stimulus to activate nanomaterials for sensing and controlled release.
In order to achieve autonomous therapeutics with improved space-time targeting capabilities,
several features need to be considered beyond the introduction of an enzyme-cleavable linker into
a nanostructure. We introduce guiding principles for a customizable platform using
supramolecular peptide nanostructures with three modular components to achieve tunable kinetics
and morphology changes upon MMP-9 exposure. This approach enables: (1) fine-tuning of
kinetics through introduction of ordered/disordered structures, (2) a 12-fold variation in hydrolysis
rates achieved by electrostatic (mis) matching of particle and enzyme charge, and (3) selection of
enzymatic reaction products that are either cell-killing nanofibers or that disintegrate. These
guiding principles, which can be rationalized and involve exchange of just a few amino acids,
enable systematic customization of enzyme-responsive peptide nanostructures for general use in
performance optimization of enzyme-responsive materials.

"Corresponding author: rein.ulijn@asrc.cuny.edu.

Supporting Information. The Supporting Information (PDF document) is available free of charge on the ACS Publications website
(MMP-9 cleavage studies by LC-MS, and characterization of peptides using HRMS, 14 NMR, AFM, TEM, FTIR, zeta potential, and
CAC studies).
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Graphical Abstract

Peptide amphiphiles spontaneously form spherical micelles or worm-like micelles depending on
the amino acid residues in the MMP-9 cleavable segment, which also dictates the fiber formation
or disassembly of post-enzymatic products. The rate of MMP-9 hydrolysis is modulated using
(mis) matching electrostatic charges of the cationic (blue) and anionic (red) nanostructures and the
enzyme, and further fine-tuned by varying the degree of supramolecular order to impact the
enzyme’s accessibility to the substrate.
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Nanomaterials impact biomedicine by taking advantage of their inherent chemical and
physical properties to achieve increased circulation lifetime and selective bio-distribution /in
vivo, and dictate cellular uptake mechanisms,! all of which cannot be attained by molecular
drugs alone. Another beneficial feature of nanomaterials is the ability to incorporate stimuli-
responsive functionalities to enhance selectivity in targeting diseased cells, and manipulate
drug release profiles.2® In particular, an inherent biological stimulus such as (over-)
expression of enzymes, can serve as a marker for diseased cells, as well as a trigger to
facilitate desired changes in the nanostructure.® Understanding the relationship between
properties of nanomaterials, such as size, shape, and charge, with their bio-distribution or
cellular uptake patterns have allowed researchers to develop refined systems to target
specific organs and cells. For example, Discher et al. described that the increase in length of
flexible filomicelles up to 8 um increased the circulation lifetime /n vivoin mice, in
comparison to shorter filomicelles and spherical vesicles.” Likewise, a thorough
investigation is necessary in order to develop design rules for nanomaterials that can engage
with the enzymatic stimuli with varying degrees of affinity in order to predetermine response
kinetics for the desired enzyme-responsive action (/.e. disassembly, morphology switch,
etc.).b

For instance, an over-expression and activation of matrix metalloproteinase-9 (MMP-9), an
enzyme that is crucial to normal behavior of cells such as degradation of extracellular
matrix,8 is associated with multiple diseases including cancer metastasis,® cardiovascular
diseases,0 arthritis, 11 efc. Since the introduction of polymeric MMP-responsive materials by
Hubbell et a/,12:13 there have been numerous strategies to exploit this highly disease-
relevant enzyme for bio-medical applications.14-21 One of the challenges in designing
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MMP-9 responsive nanomaterials is optimizing a cleavable segment that meets the enzyme
specificity,22 and is concurrently compatible with the nanoparticle system. Another, largely
overlooked but important aspect of particle design is regulating the susceptibility of the
nanoparticle to the enzyme stimuli through the manipulation of electrostatic properties of
nanoparticles to attract or repel enzymes of opposite or same charge,23 and to control the
degree of supramolecular organization of the nanoparticle to increase or limit enzyme access
to the particle, and ultimately influence the observed reaction and response kinetics.24

