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a b s t r a c t

Numerous enzymes secreted from tumor cells have been used as biomarkers for early diagnosis, but in situ 
monitoring their secretion is still a challenge owing to the low amount and diffusion into complex en
vironment. Herein, we establish a mass spectrometric protocol for in situ dynamic biosensing of multi
plexed enzyme secretions by inserting tentacle-like mass nanoprobes on live cells. The nanoprobes are 
designed to contain an inserting group for cell anchoring and abundant substrate peptides for mass coding 
to facilely capture the secreted target enzymes followed with in situ MALDI-TOF MS detection. From the 
peaks of the substrates and their cleavage products, the quantification strategy of the corresponding se
creted enzyme is achieved. Taking MMP-2 and MMP-9 as targets, the in situ monitoring protocol is de
monstrated to provide a high-throughput technique for rapid detection of multiple secreted enzymes. Its 
universality for more secreted enzymes is also verified with cell-secreted urokinase-type plasminogen 
activator and alkaline phosphatase. The results identical to those from conventional phenotype methods for 
assessment of drugs efficacy indicate the promising application of the proposed protocol.

© 2023 Elsevier Ltd. All rights reserved. 

Introduction

The complexity and trickery of cancer present considerable 
hurdles to its diagnosis and therapy. Many attempts have been made 
from various facets to identify biomarkers for tumor screening, 
clinical staging, therapeutic effects evaluation and adverse events 
prediction [1,2]. Some cell-secreted enzymes have been considered 
to be significant biomarkers in clinical diagnosis of cancers [2,3]. 
However, their performances are less convincing due to following 
reasons: 1) tumor heterogeneity leads to low specificity and sensi
tivity, 2) it is difficult to detect low-abundance biomarkers when 
they diffuse into extracellular environment, 3) non-in situ assay re
sults in less precision and the loss of spatiotemporal information. 
Thus, it is an urgent need to develop in situ monitoring protocols for 
the secretion of specific enzymes from cells.

To solve the detection sensitivity for cell-secreted enzymes, Han 
and coworkers took the advantages of microfluidics to concentrate 
matrix metalloproteinases (MMPs) from diluted cellular supernatant 
[4], Lou et al. confined aggregation-induced emission molecules in 

nanostructure to enhance the aggregation degree responding to cell- 
secreted MMP-2 [5], and Duffy group developed a single-molecule 
enzyme-linked immunosorbent assay to detect aM-level prostate- 
specific antigen in serum [6]. Nevertheless, these methods cannot 
realize the in situ monitoring of cell-secreted enzymes due to the 
need of signal amplification. Therefore, several strategies have been 
proposed for secretion monitoring by changing the refractive index 
of photonic crystal by MMPs in the entire pore spaces [7], and in
fluencing the stacked guanine-quenched photoinduced electron 
transfer [8], solid-state fluorochrome precipitation [9] and peptide 
assembly on ionic nanochannel [10] with enzymes in extracellular 
matrix. A surface-enhanced Raman scattering assay has been pro
posed for MMP-2 analysis with the signal ratio of peptide substrate 
to internal standard on AuNPs [11]. A membrane-anchoring DNA 
nanodevice has also been designed to respond MMP-2/9 and ATP in 
extracellular tumor microenvironment [12]. Obviously, the cell-se
creted targets diffuse into extracellular environment when they are 
detected, which inevitably loses some information related to the 
biochemical and cellular functions of enzymes. Although a phos
phorylated lipid-conjugated oligonucleotide has been constructed 
for alkaline phosphatase (ALP)-dependent cell membrane adhesion 
by enzymatic dephosphorylation [13], it cannot be used for in situ 
detection of secreted enzymes. To achieve the real in situ dynamic 
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monitoring, this work designed two functional mass nanoprobes and 
developed a diffusion-free strategy to rapidly respond multiple se
creted enzymes by inserting the tentacle-like nanoprobes on live 
cells followed with matrix-assisted laser desorption/ionization-time 
of flight (MALDI-TOF) mass spectrometric (MS) detection.

