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Molecule-induced assembly of nanomaterials can alter their unique chemical and physical properties, which can be a

promising approach for sensing. Herein, we demonstrate an optical ‘turn-on’ biosensor for the detection of matrix
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metalloproteinase-2 (MMP-2), fabricated by means of peptide-induced assembly of fluorescent graphene oxide (GO).

Functionalization of GO with a peptide substrate for MMP-2 bearing a thiol group lead to its self-assembly via disulfide

bonding, accompanied by self-quenching of GO’s strong fluorescence. This peptide-induced GO assembly is then

disassembled by proteolytic cleavage in the presence of MMP-2, thereby restoring the level of self-quenched GO

fluorescence. With this approach, we are able to detect MMP-2 and to investigate the kinetic parameters of MMP-2 activity.

The GO-peptide assembly is successfully applied to the selective and sensitive detection of MMP-2 secreted by living cells,

human hepatocytes HepG2, at the concentration of 2 ng/mL.

1. Introduction

Molecule-induced assembly of nanomaterials has emerged as
an effective strategy for manipulating their sizes, shapes and
interparticle interactions, which can alter their unique chemical
and physical properties.» 2 Fluorescent nanomaterials have
been widely used as building blocks in molecule-induced
assembly to modulate their optical properties.3 4 Fluorescent
nanomaterials, when assembled, often show changes in their
emission intensities and/or wavelengths, which can be
subsequently restored to their original state by disassembly.5-8
In particular, self-quenching driven by self-assembly of the
fluorescent nanomaterials can be utilized as an effective
principle for designing fluorescence sensors to detect target
molecules, because interaction with the specific target
molecules triggers the restoration of self-quenched
fluorescence of the nanomaterials.> 7- ? The self-quenching
approach does not require any quencher molecules that are
essential in fluorescence resonance energy transfer (FRET)
sensors, and thus it allows simple and rapid detection with high
signal-to-background ratio.10-12

Graphene oxide (GO), which is an oxidized form of graphene, is
a new class of fluorescent nanomaterial. It emits strong
fluorescence based on the recombination of electron-hole pairs
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localized within a small sp2 carbon domain embedded in a sp3
matrix.13-17 The fluorescence of GO can easily be tuned to the
visible and near-infrared range of the electromagnetic spectrum
by controlling the extent of oxidation.1# 18 19 |n addition, GO
fluorescence has shown exceptional stability against
photobleaching compared to that of organic fluorescent dyes.20
Due to these excellent optical properties, GO fluorescence has
recently been used as a signal transduction tool in biosensors.21-
24 However, GO fluorescence-based sensors still remain at an
early stage of development while GO has been mostly exploited
as a universal quencher in various FRET bioassay systems rather
than as a fluorophore.?>28 The self-quenching mechanism
accompanied by molecule-induced assembly of nanomaterials
has not yet been applied to the design of GO fluorescence
biosensors for selective detection of biological molecules.
Therefore, it is of great interest to develop self-quenching-
based biosensors operating by means of an assembly of
fluorescent GO for selective recognition of proteins.

Matrix metalloproteinases (MMPs) are endopeptidases capable
of breaking down the extracellular matrix (ECM) to control cell
behaviors in regular biological processes. MMPs are believed to
be involved in cancer biology,?° including cancer cell growth,
differentiation, apoptosis, migration, invasion, and immune
surveillance.3® Among MMPs family, MMP-2 has been
considered to be a putative tumor marker for clinical
applications, since it is known to be closely associated with the
metastasis of malignant cells.3 32 To date, several strategies
have been reported for the detection of MMP-2, such as
zymography33, enzyme-linked immunosorbent assay (ELISA)34,
and activity assays35. However, these methods often require
multiple reaction steps, making them time-consuming,
laborious, and complex.3® Hence, simpler and more efficient
approaches continue to be explored for the selective detection
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of MMP-2.2537-41 One of the common strategies is FRET-based
sensing. For instance, the FRET sensors, which employed a
fluorescent polymer being complexed with a peptide substrate
bearing a quencher through electrostatic force*? or biotin-
protein interaction*3, have been reported for protease
detection. These sensing systems, however, suffered from
interference by other charged molecules or a lack of direct
kinetic measurement for enzyme activity. The other sensing
platforms employing quantum dots or upconversion
nanoparticles have been reported for protease detection as
well#1- 44,45 "however, poor photostability and lower sensitivity
need to be addressed. Hence, development of new sensing
platforms capable of the sensitive detection of MMP-2 as well
as other proteases and the direct measurement of enzyme
kinetics is still of great interest.

