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ABSTRACT: The detection of matrix metalloproteinases

(MMPs) isA of great importance for diagnosis and staging c‘)f 1;_& p v "hhe
cancer. This work proposed a signal-on mass spectrometric & & [Ny \ >
biosensing strategy with a phospholipid-structured mass-encoded —_— 1\\ R | — E
microplate for assessment of multiplex MMP activities. The Trypsin . es8® ,!... '

designed substrate and internal standard peptides were sub- L
sequently labeled with the reagents of isobaric tags for relative and  Mass-Encoded Microplate Solution
absolute quantification (iTRAQ), and DSPE-PEG(2000)-

maleimide was embedded on the surface of a 96-well glass bottom plate to fabricate the phospholipid-structured mass-encoded
microplate, which offered a simulated environment of the extracellular space for enzyme reactions between MMPs and the
substrates. The strategy achieved multiplex MMP activity assays by dropping the sample in the well for enzyme cleavages, followed
by adding trypsin to release the coding regions for ultrahigh performance liquid chromatography—tandem mass spectrometric
(UHPLC—MS/MS) analysis. The peak area ratios of released coding regions and their respective internal standard (IS) peptides
exhibited satisfied linear ranges of 0.05—50, 0.1—250, and 0.1—100 ng mL™" with the detection limits of 0.017, 0.046, and 0.032 ng
mL™! for MMP-2, MMP-7, and MMP-3, respectively. The proposed strategy demonstrated good practicability in inhibition analysis
and detections of multiplex MMP activities in serum samples. It is of great potential for clinical applications and can be expanded for
multiplex enzyme assays.

Time / min
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B INTRODUCTION

Matrix metalloproteinases (MMPs) comprise a family of zinc-
dependent proteinases, which participate in the degradation of
the extracellular matrix (ECM), a three-dimensional network
consisting of macromolecules and minerals for providing
structural and biomedical support to the surrounding cells.'~

Under normal physiological conditions, different MMP
members interact with specific ECM components, and their
activities are precisely reﬁgulated at the level of activation and
inhibition, respectively.”” The activations of MMPs are
significantly increased in human cancers compared with
normal tissues and can promote cancer progression by
increasing cancer-cell growth, migration, invasion, metastasis,
and angiogenesis.* """ Thus, comprehensive activity assays of
multiplex MMPs are very important and informative for
auxiliary staging diagnosis of cancer and objective assessment
of disease progression.

A variety of methods for analyzing MMP activities have been
developed. Zymography is a commercial gel electrophoresis-
based method for qualitative or semiquantitative analysis of a
single sample, in which the substrates of MMPs are
copolymerized in sodium dodecyl sulfate (SDS) polyacryla-
mide gel, and different MMPs can be separated based on the
molecular weights."”'” Other methods such as colorimet-
ric,"™"° fluorescence,'™"® bioluminescence,'’ surface-en-
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hanced Raman scattering (SERS),*® and electrochemical
biosensors”"*”* are mainly cleavage-based strategies with
substrate peptide probes, which are designed for specific
interrogations of individual MMP activity in most cases. Some
array-based”** and logical®> methods have been proposed for
multiplex assay. However, due to the scarcity of tagging
molecules, signal overlapping, as well as the complexity of data
interpretation, the capacity of multiplex detections is seriously
restricted.”*’

In order to overcome the bottleneck for multiplex enzyme
activity assays, our group proposed “mass spectrometric
biosensing” as a powerful tool for multiplex analysis with
mass-tag probes, which could transfer the target information to
explicit mass spectrometric signals.”® This idea was successfully
applied to the detection of MMP activities with a mass-
encoded suspension array by ultrahigh performance liquid
chromatography—tandem mass spectrometry (UHPLC—MS/
MS).” The proposed method made use of the relative
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Scheme 1. (A) Schematic Illustration of the Synthesis of DSPE-Substrate Peptides and DSPE-IS Peptides; (B) Mass-Encoded
Microplate and Detection Procedure of Multiplex MMP Activities by UHPLC—MS/MS with the MRM Mode
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decrease of peak area ratios of coding regions to detection
target MMP-2 and MMP-7 activities. Nonetheless, the “signal-
off” biosensing strategy generally encounters uncertain signal
loss of targets in heterogeneous clinical samples.”” Thus, after
fully considering the advantages of the peptide coding
method*”*"** and the phospholipid-structured chip proposed
previously,” this work designed different substrate peptide
sequences and hydrophobic mass-encoded microplate to
propose a “signal-on” biosensing mechanism for multiplex
MMP activity assay.