MS techniques have extensively been used for proteomics 
quantification [14], biomarker detections [15–18] and drug screening 
[19,20] due to the unique mass resolution and the advantage of 
label-free analysis. Among these techniques, MALDI-TOF MS can be 
conveniently integrated with the molecular recognition by im
mobilizing the recognition element on a chip to greatly simplify the 
analytical procedure, and thus has been used for the profiling of 
enzyme activity [17,21] and biological interaction [22], the screening 
of drugs or inhibitors [23], the mapping of metabolites [24], and the 
discrimination of glycopeptides [25], etc. Recently, cell-based 
MALDI-TOF MS technology has been proposed for visualizing drug 
distribution in subcellular locations [26] and analyzing the extracted 
contents [27]. Here the designed tentacle-like mass nanoprobes 
contained an inserting group, thus could directly insert into the 
membrane of living cells that were previously seeded on an indium 
tin oxide (ITO) glass slide (Fig. 1). The abundant substrate peptides 
on the anchored nanoprobe could act as artificial tentacles to sense 
the enzyme secretion. Interestingly, different nanoprobes could be 
inserted on the same cells for diffusion-free sensing of multiple se
creted enzymes. Moreover, the enzyme capture could quickly 
happen upon the cell secretion due to the short distance between 
substrate peptides and cell membrane. By changing the sequence of 
peptides, different mass shifts as the peptide codes could be ob
tained for multiple target enzymes. Through mass coding, the 
MALDI-TOF MS quantification of multiple secreted enzymes could be 
achieved from the MS peaks of the substrates and their cleavage 
products.

Disease-related enzymes are generally potential drug targets. 
Thus the activity-based profiling of enzymes has become a powerful 
protocol for drug efficacy assessment [28,29]. To demonstrate the 
practicability of the in situ quantitation strategy of living cell-se
creted enzyme activity, the proposed method was used for in situ 
dynamic monitoring of MMP-2 and MMP-9 secreted from MDA-MB- 
231 and HT-1080 cells upon lipopolysaccharide (LPS) stimulation. 
Three inhibitors, 1,10-phenanthroline (phen), ilomastat and ARP-100, 

were chosen to examine its application in drug efficacy assessment 
by comparing the results with those from wound-scratch and 
transwell invasion assays [30–32]. Its universality for more secreted 
enzymes is also verified with cell-secreted urokinase-type plasmi
nogen activator (uPA) and ALP. Thus, the proposed protocol pos
sesses the promising application in biomedicine.

Methods

Synthesis of AuNPs

N-(2-Mercaptopropionyl) glycine (0.1 mmol) was dissolved in 
1.75 mL 6:1 (v/v) methanol/acetic acid, and mixed with 1.4 mL 1% 
gold(Ⅲ) chloride trihydrate. After the color of the mixture became 
lighter with continuous stirring, NaBH4 (0.68 mmol) in 170 μL water 
was added, and the solution turned black suddenly. The solution was 
continuously stirred for 2 h to collect the product via concentration 
under vacuum to 1 mL, which was diluted with 1 mL water, and 
dialyzed (MWCO=5000) with Mill-Q water for more than 72 h, and 
the water was changed every 10–12 h [33].

Synthesis of mass nanoprobes (GSL-Ds)

200 μL of the obtained AuNPs, 16 μL 1 mM linker peptide-N3 and 
80 μL 1 mM substrate peptide for MMP-2, MMP-9, uPA or ALP were 
added to 704 μL 4-(2-hydroxyethyl)piperazin-1-ethanesulfonic acid 
(HEPES) buffer (50 mM, pH 6.5). After reaction at room temperature 
(RT) for 4 h, the functional AuNPs were ultrafiltrated for 10 times to 
remove excess peptide, and concentrated to 200 μL to obtain GSLs, 
which was then mixed with 800 μL 1,2-distearoyl-sn-glycero-3- 
phosphoethanolamine-N-[dibenzocyclooctyl (polyethylene glycol)] 
(DSPE-PEG-DBCO, 75 μM) in PBS for 2 h to get the mass nanoprobe 
GSL-Ds.

Cell culture

Human breast cancer cell lines MDA-MB-231 and MCF-7, human 
cervical cancer cell line HeLa, human hepatocellular carcinoma cell 
line HepG2 and human normal breast cell line MCF 10 A were pur
chased from Jiangsu KeyGEN BioTECH Co., Ltd. (Nanjing, China). 

Fig. 1. Schematic illustrations of mass nanoprobe synthesis and in situ MALDI-TOF MS sensing of cell-secreted enzymes. (a) Synthesis of mass nanoprobes with AuNPs, substrate 
peptide, linker peptide-N3 and DSPE-PEG-DBCO. (b) Scheme of in situ dynamic MALDI-TOF MS detection principle for multiple enzymes secreted from living cells with the mass 
nanoprobes.
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Human fibrosarcoma cell line HT-1080 was obtained from National 
Collection of Authenticated Cell Cultures (Shanghai, China). MDA- 
MB-231, HeLa and HepG2 cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM), HT-1080 cells were cultured in minimum 
essential medium (MEM), MCF 10 A and MCF-7 cells were cultured 
in RPMI-1640. All the media contained 10% fetal bovine serum (FBS), 
penicillin (100 U mL-1) and streptomycin (100 μg mL-1), and all the 
cells were cultured at 37 °C under a humidified 5% CO2 atmosphere.