Herein, we demonstrate a new sensing strategy for the selective
detection of MMP-2 secreted from living cells based on the
assembly of peptide-functionalized GO, accompanied by self-
quenching of its fluorescence. The GO fluorophore was
functionalized with a MMP-2 specific peptide substrate bearing
a thiol group at the C-terminus to lead to self-assembly of GO
via disulfide-bond formation, resulting in the significant amount
of self-quenching of GO fluorescence. The peptide-induced GO
assemblies were effectively disassembled by proteolytic
cleavage of the peptide substrate by MMP-2, which restored
the self-quenched GO’s fluorescence. Finally, the peptide-
induced GO assemblies were successfully applied for the
selective detection of MMP-2 secreted by living cells, human
hepatocytes HepG2.

2. Experimental
2.1 Chemicals & Materials

Graphite, potassium permanganate (KMnQ,), ethanolamine, 1-

ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-
hydroxysuccinimide  (NHS), dibenzocyclooctyne-PEG,-acid
(DBCO), N,N'-diisopropylcarbodiimide (DIC), 4-

dimethylaminopyridine (DMAP), anisole, triisopropylsilane
(TIPS), 3,6-dioxa-1,8-octanedithiol (DODT), MMP-2 human
(recombinant, expressed in E. coli), prinomastat hydrochloride,
a-chymotrypsin, and Tris-HCI buffer were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Sodium nitrate was
purchased from Shimakyu Pure Chemicals (Osaka, Japan).
Sulfuric acid, N,N'-diisopropylethylamine (DIPEA), N-methyl-2-
pyrrolidone (NMP), dimethyl sulfoxide (DMSO), methanol,
diethyl ether, dichloromethane (DCM), piperidine,
dimethylformamide (DMF), hydrogen peroxide, and
trifluoroacetic acid (TFA) were purchased from Dae-Jung
Chemicals (Siheung, Korea). Rink amide MBHA resin (0.41
mmol/g), Fmoc-protected amino acids, benzotriazole-1-yl-oxy-
tris(dimethylamino)phosphonium hexafluorophosphate (BOP),
hydroxybenzotriazole (HOBt), 4-hydroxymethyl-2(5H)-furanone
five-millilitre filtered reactors (Libra tube RT-5M) were
purchased from BeadTech Inc. (Seoul, Korea). Azidohexanoic
acid was purchased from Novabiochem (Darmstadt, Germany).
HepG2 cells were purchased from the Korean Cell Line Bank
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(Seoul, Korea). Minimum essential medium (MEN), containing
4-(2-hydroxyethyl)-1-piperazineethanesulfghi® - 1GG6IE SNHEPES)
and sodium bicarbonate (NaHCOs); penicillin; heat-inactivated
fetal bovine serum (FBS); and 0.25% trypsin—0.53% mM EDTA
(0.25% TE) were purchased from Gibco (Carlsbad, CA, USA).
Human MMP-2 Enzyme liked immunosorbent assay (ELISA) kit
was purchased from Abcam (Cambridge, MA, USA).

2.2 Instruments

Atomic force microscopy (AFM) images were acquired using a
scanning probe microscope system (MultiMode 8, Bruker AFM
Probes, Camarillo, CA, USA). Fourier transform infrared (FT-IR)
spectra were obtained using a FT-IR spectrometer (Nicolet 6700,
Thermo Scientific, Waltham, MA, USA). C, H, and N elemental
analysis data were acquired using an elemental analyzer (CHNS-
932, LECO Inc., St. Joseph, MI, USA). Peptides were synthesized
using automatic peptide synthesizer (CS336X, CSBio, Menlo
Park, CA, USA). Peptide derivatives were purified using semi-
preparative RP-HPLC (Thermo Scientific Spectra System AS3000;
Thermo-Fisher, Waltham, MA, USA). Mass spectrometry was
carried out wusing a triple quadrupole tandem mass
spectrometer (Quattro, Waters Micromass, Milford, MA, USA).
X-ray photoelectron spectroscopy (XPS) experiments were
carried out using an AXIS His spectrometer (Kratos Analytical
Ltd., Kyoto, Japan). Fluorescence spectra were acquired using a
fluorescence spectrometer (LS-55, PerkinElmer, Waltham, MA,
USA). Cells were incubated in CO; incubator (Sanyo, Osaka,
Japan). Absorbance spectra of GO-Peptide were obtained using
a UV spectrometer (Optizen 2120UV, Mecasys, Daejeon, Korea).
Absorbance for ELISA was read using a microplate
spectrophotometer (MQX200R, BioTek Inc., Winooski, VT, USA).