A further design aspect is the morphology of the particle pre- and post-cleavage; there is
increasing evidence that enzymatically triggered formation of nanofibers on tumor cells can
cause cytotoxic effects, 125 and Xu et a/. have extensively studied this mechanism to
overcome drug-resistance in cancer cells,26:27 while disintegrating particles may be
beneficial for controlled drug release.19-20 The anti-cancer activity of the nanofibers depends
on the kinetics of fiber formation which in turn depend on the interaction between the
enzyme and the precursor, as well as the self-assembling ability of the post-enzymatic
product.28 By employing these strategies, the response behavior of the enzyme-responsive
nanomaterials can be optimized to achieve selective and controlled rate of drug release, and
to introduce additional therapeutic functionalities.

Thus, by using rational design of peptide sequences, we present here a modular platform to
customize surface charge, supramolecular organization, and enzyme specificity of peptide
nanostructures. We demonstrate the significance of these properties in showing that simple,
few amino acid replacements can systematically control enzyme engagement and
susceptibility to the enzymatic action which dictates the response kinetics and, in addition,
can dictate the action of the nanostructures (degradation or f-sheet formation) to ultimately
influence cells’ fate.

RESULTS AND DISCUSSION

Rational design of peptide sequences.

For this study, we designed self-assembling peptide amphiphiles?® that form stable
nanostructures under physiological conditions, and undergo morphological change or
degradation upon MMP-9 hydrolysis of the peptides, building on our previous work which
demonstrated that peptide micelles can encapsulate doxorubicin and transform into fibrous
drug depots upon MMP-9 action.21:30 Thus, we created a modular system in which the
peptide sequences contain three segments: (1) cationic or anionic hydrophilic segment to
modulate enzyme engagement, (2) MMP-9 cleavable segment with ordered or disordered
regions to influence enzyme kinetics and predetermine self-assembly or dis-assembly of
post-cleavage product and, and (3) hydrophobic segment to drive self-assembly of precursor
and of post-enzymatic self-assembling product (with potential to bind hydrophobic drugs??)
(Figure 1).

To demonstrate the ability to electrostatically recruit MMP-9 (pl = 5.7, net negative charge
in physiological pH)3! to the peptide particles, we designed a hydrophilic segment in the
peptide amphiphiles with cationic or anionic C termini. Each peptide was given a positive
(1-3 AK/PK) or negative (1-3 AD/PD) charge using two lysine or two aspartic acid residues,
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thus creating 12 sequences (Table 1). In addition, these surfaces charges increase solubility
of the peptide nanostructures and can be customized to potentially influence cellular uptake
and bio-distribution.

To achieve MMP-9 specificity, and to program the distinct morphologies of the peptide
nanostructures and the resulting enzymatic products, we designed the cleavable segment
based on data from the MEROPS database,32 which suggests PX;GVLX»G where ¥
represents the scissile bond, and X4 and X5 represent positions where there are no significant
preferences for a single amino acid. The amino acid positions are designated starting from
the scissile bond (red dash line in Table 1) and are labeled P, through Pg towards the N
terminal, and P’ and Pg’ towards the C terminal. Peptides 1-3 PK/PD contain Pro in P3
which is prevalent in substrates of most MMPs,22 however, Pro is known to disrupt assembly
of secondary structures like a-helices and B-sheets in proteins.33 Therefore, in order to
promote fiber formation of the post-cleavage enzymatic products, we substituted Pro for Ala
in P3 in 1-3 AK/AD which is also found in natural substrates of MMP-9.34 In addition, we
varied P, with small aliphatic residues to observe differences in enzyme specificity, and
inserted Gly in P4 to change the self-assembling behavior of peptides and observe the
consequent changes in enzyme kinetics.

Lastly, to introduce the hydrophobic segment of our amphiphilic peptides, we used the well-
known self-assembling sequence diphenylalanine3®:36 on the first two positions of the N
termini to drive self-assembly of nanostructures prior to enzyme action via hydrophobic and
aromatic interactions, and to form nanofibers in a subset of sequences after enzyme action
(1-3 AK/AD). These 12 sequences represent a modular design in which the rate and
morphology of the enzymatic response can be customized for desired applications.