Insertion of DSPE on cell membrane

4000 cells were seeded on a circular area with 4-mm diameter on 
ITO glass slide, and cultured for 12 h. After the cells were washed for 
three times with phosphate buffer saline (PBS), 10 μL mass nanop
robe GSL-D or mixture of GSM2L-D and GSM9L-D (1:1) was dropped 
on each area and left for 10 min at RT, during which the nanoprobes 
were inserted on cellular membrane via DSPE. After the cells were 
washed for three times with PBS to remove excess nanoprobes, they 
were used for the in situ monitoring of MMP-2, MMP-9, uPA or ALP 
secretion from the cells via the MALDI-TOF MS sensing tentacles 
with α-cyano-4-hydroxycinnamic acid (CHCA) as matrix.

As control, confocal laser scanning microscope (CLSM) imaging 
or flow cytometry assays were performed to demonstrate the in
sertion capability of DSPE by incubating MDA-MB-231 cells with 
75 μM 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[(poly
ethylene glycol)]-fluorescein isothiocyanate (DPSE-PEG-FITC) in PBS 
for 10 min at RT, and followed by washing thrice with PBS [13,34].

For cytotoxicity assay of the mass nanoprobe insertion, 10,000 
cells were seeded into each well on 96-well plate and cultured for 
24 h. After washing twice with PBS, the cells were incubated with 
25 μL mass nanoprobe for 10 min at RT. After washing the cells with 
PBS for three times, the cells were cultured in 10% FBS media for 2 h 
at 37 °C to perform cell viability assays with Cell Counting Kit-8 
(CCK-8).

For localizing GSL-D on cell membrane, MDA-MB-231 and MCF-7 
cells were digested with trypsin, stained with 10 μM 3,3’-dioctade
cyloxacarbocyanine perchlorate (DiO) for 15 min at 37 °C, incubated 
with GSM2L-D for 10 min at RT, and then stained with 15 μg mL-1 

streptavidin (SA)-Cy5 for 30 min at 4 °C. These cells were finally 
seeded on confocal dish to perform CLSM imaging immediately.

Calibration curves for detection of enzymes concentrations

To obtain the calibration curves of each enzyme, MMP-2 and 
MMP-9 (1 μg mL-1) were firstly activated with 1 mM 4-aminophe
nylmercuric acetate (APMA) in reaction buffer (50 mM Tris(hydro
xymethyl)aminomethane (Tris), 10 mM CaCl2, 150 mM NaCl pH 7.5) 
at 37 ℃ for 1 h, and then diluted to the known concentrations with 
the buffer. And uPA was directly diluted with HEPES buffer (20 mM 
HEPES, 2 mM CaCl2 pH 7.4), and ALP was diluted with Tris-HCl buffer 
(10 mM Tris, 2 mM MgCl2, 0.1 mM ZnCl2 pH 8.0). Meanwhile, 4000 
MDA-MB-231 cells seeded on ITO glass slide were fixed with 4% 
paraformaldehyde for 15 min at RT, and incubated with 10 μL mass 
nanoprobe GSL-D or mixture of GSM2L-D and GSM9L-D (1:1) for 
10 min at RT. After the cells were washed with PBS for three times, 
10 μL standard solution of corresponding enzyme was dropped on 
the cells area to react at 37 ℃ for 30 min. Afterward, MALDI-TOF MS 
analysis was carried out with 2 μL CHCA in the mixture of acetoni
trile, water and trifluoroacetic acid (50:49.9:0.1, v/v/v) as matrix.

In situ monitoring of secreted enzymes

In order to stimulate the secretion of MMPs from living cells, the 
cells were treated with starvation or LPS. Starvation treatment was 
performed by culturing MDA-MB-231 cells seeded on an ITO glass 
slide in serum-free media for 12 h, washing them with PBS, and then 

incubating them with 10 μL mass nanoprobe GSM2L-D, GSM9L-D or 
their mixture (1:1) for 10 min at RT. These cells were then washed 
for three times with PBS, and cultured in 10 μL serum-free media at 
37 ℃ for different times to in situ detect the secreted MMPs with 2 μL 
10 mg mL-1 CHCA in the mixture of acetonitrile, water and tri
fluoroacetic acid (50:49.9:0.1, v/v/v) as matrix.