2.3 Preparation of GO-Peptide hybrids

Peptides were synthesized by means of a conventional solid-
phase synthesis method. Three different peptide sequences
(peptides 1-3) containing a tetra-proline linker either including
an MMP-2 specific substrate or non-specific substrate were
synthesized on Rink amide MBHA resin (0.41 mmol/g) using an
automatic peptide synthesizer. Azidohexanoic acid (2 equiv)
was manually introduced to the peptide-anchored resin using
BOP (2 equiv), HOBt (2 equiv), and DIPEA (4 equiv) in NMP. The
coupling reaction was continued for 2 h at RT and then the
completion of coupling reaction was monitored by ninhydrin
color test. The resulting azido peptide (Nsz-peptide) was
separated from the resin by treating it with a cleavage cocktail
(TFA/anisole/DODT/TIPS = 95.5/2/1.5/1 (v/v)) for 2 h at RT. The
resin was filtered, and the filtrate was concentrated under high
vacuum. Finally, cold diethyl ether was added to obtain Ns-
peptides as a white powder. These crude Ns-peptides were
further purified using semi-preparative RP-HPLC withan Ato B
gradient (A: 0.1% TFA in water, B: 0.1% TFA in acetonitrile;
varied from 10% to 90% B over 30 min, at the flow rate of 4.0
mL/min) and were then freeze-dried. The peptide was identified
by triple quadrupole tandem mass spectrometry conducted at
the National Instrumentation Center for Environmental
Management (NICEM, Seoul, Korea).

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Schematic illustration of peptide-mediated graphene oxide (GO) assembly and its disassembly triggered by proteolytic cleavage for the turn-on fluorescence detection of

matrix metalloproteinase-2 (MMP-2).

Graphene oxide (GO) was prepared from graphite flakes using a
modified Hummer’s method. Graphite was oxidized in H,SO4
and KMnOQ,, and subsequently sonicated for 1.5 hat 12 W in an
ice bath. After centrifugation, GO was washed intensively with
water. The GO was then reacted with ethanolamine to
introduce more surface hydroxyl groups. GO was premixed with
EDC (20 equiv) and NHS (20 equiv) in PBS (50 mM, pH 6.0) for
30 min, followed by the addition of ethanolamine (40 equiv),
and the coupling reaction was allowed to proceed for 3 h at RT.
The resulting hydroxyl-rich ethanolamine—GO (GO-OH) solution
was washed with water by centrifugation (13,000 rpm for 10
min) more than three times, and then dialyzed overnight. For
use in further reactions, the solvent of the GO-OH solution was
exchanged to DMF by centrifugation (15,000 rpm for 40 min)
more than three times. DBCO (1.1 equiv) was dissolved in
anhydrous DCM. DIC (1.1 equiv) was added and premixed for 30
min. DBCO activated by DIC was added to GO-OH in DMF
solution (2 mg/mL) with DMAP (0.1 equiv). The reaction was
allowed to proceed for 6 h with vigorous shaking at RT. The
DBCO conjugated GO (GO-DBCO) was washed with DMF and
water by centrifugation (15,000 rpm for 15 min) multiple times.
One and a half milliliters of GO-DBCO aqueous solution (1
mg/mL) was reacted with 0.5 mL of Ns-peptide (1.1 equiv) in PBS
(50 mM, pH 7.0) for 2 h with vigorous stirring at RT. The
resulting GO—peptide hybrid was washed with water and then
dialyzed overnight. Finally, the GO-peptide hybrid was
suspended in a mixture of DMSO and water (1:1) with vigorous
shaking (1400 rpm) overnight to form disulfide bonds. The
suspension was then dialyzed overnight.

