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A B S T R A C T   

Matrix metalloproteinase 2 (MMP-2) is a crucial biomarker of tumor growth, invasion and metastasis. In the 
present study, a core-satellite magnetic-fluorescent-plasmonic nanosensor (FMNS@Au) was constructed through 
biological self-assembly to generate localized SERS “hot spots” and an efficient FRET system for the sensitive 
determination of MMP-2 activity in a SERS-fluorescence dual-mode assay. In this hybrid nanosensor, a biotin- 
labeled peptide containing a specific MMP-2 substrate (PLGVR) was employed as a bridge for the assembly of 
gold nanoparticles (AuNPs) and avidin functionalized fluorescent-magnetic nanospheres (FMNS). The modified 
RB on FMNS served as a Raman reporter and a donor of FRET, while the AuNPs assembled on FMNS acted as 
SERS substrates and acceptors of FRET. In the presence of MMP-2, the SERS “hot spot” effect was weakened and 
the FRET system was disrupted through enzymatic cleavage of PLGVR, resulting in a reduction of SERS signal 
and the recovery of fluorescence emission. Importantly, this combination of SERS and fluorescence assay 
methods in the dual-mode nanosensor broadened the detection range for MMP-2 to 1–200 ng mL− 1, with a limit 
of detection of 0.35 ng mL− 1 and a limit of quantitation of 1.17 ng mL− 1. In addition, our novel nanosensor 
affords semi-quantitative sensing of MMP-2 by naked-eye observation and accurate detection of MMP-2 through 
dual-mode analysis. The practicality of FMNS@Au was validated by determination of MMP-2 activity in cell 
secretions and human serum samples. The designed FMNS@Au nanosensor holds great potential for clinical 
diagnosis of protease-related diseases.   

1. Introduction 

Matrix metalloproteinases (MMPs), a family of extracellular Zn2+- 
dependent endopeptidases, degrade extracellular matrix (ECM) proteins 
and important components of the basement membrane, and play 
essential roles in tumor invasion and metastasis (Kessenbrock et al., 
2010; Lei et al., 2020; Quintero-Fabian et al., 2019; Li et al., 2014). 
Indeed, elevated MMP activity levels are closely associated with inva-
siveness, angiogenesis, and metastasis, three important characteristics 
of cancer progression. Among of the MMPs, MMP-2 acts as a potential 
biomarker and it is overexpressed in the majority of solid tumors, 
including breast, osteosarcoma, prostate, hepatoma and colon cancers 
(Davies et al., 1993; Fang et al., 2000; Sheen-Chen et al., 2001; Stearns 

and Wang, 1993). Hence, the accurate and rapid measurement of 
MMP-2 secretion activity is of great significance for the clinical diag-
nosis and prognosis of cancers. 

To date, a series of analytical assays, including colorimetric methods, 
fluorescence methods, electrochemical methods, zymography methods 
and surface enhanced Raman spectroscopy (SERS) methods have been 
reported for the determination of MMP-2 activity with high sensitivity 
(Cheng et al., 2017; Li et al., 2020; Lin et al., 2021; Puperi et al., 2016; Xi 
et al., 2020). Wang et al. reported the development of a fluorescence 
resonance energy transfer (FRET) nanosensor for the determination of 
MMP-2, and this was constructed by connecting upconversion nano-
particles and carbon nanoparticles with a polypeptide that contains a 
specific MMP-2 substrate (PLGVR) (Wang et al., 2012). Yang et al. 
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reported the use of multi-armed horse radish peroxidase (HRP)-labeled 
graphene oxide for ultrasensitive electrochemical analysis of MMP-2 
(Yang et al., 2013). Gong et al. proposed a class of optical 
interference-free surface enhanced Raman spectroscopy (SERS) nano-
tags (CO-nanotags) for the multiplex sensing of different MMPs (Gong 
et al., 2017). However, most of the above assays employed a single 
testing technique, and are only capable of detecting MMP-2 activity in 
single mode, greatly narrowing the scope of their practical application in 
cancer diagnosis. 