Characterization of the peptide nanostructures.

The 12 peptides were synthesized using Fmoc-based solid phase peptide synthesis (SPPS),
purified on high-performance liquid chromatography (HPLC) using C1g column, lyophilized
in water, and identified by high resolution liquid chromatography-mass spectrometry
(HRMS) and 1H nuclear magnetic resonance (NMR) spectroscopy (Figure S1-2 in SI). The
critical aggregation concentrations of the peptides were determined using pyrene as a
fluorescent probe and ranged between 0.3-0.8 mM for cationic peptides and 0.5-0.7 mM for
anionic peptides (Table 1 and Figure S9 in Sl). The zeta potentials of the peptide assemblies
confirmed the presence of the expected charges (Table 1). Higher zeta potentials were
observed for the anionic peptides which have negatively charged Asp residues on the free
carboxyl termini of the peptides, in comparison to the cationic peptides in which the positive
charge of Lys residues is negated by the free C termini (Figure 1A). We note that
measurements were made at high concentrations (5 mM) due to the limited light scattering
properties of the peptide particles that may have contributed to aggregation which results in
overall lower zeta potential values (Figure S8 in Sl).

Atomic force microscopy (AFM) images show that AK/AD sequences form one-
dimensional nanostructures and PK/PD sequences form spherical nanostructures with the
exception of 1 PK/PD (Figure 2A-B). Analysis of Fourier-transform infrared spectroscopy
(FTIR) spectra reveal that the self-assembly of most of the peptide sequences are not
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majorly driven by highly ordered hydrogen bonding of the peptide backbones. Instead, the
major peaks in the amide | region absorb between 1640-1650 cm™1, indicative of disordered
hydrogen bonds (shaded green in Figure 2C-D).38 Thus, the major contribution in the
formation of these spherical micelles (2-3 PK/PD) or worm-like micelles (1 PK/PD and 2-3
AK/AD) are driven by the formation of diphenylalanine hydrophobic core solubilized by the
hydrophilic lysine or aspartic acid tail.39 In contrast, 1 AK/AD show prominent
characteristics of anti-parallel p-sheet arrangement of the peptide backbone which absorbs at
1620 and 1687 cm~1 for 1 AK and at 1623 and 1696 cm™1 for 1 AD (shaded blue in Figure
2C-D). In addition, the carboxylate peak which absorbs in 1580-1590 cm™ (shaded red in
Figure 2C-D) is red shifted to 1541 cm™~1 in 1 AD, indicative of cation complexation which
suggests intermolecular salt bridge formation between the C and N terminal (or aspartic acid
residues next to the C terminal) which contributes to the long-range order of the peptide
assembly.3” We speculate that these highly ordered nanofibers are caused by the assembly of
linear and rigid backbone of 1 AK/AD in Pg-P1 (FFALG), and this is clearly evident in 1
PK/PD in which a single amino acid substitution of Ala to Pro in P3 (FFPLG) creates a kink
in the peptide backbone and significantly disrupts the anti-parallel -sheet formation.
Furthermore, the addition of Gly in P4 (FFGAX;G) in 2-3 AK/AD adds flexibility to the
peptide backbone?® which hinders long range order of the peptide assembly and thus forms
smaller nanofibers.

Controlling enzyme kinetics.

Next, we measured the rate of MMP-9 cleavage of the 12 peptides. Lyophilized peptides
were dissolved in phosphate-buffered saline (PBS) supplemented with 1 mM CaCl, and 55
UM ZnCl, to be compatible with MMP-9 (a metalloproteinase with zinc and calcium
dependent catalytic domain), the pH adjusted to 7.4, and sonicated for 10 mins to achieve 1
mM of peptide solutions. 100 ng/mL MMP-9 was incubated with peptides at 37°C and the
reaction was monitored up to 96 hrs using LC-MS to identify and quantify the enzymatic
products by calculating the area of the product peak over the initial peptide peak (Figure
S3-4in SI).

Electrostatic recruitment or repulsion of MMP-9.