2.4 Kinetic measurement of MMP-2 activity over GO-P1 assembly

GO-P1 assembly was diluted with Tris-HCI buffer (50 mM, pH
7.8) to prepare samples with the concentrations of 10, 50, and
100 pg/mL, and subsequently MMP-2 (5 pug/mL) was added to
these solutions. During the initial reaction, the reaction was
stopped after various intervals by standing at 4 °C, and then

This journal is © The Royal Society of Chemistry 20xx

fluorescence response was measured under 400 nm excitation.
The rates of increase in fluorescence of GO-P1 assembly sensors
were measured and plotted versus the concentrations of the
peptide substrates on the sensors, giving values of K, and Viax
for proteolytic activity as the slope and y-intercept of a linear
regression to the data of Lineweaver-Burk plot.

2.5 Detection of MMP-2 secreted by living cells

HepG2 cells were cultured to on a 6 well plate in MEM, 25mM
HEPES and 25 mM NaHCO3 90%, FBS 10% and 50 U/mL penicillin
at 37 °Cin an incubator at 5% CO,. When the cell confluence
reached to 60%, culture medium was replaced with a fresh
medium. The cells were incubated for specific time intervals of
12,24, and 36 h, and then 180 pL of the cell culture supernatant
was taken out at each interval to mix with 20 puL of GO-P1
assembly sensor (0.1 mg/mL) for 2 h at 37 °C with gentle shaking.
After 2 h, the fluorescence response of the GO-P1 assembly
sensor was measured using a fluorescence spectrometer under
400 nm excitation with a 0.01 s exposure time. In addition, the
concentration of MMP-2 secreted by the cells was determined
using a Human MMP-2 ELISA kit. A 100 pL portion of each
standard and a 180 pL portion of the sample were added into
human MMP-2—specific antibody-coated wells. After incubation
for 3 h at RT with gentle shaking, the solution was completely
removed. A 100 pL portion of biotinylated MMP-2 detection
antibody was added to each well and incubated for 1 h at RT
with gentle shaking. The solution was discarded, and then a 100
uL of HRP-Streptavidin solution was added to each well and
allowed to react for 45 min at RT with gentle shaking. The
washing step was repeated, and then 100 pL of TMB one-step
substrate reagent was added to each well and incubated for 30
min at RT in the dark with gentle shaking. Absorbance was
measured at 450 nm using a microplate spectrophotometer
immediately after adding 50 puL of stop solution. A new standard
curve was generated for each assay, and each sample was
assayed in triplicate. Control experiments were also carried out

Nanoscale, 2016, 00, 1-9 | 3
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Table 1. Peptide sequences coupled onto the surface of fluorescent graphene oxide (GO)
for the selective detection of matrix metalloproteinase-2 (MMP-2). A blue color and a
green color indicate the enzyme recognition sequences for MMP-2 and chymotrypsin,
respectively. A red color indicates a cysteine residue responsible for disulfide bonding.

Entry Target Enzyme Sequence

Peptide1 MMP-2 Na-Lys-Lys-(Pro),-Lys-Gly-Pro-Leu-Gly-Val-Arg-Gly-Cys-CONH,
Peptide2 MMP-2 Nj-Lys-Lys-(Pro),-Lys-Gly-Pro-Leu-Gly-Val-Arg-Gly-Ala-CONH,
Peptide3 Chymotrypsin N;-Lys-Lys-(Pro),-Lys-Ala-Ala-Pro-Phe-Cys-CONH,

(Negative control)

as follows. MMP-2 inhibitor, prinomastat hydrochloride (50
uM), was added to the HepG2 culture medium, and
preincubated for 30 min. GO-P1 assembly (0.1 mg/mL) was
treated and further incubated for 2 h to allow enzyme reaction.
GO-P2 (0.1 mg/mL) was incubated with the same HepG2 cell
culture media for 2 h at RT with gentle shaking. Control
experiments were also performed in triplicate.