Nowadays, dual-mode sensing platforms have attracted a great deal 
of attentions, and this strategy has been demonstrated to be more effi-
cient than the single-mode strategy (Li et al., 2018). A number of 
dual-mode assays have been proposed, including ICP-MS/fluorescence 
and fluorescence/colorimetric dual-mode methods, photo-
acoustic/magnetic resonance imaging and fluorescence/SERS 
dual-mode sensing (Cao et al., 2015; Liu et al., 2017; Yan et al., 2019; 
Huang et al., 2019; Gao et al., 2019). Among these strategies, the fluo-
rescence/SERS dual-mode detection platform has been demonstrated to 
be an exceedingly reliable analytical tool in biosensing fields. Further-
more, fluorescence/SERS dual-mode sensing platforms can be used to 
visualize analytes simply with the naked eye, and to provide precise 
quantitative results from the SERS analysis in convenient and rapid 
features (Li et al., 2021; Sun et al., 2020; Zhang et al. 2019, 2021). 

To achieve the full potential of the fluorescence/SERS dual-mode 

strategy, multifunctional nanomaterials that can be used for SERS and 
fluorescence dual-mode detection are required. More recently, plas-
monic nanoparticles, especially gold nanoparticles (AuNPs), have drawn 
intense attention in this regard, and they are generally considered to be 
excellent candidates for the preparation of SERS substrates and fluo-
rescence quenchers (Krpetic et al., 2012; Yang et al., 2015). However, 
highly sensitive SERS detection with individual AuNPs has proved 
difficult to realize. To address this problem, the assemblies of hybrid 
nanosensors may be used to magnify the SERS signals and to establish 
FRET systems. Currently, magnetic nanoparticles (MNPs) are used as 
smart probes in biosensing fields because of their superior separation 
and enrichment capabilities, two qualities which are beneficial for the 
enhancement of detection efficiency and sensitivity (Farka et al., 2017; 
Wang et al., 2015). In fluorescence/SERS dual-mode platforms, the 
application of assemblies of AuNPs and MNPs may be an ideal strategy 
to increase the distribution of “hot spots” for amplification of SERS 
signals. 

With these considerations in mind, we have designed and con-
structed (by biological self-assembly) a core-satellite magnetic-fluores-
cent-plasmonic multifunctional nanosensor (termed as FMNS@Au) with 
intensified SERS “hot spots” and an efficient FRET system for the sen-
sitive and convenient detection of MMP-2 activity. Fabrication of this 
novel FMNS@Au dual-mode nanosensor and its underlying sensing 
principle are both illustrated in Scheme 1. First, fluorescent-magnetic 

Scheme 1. (a) Schematic fabrication process for the FMNS@Au nanosensor. (b) Sensing principle of the FMNS@Au dual-mode nanosensor for MMP-2.  
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nanospheres (FMNS) were constructed by covalently connecting RB- 
avidin (Rhodamine B modified avidin) with magnetic polystyrene 
nanospheres (MNS). Next, a biotin labeled peptide containing a specific 
recognition substrate (PLGVR) for active MMP-2 cleavage was used to 
assemble AuNPs onto the surface of FMNS through specific biological 
recognition between avidin and biotin. 

In this hybrid nanosensor, the assembled AuNPs have a dual func-
tion. Thus, the AuNPs act as a FRET acceptor, quenching RB fluores-
cence emission, and as a nucleus for the formation of SERS “hot spots”, 
ensuring the sensitive determination of MMP-2 activity. The RB is uti-
lized as a donor in the FRET system, and as a Raman reporter. After 
specific MMP-2 cleavage of the nanosensor peptide, AuNPs are released 
from the nanosensor and removed by magnetic separation. As a result, 
the SERS “hot spot” effect is reduced and the FRET system is disrupted, 
weakening the SERS signal from RB and re-establishing its fluorescence 
signal. Thus, our novel hybrid nanosensor combines the advantages of 
high sensitivity of SERS and intuitive visualization of fluorescence. 
Importantly, precise monitoring of MMP-2 activities in cell secretions 
and human serum samples could be achieved by using our novel 
assembled dual-mode nanosensor. 