LPS-treated cells were prepared by incubating Hela, MCF 10 A, 
MCF-7, MDA-MB-231 or HT-1080 cells seeded respectively on ITO 
glass slides in 10 μL mass nanoprobe for 10 min at RT, washing them 
with PBS, and then cultured them in serum-free media containing 
50 μg mL-1 LPS at 37 ℃ to in situ detect the secreted MMPs at dif
ferent times. The inhibition of different drugs to the secreted MMPs 
was monitored by adding 250 μM phen [35], 10 μM ilomastat [36,37]
or 50 nM ARP-100 [38] in serum-free media containing 50 μg mL-1 

LPS to incubate for 2 h. For obtaining the inhibition curves of MMPs 
with inhibitors phen or ilomastat, HT-1080 cells on ITO glass slide 
were incubated with 10 μL mass nanoprobe GSM2L-D or GSM9L-D for 
10 min at RT, and then cultured in serum-free media containing 
50 μg mL-1 LPS by adding phen (1–1000 μM) or ilomastat (1–500 μM) 
to incubate for 2 h.

For monitoring secreted uPA from living cells, MCF-7, MDA-MB-231 
or HT-1080 cells were seeded respectively on ITO glass slides, in
cubated with 10 μL mass nanoprobe GSuPAL-D for 10 min at RT, washed 
with PBS, and then cultured in serum-free media for 2 h. For inhibition 
study, MDA-MB-231 or HT-1080 cells were pretreated with 50 μM 4- 
chlorophenylguanidine hydrochloride (4-CPG) for 1 h [39], incubated 
with 10 μL mass nanoprobe GSuPAL-D for 10 min at RT, and then cul
tured in serum-free media containing 50 μM 4-CPG for 2 h.

For monitoring ALP, HepG2 cells on ITO glass side were incubated 
with 10 μL mass nanoprobe GSALPL-D for 10 min at RT, washed with 
PBS, and then cultured in serum-free media for 2 h. For inhibition 
study, HepG2 cells were pretreated with 100 μM Na3VO4 for 30 min 
[13], incubated with 10 μL mass nanoprobe GSuPAL-D for 10 min at 
RT, and then cultured in serum-free media containing 100 μM 
Na3VO4 for 2 h.

For examining the residence time of mass nanoprobe on cell 
membrane, MCF-7 cells were treated with GSM2L-D for 10 min, wa
shed with PBS, incubated in culture medium for 1, 2, 4 h at 37 °C, and 
then stained with 15 μg mL-1 SA-Cy5 for 30 min at 4 °C to perform 
CLSM imaging immediately.

Wound-scratch assays of cell migration

After MCF-7, MDA-MB-231 or HT-1080 cells were seeded in 24- 
well plates and cultured overnight, a 10 μL pipette tip was used to 
scratch a wound through the center of each well. After washing with 
PBS for three times, the cells were treated with serum-free media 
containing an inhibitor (250 μM phen, 10 μM ilomastat or 50 nM 
ARP-100) and 50 μg mL-1 LPS at 37 ℃. As control, the cells were 
cultured in serum-free media containing 50 μg mL-1 LPS. Cell images 
were captured immediately and after 24-h incubation. Data analysis 
was performed using Image J software.

Tanswell invasion assays

100 μL 0.2 mg mL-1 matrigel was added in 24-well transwell inserts 
(Corning) and left overnight at 37 ℃. After adding 200 μL serum-free 
media containing 50 μg mL-1 LPS, 0.2% bovine serum albumin (BSA) and 
50,000 cancer cells in absence as control and presence of an inhibitor 
(250 μM phen, 10 μM ilomastat or 50 nM ARP-100) to upper chamber 
and 700 μL 20% FBS media to lower chamber, the transwell invasion 
assay was performed after 24-h incubation at 37 ℃. Afterward, the 
upper chambers were taken out and washed twice with PBS, and the 
invading cells were fixed with iced methanol for 30 min at 4 ℃, stained 
with 0.1% crystal violet staining solution for 20 min at RT to capture the 
cells images immediately.
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Results and discussion