Comparing the PP’ enzymatic products, the cationic peptides (Figure 3A) were
preferentially cleaved by (anionic) MMP-9. For example, 2 PK had a 12-fold higher
conversion in comparison to 2 PD (Figure 3B). This stark difference resulting from
preferential hydrolysis of nanostructures by oppositely charged enzymes has also been
observed by Wooley et a/.2* using polymeric micelles.

Interestingly, the major cleavage site for the cationic peptides was between GIL in P{{P;’ as
anticipated, whereas the major cleavage site for the anionic peptides was between FIF in
PgdPs with inconsistent results between two separate trials (Table S1 in Sl). It has been
reported that MMP-9 cleavage site in peptides of similar length can shift to PoYP4 or P1:{Po,
41 put this drastic shift to PgdPs5 suggests that the anionic peptides do not meet MMP-9
specificity. By electrostatic (mis) matching, we are able to recruit or repel MMP-9 to trigger
the desired response in the nanomaterial.
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Increasing or limiting accessibility to enzymatic hydrolysis.

In addition to the dramatically different conversion rates (and cleavage sites) resulting from
electrostatic interactions, we can further fine-tune the rate of enzymatic hydrolysis by
achieving enzyme specificity, and controlling the degree of order in the supramolecular
peptide nanostructures. Of the cationic peptides, sequences with Pro in P3 (1-3 PK) were
almost completely digested by MMP-9 by 96 hrs. In particular, 1 PK, which forms the
smallest micelles of the three, was completely converted to the enzyme product, FFPLG, in
48 hrs, and continued to be further hydrolyzed between FLF (dash blue line in Figure 3A).
This demonstrates the biodegradability of peptide nanoparticles, which may be useful for
applications where (di) phenylalanine generated amyloid-like toxic fibrils are of concern.42
Overall, 1-3 PK were cleaved to completion at a similar rate due to the preferred Pro residue
in P3, and the subtle differences in the peptide sequences did not affect the enzymatic
hydrolysis rates.

In the case of 1-3 AK, significant differences were observed due to the degree of
supramolecular organization of the nanostructures. 3 AK which has the highest CAC value
of 0.8mM had a low conversion (below 10% by 96 hrs), whereas, 2 AK with a lower CAC
value of 0.4 mM had the highest conversion (up to 60% by 96 hrs), and no cleavage was
observed for 1 AK (CAC value 0.4 mM). These data suggest that the kinetics of the enzyme
hydrolysis are determined by the supramolecular order of the peptide assemblies rather than
the hydrolysis of unassembled peptide monomers. The slight difference of introducing a
glycine residue in the sequences of 2 AK and 1 AK (between diphenylalanine and alanine)
contributes to a major change in the morphology of the two nanostructures. 2 AK, which has
a more flexible peptide backbone due to the insertion of Gly residue in P4, forms disordered
hydrogen bonds (Figure 2C) that leads to the formation of smaller fibrils (Figure 2A and
Figure S5A in Sl) and is susceptible to MMP-9 hydrolysis. However, without the Gly
residue, the rigid peptide backbone of 1 AK in Pg-P; arranges in an anti-parallel p-sheet
configuration (Figure 2C) and form fibers that are microns in length (Figure 2A and Figure
S5A in Sl). These highly organized fibers are less susceptible to enzyme degradation,
especially for the endopeptidase MMP-9, which has been observed to bind to type | fibril
collagen, a large extra cellular matrix component, but cannot digest it until it is in the
denatured, gelatin form.#3 Concluding from this set of 12 peptides, it is clear that we can
dramatically control the rate and specificity of MMP-9 hydrolysis through systematic
exchange of amino acids.

Biocompatibility of peptide nanostructures in vitro.

Moving forward, we chose to test the biocompatibility of the two peptides that were active
against MMP-9, 2 AK and 3 AK, and their Pro analogous peptides 2 PK and 3 PK. We
chose a human clear cell renal cell carcinoma line, Caki-1, because tissues from patients
with this type of kidney cancer show significantly higher expression of MMP-9 mRNA, with
increasingly higher expression in advanced tumor stages.** As a control, we chose a non-
cancerous human lung fibroblast cell line, IMR90, which was reported to have negligible
expression of MMP-9 mRNA.% 1 mM of the peptides were incubated with Caki-1 and
IMR90 cells at 37°C for 72hrs and the cell viability was determined using the Presto Blue
assay (Figure 4A-B). The peptides are non-toxic to both cell lines with cell viabilities over
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90%, except for 3 AK which forms p-sheet fiber post-cleavage and decreased the cell
viability of Caki-1 cells to 66%, despite the observed low conversion (Figure 3A).

