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ABSTRACT: Due to the limited clinical utility of individual biomarkers,
there is growing recognition of the need for combining multiple
biomarkers as a panel to improve the accuracy and efficacy of disease
diagnosis and prognosis. The conventional method to detect multiple
analyte species is to construct a sensor array, which consists of an array of
individual selective probes for different species. In this work, by using
cancer biomarker matrix metalloproteinases (MMPs) and a disintegrin
and metalloproteinases (ADAMs) as model analytes and functionalized
nanographene oxide (nGO) as a sensing element, we developed a
multiplexing fluorescence sensor in a nonarray format for simultaneous
measurement of the activities of multiple proteases. The constructed nGO-
based biosensor was rapid, sensitive, and selective and was also utilized for
the successful profiling of ADAMs/MMPs in simulated serum samples. Furthermore, we showed that joint entropy and
programming could be utilized to guide experiment design, especially in terms of the selection of a subset of proteases from the
entire MMPs/ADAMs family as an appropriate biomarker panel. Our developed nGO-based multiplex sensing platform should find
useful application in early cancer detection and diagnosis.

■ INTRODUCTION

Cancer is a multistage process that often involves defects and/
or alterations in many major cellular pathways. Accordingly,
individual biomarkers have very limited indicative value since
one biomarker only represents one aspect of carcinogenesis.1

In order to improve the accuracy and efficacy, and to minimize
false positives, there is growing recognition of the need for a
panel of cancer markers rather than one specific biomarker for
cancer diagnosis and prognosis. The conventional method to
simultaneously detect and quantitate multiple analyte species is
to construct a sensor array, which consists of an array of
individual highly selective (or specific) probes for different
species.2,3 Herein, we report an innovative multiplexing sensor
in a nonarray format for concurrent detection of multiple
analytes. Compared with single-analyte measurement systems,
simultaneous detection of multiple species in a single assay has
many advantages, including reduced assay costs, improved
turnaround time, reduced sample/reagent volume, high-
throughput screening, and decrease in errors between
intersampling. In this work, we use matrix metalloproteinases
(MMPs) and ADAMs (short for a disintegrin and metal-
loproteinase) as model analyte species and the functionalized
graphene oxide (GO) as a sensing element for proof-of-
concept demonstration of this new multiplex sensing platform.
MMPs are a family of more than 20 zinc-dependent

endopeptidases that share a similar structure and are

collectively capable of degrading all components of the
extracellular matrix and basement membrane.4−6 They play
important roles in cell biological processes and are involved in
many fundamental physiological events such as tissue
remodeling, angiogenesis, wound healing, bone development,
and mammary involution. Dysregulated activities of MMPs
may lead to a number of pathological conditions including
tumor growth, invasion, and metastasis.7−9 ADAMs are a
family of more than 30 integral membrane and secreted
glycoproteins which are related to snake venom metal-
loproteases and MMPs.10 ADAMs play important roles in
cell surface remodeling, ectodomain shedding, regulation of
growth factor availability, and in mediating cell−cell and cell−
matrix interactions in both normal development and
pathological states such as Alzheimer’s diseases, cancer,
arthritis, and cardiac hypertrophy.11−13 Similar to MMPs,
most ADAMs contain the conserved Zn-binding catalytic
domain and are proteolytically active. Elevated activity levels of
MMPs and/or ADAMs have been observed in almost every
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type of human cancer and found to be correlated with
advanced tumor stage, increased invasion and metastasis, and
shortened survival.14−20 The type of cancer and its
corresponding MMPs/ADAMs detected in tumor or serum
samples are summarized in Table S1. Given the significantly
elevated activity levels observed in cancer patients over other
diseases and healthy controls, MMPs/ADAMs have become
novel biomarkers and potential therapeutic targets for the early
detection and treatment of human cancers. For example, a
number of MMP inhibitors have been developed and are
currently being tested in all three phases of clinical trials
against a variety of human cancers.21−23 Further, evidence is
emerging that MMPs/ADAMs can also be utilized as
indicators of tumor recurrence and response to cancer
therapy.5,24