Characterization of mass nanoprobes

To fabricate the mass nanoprobes for MMP-2 and MMP-9, AuNPs 
were first synthesized by reducing HAuCl4 with NaBH4 [33], which 

showed a homogeneous size of 2 nm (Fig. 2a). After the substrate 
peptide for MMP-2 (sub-2) or MMP-9 (sub-9) and linker peptide-N3 

were loaded on AuNPs through Au-NH2 or Au-S bond, the obtained 
GSM2L or GSM9L was purified via ultrafiltration with water for 10 
times (Fig. S1), and showed the same size as AuNPs (Fig. 2b). Al
though the peptide loading decreased the Zeta potential (Fig. 2d), 

Fig. 2. Characterizations of AuNPs, GSLs and mass nanoprobes (GSL-Ds). (a-c) TEM images and (d) Zeta potentials of AuNPs (a), GSM2L (b) and GSM2L-D (c). (e) Fluorescence spectra 
of AuNPs and the mixtures of Cy5-DBCO with AuNPs, GSM2L or GSM9L after incubation for 2 h. (f, g) Mass spectra of GSM2L (f) and GSM9L (g). (h-j) TEM images of MDA-MB-231 cells 
incubated with GSM2L, GSM2L-D and GSM9L-D for 10 min at RT. (k, l) Mass spectra of seeded MDA-MB-231 cells after incubation with GSM2L-D (k) and GSM9L-D (l).
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the negatively charged surface endowed the product with similar 
dispersity to AuNPs. The presence of free azido group was demon
strated with the fluorescence spectra of the reaction product of GSLs 
with Cy5-DBCO, which showed the fluorescence of Cy5 (Fig. 2e). The 
mass spectra of GSM2L and GSM9L showed the characteristic peaks of 
linker peptide-N3 at m/z of 915 ([M+Na]+), sub-2 at m/z of 1396 ([M 
+H]+) and sub-9 at m/z of 1340 ([M+H]+) (Fig. 2f, g). The free azido 
groups on GSM2L and GSM9L were finally conjugated with DSPE-PEG- 
DBCO to obtain the mass nanoprobes GSM2L-D and GSM9L-D, which 
indicated larger size than GSLs (Fig. 2c). From the UV-Vis absorption 
spectrum of GSM2L-D, its concentration was calculated to be 2.38 μM 
according to Lambert-Beer law and the molar extinction coefficient 
of AuNPs at 450 nm (Fig. S2) [40].

Owing to the similar phospholipid structure of DSPE with cells 
membrane [41], the DSPE conjugated on the mass nanoprobes could 
insert into cell membrane through a simply incubation step 
[34,42,43]. The incubation time was optimized with flow cytometry 
to be 10 min by mixing DSPE-PEG-FITC and MDA-MB-231 cells for 
different times (Fig. S3a), at which the confocal images showed the 
fluorescence of FITC on cell surface (Fig. S3b). Compared to GSM2L-D 
and GSM9L-D, GSM2L could not insert into the cell membrane due to 
the absence of DSPE (Fig. 2h-j). After treating MDA-MB-231 or MCF- 
7 cells with membrane dye DiO, GSM2L-D and then SA-Cy5, which 
could localize mass nanoprobe via the interaction of SA with biotin 

on peptide substrate (Table S1), the Cy5 fluorescence mainly oc
curred on the outer side of cell membrane (Fig. S4), and could 
maintain for 4 h (Fig. S5), indicating that the mass nanoprobe could 
stay on the membrane stably. Moreover, the mass spectra of GSM2L- 
D or GSM9L-D treated cells (Fig. S6) revealed the signals of the mass 
nanoprobes at m/z 1396 and 1340, respectively (Fig. 2k, l), con
firming their successful cell anchoring.

Feasibility of in situ MS quantification of secreted MMPs

To perform in situ MS biosensing of multiple cell-secreted MMPs, 
the synthesis conditions of the mass nanoprobes were optimized 
with standard enzyme solution after anchoring the obtained na
noprobes on 4% paraformaldehyde fixed MDA-MB-231 cells. Here, 
the fixing treatment was used to terminate the enzyme secretions. 
The MALDI-TOF mass spectra of the enzyme incubated cells an
choring the mass nanoprobes showed the peaks of sub-2 and sub-9 
at m/z 1396 and 1340, and the peaks of their enzymatic hydrolysis 
products (pro-2 and pro-9) at m/z 983 and 1140, respectively (Fig. 3a, 
b). Therefore, the enzymatic cleavage efficiency could be obtained 
from the peak intensities with Iproduct/(Isubstrate+Iproduct)* 100% (Fig. 1) 
[21,44]. The maximum cleavage efficiency occurred at the substrate- 
to-linker peptide ratio of 5:1 (Fig. S7), at which the optimal reaction 
time was 30 min (Fig. S8). The calibration curves for detecting the 