Nanofibers induce selective toxicity in cancer cells.

In order to understand the effects of the post-cleavage products /in vitro, we synthesized the
hydrophobic N terminal fragments of the resulting enzymatic products (herein referred as
2-3 A/P) by SPPS and studied their self-assembly behaviors using FTIR, AFM, and TEM.
The full characterization of 1-3 A/P can be found in supporting information (HRMS, 1H
NMR, AFM, FTIR, and additional TEM). Distinct differences can be observed by peptides
with Ala in P3 (2-3 A) which formed ordered structures, and peptides with Pro in P3 (2-3 P)
which was expected not to self-assemble due to the Pro disrupting formation of ordered
hydrogen bonds. FTIR spectra of the non-assembling peptides (Figure 4C gray lines) show
absorptions at 1643 and 1653 cm™1 for 2 P and 3 P, respectively, which is observed for
amides of peptide backbones with disordered hydrogen bonds. A mixture of parallel p-sheet
(1628 cm™1) and disordered (1643 cm™1) hydrogen bonds were observed for 2 A. In
contrast, 3 A absorbs at 1624 and 1688 cm™1, which are distinct characteristic peaks of anti-
parallel B-sheet hydrogen bonds (Figure 4C orange lines). TEM images (Figure 4D) show
that the precursor 2 PK forms spherical particles which, when converted to 2 P, disassemble
and remain as random aggregates. In comparison, precursor 3 AK forms flexible fibers and
the post-enzymatic product, 3 A, forms ordered rigid p-sheet fibers. Enzyme-triggered fibers
which form on or near the cell surface of cancer cells that produce the enzyme stimuli are
known to be cytotoxic to the cells.*6 Likewise, the observed decrease in viability of Caki-1
cells treated with 3 AK is most likely due to the formation of toxic anti-parallel p-sheet
nanofibers (3 A) that are selectively triggered to form by the overexpressed MMP-9 in the
diseased cells.1 This effect is not observed in the control cell line, IMR90, where
overexpression of MMP-9 is not expected.

CONCLUSION

In conclusion, we have created a modular system of self-assembling peptide nanostructures
to customize surface charge and supramolecular order to control enzyme kinetics and
response action. These peptide nanostructures are non-toxic and bio-degradable, and after
enzyme action, the non-assembling products remain non-toxic while the B-sheet nanofiber
forming products can selectively kill cancer cells. The kinetics of nanoparticles is important
in biomedical applications in which the rate of enzyme responsiveness should be regulated
(7.e. predetermined drug release profile, degradation rate of hydrogels, efc.). In addition, the
morphology of the nanoparticles should be logically designed to achieve optimal function of
the precursors (/.e. manipulation of cellular uptake, bio-distribution, ezc.) and of the post-
enzymatic product (/.e. biodegradability or therapeutic nanofiber/drug depots, efc.).

METHODS
Solid Phase Peptide Synthesis (SPPS).

Fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids and pre-loaded Wang resins
were purchased from Bachem. Peptides were synthesized on CEM Liberty Blue microwave
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assisted solid phase peptide synthesizer using ~1:5 resin to amino acid ratio and excess of
diisopropylcarbodiimide (DIC), Oxyma (Ethyl(hydroxyimino)cyanoacetate), and 20%
piperidine in dimethylformamide (DMF). The complete peptide-loaded resins were washed
three times in dichloromethane, followed by three washes in diethyl ether on a filtration
column. The peptides were cleaved from the resins and side chain protecting groups were
removed by reacting with TFA cocktail (95% trifluoroacetic acid, 2.5% triisopropyl silane,
and 2.5% water) for 2hr. The cleaved peptides were recovered by removing TFA cocktail,
followed by precipitation in cold diethyl ether. Peptides were washed three times in cold
diethyl ether, using centrifuge to decant the supernatant. The crude peptides were dissolved
in Milli-Q (MQ) water and lyophilized.

