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ABSTRACT: This work designed a mass spectrometric biosensing strategy for the
multiplex detection of matrix metalloproteinases (MMPs) with a mass-encoded
suspension array. This array was fabricated as multiplex sensing probes by
functionalizing magnetic beads with MMP-specific peptide-isobaric tags for relative
and absolute quantification (iTRAQ) conjugates, which contained a hexahistidine tag
for surface binding, a substrate region for MMP cleavage, and a coding region for the
specific MMP. The integration of the multiplex coding ability of iTRAQ with ultrahigh
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) and
the proteolysis method for peptide digestion endowed the biosensing method with
high throughput and ultrahigh sensitivity. This strategy could be conveniently
performed by mixing the sample and the suspension array for enzymatic reactions and
then digesting the uncleaved peptides with trypsin to release the coding regions for
UPLC-MS/MS analysis. With MMP-2 and MMP-7 as analytes, the relative changes of
peak area ratios of coding regions showed good linear responses in the ranges of 0.2−
100 and 0.5−400 ng mL−1, with detection limits of 0.064 and 0.17 ng mL−1, respectively. The analysis of MMP activity in serum
samples and its change responding to inhibitors demonstrated the specificity, practicability, and expansibility of the proposed
strategy. This work paves a new avenue for the activity assays of multiplex enzymes and promotes the development of mass
spectrometric biosensing.

■ INTRODUCTION
Matrix metalloproteinases (MMPs) are a family of zinc-
dependent endopeptidases that are capable of degrading
various extracellular matrix proteins.1−3 More than 26 MMPs
have been discovered and proven to play important roles in
biological processes such as cell migration, embryogenesis, and
tissue remodeling.4,5 Upregulated expression levels and
activities of MMPs are closely associated with pathological
progressions of angiogenesis, invasion, and metastasis for
cancers. For example, MMP-2 and MMP-9 are overexpressed
in breast cancer, cervical cancer, and so forth, while MMP-2
and MMP-7 are reported to correlate with colorectal cancer
(CRC).6,7 Therefore, MMPs can be considered as potential
biomarkers for the accurate diagnosis of cancer and the
comprehensive assessment of disease progression.
Several approaches have been developed for the sensitive

detection of MMPs. The most widely used commercial
method is the enzyme-linked immunosorbent assay (ELISA),
which requires the utilization of expensive antibody reagents.8

Because the biological functions of MMPs are mainly
dependent on their proteolytic activity, the evaluation of the
enzymatic activities of MMPs is more clinically significant.9−11

Thus, a series of cleavage-based methods with substrate
peptide-based probes have been presented for the specific
interrogation of enzyme activities using colorimetry,12,13

fluorescence,14−17 nanopore,18 or electrochemical19−21 and

eletrochemiluminescence22 sensors. These strategies generally
focus on the assay of single-MMP activity, and the reported
multiplex detections with signal tagging at different wave-
lengths or potentials suffer from the drawbacks of signal
overlapping. Thus, it is necessary to develop novel technology
for multiplex MMP activity assays to meet the needs of clinical
applications.
Recently, the concept of “Mass Spectrometric Biosensing”

has been proposed by our group and is considered to be a
powerful tool for multiplex analysis.23,24 It takes the advantages
of mass spectrometry (MS) and biosensing technology and can
be applied for the analysis of multiplex targets via molecular
recognition and mass-tag probes.24 Among different mass tags
which can transfer the information of analytes to explicit mass
spectrometric signals, peptides have been used for enzyme
activity assays owing to their sequence designability and
properties as natural substrates.25−27 However, searching for
and identifying target-related peptides is difficult due to the
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complex interferences in biosamples, and quantitation is
another problem because of the ionization differences of
multiplex peptide codes.28 In view of the fact that isobaric tags
for relative and absolute quantification (iTRAQ) achieve mass
spectrometric quantification in proteomics29−32 and can avoid
mass heterogeneity,33,34 this work introduced iTRAQ as the
encoding elements to design a mass-encoded suspension array
for multiplex mass spectrometric biosensing of MMP activity.
The designed mass-encoded suspension array integrated the