Fig. 3. Feasibility of in situ MS quantification of secreted MMPs. (a, b) Mass spectra of 4% paraformaldehyde fixed MDA-MB-231 cells after inserting GSM2L-D (a) or GSM9L-D (b) 
and then incubating with10–800 ng mL-1 MMP-2 (a) or 20–800 ng mL-1 MMP-9 (b) for 30 min. (c) Calibration curves of cleavage efficiency at 30 min vs MMP-2 and MMP-9 
concentration. (d, e) Selectivity test of GSM2L-D and GSM9L-D inserted MDA-MB-231 cells for incubation with 200 ng mL-1 MMP-2 (1), 200 ng mL-1 MMP-2 (d) or MMP-9 (e) in 
presence of 250 μM inhibitor phen (2), 200 ng mL-1 MMP-9 (3), 200 ng mL-1 BSA (4), 30 U mL-1 Neu (5) for 30 min. (f-h) Mass spectra of 4% paraformaldehyde fixed MDA-MB-231 
cells after inserting GSM2L-D and GSM9L-D and then incubating with 20 (f) and 50 (g) ng mL-1 MMP-2 and MMP-9, and 200 ng mL-1 MMP-2 and 100 ng mL-1 MMP-9 (h) for 30 min. 
(i) Cleavage efficiency for MMP-2 and MMP-9 obtained from (a, b and f-h).
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concentrations of cell-secreted MMP-2 and MMP-9 could thus be 
obtained with their standard solutions and the nanoprobes anchored 
MDA-MB-231 cells (Fig. 3a-c). The cleavage efficiencies were pro
portional to MMP-2 and MMP-9 concentrations in 10–800 and 
20–800 ng mL-1, which resulted in the limits of detection of 5.78 and 
8.80 ng mL-1 at 3σ, respectively. The specificity of the designed mass 
nanoprobes to MMPs was further examined by incubating GSM2L-D 
or GSM9L-D inserted MDA-MB-231 cells after fixed in reaction buffer 
containing MMP-2, MMP-9, MMP with inhibitor phen, BSA or 
neuraminidase (Neu). Except the corresponding MMPs, all other 
proteins showed negligible cleavage efficiency (Fig. 3d, e), suggesting 
the good specificity of both mass nanoprobes. The detection accu
racy for MMPs was also demonstrated by the identical results ob
tained from the proposed method and human MMP-2 ELISA kit (Fig. 
S9). Thus, the feasibility using the proposed method to in situ 
quantify cell-secreted MMP-2 or MMP-9 was verified.

The simultaneous quantification of multiple enzymes secreted 
from the same cells was demonstrated by anchoring two GSL-D 

nanoprobes on the fixed cells to measure the MALDI-TOF mass 
spectra after incubating them with MMPs (Fig. 3f-h). At different 
MMPs concentrations, the obtained results were identical to those 
from single mass nanoprobe anchored cells (Fig. 3i), indicating the 
feasibility using the proposed method to sense multiple enzyme 
secretions.

In situ sensing of cell secreted enzymes from various cell lines
To achieve the practical application of the designed mass na

noprobes in in situ dynamically monitoring enzyme secretions of 
living cells, their cell cytotoxicity was tested with CCK-8, which 
demonstrated negligible influence on different cell lines (Fig. S10). 
Thus different mass nanoprobes could be anchored on living cells to 
monitor the MMP secretions. Using MDA-MB-231 cells, which highly 
express MMPs [45] and can secrete MMP-2 and MMP-9 upon star
vation or LPS stimulation [46] as model, the mass spectra showed 
the increasing signal ratios of pro-2 to sub-2 and pro-9 to sub-9 with 
the increasing stimulation time (Fig. 4a, b), which indicated the 