Preparatory High-Performance Liquid Chromatography (HPLC).

Lyophilized crude peptides were dissolved in 50% acetonitrile in water containing 0.1%
TFA and purified through a preparatory Cqg column on the Thermo Scientific Dionex
Ultimate 3000. Acetonitrile was removed from the collected fragments on a rotary
evaporator before lyophilization. Purified peptides were dissolved in 10mM HCI solution to
make 1mM peptide solution and lyophilized to remove residual TFA salts.

High Resolution Mass Spectrometry (HRMS).

HRMS data were obtained on an Agilent 6550 QToF, with a dual sprayer ESI source,
coupled to an Agilent 1290 Infinity LC system. Samples were analyzed by FIA (flow
injection analysis) using a mobile phase of 50% acetonitrile in water (0.1% formic acid)
with a flow rate of 0.4 mL/min.

1H Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectra were recorded in a Bruker AV400 at 400 MHz. Chemical shifts (8) are given
in ppm using D,0 as solvent.

Assay to determine the rate of MMP-9 cleavage of peptide sequences

MMP-9 (catalytic domain) (human), (recombinant, £. coli) was purchased from Enzo. The
purchased enzyme solution was defrosted and aliquots made for storage in —80°C. 1mM
peptides were prepared in PBS (2.7mM KCI, 137mM NacCl, supplemented with 1mM
CaCly, 55uM ZnCl,, pH=7.4) and the pH adjusted to 7.4 using 0.5M NaOH or 0.5M HCI.
Peptides were sonicated for 10minutes to facilitate self-assembly and then incubated at 37°C
in a stationary heat block. Peptide samples for t=0 analysis were reserved and 100ng/mL of
MMP-9 (stock aliquot was diluted to 10,000ng/mL in PBS) was gently mixed into the 1mM
peptide solution. Reaction samples were taken every 24hr for LC-MS analysis.

Liquid Chromatography-Mass Spectrometry (LC-MS).

30pL of the MMP-9 reaction solution (or peptide only solution at t=0) was directly added to
50% acetonitrile in water containing 0.1% TFA. Samples were analyzed on an LCMS
system comprised of an Agilent 1200 LC system coupled to an Agilent 6340 ion trap mass
spectrometer. Samples were injected onto an Agilent Zorbax column (SB-C8, 5uM,
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2.1x50mm) using a gradient of 2-50% acetonitrile in water (0.1% formic acid) at a flow rate
of 200uL/min over 10minutes followed by a 2min wash step with 95% acetonitrile.

Atomic Force Microscopy (AFM).

AFM images were taken on Bruker Dimension FastScan using FASTSCAN-B tip on fast
scan mode. 1mM of peptide solution was prepared in phosphate buffer (pH 7.4), sonicated
for 10minutes and drop casted on freshly cleaved mica and allowed to dry for 48hr before
imaging.

Transmission Electron Microscopy (TEM).

TEM images were taken on FEI Titan Halo 80-300 microscope. 1mM of peptide solution
was prepared in 10mM phosphate buffer (pH 7.4) sonicated for 10minutes and 5L of the
solution was drop casted on a carbon film grid (400 mesh, copper) and dried completely. To
the dry grid, 5uL of MilliQ water was drop casted and quickly blotted to wash away the
phosphate salts and dried completely. Finally, 5uL of methylamine vanadate based negative
stain (NanoVan® by Nanoprobes) was drop casted, blotted away, and dried completely.

Fourier Transform Infrared Spectroscopy (FTIR).

Absorbance spectra were taken from 4000cm™1 to 800cm~1 with 64 scans at 4cm™1
resolution on the Bruker Vertex 70 spectrometer. 20mM peptide solutions was prepared in
deuterated phosphate buffer (pH=8), pH was adjusted to 7.4 using 0.5M NaOH or 0.5M
HCI, and sonicated for 10minutes. 5uL of sample solutions were drop casted between two
CaF>, cells with PTFE spacers (12um thickness x 13mm diameter). For analysis, deuterated
phosphate buffer absorbance spectra was subtracted from the sample absorbance and
normalized from 1560 to 1655cm™1.