advantages of MMP enzymatic cleavage for specific peptide
sequences, iTRAQ for multiplex coding, magnetic beads
(MBs) for rapid separation, and the proteolysis method for
peptide digestion and identification with ultrahigh performance
liquid chromatography-tandem MS (UPLC-MS/MS). It was
fabricated as the multiplex iTRAQ-encoded peptide-MB
probes with nickel-nitrilotriacetic acid-modified MBs (Ni-
NTA MBs) and peptides, which included a hexahistidine tag
for strongly binding to Ni-NTA MBs, the substrate for
recognition and cleavage of the target MMP, or service as
control, and the sequence -RSFF-NH2 for covalently
conjugation with the iTRAQ (Scheme 1A). The component
with specific sequences of SFF-iTRAQ was used for coding the
target MMP. The detection workflow involved two proteolysis
treatments: first, the respective probes were cleaved by target
MMP-2 and MMP-7, followed by magnetic separation and
washing steps to remove the sample solution and cleaved
peptides; and then trypsin was added to digest the rest of the
uncleaved peptides on the MB surfaces at the C-terminal of the
Arg residue, to release the specific coding regions of SFF-
iTRAQs into the supernatant for UPLC-MS/MS analysis with
the multiple reaction monitoring (MRM) mode, in which the
peak area at the fixed retention time negatively correlated with
the respective target MMP (Scheme 1B). The relative change
in the peak area ratio of coding regions showed a good linear
response to the MMP activity, leading to a sensitive sensing
method for the multiplex detection of MMP activity. The
excellent analytical performance of the proposed biosensing
strategy for practical samples demonstrated its potential
application in biomedicine and clinical diagnosis.

■ EXPERIMENTAL SECTION

Preparation of iTRAQ-Coded Peptide-MB Probes. The
synthesis of peptide-iTRAQ conjugates is described and shown
in the Supporting Information (Scheme S1). The peptide-
iTRAQ conjugates were bound to the surface of Ni-NTA
Dynabeads through the chelation between Ni2+ and his-tag
peptides. First of all, a 50 μL suspension of Ni-NTA MBs (2
mg MBs) was transferred to a microcentrifuge tube after
rotating for 5 min for thorough suspending. The tube was
placed on a magnet for 2 min to discard the supernatant. Then,
a 100 μL of P1-iTRAQ114, P2-iTRAQ117, or P3-iTRAQ115
solution and 600 μL of binding buffer (50 mM sodium
phosphate, pH 8.0, 300 mM NaCl, and 0.01% Tween-20) were
added to the MB suspension to incubate for 10 min at room
temperature (Scheme S2). After the supernatant was
discarded, the MBs were washed with 400 μL of binding
buffer three times. The iTRAQ-coded peptide-MB probes
(Probe 1, Probe 2, and Probe 3) were suspended in 400 μL of
binding buffer and stored at 4 °C for further use.

Detection of MMP-2 and MMP-7 Activities. The
prepared Probes 1−3 were mixed with equal amounts to
obtain the mass-encoded suspension array. 20 μL of the array
was then transferred to a microtube, followed by magnetic
separation to discard the supernatant. Subsequently, 20 μL of
single MMP-2 or MMP-7, the mixture of MMP-2 and MMP-7
at various concentrations (0, 0.2, 1.0, 5.0, 10, 25, 50, 75, 100,
150, and 200 ng mL−1 for MMP-2 and 0, 0.5, 2.0, 20, 50, 150,
250, 400, 500, 750, and 1000 ng mL−1 for MMP-7), the
mixture of MMPs with the inhibitor BB-94, or 5× diluted
serum samples in TCNB buffer (50 mM tris, pH 7.6, 150 mM
NaCl, 5 mM CaCl2, and 0.05% Brij) were added to the probes
to incubate at 37 °C for 2 h. After placing the tube on a magnet
for 2 min, removing the supernatant, and washing with TCNB
buffer, 50 μL of 50 ng mL−1 trypsin in 25 mM NH4HCO3 was
added to the microtube for 30 min to digest the uncleaved
peptide-iTRAQ conjugates. The supernatant was then diluted
to a fivefold volume with acetonitrile containing 1% formic
acid and subjected to analysis using UPLC-MS/MS. All the
experiments were performed in triplicate.