The each substrate peptide was designed to sequentially
contain a cleavage site for trypsin at the C-terminal of arginine
(R) residue, lysine (K) with —NH, on the side chain to label
isobaric tags for relative and absolute quantification (iTRAQ),
and a substrate region for recognition and cleavage of the
target MMP, while the sequence of the related internal
standard (IS) peptide did not contain the cleavage site for
MMPs (Scheme 1A). After the substrate and IS peptides were
labeled with iTRAQs, they were conjugated with DSPE-
PEG(2000)maleimide to obtain DSPE-substrate peptides and
DSPE-IS peptides, respectively, and embedded on the
hydrophobic surface of the 96-well glass bottom plate to get
the mass-encoded microplate (Scheme 1). The assay could be
performed by dropping the sample into the well for target
MMP-2, MMP-7, and MMP-3 cleavages, followed by adding
trypsin to release the coding regions for UHPLC—MS/MS
analysis under a multiple reaction monitoring (MRM) mode.
The detection of multiplex MMP activities was performed with
the peak area ratios of released coding regions and their

respective IS peptides (Scheme 1B). Compared with the
previous strategy,”” the innovations of this proposed method
mainly manifested in two aspects: (i) the “signal-on”
biosensing mechanism, which was different from previous
“signal-oft” mechanism and could increase the reliability and
sensitivity for detections and simplify the processes for signal
interpretations; (ii) the carrier of the 96-well glass bottom
plate, with which the phospholipid-structured microplate could
be efficiently constructed to create an extracellular-like space
similar to the natural environment for the reactions between
MMPs and the substrates. Thus, it supplied a great solution for
multiplex MMP assays and was of great potential in accurate
cancer diagnosis.

B EXPERIMENTAL SECTION

Preparation of the Mass-Encoded Microplate. Hydro-
phobic modification of the 96-well plate, peptide labeling with
iTRAQ reagents, and synthesis of DSPE-PEG(2000)-peptide
conjugates (DP1—-DP6) are described in the Supporting
Information. The peptide sequences are listed in Table SI.
To fabricate the phospholipid-structured mass-encoded micro-
plate, 16 uL of the obtained DP1, DP3, and DPS, and 4 uL of
ISs for DP2, DP4, and DP6 was dropped in a well of the 96-
well plate, respectively, to incubate overnight at 4 °C. The DPs
were immobilized on the glass surface through noncovalent
hydrophobic interaction. Each well was washed twice with 200
#L of water and thoroughly dried with N, flow to obtain the
mass-encoded microplate.
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As a comparison, gold foil (diameter S mm) was stuck on
the bottom of each well, and 16 uL of P1-iTRAQI114, P3-
iTRAQI114, and PS-iTRAQI14 and 4 yuL of P2-iTRAQIIG,
P4-iTRAQ116, and P6-iTRAQ116 were added to each well of
the plate to incubate overnight at 4 °C for covalently binding
through Au—S bonds. The wells were subsequently washed
twice with water and dried for further use.

UHPLC—MS/MS Analysis. UHPLC—MS/MS measure-
ments were performed on an LC30A UHPLC system
(Shimadzu, Japan) coupled with a QTRAP 5500 mass
spectrometer (AB Sciex, USA). The samples (2 uL) were
injected and separated on a Kinetex Biphenyl 100 A column
(100 x 3.0 mm, 2.6 um, Phenomenex, USA) held at 40 °C.
Mobile phase A was S mM NH,OAc containing 0.1% formic
acid, and mobile phase B was methanol containing 0.1% formic
acid. The elution gradients were applied at the constant flow
rate of 0.4 mL min~" for a total run of 5.0 min: 0.0—1.0 min
5% B, 1.0—1.1 min 5—20% B, 1.1—2.0 min 20—95% B, 2.0—4.2
min 95% B, 4.2—4.3 min 95—5% B, 4.3—5.0 min 5% B, 5.0 min
Stop. A 5500 QTRAP mass spectrometer with an electrospray
ionization (ESI) source was operated in the positive MRM
mode, with acquisition parameters such as curtain gas (30),
ionspray voltage (5500), ion source gas 1 (45), ion source gas
2 (30), source temperature (550 °C), collision gas (High),
declustering potentials (90), entrance potential (10), and
collision cell exit potential (12). The ion transitions and
optimized collision energies for peptide analytes are shown in
Table 1. The dwell time was 100 ms for each transition. Data
analysis was performed with Analyst and MultiQuant from AB
Sciex (USA).