2. Experimental section 

2.1. Fabrication of FMNS@Au through biological molecular self-assembly 

The self-assembly of the scheming FMNS@Au was accomplished 
through the highly specific biological recognition between avidin and 
biotin. Here, 1 mL of 3 nmol L− 1 biotin-pep modified AuNPs was added 
to 900 μL of 2 mg mL− 1 FMNS solution. The mixture was then oscillated 
on a vortex mixer at room temperature for 8 h. The resulting FMNS@Au 
nanosensors were then isolated by a magnetic scaffold and washed three 
times with PBS to remove excess biotin-pep modified AuNPs. Finally, the 
resulting FMNS@Au nanosensors were resuspended in deionized water 
for further use. 

2.2. Dual-mode sensing application of FMNS@Au in buffer 

First, latent proMMP-2 was activated by aminophenyl mercuric ac-
etate (APMA) in accordance with the procedures recommended by the 
manufacturer. Briefly, 150 μg mL− 1 proMMP-2 was incubated with 1 
mmol L− 1 APMA in TCNB buffer (50 mM Tris, 150 mM NaCl, 10 mM 
CaCl2 and 0.05% Brij-35; pH 7.5) at 37 ◦C for 1 h. Next, 10 μL of 5 mg 
mL− 1 FMNS@Au solution was incubated with various concentrations of 
MMP-2 in 350 μL TCNB buffer at 37 ◦C for 1.5 h. At the end of the in-
cubation, the mixtures were isolated on a magnetic scaffold, and the 
resulting sediments were resuspended in TCNB buffer. Finally, the 
fluorescence and SERS spectra of the mixtures were measured at exci-
tation wavelengths of 540 nm and 785 nm (diode laser), respectively. To 
evaluate its selectivity, the FMNS@Au nanosensors were incubated with 
a series of molecules and enzymes under optimized conditions. 

2.3. Dual-mode detection of MMP-2 activity in cell secretions and human 
serum samples 

The detail procedures for MMP-2 activity determination in cell se-
cretions refer to supporting information. Human serum samples were 
diluted 10-fold prior to analysis. MMP-2 activity in the diluted serum 
samples was then measured using the FMNS@Au nanosensor. In addi-
tion, known amounts of MMP-2 were added to the diluted serum to 
prepare spiked samples. The serum samples were then processed as 
described above for the determination of MMP-2 in buffer, and the 
fluorescence and SERS signals were then measured. 

3. Results and discussion 

3.1. Construction and characterizations of the FMNS@Au dual-mode 
nanosensor 

The hybrid FMNS@Au nanosensors were obtained by assembling of 
FMNS and AuNPs through the highly specific biological recognition 
between avidin and biotin. In a typical preparation, carboxylated MNS 
and AuNPs were synthesized according to previous methods (Xie et al., 
2005; Qi et al., 2019), and were then characterized by TEM. The TEM 
images (Supporting Information (SI) Fig. S1) clearly display that the 
as-synthesized AuNPs, MNS and FMNS@Au were well-dispersed, with 
mean sizes of 25.3 ± 4.7, 136.2 ± 6.3 and 186.4 ± 10.6 nm in di-
ameters, respectively. As shown in Fig. S2a, an absorption peak char-
acteristic of RB at (λmax, 563 nm) was observed in the FMNS sample, 
indicating the successful conjugation of RB-avidin with MNS. The strong 
and broad absorption peak (λmax, 531 nm) observed in FMNS@Au 
originates from the plasmonic band of the individual AuNPs, demon-
strating successful assembly of FMNS and AuNPs (Fig. S2b). The zeta 
potential of FMNS@Au was − 10.3 mV, which was obviously different 
from that of Au@biotin-pep (3.7 mV, Fig. S3a). This observation pro-
vides additional verification for the successful conjugation of AuNPs on 
the core surface of FMNS. The observed variations in hydrodynamic size 
(Fig. S3b) are also consistent with the successful preparation of 
nanosensors. 