Scheme 1. (A) Schematic Illustration of the Preparation of iTRAQ-Coded Peptide-MB Probes; (B) Schematic for the
Detections of MMP-2 and MMP-7 Activities by UPLC-MS/MS with the MRM Mode
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UPLC-MS/MS Analysis. The UPLC-MS/MS experiments
were carried out on an LC30A UPLC system (Shimadzu,
Japan) coupled with a QTRAP 5500 apparatus (AB Sciex,
USA). The samples were separated using a Kinetex Biphenyl
100 Å column (100 × 3.0 mm, 2.6 μm, Phenomenex, USA) at
a constant flow rate of 0.5 mL min−1. 5 mM NH4OAc
containing 0.1% formic acid was used as mobile phase A, and
methanol containing 0.1% formic acid was used as mobile
phase B. The elution gradients were as follows: 0.0−1.0 min
5% B, 1.0−1.1 min 5%−20% B, 1.3−3.0 min 20%−95% B,
3.0−4.2 min 95% B, 4.2−4.3 min 95%−5% B, 4.3−5.0 min 5%
B, and 5.0 min Stop, and the injection volume was 2 μL. The
5500 QTRAP with an electrospray ionization source was
operated in the positive MRM mode, with optimal acquisition
parameters as follows: curtain gas (30), ionspray voltage
(5500), ion source gas 1 (45), ion source gas 2 (30), source
temperature (550 °C), collision gas (high), declustering
potential (90), entrance potential (10), and collision cell exit
potential (15). The transitions and collision energies (CEs) of
the iTRAQ-labeled product peptides (coding regions) were
tuned to optimize the fragment intensity (Table 1). The

resolution parameters of the first and third quadrupoles were
set as the “unit”. The target ions were transmitted with a
narrow window (0.5 Da). The dwell time was 100 ms for every
transition. Data analysis was performed using Analyst and
MultiQuant from AB Sciex (USA).

■ RESULTS AND DISCUSSION

Fabrication of iTRAQ-Coded Peptide-MB Probes. The
preparation of P1-iTRAQ114, P2-iTRAQ117, and P3-
iTRAQ115 was confirmed by matrix-assisted laser desorp-
tion/ionization MS (MALDI-MS), which showed the mass
shift of +145 Da and indicated the conjugation process (Figure
S1).
To evaluate the binding amount of peptide-iTRAQ on each

MB, an elution buffer that contained imidazole was used for
the elution of P1-iTRAQ114, P2-iTRAQ117, and P3-
iTRAQ115 from Probes 1, 2, and 3, and the absorbance
value of the eluted solution at 258 nm or 280 nm was
measured to calculate the peptide concentrations according to
the absorbance properties of the aromatic amino acids
contained in the peptide sequences.35 From the size of MBs
(1 μm), the density of Dynabeads (1.23 g cm−3) and the
weight of one MB (6.43 × 10−13 g), 50 μL (2 mg) of the MB
solution totally contained 3.11 × 109 beads, and the average
number of P1-iTRAQ114, P2-iTRAQ117, and P3-iTRAQ115
binding to each MB was estimated to be 6.95 × 106, 2.51 ×
106, and 5.44 × 106, respectively (Figure S2). The difference in
binding amounts could be attributed to factors such as the
sequence, structure, and net charge of the designed peptides. A
large number of peptide-iTRAQs on MBs could improve the
detection sensitivity.
Feasibility of the Sensing Strategy. To demonstrate the

feasibility of the mass spectrometric sensing strategy, the mixed

Probes 1−3 (suspension array) were, respectively, incubated
with blank TCNB buffer, single MMP-2 or MMP-7, and their
mixture for 2 h, followed by magnetic separation, washing, and
trypsinization, and the supernatants were subjected to UPLC-
MS/MS analysis. Extracted MRM chromatograms showed the
peaks for peptide coding regions of SFF-iTRAQ114, SFF-
iTRAQ117, and SFF-iTRAQ115 at a retention time of 3.38
min (Figure 1A−D). Compared with the blank (Figure 1A),