Zeta Potential.

Zeta potential measurements were made on Anton Paar Litesizer 500 Particle Analyzer.
5mM of peptide samples were prepared in 2%PBS and the pH was adjusted to 7.4 using
dilute NaOH and HCI. 50uL of samples were pipetted into Univette low volume cuvette and
three series of measurements were made at 25°C using Smoluchowski approximation.

Critical Aggregation Concentration (CAC).

1mM of peptides were prepared in PBS and the pH adjusted to 7.4 using 0.5M NaOH or
0.5M HCI, and serially diluted in PBS with thorough vortexing. Peptide solutions were
incubated in 50°C for 15 minutes, then 2uL of stock pyrene solution (100uM in methanol)
was added to 100uL of each peptide solution, gently mixed, and incubated for 5 minutes at
50°C, then finally cooled down to room temperature to co-assemble the peptides with pyrene
molecules. Pyrene emission spectra was measured from 350-450nm (Aq,=310nm) in a micro
fluorescence cuvette (3mm path length) on Jasco FP-8500 Spectrofluorometer (measurement
parameter: 20nm excitation and 1nm emission bandwidth, 0.2sec response, medium
sensitivity, 0.2nm data interval, at 200nm/min). The CAC was determined by plotting the
ratio between intensities of the 3™ to 15! peak of the pyrene emission spectra. Increasing
peptide concentrations were measured in 0.1mM increments until the slope of the plot had
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changed, and simultaneously the 3" peak shifted from 382.4nm to 384.4nm and the 15 peak
shifted from 371.8nm to 373.4nm.

Human clear cell renal cell carcinoma line Caki-1 was newly obtained for these studies from
the American Type Culture Collection (ATCC) (Manassas, Virginia, USA) and cultured in
Roswell Park Memorial Institute (RPMI-1640) (Mediatech Inc., Manassas, VA) media
containing 10% Fetal Bovine Serum, certified, heat inactivated, US origin (FBS) (Gibco,
Life Technologies, US), 1% Minimum Essential Media (MEM) nonessential amino acids
(NEAA, Mediatech) and 1% penicillin-streptomycin (PenStrep, Mediatech). IMR90 (human
fetal lung fibroblast) cells were purchased from ATCC (Manassas, Virginia, USA) and
maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Mediatech) supplemented
with 10% FBS, 1% NEAA and 1% Penicillin Streptomycin.

Cell viability assay.

Human fetal lung fibroblast (IMR90) and human clear cell renal cell carcinoma cells
(Caki-1) were seeded in 96-well flat bottom microplate (BioLite Microwell Plate, Fisher
Scientific, Waltham, MA). For IMR90 we used 6.0 X 103 cell per well and for Caki-1 we
used 5.6 X 103 cells per well in 90pL of complete phenol red free cell culture media. The
cells were allowed to grow for 24hours at 37°C and 5% CO, in a humidified incubator.
10mM peptide solutions were prepared in phosphate buffer saline, pH adjusted to 7.4 using
NaOH or HCI and sonicated for 10minutes. Then 10puL of each sample was added into wells
containing 90puL of media (in triplicate). Following the administration of the peptides, cells
were incubated for 72 hours at 37°C under 5% CO,. After each period of incubation, Presto
Blue (Life Technologies, Carlsbad, CA) was used as an indicator of cellular toxicity; 11pL
of presto blue was added to each well and incubated for 1 hours at 37°C under 5% CO». The
96-wells plate was then analyzed using a multi-mode plate-reader BioTek Microplate Reader
(BioTek U.S., Winooski, VT) at 530nm and 590nm wavelength. The percentage of surviving
cells was calculated as a normalized ratio of the fluorescence intensity between cells treated
with media and phosphate buffer saline alone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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MMP-9