3. Results and Discussion

3.1 Peptide design for MMP-2

The GO assembly was triggered by the formation of disulfide
bonds between the peptides anchored on GO, and its
disassembly increased fluorescence by proteolytic hydrolysis in
the presence of MMP-2. Fluorescent GO sheets were covalently

functionalized with the peptides each bearing both an.MMR:2
specific substrate and a sulfhydryl grol® TAe0EG-E48embly
sensor is schematically illustrated in Figure 1. Three different
peptides were rationally designed for GO functionalization as
well as for MMP-2 detection (Table 1). Peptide 1 contained an
azide group at the N-terminus to allow its introduction to GO via
click chemistry, a hydrophilic and stretchable spacer (KKPPPPK),
a MMP-2 substrate sequence (GPLGVRGC)?*¢, and a sulfhydryl
group at the C-terminus for disulfide bond formation. Two
additional peptides were synthesized for control experiments to
demonstrate the necessity of disulfide bonding-induced
assembly of GO and its specificity for MMP-2 detection. Peptide
2 had the same MMP-2 substrate sequence as that of the
peptide 1, but contained no cysteine at the C-terminus. Due to
the absence of cysteine, it was not expected that peptide 2
would induce assembly of GO sheets via disulfide bond
formation, and thus, would not induce self-quenching of GO
fluorescence. Peptide 3 contained a non-specific substrate
sequence for MMP-2 with cysteine at the C-terminus, and is
consequently anticipated to induce GO assembly, but not its
disassembly by MMP-2. These three peptides were covalently
introduced to GO by means of copper-free click chemistry
(Scheme S1).
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Figure 2. Characterization of GO functionalized with peptide 1 (GO-P1) and its assembly. (a) AFM image and height profile of GO, showing a single sheet of GO of uniform thickness

(ca. 2 nm). (b) FT-IR spectrum of GO indicating the presence of various oxygen-containing functional groups. (c) AFM image and height profile of GO-P1 hybrids, showing individually

dispersed GO sheets and an increase in their height to 7 nm. (d) FT-IR spectrum of GO-P1 hybrids, showing clear peaks for amide C=0, triazole C=N, and triazole C-N vibrational

modes. (e) AFM image and height profile of GO-P1 assembly, showing five or six sheets of GO aggregates and an increase in its height to ca. 37 nm. (f) XPS spectra of GO-P1 hybrids

(black line) and GO-P1 assembly (blue line), indicating the formation of disulfide bonds.
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precipitated GO-P1 assembly. (b) Fluorescence spectra of GO-P1 (black line) and GO-P1 assembly (blue line), showing the significant fluorescence quenching after assembly. (c)
Fluorescence spectra of GO-P2 hybrid at 0 h (black line) and in 2 h (orange line), showing no change in its fluorescence intensity. Fluorescence spectra were normalized by the
maximum intensity (560 nm) of GO-P1; all spectra were obtained under excitation at 400 nm.
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Figure 4. Turn-on fluorescence detection of MMP-2 with GO-peptide assemblies. Fluorescence responses of (a) GO-P1 assembly, (b) GO-P2 hybrid, and (c) GO-P3 assembly to MMP-
2 at various concentrations. (d) Fluorescence recovery of GO-P1 assembly, GO-P2 hybrid, and GO-P3 assembly in response to various concentrations of MMP-2; I, and / are the
intensities at 560 nm in the fluorescence spectra of the sensors before and after addition of MMP-2, respectively. *P<0.05; **P<0.001 (n=3) using one-way ANOVA. (e) Fluorescence
response of GO-P1 assembly to MMP-2 (5 pg/mL) in the presence of various concentrations of prinomastat hydrochloride, a MMP-2 inhibitor. All spectra were obtained under

excitation at 400 nm.

3.2 GO-Peptide assembly for optical detection of MMP-2

The GO functionalized with peptide 1 (GO-P1) was
characterized as below. The atomic force microscopy (AFM)
images and height profiles of GO-P1 showed that the pristine
GO increased in its height from 2 nm to 7 nm after peptide
conjugation, indicating the successful conjugation of the
peptide 1 onto the GO surface (Figures 2a and 2c). The structure
of GO-P1 was then analyzed further by FT-IR spectroscopy.
Vibrational peaks of an amide carbonyl group (C=0 1628 cm1)

This journal is © The Royal Society of Chemistry 20xx

and a triazole group (C=N 1539 cm, C-N 1278 cm) were
distinctly detected in the IR spectrum of GO-P1 (Figure 2d) but
not in that of pristine GO (Figures 2b), indicating the formation
of covalent bonding of peptide 1 to GO. Additionally, the
nitrogen content of GO-P1 significantly increased relative to
that of pristine GO and to that of DBCO-functionalized GO
(Figure S2c), indicating successful conjugation of peptide 1 to
GO. Functionalization of GO with the other peptides was also
confirmed by the same method used for GO-P1.