Table 1. Sequences and Optimized MRM Parameters for
Coding Regions of MMP Cleavage Peptide Products and
Their Respective Internal Standard Peptides

peptide collision
name sequence charge transition energies
PPyvmp-2 GK(iTRAQ114) 2 308.9/114.1 32
PLG
IS-pPyvp-2 GK(iTRAQ116) 2 308.9/116.1 32
PLG
PPy K(iTRAQ114) 2 414.0/1141 3§
PRPLA
IS-pPyvp;  K(TRAQ116) 2 414.0/116.1 35
PRPLA
PPyvmp-3 GK(iTRAQ114) 2 340.9/114.1 35
PYA
IS-pPyvp-3 GK(iTRAQ116) 2 340.9/116.1 35
PYA

Multiplex MMP Activity Assays. To perform qualitative
and quantitative assays of MMP activities, 20 pL of samples,
including MMP-2, MMP-7, MMP-3, and their mixtures at a
series of concentrations (0—100 ng mL™" for MMP-2, 0—500
ng mL™' for MMP-7, and 0—200 ng mL™"' for MMP-3), MMP
pre-mixed with the inhibitor batimastat (0—200 nM), or 5-fold
diluted human serum samples with TCNB buffer (50 mM
Tris—HCI, pH 7.6, 150 mM NaCl, S mM CaCl,, and 0.05%
Brij) were added to single wells of the mass-encoded
microplate, respectively, to incubate at 37 °C for 2 h for
target MMP cleavages. After removing the sample solutions
and washing the well twice with 200 yL of water, 100 uL of
100 ng mL™" trypsin in 25 mM NH,HCO; was dropped to
each well to incubate for 30 min for releasing the coding
regions of MMP cleavage peptide products (pPyip-2 PPavwp-7»

and pPypp.3) and their respective IS peptides (IS-pPppp.os 1S-
pPPrnip7» and IS-pPyp3) (Table 1). The obtained solutions
were diluted to 5-fold volume with methanol containing 1%
formic acid and subsequently subjected to UHPLC—MS/MS
analysis.

B RESULTS AND DISCUSSION

Fabrication of the Mass-Encoded Microplate. The
hydrophobic glass substrate was first prepared via classical one-
step Cl8-silanization with trimethoxy(octadecyl)silane
(OTMS) for the fabrication of the mass-encoded microplate,
which led to a contact angle change from 16.0° to 76.6°
(Figure S1A,B). Meanwhile, DP1—DP6 were synthesized by
labeling the peptides with iTRAQ reagents, which were
demonstrated from the MALDI-MS spectra with a mass shift
of +144 Da (Figure S2), and then conjugating the iTRAQ
reagent-labeled peptides to DSPE-PEG(2000)maleimide. The
mass spectra of DP1—-DP6 showed the components at different
m/z (Figure S3), as predicted in Table S1. Compared with
DSPE-PEG(2000)maleimide (Figure S4), the results demon-
strated the successful conjugation. The immobilization of
DP1-DP6 on the 96-well plate was achieved through
hydrophobic interaction, which led to contact angle change
from 76.6° to 38.5° (Figure SIC). The energy dispersive
spectroscopic (EDS) mapping analyses also showed the
increasing elemental intensities and uniform distributions of
C and P (Figure S1ID—F), further confirming successive C18-
silanization and assembly of DPs on the surfaces. The
phospholipid layer structure on the well surface of the mass-
encoded microplate provided an environment that is similar to
that of the cell membrane or the extracellular space for the
reaction of MMPs and corresponding substrates.” ">