In addition, the formation of FMNS@Au nanosensors could be 
observed in TEM images. As demonstrated in Fig. 1a and b, AuNPs were 
successfully assembled on the surface of FMNS to generate “core-satel-
lite”-shaped architecture. Furthermore, from the HAADF-STEM micro-
graph and corresponding elemental mapping (Fig. 1d–h), Fe element 
was observed to be concentrated in the core of the nanohybrids and Au 
element was densely distributed around the Fe element. The HRTEM 
micrographs indicate that the d-spacing for adjacent lattice planes were 
0.31 nm and 0.24 nm, indexing to the (220) plane of Fe and the (111) 
plane of Au, respectively (Fig. 1i–ii). The XRD indices of (111), (220), 
(311), and (511) from FMNS@Au are shown in Fig. 1c. Here the exis-
tence of the (111) and (311) peaks provide evidence for the presence of 
AuNPs on the surface of FMNS. Finally, the XPS measurement results 
decisively show the presence of Au 4f, Fe 2p and O 1s peaks in 
FMNS@Au (Fig. 1i–l). Together, the above results provide conclusive 
confirmation of the successful fabrication of the FMNS@Au nanosensor. 

Next, the fluorescence spectra of MNS, RB-avidin, FMNS and 
FMNS@Au were measured. As shown in Fig. S5, a prominent fluores-
cence signal was observed for FMNS following RB-avidin modification. 
In comparison, the fluorescence signal obtained for FMNS@Au was 
quenched by ca. 80% compared with FMNS. These results demonstrate 
that FRET occurs between the FMNS and AuNPs with high energy 
transfer efficiency. In addition, the fluorescence decay curves of FMNS 
and FMNS@Au at 605 nm were recorded and compared (Fig. S6). The 
slight reduction in fluorescence lifetime is consistent with the existence 
of a near-field interaction between FMNS and AuNPs. in FMNS@Au 
nanosensors. The magnetic hysteresis loops shown in Fig. S7 demon-
strate that MNS and FMNS@Au both possess remarkable super-
paramagnetic properties, with saturation magnetization (Ms) values of 
17.73 and 6.96 emu g− 1 at room temperature, respectively. Thus, 
FMNS@Au is also amenable to magnetic enrichment and separation. 
Next, the polydispersity index (PDI) values of the nanosensors in TCNB 
buffer were obtained from dynamic light scattering (DLS) measure-
ments. In all cases, the PDI values were less than 0.5 (Table S1), indi-
cating moderate dispersity. In addition, the FMNS@Au nanosensors 
exhibit reasonable stabilities when dispersed in TCNB buffer, 10% 
DMEM and 10% serum for up to 72 h (Fig. S8). Together, these results 
demonstrate the practical potential of our novel nanosensor for use in 
biological analysis. 
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3.2. The “hot spots” effect and the effectiveness of FMNS@Au 
nanosensor for MMP-2 detection 

The core-satellite configuration of the FMNS@Au nanosensor con-
tributes to generating “hot spots” that enhance the electromagnetic field 
to realize SERS signal amplification. The electric field intensity distri-
butions of AuNP, MNS and FMNS@Au are shown in Fig. 2a–c, respec-
tively. These field intensity distributions were generated from finite- 
difference-time domain (FDTD) simulations, employing parameters 
(mean diameter and mean gap size) acquired from TEM measurements 
(Figs. S1 and S9). Individually, AuNP (Fig. 2a) and MNS (Fig. 2b) exhibit 
relatively weak electromagnetic field enhancement effects. In contrast, 
FMNS@Au exhibits strong electromagnetic field enhancement (Fig. 2c). 
This enhancement is a consequence of the architecture of FMNS@Au, 
which provides favorable conditions for “hot spot” generation and 
subsequent SERS enhancement. The strong electromagnetic field 
enhancement provided by “hot spots” was verified by the observably 
enhanced SERS signal of RB observed at 1647 cm− 1 (Fig. S10), which 
can be assigned to aromatic C–C stretching vibration (Table S2). In 
addition, Fig. S10 shows the SERS spectra of FMNS@Au at each deco-
ration step. The results indicate that there is minimal interference from 
other substances during the SERS detection of MMP-2. 

Subsequently, the efficacy of FMNS@Au nanosensor for determina-
tion of MMP-2 was evaluated. As shown in Fig. 2d, the number of AuNPs 
assembled on FMNS was decreased after incubation with MMP-2, and 
the core-satellite architecture of FMNS@Au was disassembled. There-
fore, the response of FMNS@Au nanosensors towards MMP-2 was as 

expected. To evaluate the effectiveness of FMNS@Au nanosensors for 
the identification and detection of MMP-2, the ICP-MS and UV–Vis 
spectra of FMNS@Au were measured before and after incubation with 
MMP-2. As shown in Fig. 2e and f, MMP-2 specific cleavage was 
accompanied by a reduction in Au content and a decrease in the 
absorbance of FMNS@Au at 531 nm. Together, these results verify the 
effectiveness of the nanosensor for detecting MMP-2 specific cleavage. 