Figure 1.
Sequence dependent peptide nanostructures. (A) Chemical structure and (B) cartoon of self-

assembling peptide amphiphiles that respond to MMP-9 action. Positive (blue) or negative
(red) charges on the nanoparticle electrostatically recruit or repel MMP-9 to influence
enzyme Kinetics. Self-assembling (purple) and MMP-9 cleavable segments (gray and/or
orange) dictate the susceptibility of the nanostructures to MMP-9 hydrolysis by forming
ordered/disordered structures, and control the fiber formation or disassembly of the post-
enzymatic products. Red dash line indicates the scissile bond.
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Figure 2.
AFM images and FTIR spectra of self-assembled peptide nanostructures. (A-B) 1 AK/AD

form large fibers organized in anti-parallel p-sheet arrangement, 2-3 AK/AD and 1 PK/PD
form elongated worm-like micelles, and 2-3 PK/PD form spherical micelles. Scale bar 500
nm. Additional AFM images can be found in Figure S5 in SI. (C-D) FTIR spectra of the
peptides in amide I region. Red shade highlights the carboxylate groups (1580-1590 cm™1)
which can red shift to lower wavenumber (1541 cm™1 for 1 AD) upon cation complexation,
37 blue shade highlights parallel B-sheet (near 1620 cm™1) and anti-parallel B-sheet
(additional peak at1688 cm™1) hydrogen bonding of the peptide backbones, and the green
shade highlights disordered hydrogen bonds (1640-1650 cm™1). Peaks are listed in Table S2
in SI.
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Figure 3.

1 r?wM of (A) 1-3 AK/PK and (B) 1-3 AD/PD incubated with 100 ng/mL of MMP-9 at 37°C.
Peptides with Pro in Pz are marked grey, and Ala with orange. Average % conversion of
peptides to the post-enzymatic products (P1¢P1’) from two separate trials. 1-3 PK showed
the highest conversion and further degradation of the post-enzymatic product was observed
for 2 PK (blue dash line). Over 50% of 2 AK was cleaved, while less than 10% of 3 AK and
1-2 PD was converted, and the rest were not responsive to MMP-9.
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Figure 4.
Biocompatibility of peptide nanostructures. Cell viability of human renal cancer cell line,

Caki-1, with high expression of MMP-9 (A), and non-cancerous human fibroblast, IMR90,
with normal expression of the enzyme (B), incubated with 1 mM peptides for 72 hrs. The
peptides are non-toxic to both cell lines, except for 3 AK which decreased the cell viability
of Caki-1 to 66%. (C) FTIR spectra of the post-cleavage peptides show that only 3 A forms
anti-parallel B-sheet peptide fibers which causes the cytotoxic effects in Caki-1 only. (D)
TEM images of 3 AK and 2 PK show formation of worm-like and spherical micelles,
respectively, and the post-enzymatic products, 3 A and 2 P which form rigid fibers or
random aggregates, respectively. Scale bar 100nm.
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Table 1.

Single letter code of 12 peptides (red dash line indicates expected cleavage site), critical aggregation
concentrations of peptides determined using pyrene (Figure S9 in Sl), and zeta potentials of 5 mM peptides in
2% PBS (pH 7.4) at 25°C (Figure S8 in SI).

Peptide Sequence Charge CAC* Zeta Potential
Position Pg Ps P, P3 P, Py Py Py Py Py Py W74 v Mean (mV)
PIA X, G L X G pH 7. (mM) + Std. dev
1AK F F A L G L A G K K +2 0.4 11.5+0.8
1AD F F A L G L A G D D -2 0.6 -349+11
1PK F F P L G L A G K K +2 0.3 154 +0.3
1PD F F P L G L A G D D -2 0.5 -38.0+1.7
2AK F F G A L G L K G K +2 0.4 82+28
2AD F F G A L G L D G D -2 0.6 -30.3%x14
2PK F F G P L G L K G K +2 0.3 41+10
2PD F F G P L G L D G D -2 0.7 -412+23
3AK F F G A A G L K G K +2 0.8 1.3+06
3AD F F G A A G L D G D -2 0.5 -75+18
3PK F F G P A G L K G K +2 0.7 11+15
3PD F F G P A G L D G D -2 0.5 -28.2%0.7

*
CAC: critical aggregation concentration
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