Thus far, several strategies have been developed to detect
MMPs/ADAMs. These include enzyme-linked immunosorb-
ent assays (ELISA),25 gelatinase zymography,26 surface
plasmon resonance (SPR),27 tandem mass spectrometry,28

nuclear magnetic resonance (NMR),29 and electrochemical30

and nanopore biosensors.31 Although these methods can
provide sensitive and accurate protease detection, most of
them are time-consuming and/or require the use of expensive
and complicated instruments, and hence are not suitable for
point-of-care applications. Fluorescence resonance energy
transfer (FRET), which relies on the distance-dependent
transfer of energy from a donor molecule to an acceptor
molecule, has been widely used to study molecular interaction
and biomolecule conformational change as well as to develop
biosensors due to its high sensitivity, simplicity, and
reproducibility.32−34 In this work, by taking advantage of
GO, we developed a fluorescence-based multiplex sensing
platform for simultaneous detection of the activities of multiple
MMPs/ADAMs. As a chemically exfoliated graphene deriva-
tive, GO has an improved water solubility over graphene due
to the incorporation of oxygenated groups on its basal plane
and exposed edges. GO also supplies a mass of chemical
binding sites for additional element conjugation.35 Further-
more, it has been demonstrated to be an efficient quencher for
various fluorophores with excellent quenching distance, thus
providing opportunities to detect large biomolecules.36 More-
over, its nontoxic and biocompatible properties offer the
potential for clinical diagnosis and therapy.32 In addition, we
showed that joint entropy and programming could be utilized
to guide experiment design, especially in terms of the selection
of a subset of proteases from the entire MMPs/ADAMs family
as an appropriate biomarker panel.

■ EXPERIMENTAL SECTION
Materials and Reagents. ADAM-8, ADAM-9, ADAM-10,

and ADAM-17 were purchased from R&D Systems (Minne-
apolis, MN). FAM-labeled ADAM-17 protease substrate
peptide (Pep−FAM) with a sequence of NH2−CALNLA-
QAVRSSSARK(FAM) (95.22% pure) was synthesized from
WatsonBio Sciences (Houston, TX), while the MCA-labeled
ADAM-10 protease substrate peptide (Pep−MCA) with a
sequence of NH2−CALNNKLGLARK(MCA) (96.75% pure)
and TAMRA-labeled MMP-9 protease substrate peptide
(Pep−TAMRA) with a sequence of NH2−CALNNGGPRS-
LSGK(TAMRA) (98.88% pure) were purchased from
Biomatik Corporation (Wilmington, DE). Nanographene
oxide (nGO: diameter, 90−200 nm; thickness, ∼1 nm) was
bought from Graphene Laboratories Inc. (Ronkonkoma, NY).

All the other chemicals, including MMP-9, were obtained from
Sigma-Aldrich (St. Louis, MO). All the proteases and their
substrate peptides were dissolved in HPLC-grade water
(ChromAR, Mallinckrodt Baker). The stock solutions of
MMPs/ADAMs were prepared at 200 μg/mL each, while
those of the peptide substrates were prepared at concentrations
of 1 mM each. The proteases and peptides were stored at −80
and −20 °C, respectively, before and after immediate use.
Three buffer solutions were used in this study: (1) MES buffer
[containing 100 mM 2-(N-morpholino)ethanesulfonic acid,
pH 6.0], (2) assay buffer (pH 7.5), which consisted of 50 mM
Tris, 15 mM NaCl, 0.01% Brij-23 (w/v), and 5 μM ZnCl2, and
(3) storage buffer (pH 6.5), which contained 1 mM Tris and
0.001% Brij-23 (w/v).

Instruments. Fluorescence spectra were obtained by using
a luminescence spectrophotometer (LS50B, PerkinElmer,
Waltham, MA, U.S.A.). Infrared (IR) spectra were recorded
with an infrared spectrophotometer (NEXUS 470 FT-IR,
Thermo Nicolet, Waltham, MA, U.S.A.). UV−vis absorption
spectra were collected using a UV−vis−NIR spectrophotom-
eter (Varian Cary 500 Scan, Agilent, Santa Clara, CA, U.S.A.).

Synthesis of the Multiplex nGO−COO−Peps Bio-
sensor. The multiplex nGO−COO−Peps sensor was
fabricated by using nGO instead of GO as the starting
material due to its increased edge to basal-plane ratio, thus
having a larger density of carboxylate groups.37 To further
increase the percentage of the active carboxylic acid groups on
the nGO surface for better coupling of the peptide substrate,
we treated nGO with chloroacetic acid under strongly basic
conditions to convert epoxide and hydroxyl groups to
carboxylic acid moieties (Figure S1). Briefly, 5 mg/mL nGO
suspension was blended with 6 g of NaOH and 5 g of
ClCH2COOH, and sonicated intermittently for 2 h. The
resulting solution was neutralized by HCl (1 M) and purified
by repeated washing with water until the pH of the
carboxylated nGO (nGO−COOH) solution reached 7.0.32