3.3. Sensing performance of the FMNS@Au dual-mode nanosensor in 
buffer 

In order to guarantee the sufficient cleavage of the peptide in the 
FMNS@Au nanosensor by MMP-2, the kinetic experiment of the reaction 
between MMP-2 and FMNS@Au was investigated. As shown in Fig. S11, 
the fluorescence intensity of RB gradually increased with increasing 
concentration of FMNS@Au and then levelled off when the concentra-
tion of FMNS@Au reached 5 mg mL− 1. Finally, 5 mg mL− 1 FMNS@Au 
was used in the subsequent experiments. To optimize the reaction be-
tween FMNS@Au and MMP-2, the influence of incubation time on FR 
and IR was explored. Herein, FR = (F - F0)/F0, where F0 and F represent 
the maximum fluorescence intensities of FMNS@Au before and after 
incubation with MMP-2, respectively. In addition, IR = (I0 – I)/I0, where 
I0 and I represent the SERS signals of FMNS@Au at 1647 cm− 1 before 
and after incubation with MMP-2, respectively. The FR and IR were both 
observed to gradually increase with the incubation time, reaching a 
plateau at approximately 90 min (Fig. 3a and e). Therefore, 90 min was 
chosen as the optimal incubation time for all the following experiments. 

Fig. 1. (a) TEM image of FMNS@Au nanosensors (scale bar, 200 nm). (b) High resolution ratio TEM image of the edge of FMNS@Au (scale bar, 5 nm). (i, ii) The 
corresponding detail micrographs of the selected regions in (b), representing the Fe3O4 NPs embedded in FMNS and AuNPs, respectively. (c) The XRD patterns of 
Au@biotin-pep, FMNS, and FMNS@Au. (d) HAADF-STEM micrograph of FMNS@Au. (e–h) The elemental mapping of FMNS@Au. (i) The XPS spectra of FMNS@Au 
nanosensors. (j–l) The detailed peaks of elements Au, Fe, and O in (i), respectively. 
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As shown in Fig. 3b, the SERS intensity of RB at 1647 cm− 1 gradually 
decreased with increasing concentration of MMP-2 in the 0–60 ng mL− 1 

range. A good linear correlation was obtained between IR and MMP-2 
concentration over the 1–30 ng mL− 1 range, with a limit of detection 
(LOD) of 0.35 ng mL− 1 (S/N = 3) and a limit of quantitation (LOQ) of 
1.17 ng mL− 1 (S/N = 10). Conversely, the fluorescence intensity of RB 
gradually recovered with increasing MMP-2 concentration over the 

0–400 ng mL− 1 range, reaching saturation at 200 ng mL− 1 (Fig. 3f and 
g). The increase in fluorescence intensity with MMP-2 concentration 
over the 0–400 ng mL− 1 was also imaged under excitation with a 365 nm 
UV light (inset of Fig. 3f). Thus, MMP-2 activity could be semi- 
quantitatively analyzed by the naked eye through the nanosensor fluo-
rescence response. A linear relationship between FR and MMP-2 con-
centration was observed over the 10–200 ng mL− 1 range (Fig. 3g), with a 

Fig. 2. (a–c) Simulated electric-field intensity distributions of AuNP, MNS and FMNS@Au, respectively, under excitation of 785 nm incident light. (d) TEM image of 
the FMNS@Au nanosensors after reaction with MMP-2 (200 ng mL− 1). (e) The Au content of FMNS@Au nanosensors before and after reaction with MMP-2 (200 ng 
mL− 1). (f) UV–vis spectra of FMNS@Au nanosensors before and after incubation with MMP-2. 