Nanoscale, 2016, 00, 1-9 | 5
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Figure 5. Mass spectrometry analysis of the GO-P1 assembly treated with MMP-2. (a)
Mass spectrum of the GO-P1 assembly solution after treatment with MMP-2, showing a
peak at 434.9 m/z, attributed to the cleaved peptide fragment, VRGC. The calculated
mass for C16H34Ng04S [M] is 434.5. (b) Mass spectrum of a solution of GO-P3 assembly
after MMP-2 treatment, showing no cleaved fragments.

GO-P1 sheets were assembled spontaneously when the GO-P1
dispersion was in DMSO (1 mg/mL) at RT. The resulting GO-P1
assembly was analyzed by AFM (Figure 2e), clearly showed that
an aggregated form of GO-P1 assembly increased noticeably its
height and lateral size. Its height and width noticeably increased
to c.a. 37 nm and c.a. 500 nm, respectively, indicating that each
grain was comprised 5 to 7 sheets of GO-P1. The GO-P1
assembly was characterized by XPS (Figure 2f) to investigate
whether it was mediated by disulfide bonding of the peptides.
The S2p spectrum of GO-P1 before the assembly showed a
doublet peak at 163.27 and 164.45 eV with a 2:1 peak area ratio,
attributed to S2ps, and S2pis,; peaks, respectively. The S2p
peaks were shifted to the lower binding energy, 163.10 and
164.28 eV, respectively, after formation of GO-P1 assembly,
which indicates that the disulfide bonds were formed among
GO-P1 sheets.*”> 48 This clearly confirms that GO-P1 assembly
was induced by the formation of disulfide bonds among the
peptides on GO-P1.

Next, we investigated the optical properties of the GO-P1
assembly. The GO-P1 assembly was settled at the bottom of a
container, where it was optically visible (Figure 3a). On the
contrary, GO functionalized with peptide 2 (GO-P2) without
cysteine did not exhibit assemblage but showed stable

This journal is © The Royal Society of Chemistry 20xx

dispersion in an aqueous solution. This result indicates thatthe
sulfhydryl moiety of the peptide 1 bound 8RGO 9 EPlictalTOIHRB
formation of GO-P1 assembly. In addition, the absorbance
maximum of GO-P1 assembly was slightly blue-shifted from 210
to 203 nm compared to that of unassembled GO-peptide hybrid,
GO-P2, which indicated formation of H-aggregate (Figure S3).%°
As the fluorescence of the GO-P1 assembly and GO-P2 was
measured, we found the fluorescence of the GO-P1 assembly
was significantly quenched (Figure 3b), whereas that of the GO-
P2 dispersion showed constant fluorescence intensity for 2 h
without formation of any assembly (Figure 3c). It is evident that
assembly of GO induced by cysteine-containing peptides allows
the effective modulation of the self-quenching mechanism.
Meanwhile, a slight red-shift was observed in the fluorescence
emission of GO-P2 after 2 h standing in solution. We speculate
that this red-shift might be caused by a change in dielectric
environment surrounding GO due to the conformational
variation of the peptide on the surface of GO-P2 during
incubation.>0. 51