Fig. 4. In situ sensing of cell secreted enzymes from various cell lines. (a, b) Mass spectra of GSM2L-D and GSM9L-D inserted MDA-MB-231 cells after treatment with 50 μg mL-1 LPS 
(a) or starvation (b) for 30, 60, 90 and 120 min (from left to right). (c, d) Plots of cleavage efficiency from (a, b) vs treatment time. (e) Heatmaps of cleavage efficiency of MMP-2 and 
MMP-9 secreted from Hela, MCF 10 A, MCF-7, MDA-MB-231 and HT-1080 cells after treated with 50 μg mL-1 LPS for different times.
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increasing enzymatic cleavage efficiency (Fig. 4c, d). From the clea
vage efficiency and the calibration curves shown in Fig. 3c, the 
concentrations of MMP-2 and MMP-9 secreted from starvation and 
LPS treated MDA-MB-231 cells could be obtained. The 2-h stimula
tion resulted in the MMP-2 and MMP-9 concentrations around cell 
membrane to be 483 and 112 ng mL-1 for starvation, and 650 and 
158 ng mL-1 for LPS, respectively. These results were the same as 
those detected with single mass nanoprobe anchored MDA-MB-231 
cells (Figs. S11 and S12), demonstrating a rapid and high-throughput 
method for in situ dynamic quantification of multiplexed enzyme 
secretions from living cells.

To verify the practical application, the mass nanoprobes were 
anchored onto more cell lines to sense MMP secretions from MCF-7, 
MCF 10 A and HeLa cells, scarcely expressing MMP-2 and MMP-9, 
and HT-1080 cells with high expressions of these MMPs [46,47]. 
Upon LPS stimulation, HT-1080 cells showed the increase of enzy
matic cleavage efficiency of both MMP-2 and MMP-9 to the max
imum value (Figs. S13 and Fig. 4e). The latter was even higher than 
that from MDA-MB-231 cells. Predictably, MCF 10 A cells only 
showed slight increase of MMP-2, and other cells did not show the 
presence of both MMP-2 and MMP-9 (Fig. 4e), consistent with pre
vious reports [46,47].

Universality of the proposed method

The proposed method was also used for in situ monitoring the 
secretion of uPA and ALP from live cells. The corresponding mass 
nanoprobe GSuPAL-D or GSALPL-D and their insertion on MDA-MB- 
231 cells were demonstrated with Zeta potentials, fluorescence 
spectra, TEM images and mass spectra (Fig. S14). The mass spectrum 
of mass nanoprobe GSuPAL-D or GSALPL-D anchored MDA-MB-231 
cells showed the peaks of substrate and its hydrolysis product for 
uPA at m/z 1237 and 966 or ALP at 1159 and 1078, respectively 
(Fig. 5a, d). According to the calibration curves (Fig. 5b, e), the en
zymatic cleavage efficiency was proportional to the concentrations 

of uPA in 20–2000 ng mL-1 and ALP in 5–800 U L-1 with the limits of 
detection of 6.90 ng mL-1 and 4.96 U L-1, respectively.

The in situ monitoring results indicated that HT-1080 and MDA- 
MB-231 cells possessed strong uPA secretion, which was attenuated 
obviously upon the treatment of inhibitor 4-CPG [39], while MCF-7 
cells scarely secreted uPA (Fig. 5c). Similarly, HepG2 cells showed 
strong ALP secretion, as previous report [13], and Na3VO4 could in
hibited effectively the activity of secreted ALP (Fig. 5f) [13].

Drug efficacy assessment with in situ MALDI-TOF MS monitoring 
protocol

MMPs are closely related to physiological and pathological pro
cesses, especially cancer progression [48]. In tumor metastasis, 
MMP-2 can trigger cell motility [49,50] and MMP-9 can promote 
tumor invasion [51]. Therefore, MMP-2 and MMP-9 were taken as 
examples to explore the possibility of inhibitor efficacy assessment 
with the designed in situ MALDI-TOF MS monitoring protocol and 
conventional phenotype methods including wound-scratch and 
transwell invasion assays as control. In this study, three kinds of 
MMP inhibitors, phen, ilomastat and ARP-100, were chosen to ex
amine the possibility. In the presence of phen, both pro-2 and pro-9 
peaks from LPS stimulated MDA-MB-231 and HT-1080 cells greatly 
decreased, indicating good inhibition of phen to MMP-2 and MMP-9 
(Fig. 6a, b), which was coincident with the previous report [52], and 
also demonstrated by the phenotype assays. The latter showed less 
migration and invasion of MDA-MB-231 and HT-1080 cells (Fig. 6c, 
d). Although ilomastat was also reported to be an inhibitor to MMPs 
from the in vitro assay [36], the changes of both pro-2 and pro-9 
peaks from LPS stimulated MDA-MB-231 and HT-1080 cells were 
relatively low upon its addition (Fig. S15), showing that ilomastat 
could not effectively inhibit MMPs on cells, which was also de
monstrated by phenotype assays. In the presence of ilomastat the 
migration and invasion capability of both cells only changed a little 
(Figs. S16-S18). ARP-100 can selectively inhibit MMP-2 and displays 
less inhibitory activity to MMP-9 [40]. Thus the pro-2 peaks from LPS 