Table 1. Optimization of Transitions and CEs for Peptide
Coding Regions

coding region Q1 Q3 CE

SFF-iTRAQ114 544.5 114.1 35
SFF-iTRAQ117 544.5 117.1 35
SFF-iTRAQ115 544.5 115.1 35

Figure 1. Extracted MRM chromatograms of coding regions of SFF-
iTRAQ114, SFF-iTRAQ117, and SFF-iTRAQ115 from the super-
natant after treating Probes 1−3 with (A) blank buffer, (B) 200 ng
mL−1 MMP-2, (C) 1000 ng mL−1 MMP-7, and the (D) mixture of
200 ng mL−1 MMP-2 and 1000 ng mL−1 MMP-7, and then digesting
with trypsin. (E) Peak area ratios of SFF-iTRAQ114/SFF-iTRAQ115
and SFF-iTRAQ117/SFF-iTRAQ115 for samples (A−D).

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c00854
Anal. Chem. 2022, 94, 6380−6386

6382

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00854/suppl_file/ac2c00854_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00854/suppl_file/ac2c00854_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c00854/suppl_file/ac2c00854_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00854?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c00854?fig=fig1&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c00854?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the peak intensity for SFF-iTRAQ114 and SFF-iTRAQ117
solely declined in the presence of MMP-2 or MMP-7 (Figure
1B,C), while their intensities dramatically decreased in the
presence of MMP-2 and MMP-7 (Figure 1D). Considering
that Probe 3 served as control and could not be cleaved by
target MMP-2 or MMP-7, the coding region of SFF-
iTRAQ115 was completely released by trypsin digestion, and
the released amount should theoretically remain constant per
test, thus it could be used as an internal standard to correct the
matrix interference for quantitation. As shown in Figure 1E,
the peak area ratios of SFF-iTRAQ114/SFF-iTRAQ115 and
SFF-iTRAQ117/SFF-iTRAQ115 declined with target MMP
concentration, indicating Probe 1 and Probe 2 were specific to
MMP-2 and MMP-7, respectively, and showed little cross
influence between different targets, which was also confirmed
by MALDI-MS (Figure S3). The results demonstrated the
feasibility of the designed probes for simultaneous detection of
MMP-2 and MMP-7 activities.
Quantitative Detections of MMP-2 and MMP-7

Activities. To ensure complete digestion of uncleaved
peptide-iTRAQ conjugates to release the coding regions, the

experimental concentration for the tool enzyme trypsin was
optimized by incubating Probes 1−3 with trypsin at various
concentrations (0−100 ng mL−1) and analyzing the respective
supernatant by UPLC-MS/MS. The sum of peak areas for
SFF-iTRAQ114, SFF-iTRAQ117, and SFF-iTRAQ115
trended to the maximum when the trypsin concentration was
50 ng mL−1, indicating complete release of the coding regions
(Figure S4). The cleavage dynamics of MMP-2 and MMP-7
were also examined by incubating Probes 1−3 with targets for
different durations. Both the peak area ratios of SFF-
iTRAQ114/SFF-iTRAQ115 and SFF-iTRAQ117/SFF-
iTRAQ115 decreased with the increasing incubation time
until reaching a plateau at 2 h, suggesting the completion of
enzyme reactions (Figure S5). Thus, the incubation time of 2 h
for MMPs and 50 ng mL−1 trypsin for digestion were selected
for the following experiments.
Under the optimized conditions, MMP-2 and MMP-7 at

various concentrations were mixed with the probes for activity
assays following the process described above. The extracted
MRM chromatograms showed the decreasing peak area ratios
of SFF-iTRAQ114/SFF-iTRAQ115 and SFF-iTRAQ117/SFF-