As shown in Figure S2, the infrared spectroscopy (FT-IR)
experiment with the nGO−COOH solution showed a strong
absorption doublet at 1635 and 1398 cm−1 (corresponding to
the −COO symmetric and asymmetric vibrations), indicating
the good conversion of carboxylate moieties −COO from
nGO.
The nGO−COOH (1 mg/mL, 50 μL) prepared as above

was then dispersed in 1.0 mL of MES buffer (100 mM, pH
6.0). Amounts of 25 μL of 200 mM 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide hydrochloride (EDC)
and 100 μL of 200 mM N-hydroxysulfosuccinimide (sulfo-
NHS) were added to the nGO−COOH suspension and
sonicated for 40 min under an ice−water bath. The resulting
mixture was centrifuged at 12 000 rpm for 10 min, and the
supernatant was discarded. After rinsing the precipitate for
three more times to remove excess EDC and sulfo-NHS, it was
dispersed in 1.0 mL of water, followed by adding a 92 μL
mixture of three peptide substrate solutions, which consisted of
28 μL of Pep−MCA (1 mM), 20 μL of Pep−FAM (1 mM),
and 44 μL of Pep−TAMRA (1 mM). The activated nGO−
COOH/peptides mixture was stirred at room temperature for
2 h in darkness. Note that the volume ratio of the labeled
peptide substrates (VMCA/VFAM/VTAMRA = 1.4:1:2.2) as
described above was determined from the coupling reaction
experiment, which involved detection of the relative reaction
efficiency of a substrate peptide over the FAM-labeled peptide
(ESub/EFAM) as a function of their relative volume ratio (Figure
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S3). Lastly, the product was purified by repeated centrifugation
and rinsing with distilled water three times to remove the
unreacted peptides, and then rinsing with 100 μL of bull serum
albumin (BSA, 2 mg/mL) three times to remove nonspecifi-
cally absorbed peptides on the GO surface. The final product
was dispersed in the storage buffer with a final concentration of
10 μg/mL and stored in a refrigerator at 4 °C. The density of
the peptide probes on the nGO surface was determined using a
colorimetric-based assay.33,38 The result (0.128 μmol/mg)
obtained was similar to that (0.134 μmol/mg) of the previous
report by Imani et al.38

■ RESULTS
Sensing Principle and Design of the Multiplex nGO−

COO−Peps Biosensor. Individual biomarkers have very
limited indicative value since one biomarker only represents
one aspect of carcinogenesis. Hence, there is growing
recognition of the need for combining multiple cancer
biomarkers to improve diagnosis and/or prognosis accuracy.
Furthermore, an appropriate selection of a biomarker panel can
also enable discriminating between different cancer types.
Unlike the conventional multiplexing sensing system, which
consists of an array of individual selective sensors (or sensing
probes) for different species, our developed multiplexed
nGO−COO−Peps biosensor for protease detection was
constructed by using a single graphene oxide film attached
with multiple fluorophore-labeled peptide substrates having
selectivities toward multiple proteases (Scheme 1a). In the

absence of the target proteases (i.e., MMPs/ADAMs in this
work), fluorophores are effectively quenched by nGO.
However, in the presence of target MMPs/ADAMs, they will
cleave the corresponding peptide substrates, thus releasing dye
fragments into the solution and producing fluorescence. Since
different peptides were labeled with different colored dyes, the
identities of the analyte proteases could be differentiated from
each other and even simultaneously determined (Scheme 1b).
Given the existence of a large number of MMPs/ADAMs,

selection of a subset of MMPs/ADAMs as an appropriate
biomarker panel for cancer detection and diagnosis is a
challenge. In general, the more biomarkers are combined, the
more accurate would be the cancer information obtained.
However, the limited number of binding sites available on the
carboxylated graphene oxide does not allow attaching a large
number of different types of substrate peptides to its surface
due to the concern of a low occupation ratio for each peptide
species and a small signal-to-noise ratio for each peptide−
protease cleavage reaction. In order to obtain the most cancer
information with the fewest types of MMPs/ADAMs used in
the biomarker panel, joint Shannon entropy in information
theory was introduced.
Joint entropy is a measure of the uncertainty associated with

a set of the variables. Joint readings of multiple biomarkers
could be described by the joint distribution of the
corresponding random variables. The higher the joint entropy,
the more uncertain a joint distribution is and the more
information a set of joint random variables may convey. Joint
entropy is defined as follows:

∑ ∑= − [ ]
ν ν∈ ∈

H V V P v v P v v( , ..., ) ... ( , ..., )log ( , ..., )n
v v

n n1 1 2 1

n n1 1

(1)

where P(v1, ..., vn) is the joint probability density function
(PDF) of random variable V1, ..., Vn which represents the
biomarkers selected, while vi is the value space of random
variable Vi. Note that, given a sample randomly selected from a
population of uniformly distributed cancer types, the observed
value of each biomarker could be considered as a discrete
random variable which follows the Bernoulli distribution. Let
V1, ..., Vn represent the value of n biomarkers, where Vi ∼
Bernoulli(pi),∀ i ∈ {1, 2, ..., n}. The probability of each
biomarker (summarized in Table S1) being positive could be
determined, as shown in Table S2 (note that V1, ..., Vn are not
independent with each other). As a proof-of-concept
demonstration, in this work, we would design an appropriate
three-biomarker panel for cancer detection application. One of
the main principles for biomarker design is to obtain the most
cancer information with the least amount of random variables.
For this purpose, the joint entropies of all the possible
combinations of three biomarkers were calculated, and the
feasibility of utilizing these combinations for distinguishing
human cancers was also tested by programing. The results are
summarized in Tables S3 and S4. We found that, among
various combinations of three MMPs/ADAMs biomarkers,
MMP-7, ADAM-8, and ADAM-9 provided the highest joint
entropy of 2.66. Using this combination, six types of human
cancers (kidney, breast, prostate, colorectal, lung, and
pancreas)5,39−41 could be identified and differentiated.
However, due to the issues related to the synthesis efficiencies
between nGO and substrate peptides, and the signal-to-noise
ratios of the produced nGO-based fluorescence sensors in
response to the target MMPs/ADAMs, ADAM-10, ADAM-17,
and MMP-9 were chosen as a model three-biomarker panel to
demonstrate our multiplex sensing system for simultaneous
detection of multiple proteases. Note that, using this three-
protease combination, a joint entropy of 2.48 was obtained and
up to five cancer types could be identified.
To construct a multiplex sensor for simultaneous multi-

protease detection, three labeled peptide substrates containing
the known sequences for ADAM-10, ADAM-17, and MMP-9,
respectively, were designed according to the following

Scheme 1. (a) Cartoon Display of a Multiplexing Sensing
System in a Conventional Sensor Array Format versus the
Nonarray Format Developed in This Work and (b) the
Schematic Representation of the Principle of a Multiplex
nGO−COO−Peps Biosensor for Simultaneous Detection of
Multiple ADAMs/MMPs
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principles. First, the lengths of the substrate peptides should
not differ significantly so that similar cleavage reaction rates
could be obtained between them and their corresponding
proteases.42 Second, the same N-terminal amino acid sequence
should be contained in each peptide in order to achieve similar
reaction rates when they are coupled with graphene oxide.
Third, the fluorescence spectra of the labeled dyes should have
an overlap of less than 30% to avoid the self-quenching
effect.43 For these purposes, MCA-, FAM-, and TAMRA-
labeled peptide substrates (Table S5), corresponding to
ADAM-10, ADAM-17, and MMP-9, respectively, were
synthesized and attached on the nGO surface.
nGO−COO−Peps Biosensor Characterization. The

chemical structures of our designed nGO−COO−Peps sensor
were confirmed by UV−vis experiments. Similar to nGO−
COOH (10 μg/mL), the nGO−COO−Peps solution (10 μg/
mL) had a broad UV−vis absorption range (from ∼200 to 800
nm). However, the nGO−COO−Peps sample had much larger
absorbance values in the visible region than nGO−COOH and
showed three small peaks at 321, 496, and 562 nm, respectively
(Figure 1a). These peaks were located at the similar positions
as those (328, 488, and 556 nm) of the MCA-, FAM-, and
TAMRA-labeled peptides, which were not observed in the
nGO and nGO−COOH solutions. Furthermore, the fluo-
rescence spectra of the multiplex nGO−COO−Peps sensor in
the absence and presence of a mixture of ADAM-10 (100 ng/
mL), ADAM-17 (100 ng/mL), and MMP-9 (100 ng/mL)
proteases were recorded at λex/em = 321/375−450 nm, λex/em =
492/505−550 nm, and λex/em = 549/560−600 nm. Our
experiments (Figure 1b) showed that, without proteases, the
nGO−COO−Peps solution produced small fluorescence
signals. In contrast, after addition of proteases to the solution,
significantly enhanced fluorescence intensities were observed at
three different wavelength ranges as mentioned above. To
determine the quenching efficiencies of nGO on fluorophore-
labeled peptides, the nGO−COO−Peps sensor was incubated
with a mixture of ADAM-10 (500 ng/mL), ADAM-17 (500
ng/mL), and MMP-9 (500 ng/mL) for 8 h to fully recover the