We then evaluated the performance of the GO-P1 assembly in
the detection of MMP-2 activity. The self-quenched
fluorescence of the GO-P1 assembly was gradually restored
proportional to the MMP-2 concentration (Figures 4a and 4d),
but not with chymotrypsin (Figure S4). This is a clear
demonstration that the fluorescence restoration was caused
specifically by MMP-2, which can be attributed to the
proteolytic cleavage of the peptides in the GO-P1 assembly,
resulting in its disassembly to individually dispersed GO. On the
other hand, the fluorescence of GO-P2, which is incapable of
assembly owing to its absence of cysteine, did not respond
noticeably to various concentrations of MMP-2 (Figures 4b and
4d). As an additional control, GO was functionalized with
peptide 3 (GO-P3), which included cysteine and had a non-
peptide MMP-2. The GO-P3
spontaneously assembled, but its self-quenched fluorescence
was not restored when MMP-2 was added to the GO-P3
assembly (Figures 4c and 4d), indicating that no enzymatic
cleavage of the peptide 3 occurred to in response to MMP-2 due
to absence of a specific substrate sequence. Taken together,
these results show that the strategy based on GO assembly and
disassembly is able to detect MMP-2 activity through its turn-
on fluorescence. Hence, the turn-on fluorescence mechanism of
GO-P1 can be capitalized as an indicator to determine MMP-2
activity. When a MMP-2 inhibitor was added to the GO-P1
assembly, its turn-on response gradually
decreased according to the concentration of the inhibitor
(Figure 4e). This indicates that the GO-P1 assembly platform can
also be applied to the screening of protease inhibitors.

We carried out further analysis to confirm that the disassembly
of the GO-P1 assembly was caused by MMP-2 specific
proteolysis, which led to the restoration of its self-quenched
fluorescence. A solution of the GO-P1 assembly was treated
with MMP-2 and measured by means of mass spectrometry (MS)
after dithiothreitol (DTT) treatment reducing disulfide bond to
completely release the peptide fragments. A peak at m/z =
434.9 in the mass spectrum (Figure 5a and S5a), which is
consistent with the mass of the peptide fragment (VRGC-NH,,

specific sequence for

fluorescence
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Figure 6. Response kinetics of a GO-P1 assembly for the detection of MMP-2. (a) Turn-
on fluorescence response of GO-P1 assembly in response to MMP-2 (5 ug/mL) versus
reaction time. *P<0.05; **P<0.01 (n=3) using one-way ANOVA. (b) Lineweaver-Burk plot
for the fluorescence response of the GO-P1 assembly sensor to MMP-2 (5 pg/mL); [Slo is
the concentration of GO-P1 assembly, and /y and / are the intensities at 560 nm in the
fluorescence spectra of the GO-P1 assembly before and after addition of MMP-2,
respectively. All spectra were obtained under excitation at 400 nm; all error bars
represent standard deviation from the mean values (n = 3).

MW 434.5) hydrolyzed by MMP-2. The peptide fragment
(VRGA-NH;, MW 401.4) from the GO-P2 treated with MMP-2
was also detected in the MS spectrum (Figure S5b, left panel).
The MS data of GO-P1 assembly and GO-P2 treated with MMP-
2 clearly indicate that peptide substrate was cleaved by MMP-2
regardless of assembly. On the contrary, the MS spectrum of a
GO-P3 assembly treated with MMP-2 did not show any specific
peak for the cleaved peptide fragment (Figures 5b and S5c, left
panel), and no extra mass fragments were observed in the mass
spectra of any samples that were not treated with MMP-2
(Figure S5, all right panels). These results provide strong
evidence that the GO-P1 assembly was specifically
disassembled by MMP-2-triggered peptide cleavage.

3.3 Kinetic measurement of MMP-2 activity over GO-P1 assembly

Subsequently, we investigated the response kinetics of the GO-
P1 assembly for MMP-2 detection. The turn-on fluorescence of
the GO-P1 assembly increased in its intensity during incubation
with MMP-2 and then reached 80% of restoration within 10 min
(Figure 6a). Based on this result, the fluorescence increase rates
were determined for different concentrations of the GO-P1
assembly, and the Lineweaver-Burk plot was produced to
calculate the response kinetic parameters such as Michaelis
constant (Km) and a maximum rate (Vmax). The values of K, and

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. The detection of MMP-2 secreted by living cells with GO-P1 assembly. (a)
Optical image of HepG2 cells, (b) Fluorescence response of GO-P1 assembly to cell-
secreted MMP-2 (blue line) and ELISA-based quantification of secreted MMP-2 versus
cell culture time. (c) Fluorescence recovery of GO-P1 assembly (blue bar), GO-P2 (orange
bar), GO-P3 assembly (purple bar), and GO-P1 assembly treated with 50 uM of MMP-2
inhibitor (pink bar) in the media cultured with cells for 24 h. Aly and Al indicate cell media
background subtracted fluorescence intensity after incubation of cell-free media and of
HepG2 cell-cultured media, respectively. *P<0.001; **P<0.01 (n=3) using one-way
ANOVA. All error bars represent standard deviation from the mean.