Figure 2. (A) Representative extracted MRM chromatograms of coding regions of SFF-iTRAQ114, SFF-iTRAQ117, and SFF-iTRAQ115 from the
supernatants after treating the probes with MMP-2 and MMP-7, and then digesting with trypsin. The plots of the relative changes of peak area
ratios (B) A114/115 % and (C) A117/115 % vs the concentrations of MMP-2 and MMP-7.
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iTRAQ115 with the increasing concentrations of MMP-2 and
MMP-7, respectively (Figures 2A and S6). The plots of the
relative changes of peak area ratios (A114/115 % and A117/115 %)
versus the concentrations of MMP-2 and MMP-7 showed
good linearity in the ranges of 0.2−100 and 0.5−400 ng mL−1,
respectively (Figure 2B,C). Here, A114/115 % = 1 −
(ASFF‑iTRAQ114/ASFF‑iTRAQ115)/(A0,SFF‑iTRAQ114/A0,SFF‑iTRAQ115),
while A117/115 % = 1 − (ASFF‑iTRAQ117/ASFF‑iTRAQ115)/
(A0,SFF‑iTRAQ117/A0,SFF‑iTRAQ115), in which ASFF‑iTRAQ114,

ASFF ‑ iTRAQ117, and ASFF ‑ iTRAQ115 and A0,SFF ‑ iTRAQ114,
A0,SFF‑iTRAQ117, and A0,SFF‑iTRAQ115 represent the peak areas in
the presence and in the absence of the related target MMP,
respectively. The detection limits for MMP-2 and MMP-7
were calculated to be 0.064 and 0.17 ng mL−1 at 3σ,
respectively. The proposed mass spectrometric biosensing
strategy showed satisfactory analytical performance that is
comparable with the previously reported literature (Table S1).

Analysis of the MMP Inhibitor. The mass spectrometric
biosensing method was verified with the inhibition effect of
batimastat, which is known as BB-94 and acts as a potent
MMP inhibitor.36 In the presence of BB-94 in the MMP
solution, the peak intensities for both SFF-iTRAQ114 and
SFF-iTRAQ117, and the peak area ratios for SFF-iTRAQ114/
SFF-iTRAQ115 and SFF-iTRAQ117/SFF-iTRAQ115 dramat-
ically increased compared to those without the presence of BB-
94 (Figure 3A), suggesting the decreased cleavage of Probe 1
and Probe 2. Thus, BB-94 inhibited the activities of both
MMP-2 and MMP-7. The IC50 (defined as 50% inhibition
efficiency) of BB-94 toward MMP-2 and MMP-7 was
estimated to be 5.03 and 9.26 nM, respectively (Figure
3B,C), which was close to previously reported 4 and 6 nM,
respectively.37 The results demonstrated the application of the
mass spectrometric biosensing strategy in screening and
assessing MMP inhibitors.

Specificity and Reproducibility. The specificity of the
proposed method was investigated by comparing the relative
changes of peak area ratios of SFF-iTRAQ114/SFF-
iTRAQ115 and SFF-iTRAQ117/SFF-iTRAQ115 toward
respective targets MMP-2 and MMP-7, and other enzymes
(or protein) such as MMP-1, MMP-3, caspase-3, caspase-8,
and bovine serum albumin. The relative changes of peak area
ratios caused by MMP-2 and MMP-7 were 6−50 times higher

Figure 3. (A) Extracted MRM chromatograms of the supernatants after treating Probes 1−3 with blank TCNB buffer, and the mixture of 200 ng
mL−1 MMP-2 and 1000 ng mL−1 MMP-7 in the absence and presence of 100 nM inhibitor BB-94 and then digesting with trypsin. Plots of enzyme
activity for (B) 200 ng mL−1 MMP-2 and (C) 1000 ng mL−1 MMP-7 vs the logarithm of BB-94 concentration.