fluorophores. By comparing the fluorescence intensities of
nGO−COO−Peps in the absence and presence of proteases,
quenching efficiencies of nGO on MCA-, FAM-, and TAMRA-
labeled peptides were obtained (76.5%, 79.7%, and 65.9%,
respectively). The results not only indicated the existence of
three dye-labeled peptides on the graphene surface but also
suggested the capability of the nGO−COO−Peps sensor for
the simultaneous detection of multiple proteases. In addition,
to further demonstrate that the nGO−COO−Peps sensor was
constructed by covalent coupling of labeled peptides to the
nGO surface instead of strong nonspecific absorption (e.g., the
π−π stacking and/or electrostatic interaction), the effect of
human serum albumin (HSA, an abundant serum protein) on
the sensor stability was investigated. Note that, as discussed in
our previous study,32,44 fluorescence can be quenched by both
the covalent conjugation and strong nonspecific absorption
between nGO and labeled peptides. However, nonspecific
absorption of labeled peptides on the nGO surface is unstable
and can be easily disturbed when other similar molecules,
especially proteins, competitively bind to nGO. For this
purpose, the nGO−COO−Peps sensor and the mixture of
nGO−COOH and dye-labeled peptides (Pep−FAM, Pep−
MCA, and Pep−TAMRA) were incubated with a series of
HSA solutions with different concentrations for 30 min at
room temperature, followed by measuring their fluorescence
intensities. As shown in Figure 1c, with an increase in the
concentration of added HSA, the fluorescence intensities of the
nGO−COOH/Pep−FAM/Pep−MCA/Pep−TAMRA mixture
increased drastically at three different wavelengths, while those
of the nGO−COO−Peps sensor showed only a slight increase
even when the concentration of HSA reached as high as 400
μg/mL. Taken together, the combined results supported our
successful construction of nGO−COO−Peps conjugate.

Optimization of Experimental Conditions. Incubation
time is a well-known factor that influences enzyme−substrate
cleavage reactions. However, it should be noted that the
product formation rate of proteolytic reaction is not a simple
linear function of the incubation time because all proteins lose

Figure 1. Characterization of the multiplex nGO−COO−Peps biosensor. (a) UV−vis absorbance spectra of nGO, nGO−COOH, MCA−peptide,
FAM−peptide, TAMRA−peptide, and multiplex nGO−COO−Peps biosensor. (b) Fluorescence spectra of the multiplex nGO−COO−Peps
biosensor in the absence and presence of ADAM-10, ADAM-17, or MMP-9. (c) Effect of HSA on the nGO−COO−Peps sensor and the mixture of
nGO−COOH and dye-labeled peptides. In the UV−vis experiment as shown in panel a, the concentrations of nGO, nGO−COOH, and nGO−
COO−Peps sensor were 10 μg/mL each, while those of the dye-labeled peptides were 10 μM each. The fluorescence measurement (displayed in
panel b) was performed in the assay buffer. The concentration of the nGO−COO−Peps sensor was 5 μg/mL, while those of the proteases used
were 100 ng/mL each. The mixture used in panel c was prepared by mixing 1 μg/mL nGO−COOH, 2 μM MCA−peptide, 2 μM FAM−peptide,
and 2 μM TAMRA−peptide. The concentration of the nGO−COO−Peps sensor used in panel c was 5 μg/mL. Three separate experiments were
performed for each sample.
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catalytic activity with time due to denaturation. Furthermore,
different proteases may have different kinetic and thermody-
namic parameters as well as catalytic efficiencies. To find an
optimal reaction time for rapid, sensitive, and simultaneous
detection of multiple MMPs/ADAMs, the effects of incubation
time on ADAM-10, ADAM-17, and MMP-9’s cleavage by our
developed nGO−COO−Peps sensor was investigated. The
results (plots of the increase in the fluorescence intensity of the
nGO−COO−Peps solution in the absence and presence of
proteases, ΔF, as a function of incubation time) are
summarized in Figure 2a. We found that MMP-9 showed a

relatively low reaction rate compared with ADAM-10 and
ADAM-17. The reaction rates of these three proteases were in
the order of υADAM‑17 > υADAM‑10 > υMMP‑9 (note that a larger
change in the fluorescence intensity of the nGO−COO−Peps
solution in the absence and presence of proteases represents a
larger enzymatic reaction rate). To be more specific, the
reaction rate for ADAM-17 increased with an increase in the
reaction time until 90 min, after which the fluorescence signal
began to saturate. In sharp contrast, there was no significant
fluorescence intensity enhancement for MMP-9 until 40 min of
incubation time. To achieve both rapid and sensitive detection
of these three proteases simultaneously, 80 min was chosen as
the optimum reaction time and used in all the subsequent
experiments.
In addition to the incubation time, it is well-known that