Feasibility of Mass Spectrometric Biosensing. The
feasibility of the proposed mass spectrometric biosensing
strategy was tested by adding blank buffer, MMP-2, MMP-7,
MMP-3, or their mixture to the wells of the mass-encoded
microplate, respectively, to incubate at 37 °C for 2 h. Any
concentrations of targets in the detection ranges could be
selected to demonstrate the feasibility for simultaneous
detections. Here, we chose single target samples of 50 ng
mL~" MMP-2, 125 ng mL™" MMP-7, or 100 ng mL~' MMP-3,
as well as their mixtures containing multiplex targets to
examine the performance of the proposed method. After each
well was washed and subsequently digested with trypsin, the
obtained solution was diluted and subjected for UHPLC—MS/
MS analysis. The extracted MRM chromatograms showed
three peaks at 2.84, 3.10, and 3.00 min, corresponding to the
coding regions of MMP-cleaved product peptides and their
respective 1S peptides (2.84 min for pPypp., and IS-pPp.s,
3.10 min for pPypp, and IS-pPypp, and 3.00 min for
PPymps and IS-pPynp.s), respectively (Figure 1A—E). As
predicted, blank TCNB buffer showed only IS-pPygps on the
extracted ion chromatograms (XICs) (Figure 1A), while the
peak intensities for pPyip.2y PPymmp-7 OF PPyvmp-3 individually
increased in the presence of single target MMP-2, MMP-7, or
MMP-3, respectively (Figure 1B—D), and simultaneously
increased for the mixture of MMP-2, MMP-7, and MMP-3
(Figure 1E). Because the sequences of DP2, DP4, and DP6 did
not include MMP substrate regions and only contained one
cleavage site for trypsin, the released amounts of IS-pPyp.y,
IS-pPyvp7 and IS-pPypyp.; were constant in each well and
rarely influenced by target MMPs, and thus, they could serve as
internal standards to reduce the matrix effects for quantitative
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Figure 1. Extracted MRM chromatograms of released coding regions of the target MMP-cleaved products and their respective IS peptides by
adding (A) blank buffer, (B) 50 ng mL™ MMP-2, (C) 125 ng mL™" MMP-7, (D) 100 ng mL™' MMP-3, and (E) the mixture of 50 ng mL~' MMP-
2, 125 ng mL™' MMP-7, and 100 ng mL™' MMP-3 was placed into the wells of the mass-encoded microplate and incubated for 2 h and then
treated with trypsin. Insets: MS/MS spectra of the detected tags of iITRAQ114 and iTRAQI16 for respective pPyyps and IS-pPyps. (F) Peak area
ratios of pPyvp.2/IS-pPamvp-2r PPamvp-7/1S-PPrnp-7 and pPupp-3/IS-pPypyp.3 for samples (A)—(E).

analysis. The peak area ratios of pPyyp-2/IS-PPrivp-2 PPavmip-7/
IS-pPymp-7» and  pPyovip-3/IS-pPymp.; showed  dramatical
increases with MMP-2, MMP-7, and MMP-3, respectively,
and revealed little cross influence between different targets
(Figure 1F), enabling simultaneous multiplex MMP activity
assays with the mass-encoded microplate.

As a comparison, another plate was fabricated by directly
immobilizing the iTRAQ-labeled peptides on the gold foil-
sticked surface of the 96-well plate via Au—S binding, following
the same experimental process for the detections of MMP
activities. As shown in Figure S5, the peak intensities for
PPymps and IS-pPypps were less than 5% of the peak
intensities in Figure 1E, and each peak area ratio of pPypp/IS-
pPyvmp was also lower than that displayed in Figure 1F. It
probably resulted from the lower amounts of covalently
immobilized iTRAQ-labeled peptides and the lower cleavage
efficiencies of peptide-iTRAQs with targets. This result
demonstrated the advantages of efficient substrate immobiliza-
tion through non-covalent interaction and the simulated
natural environment for MMP cleavage reactions, further
proving the superiorities of the phospholipid-structured mass-
encoded microplate.