Vmax were 0.072 uM and 0.056 mini, respectively, which were
smaller than previously reported values.?? This slower response
kinetics of the GO-P1 assembly can be ascribed to decreased
accessibility of MMP-2 to the peptide substrate sandwiched by
GO sheets causing steric hindrance. However, the response
kinetics of the GO-P1 assembly is still within an acceptable
range of hydrolysis rates as considering MMP-2 hydrolysis of
various peptides.>2

3.4 Detection of MMP-2 secreted from living cells

At last, we applied the GO-P1 assembly to the detection of
MMP-2 secreted by HepG2, human liver hepatocellular
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carcinoma cells (Figure S6). It was reported that MMP-2 is
predominantly expressed in HepG2 cells, and other MMPs such
as MMP-1, 7,9, and 10 are rarely produced.>35* ELISA was used
to quantify the changes in the amount of MMP-2 secreted by
the cells as the incubation time increased. The amount of
human MMP-2 secreted from HepG2 cells increased from 2.2
ng/mL at 12 h of incubation time to 6.3 ng/mL at 36 h (Figure
7a). The fluorescence responses of the GO-P1 assembly were
also measured at the same time intervals as those of the ELISA.
The self-quenched fluorescence of the GO-P1 assembly was
gradually restored when the MMP-2 concentration increased
during the cell culture, indicating that this GO-Pl-assembly
sensor was able to detect MMP-2 secreted by the living cells.
This turn-on fluorescence response was well correlated with the
ELISA measurements of MMP-2 concentration. The limit of
detection (LOD) of the GO-P1 assembly sensor for MMP-2 was
2.0 ng/mL. The sensitivity of GO-P1 assembly for MMP-2
detection is comparable with those of other FRET sensors,23- 25
41, 55 put it can be more readily prepared since the GO-P1
assembly sensor does not require any quencher molecules that
are essential in the FRET systems. In addition, the GO-P1
assembly sensor allows the rapid and simple detection of MMP-
2, taking much shorter time at one step, as compared to ELISA,
taking 5 h with multiple steps. In particular, GO-P1 assembly is
able to provide kinetic parameters for MMP-2 activity. Evidently
from these results, GO-P1 assembly sensor promise applications
in rapid and simple monitoring of MMP-2 activity.

We performed additional control experiments to demonstrate
the specificity of the GO-P1 assembly for MMP-2. No valid turn-
on fluorescence response was observed when the GO-P2, which
contained MMP-2 specific substrate peptide but did not
assemble, was treated with the secreted MMP-2 in HepG2
cultured media (Figure 7b). In addition, there was no significant
recovery of the self-quenched fluorescence of the GO-P3
assembly, which did not bear the MMP-2 substrate sequence.
Finally, HepG2 cultured media containing MMP-2 was
preincubated with 50 uM of prinomastat hydrochloride, a
MMP-2 inhibitor, and then added to the GO-P1 assembly. This
yielded a substantially decreased response relative to that of
GO-P1 without the inhibitor. These cellular experimental results
demonstrated that the assembly-disassembly strategy using the
peptide-functionalized GO is an effective way to design the
biosensors for the selective detection of MMP-2 secreted by the
living cells. This novel GO assembly system could be extended
to the application of detecting of various biomolecules as well
as of high-throughput screening of protease inhibitors.

4, Conclusions

We have developed a GO-peptide assembly sensor in a rapid
and simple manner based on spontaneous self-assembling
without using additional quencher molecules for MMP-2
detection. The GO assembly and disassembly strategy enabled
to generate the fluorescence turn-on sensing platform that was
highly selective and sensitive to MMP-2. This GO-peptide
assembly sensor was able to report the kinetic parameters in
relation to MMP-2 activity as well. Finally, the GO-peptide

8 | Nanoscale, 2016, 00, 1-9

assembly sensor was capable of the faster and mgreeffective
detection of MMP-2 secreted by [iVidglOdéN8/CEhER25ERR
conventional assay. We believe that this sensing principle can
be expanded to the detection and monitoring of all other cell-
secreted proteases as well as developing their inhibitors.
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