solution pH would affect the enzyme activity and hence have a
significant influence on the performance of the nGO−COO−
Peps biosensor. Furthermore, a change in the solution pH
might lead to a change in the dominant species of the
fluorophore,44 which also affects the fluorescence intensity of
the sensor. To find an optimal solution pH, detection of
ADAM-10, ADAM-17, and MMP-9 was further carried out in
a series of solutions with different pH values ranging from 3.0
to 10.0. The fluorescence efficiencies of each protease (defined
as the change in the fluorescence intensity before and after
proteolytic reaction divided by the fluorescence signal before
proteolytic reaction) under different pH conditions are
summarized in Figure 2b. It was apparent that the fluorescence
efficiency and hence the activity of ADAM-17 was high in a pH
range from 5 to 7.5, while high activity for ADAM-10 and
MMP-9 was observed from pH 4.5 to pH 8.0 and from pH 7.5

to pH 9.0, respectively. Taken together, for highly sensitive
simultaneous detection of ADAM-10, ADAM-17, and MMP-9,
pH 7.5 was deemed as an appropriate solution pH and used in
the remaining experiments. It is worth mentioning that, unlike
MMP-9, whose low proteolytical efficiency was due to its low
kinetic effect parameters,45 the reason why ADAM-10 had a
lower reaction rate and proteolytical efficiency than those of
ADAM-17 might be attributed to the lysine motif in the
sequence of the substrate peptide Pep−MCA. The amine
groups on the side chain may result in uncontrolled peptide
orientations when Pep−MCA was attached to the nGO
surface, thus affecting quenching and proteolytic efficiency.46

In the previous section “nGO−COO−Peps Biosensor
Characterization”, we have shown that the presence of HSA
in the sample solution would affect the fluorescence signal of
the nGO−COO−Peps sensor due to its competitive binding
to the GO surface. Briefly, with an increase in the
concentration of added HSA, the background fluorescence
intensity of our sensor suspension increased slightly until the
concentration of HSA reached 150 μg/mL, and then began to
saturate (Figure 1c and Figure S4). Therefore, in order to
minimize the matrix effect for serum sample analysis, 400 μg/
mL HSA was added to the assay buffer in advance to saturate
the background fluorescence signal. Furthermore, as an added
importance, with serum albumin in the assay buffer, the
dispersivity of the nGO−COO−Peps sensor in serum could be
improved (note that using serum albumin as a dispersing agent
to stabilize a GO-based sensor has been reported by Chang et
al.47).

Sensor Sensitivity and Selectivity. Under the optimized
experimental conditions (i.e., pH 7.5, 80 min reaction time,
and 37 °C incubation temperature), dose−response curves for
the three proteases were constructed by monitoring the
fluorescence signal of the nGO−COO−Peps biosensor in the
presence of ADAM-10, ADAM-17, or MMP-9 at various
concentrations, ranging from 10 to 200 ng/mL. As shown in
Figure 3, the fluorescence intensity of the sensor solution
linearly increased with the protease concentration in three
different wavelength regions, suggesting that the three peptide
substrates conjugated on the GO surface could efficiently

Figure 2. Optimization of experimental conditions. (a) The effects of
incubation time on ADAM-10, ADAM-17, and MMP-9’s cleavage by
the nGO−COO−Peps sensor. (b) The effect of solution pH on the
performance of nGO−COO−Peps. The experiments were performed
in the presence of 1 μg/mL nGO−COO−Peps and 100 ng/mL of
ADAM-10, ADAM-17, or MMP-9. The fluorescence intensities were
collected at λex/em = 321/386, 492/513, 549/572 nm, respectively.
Four separate experiments were performed for each sample.