Fig. 5. Universality of the proposed method. (a, d) Mass spectra of 4% paraformaldehyde fixed MDA-MB-231 cells after inserting GSuPAL-D (a) or GSALPL-D (d) and then incubating 
with 20–2000 ng mL-1 uPA or 20–400 U L-1 ALP for 30 min (b, e) Corresponding calibration curves. (c) Cleavage efficiency of uPA secreted from HT-1080, MDA-MB-231 or MCF-7 
cells after treatment with 50 μM 4-CPG for 2 h. (f) Cleavage efficiency of ALP secreted from HepG2 cells after treatment with 100 μM Na3VO4 for 2 h.
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stimulated MDA-MB-231 and HT-1080 cells in the presence of ARP- 
100 decreased, while pro-9 peak was almost unchanged (Fig. 6a, b 
and Fig. S15), which was coincident with the inhibited migration and 
unchanged invasion of both cells (Fig. 6c, d and Figs. S16-S18). The 
inhibition efficiencies of three inhibitors from MS detection of MMPs 
displayed the same ranking as those from phenotype assays (Fig. 6e, 
f). As a negative control, LPS stimulated MCF-7 cells displayed neg
ligible migration and invasion (Fig. S16), which closely matched 
MMP-2 and MMP-9 secretions (Fig. 4e). Besides, IC50 of phen for 
MMP-2 and MMP-9 secreted from HT-1080 cells was detected to be 

149 and 176 μM, respectively (Figs. 6g and S19), which was com
parable to the value of 10.5 μM for MMP-2 and 16.9 μM for MMP-9 
[53]. IC50 of ilomastat for MMP-2 and MMP-9 secreted from HT-1080 
cells was 33.3 and 29.8 μM, respectively (Figs. 6h and S20). There
fore, the quantification of MMPs secreted from living cells by MALDI- 
TOF MS could build a bridge with drug inhibition to enzyme activity 
in complex environment, which provided a facile, rapid and high- 
throughput in situ MS method to evaluate the effects of drugs on 
enzyme biomarkers at cellular level and was expected to be com
mercialized for drug efficacy assessment.

Fig. 6. Drug efficacy assessment through in situ MALDI-TOF MS monitoring and phenotype assays. (a, b) Mass spectra of GSM2L-D (upper row) or GSM9L-D (lower row) inserted 
MDA-MB-231 (a) and HT-1080 cells (b) after treated with serum-free media containing 50 μg mL-1 LPS in absence as control and presence of 250 μM phen for 2 h. (c, d) Wound- 
scratch and transwell invasion assay images of MDA-MB-231 and HT-1080 cells after treated with serum-free media containing 50 μg mL-1 LPS in absence as control and presence 
of 250 μM phen for 24 h. (e, f) Inhibition efficiency of 250 μM phen, 10 μM ilomastat or 50 nM ARP-100 for MDA-MB-231 (e) and HT-1080 cells (f) measured with wound-scratch, 
transwell invasion and mass spectrometric assays in (a)-(d), Figs. S15a and S16. (g, h) Inhibition curves of inhibitor phen (g) or ilomastat (h) on MMP-2 or MMP-9. Student’s t-test: 
* p  <  0.05; * * p  <  0.005; * ** p  <  0.0005; n.s., not significant.
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Conclusion

The tentacle-like mass coding nanoprobes have been constructed 
for real in situ dynamic quantification of multiple enzymes secreted 
from living cells via anchoring the nanoprobes on cells and MALDI- 
TOF MS detection. This novel protocol can be achieved by the cor
relation of enzymatic cleavage efficiency to enzyme concentration, 
and the former can be obtained from the MS signals of the substrate 
and its hydrolysis product on the nanoprobe anchored on cells. By 
using different cancer cell lines as cell models and MMP-2 and MMP- 
9 as enzyme targets, the proposed diffusion-free sensing protocol 
has demonstrated its application in rapid and high-throughput drug 
efficacy assessment along with the coincident results with those 
from phenotype assays. The real in situ sensing method for mon
itoring cell secretions can distinguish the diversity of drug effects on 
cell secretory enzymes, and can also be expended for quantitatively 
monitoring the influence of exogenous molecules on cell secretion 
and for studying multiple biological processes including glycosyla
tion, acetylation, and phosphorylation, etc. Thus, it is expected to 
supply in situ information to various fields of clinical diagnosis and 
drug discovery.
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