Figure 4. (A) MMP-2 and (B) MMP-7 levels in serum samples
analyzed with the proposed mass spectrometric biosensing strategy
and ELISA kits.
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than those by other MMPs and proteases (Figure S7),
indicating good specificity of the proposed strategy.
The reproducibility of the proposed strategy was examined

with interassay tests by measuring 1.0, 10, and 50 ng mL−1

MMP-2 and 2.0, 50, and 250 ng mL−1 MMP-7 with six
suspension arrays fabricated under the same experimental
condition. The relative changes of related area ratios showed
the RSDs of 5.6, 4.2, and 3.3% for MMP-2, and 4.4, 4.1, and
5.2% for MMP-7, respectively, suggesting acceptable precision
and reproducibility of the mass spectrometric biosensing
strategy.
Determinations of MMPs in Clinical Samples. The

proposed strategy was used for the determination of MMP-2
and MMP-7 in clinical samples. Serum samples from three
healthy people and three CRC patients were analyzed.
Considering the normal MMP levels in human serum samples
and the linear ranges of the proposed method, the samples
were diluted fivefold before the test. The test results were
highly consistent with those obtained by the commercial
ELISA kits, with relative errors in the range of −9.46−4.18%
(Table S2). It should be noted that the ELISA method can
detect the total MMP levels (proMMPs and active MMPs) via
immunological recognition, while the MS-based method
measures only the active form of MMPs.6 Generally,
proMMP-2 and proMMP-7 are captured on cell membranes,
which means that most secreted MMP-2 and MMP-7 in serum
are activated, accounting for the consistent results obtained
with the two methods,1,38 and thus the two methods can verify
each other.39 The average levels of MMP-2 and MMP-7 in
serum samples from the three CRC patients were 337.2 and
10.65 ng mL−1, respectively, which were more than twofold
higher than those (128.9 ng mL−1 for MMP-2 and 4.79 ng
mL−1 for MMP-7) from healthy people (Table S2 and Figure
4). This resulted from the overexpression of MMP-2 and
MMP-7 in the processes of CRC tumor cell growth and
metastasis.40 To demonstrate the practical applications, the
levels of MMP-2 and MMP-7 in a batch of serum samples from
20 CRC patients and 12 healthy people, whose clinical
information is listed in Table S3, were further tested with the
MS-based method to picture the two-dimensional (2D) scatter
diagram, which showed an obvious aggregation tendency
within the respective CRC patients and healthy people (Figure
S8). Thus, the proposed strategy is suitable for practical
applications and possesses great potential for early diagnosis
and progression assessment of cancer.

■ CONCLUSIONS
This work develops a mass spectrometric biosensing strategy
for the multiplex detection of MMP activities with a designed
mass-encoded suspension array. The suspension array contains
multiplex iTRAQ-coded peptide-MB probes, which are
prepared by functionalizing Ni-NTA MBs with peptide-
iTRAQ conjugates. The conjugates contain a his-tag for
binding to the bead surface, the substrate region for cleavage of
the corresponding MMP, and the coding region. The strategy
can be simply performed by mixing the suspension array with
samples for enzyme reactions, followed by digesting the
uncleaved probes with trypsin to release the coding regions for
UPLC-MS/MS analysis. The relative changes in area ratios of
coding regions show good linearity with the activity or
concentration of target MMPs. The proposed iTRAQ-coded
biosensing approach exhibits high specificity toward targets
MMP-2 and MMP-7 and has been used for inhibition analysis

and MMP activity assays in serum samples from healthy people
and CRC patients, showing great potential in the screening of
anticancer agents and early diagnosis of cancer. This strategy
combines the advantages of proteomics and mass spectro-
metric biosensing and paves a new avenue for multiplex
enzyme analysis. It can be further expanded by designing
different enzyme-specific peptide substrates along with 8-plex
iTRAQ or even 10-plex Tandem Mass Tag (TMT) reagents as
coding elements for simultaneous and accurate multiplex
enzyme assays in various biosamples.
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