Figure 3. Sensitivity of the nGO−COO−Peps sensor. (a)
Fluorescence spectra of nGO−COO−Peps in the presence of
ADAM-10, ADAM-17, and MMP-9 at various concentrations and
(b) plot of fluorescence intensity vs protease concentration.
Experiments were performed by incubating nGO−COO−Peps (1
μg/mL, in assay buffer, pH 7.5) and ADAM-10, ADAM-17, or MMP-
9 with concentrations ranging from 0 to 200 ng/mL for 80 min at 37
°C, followed by measuring their fluorescence intensities at room
temperature. Four separate experiments were performed for each
sample.
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interact with their corresponding proteases. The limits of
detection (LODs) of our sensor were 5.91 ng/mL for ADAM-
10 (equivalent to 113.7 pM), 1.54 ng/mL for ADAM-17
(equivalent to 29.6 pM), and 8.23 ng/mL for MMP-9
(equivalent to 107.3 pM), respectively (note that LOD was
defined as the concentration of protease corresponding to 3
times the standard deviation of the blank signal). As far as we
are aware, such detection limits are sufficient to analyze these
three MMPs/ADAMs in clinical samples (note that their
concentrations in the blood and urine samples of healthy
people are generally on the order of tens−hundreds of
nanograms per milliliter48−51).
To examine the sensor selectivity, we studied the

interactions between two additional ADAMs (i.e., ADAM-8
and ADAM-9) and the nGO−COO−Peps biosensor. Note
that ADAM-8 and ADAM-9, which are also important cancer
biomarkers, have similar structures to the three proteases
under investigation and hence could be utilized as appropriate
potential interfering species to examine the selectivity of the
nGO−COO−Peps sensor. Our experimental results (Figure 4)

showed that all the nontarget proteases produced significantly
smaller fluorescence signals than the target analytes. In
addition, the interaction between the mixture of ADAM-10,

ADAM-17, and MMP-9 and the nGO−COO−Peps sensor was
also examined. We found that the fluorescence intensities of
the individual ADAM-10, ADAM-17, or MMP-9 standards
were not significantly different from those of their correspond-
ing mixture solutions. Taken together, the combined results
suggest that our developed nGO−COO−Peps sensor was
highly selective (other proteases would not interfere with the
target MMP/ADAM detection significantly).

Simulated Serum Sample Analysis. As a proof-of-
concept purpose, we used the developed multiplex nGO−
COO−Peps sensor to profile ADAM-9, ADAM-17, and MMP-
9 in four simulated serum samples. These simulated serum
samples were obtained by spiking these three proteases into
the human serum with their concentrations/activities similar to
those found in cancer patients. For example, the serum samples
of gastric cancer patients usually contained approximately
tens−hundreds of nanograms per milliliter of ADAM-10 and
ADAM-17, while similar levels of ADAM-10 and MMP-9,
ADAM-17 and MMP-9, as well as ADAM-10, ADAM-17, and
MMP-9 were found in the serum samples of lung cancer,
breast cancer, prostate cancer, and male colorectal cancer
patients,49,52,53 respectively. Experimental results (summarized
in Table 1) showed that these simulated serum samples could
be accurately quantitated with recoveries ranging from 94% to
121%, supporting the feasibility of our developed multiplex
nGO−COO−Peps sensor for potential clinical applications.

■ DISCUSSION

Using a combination of multiple biomarkers instead of a single
biomarker as a predictive and diagnosis indicator can not only
provide more accurate cancer diagnosis but also enable
discrimination between different cancer types. By taking
advantage of our developed graphene oxide-based multiplex
biosensor, a panel of MMP-9, ADAM-10, and ADAM-17
biomarkers could be utilized to diagnose up to five types of
cancers, including breast, gastric, lung, colorectal, and prostate.
Clearly, other types of cancers can be detected by changing the
components in the biomarker panel (refer to Table S4).
Furthermore, if the reaction efficiency, occupation ratio, and
signal efficiency of the nGO−COO−Peps sensor could be
enhanced dramatically, we can attach additional MMPs/
ADAMs to the GO surface. Thus, by increasing the number
of biomarkers used in the diagnosis panel, we can further
improve the accuracy of cancer detection and also increase the

Figure 4. Selectivity of the nGO−COO−Peps sensor. The experi-
ments were performed in the presence of individual standards of
ADAM-8, ADAM-9, ADAM-10, ADAM-17, and MMP-9 as well as
the mixture of ADAM-10, ADAM-17, and MMP-9 at λex/em = 321/
386 nm, λex/em = 492/513 nm, and λex/em = 549/572 nm. The
fluorescence intensity values were background-corrected, which were
obtained by subtracting the blank fluorescence intensity from that of
the analyte species. The protease concentrations were 100 ng/mL
each. Four separate experiments were performed for each sample.