Quantitative Detections of Multiplex MMP Activities.
The effect of trypsin concentration was examined to ensure

complete releases of coding regions of MMP cleavage peptide
products and their respective ISs. All of the peak areas of
PPympy PPvnvps PPumes 1S-PPyvvpay 1S-pPyup.7, and IS-
PPuvmp-3 reached the maximum at a trypsin concentration of
100 ng mL™" (Figure S6), suggesting the maximum releases of
all the coding regions. The incubation time was also optimized
by dropping the mixture of MMP-2, MMP-7, and MMP-3 in
the wells to incubate for different times. The peak area ratios of
PPyimp2/IS-PPrivp 2 PPaavip-7/1S-PPavp7 and pPypyp.3/1S-
PPamp.3 trended the plateaus at 120 min, indicating the
completion of enzyme cleavages (Figure S7). Thus, the MMP
incubation time of 120 min and the trypsin concentration of
100 ng mL ™" were adopted for quantitative analysis.

Upon the optimized conditions, the mixtures of MMP-2,
MMP-7, and MMP-3 at different series of concentrations were
added in the wells of the mass-encoded microplate to perform
quantitative detections of multiplex MMP activities. Their
extracted MRM chromatograms showed that the peak
intensities of pPypvps, PPavmp-7 and pPymp.s increased with
increasing concentrations of MMP-2, MMP-7 and MMP-3,
respectively (Figure 2A—C). The plots of the peak area ratios
of pPyivp-2/1S-PPynip-2r PPramip-7/1S-PPanip-7 and pPypyp-3/1S-
PPyvmp-3 versus the concentrations of MMP-2, MMP-7, and
MMP-3 displayed satisfied linearity in the ranges of 0.05—50,
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Figure 2. Extracted MRM chromatograms of (A) pPyup., and IS-pPyyp.s (B) pPavps and IS-pPypyp.r, and (C) pPypyp.s and IS-pPyyp 5 by
adding the mixture of MMP-2, MMP-7, and MMP-3 at a series of concentrations and then treating with trypsin. Plots of peak area ratios of (D)
PPrvp-2/1SPPrin-» (B) PPrinvip-7/1S-PPuivp.7 and (F) pPaiip-3/IS-pPaivip.3 vs MMP-2, MMP-7, and MMP-3 concentrations.

0.1—250, and 0.1—100 ng mL™" with R > 0.995, respectively
(Figure 2D—F). The detection limits for MMP-2, MMP-7, and
MMP-3 at 30 were 0.017, 0.046, and 0.032 ng mL™}
respectively, which were lower than the reported values with
the signal-off mass spectrometric biosensing method” and
were comparable with those reported with other methods, such
as electrochemical, fluorescence, and MS detections (Table
S2).

Specificity, Reproducibility, and Stability. The specific-
ity of the proposed method was evaluated with interferential
enzymes or proteins. The peak area ratios of pPypp.,/IS-
PPavp2s PPavavp7/1S-pPavp 7 and pPyiyp 3/1S-pPypp 3 for
their respective targets of MMP-2, MMP-7, and MMP-3 were
5—20 folds higher than that of the blank, while the ratios for

interferential substances of MMP-1, caspase-3, caspase-8, and
bovine serum albumin (BSA) were close to that of the blank
(Figure S8), indicating good specificity of the proposed
strategy.

The reproducibility was investigated with inter-assay and
intra-assay tests. The inter-assay tests were performed by
adding the mixture of 25 ng mL™! MMP-2, 125 ng mL™!
MMP-7, and 50 ng mL™" MMP-3 to six wells on the mass-
encoded microplate independently to measure the mass
spectrometric responses, which showed the maximum relative
standard deviation (RSD) of 4.3%. The intra-assay tests were
performed by submitting one of the samples for UHPLC MS/
MS analysis for six times, which showed the RSDs less than
5.0% (Figure S9A). The stability of the mass-encoded
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Figure 4. (A) Activity of MMP-2, MMP-7, and MMP-3 in human serum samples from ten GC patients and ten healthy people determined with the
mass-encoded microplate. (B) Three dimensional scatter profile of MMP-2, MMP-7, and MMP-3 activities in serum samples (A).

microplate was examined by storing it at 4 °C for 7 and 28
days. The peak area ratios of pPypvp-2/IS-pPrinp-2 PPavp-7/1S-
PPavpy and pPyp.3/IS-pPypyps for target MMP activity
assays at the same concentration did not obviously change
(Figure S9B). These results demonstrated acceptable reprodu-
cibility and stability of the prepared device.