Table 1. Recovery of ADAM-10, ADAM-17, and MMP-9 from Human Serum by Use of the Multiplex nGO−COO−Peps
Sensora

sample theor value (ng/mL) exptl value ± SD (ng/mL)

ADAM-10 + ADAM-17 ADAM-10 40 ADAM-10 38.9 ± 2.7
ADAM-17 20 ADAM-17 20.8 ± 1.3
MMP-9 0 MMP-9 NDb

ADAM-10 + MMP-9 ADAM-10 40 ADAM-10 42.5 ± 5.6
ADAM-17 0 ADAM-17 ND
MMP-9 60 MMP-9 56.3 ± 6.7

ADAM-17 + MMP-9 ADAM-10 0 ADAM-10 ND
ADAM-17 20 ADAM-17 23.5 ± 3.7
MMP-9 60 MMP-9 52.5 ± 4.8

ADAM-10 + ADAM-17 + MMP-9 ADAM-10 40 ADAM-10 47.2 ± 8.1
ADAM-17 20 ADAM-17 24.3 ± 4.8
MMP-9 60 MMP-9 64.9 ± 6.2

aEach value represents the mean of three replicate analyses ± one standard deviation. bND: not detected.
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number of cancer types to be analyzed/differentiated. For
instance, use of four instead of three ADAMs/MMPs as a
biomarker panel is able to distinguish up to nine rather than six
cancer types under the optimal condition. Note that, although
the activity of each MMP/ADAM component in the sample
could be measured by using an array of individual selective
sensors (i.e., detection of one protease at a time), detection of
the activities of multiple MMPs/ADAMs in a single assay has
many advantages over single-measure systems, including
reduced assay costs, improved turnaround time, reduced
sample/reagent volume, high-throughput screening, and
decrease in errors between intersampling.
In this study, we took advantage of the joint entropy to

select certain combinations of biomarkers for cancer detection
and diagnosis. As stated in the previous sections, joint entropy
is mainly used to describe the uncertainty of a joint
distribution. However, there may be some discrepancy
between the uncertainty joint entropy described and the
objective of the biomarker panel design. Joint entropy
considers not only the number of clusters that a combination
of biomarkers could distinguish but also the distribution of
cancer types in each cluster. However, from the biomarker
panel design perspective, the distribution within each cluster
perhaps does not make any difference. Second, since external
factors such as gender, age, etc. play an important role in
cancer diagnosis, designing an entropy that incorporates the
influence of these factors will be much more efficient and
valuable. The last but not the least, the accuracy we discussed
in this work should also include the accuracy of each biomarker
component. Some biomarkers may provide more accurate,
reproducible, and reliable cancer diagnosis than others. The
reliability of different biomarkers could be described as the
variance which could be evaluated with repeated experiments.
Clearly, when selecting a combination of biomarkers as the
diagnosis panel, more reliable biomarkers should be consid-
ered.
It should be noted that program computing plays a

promising role in the entropy calculation and test result
evaluation process. In this work, we evaluated the possible
combinations of 15 MMPs/ADAMs since they were frequently
reported so far with elevated activity levels identified in clinical

samples from cancer patients. There are ( )15
3 = 455 possible

combinations if we randomly select three from 15 biomarkers.
Furthermore, when they are used to evaluate 11 cancer types,
around 5005 cases need to be analyzed, which may take hours
to accomplish if the operation is manually performed by using
human labor. With the development of new cancer biomarkers
such as human kallikrein-related peptidase (KLK),54,55 the
evaluation workload will increase exponentially. Hence, it is
desirable to take advantage of program computing to find the
optimal solution. In the future and in practice, human
intervention should be rarely required in the evaluation and
analysis of the biomarker results, and the process should be
automated with program computing, which could not only
reduce the error percentage but also increase efficiency.

■ CONCLUSION
In summary, by taking advantage of graphene oxide, we
successfully designed and developed a multiplexed fluores-
cence-based sensing system in a nonarray format for
simultaneous detection of the activities of multiple MMPs/
ADAMs. The designed nGO−COO−Peps sensor was rapid,

sensitive, and selective. It was also utilized for the successful
profiling of ADAMs/MMPs in simulated serum samples.
Under the assistance of joint entropy and programming, the
three biomarkers (MMP-9, ADAM-10, and ADAM-17) used in
this work can serve as a biomarker panel for diagnosis of up to
five cancer types, including breast, gastric, lung, colorectal, and
prostate. It could be visualized that other types of cancers can
also be detected by changing the components in the biomarker
panel. Our developed GO-based multiplex sensing platform
could find useful application in early cancer detection and
diagnosis.
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(40) Grützmann, R.; Lüttges, J.; Sipos, B.; Ammerpohl, O.;
Dobrowolski, F.; Alldinger, I.; Kersting, S.; Ockert, D.; Koch, R.;
Kalthoff, H.; Schackert, H. K.; Saeger, H. D.; Klöppel, G.; Pilarsky, C.
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