MMP Inhibitor Analysis. The proposed mass spectro-
metric biosensing strategy was used to evaluate the inhibition
effect of MMP inhibitor batimastat on their activities. After
pre-mixing MMP-2, MMP-7, and MMP-3 with batimastat, the
peak intensities of pPyivp.yy PPymps and pPywp.s and the
ratios of pPyvp.2/IS-PPymp-2s PPummp-7/1S-pPump-7 and
PPyvivp-3/IS-pPamvip.; exhibited a sharp decline compared to
those in the absence of this inhibitor (Figure S10), suggesting
significant decreases in MMP activities. The IC, values (50%
inhibition efficiency) of batimastat for MMP-2, MMP-7, and
MMP-3 were estimated to be 4.16, 8.94, and 27.8 nM,
respectively (Figure 3), which were quite close to the reported
4 nM, 6 nM, and 20 nM, respectively.’® The results
demonstrated the practical application in the screening of
MMP inhibitors with the mass-encoded microplate.

Clinical Serum Sample Analysis. To assess the perform-
ance of the proposed method in the prediction and diagnosis
of cancer, the experiments for simultaneous detection of
MMP-2, MMP-7, and MMP-3 activities in human serum
samples from gastric cancer (GC) patients and healthy people
(for clinical information of each sample, see Table S3) were
performed with the mass-encoded microplate. Considering
MMP-2, -7 and -3 levels in human serum, linear ranges and

matrix interferences, all the samples were diluted to 5-fold
volumes with TCNB buffer. The obtained concentrations of
MMP-2, MMP-7, and MMP-3 in the samples from GC
patients were higher than those from healthy people (Figure
4A). The average levels of MMP-2, MMP-7, and MMP-3 from
ten GC patients were 146.8, 11.81, and 18.80 ng mL™, which
were visibly higher than those of 108.3, 7.66, and 6.13 ng mL™!
from ten healthy people, respectively. The three-dimensional
(3D) scatter diagram also showed an obvious aggregation
tendency (Figure 4B). It should be noted that the activities of
MMP-2, MMP-7, and MMP-3 in serum samples were closely
related with whether the tumor has spread and broadly
increased with the stage of GC patients (Figure S1 1).>7%° The
results indicated potential application of this strategy for
diagnosis and staging of cancer.

To further evaluate the reliability of the mass spectrometric
biosensing strategy, the recoveries of MMP-2, MMP-7, and
MMP-3 were measured by spiking them at different
concentrations in 5-fold diluted S10 and S20. All recoveries
were between 90.2—98.1% (Table S4). The assay results with
the proposed mass spectrometric biosensing method were also
compared with those obtained by the ELISA kits, which
showed the relative errors in the range of —7.48 to 2.37%
(Table S4), suggesting acceptable accuracy for multiplex MMP
activity assays in clinical samples.
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B CONCLUSIONS

This work proposes a “signal-on” mass spectrometric
biosensing strategy with a phospholipid-structured mass-
encoded microplate. The microplate was fabricated by
embedding the iTRAQ-labeled DSPE-PEG(2000)-substrate
and IS peptides on the surface of a 96-well plate through
hydrophobic interaction, which creates a simulated natural
environment of extracellular space for the reactions between
MMPs and substrates. The assay can be simply performed by
dropping the sample into the well for target MMP cleavage and
then adding trypsin to release the coding regions for UHPLC—
MS/MS quantitative analysis with the peak area ratios of
coding regions of MMP cleavage peptide products and their
respective IS peptides. This strategy shows excellent perform-
ance with wide concentration ranges and high sensitivity and
can be used for inhibition analysis and MMP activity assays in
human serum samples, demonstrating great potential in drug
screening and accurate diagnosis of cancer. The mass
spectrometric biosensing strategy and the mass-encoded
microplate provide a new approach for multiplex enzyme
activity assays with high sensitivity and good specificity. The
mass-tag probes are also of potential applications in other types
of mass spectrometry platforms, such as MALDI-TOF MS.*
By more elaborately designing the substrate sequences, this
method can be expanded for simultaneous and accurate
multiplex assays of other enzyme activities in various
physiological processes.
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