Fig. 3. (a, e) The IR and FR of FMNS@Au treated with 60 ng mL− 1 MMP-2 at various incubation times, respectively. (b, f) SERS and Fluorescence spectra of 
FMNS@Au treated with various concentrations of MMP-2, respectively. (c, g) Linear relationship of IR at 1647 cm− 1 and FR at 605 nm versus MMP-2 concentration, 
respectively. (d, h) The IR and FR of FMNS@Au in response to potential interfering substances in a selectivity test. The error bars represent standard deviations (n 
= 3). 
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LOD of 2.5 ng mL− 1 (S/N = 3) and a LOQ of 8.33 ng mL− 1 (S/N = 10). 
As discussed above, the minimum LOD and LOQ for MMP-2 detec-

tion employing the dual-mode FMNS@Au nanosensors in buffer were 
0.35 ng mL− 1 and 1.17 ng mL− 1, respectively. Importantly, the combi-
nation of SERS and fluorescence methods in the FMNS@Au nanosensor 
broadened the detection range for MMP-2 to 1–200 ng mL− 1. Conse-
quently, the developed FMNS@Au nanosensor has good performance for 
MMP-2 determination as compared with previous methods (Table S3). 
To examine its selectivity, FMNS@Au was incubated (under optimal 
conditions) with a range of potential interfering molecules and enzymes, 
including KCl, MgCl2, trypsin, BSA, HAase, Glutamine, Glucose, caspase- 
3 and MMP-2 plus inhibitor. FMNS@Au exhibited the strongest response 
against MMP-2 among other analytes (as shown in Fig. 3d and h and 
Fig. S12). These results provide evidence that the dual-mode FMNS@Au 
nanosensor has reasonable selectivity towards MMP-2. 

3.4. Determination of MMP-2 activity in cell secretions 

To further examine the practicability of the FMNS@Au dual-mode 
nanosensor, the activity of cell-secreted MMP-2 was determined using 
the FMNS@Au. To properly assess these measurements of cell-secreted 
MMP-2 activity, five cell lines including one normal cell (human colon 
epithelial cell (NCM460)) and four cancer cells (human osteosarcoma 
cell (MG-63), human colorectal cancer cell (SW480), human breast 
carcinoma cell (MDA-MB-231) and human lung cancer cell (A549)) 
were chosen for testing. In all cases, cells were seeded at an identical 
density of 1 × 105 cells per well. The activities of cell-secreted MMP-2 in 
conditioned culture medium were then measured using the FMNS@Au 
nanosensor. As shown in Fig. 4a, the IR and FR of FMNS@Au both 
exhibited obvious differences between the various cell lines (the corre-
sponding fluorescence and SERS spectra are displayed in Fig. S13). In 
particular, the levels of MMP-2 secreted by tumor cell lines were higher 
than that secreted by the normal cell line (NCM460). Moreover, the 
activities of MMP-2 secreted by MDA-MB-231 and MG-63 were higher 
than those secreted by A549 and SW480. These results indicate that 
MMP-2 activity is correlated with the pathological characteristics of 
tumor cell lines, particularly the degree of tumor malignancy (Roomi 
et al., 2009; Sakata et al., 2000; Bauvois, 2012). The corresponding 
fluorescence images acquired under a 365 nm UV light clearly demon-
strate the differences in the levels of MMP-2 secreted by cancer cells and 
normal cells (Fig. S14). Thus, it is possible to distinguish between 
normal cells and cancer cells by the naked eye observation. The quan-
tification results obtained using the FMNS@Au nanosensor were also 
compared with the commercial MMP-2 ELISA kit (Table S4). The cali-
bration curve for the MMP-2 ELISA kit is shown in Fig. S17. The results 
produced using the FMNS@Au were in accordance with those obtained 
using the MMP-2 ELISA kit, demonstrating the good reliability of the 
FMNS@Au dual-mode nanosensor. 

To assess the influence of cell density on MMP-2 activity 

measurements, MG-63 cells were employed because they exhibit high 
MMP-2 secretion levels and high metastatic characteristics (Kempf--
Bielack et al., 2005; Kager et al., 2003). As shown in Fig. 4b, the MMP-2 
secretion levels of MG-63 cells reached a maximum at 1 × 105 cells per 
well, and then decreased by increasing/decreasing cell seeding den-
sities. The result demonstrates that high cell densities can inhibit MMP-2 
activity levels in MG-63 cell secretions. The corresponding quantifica-
tion results are illustrated in Table S5, and the corresponding fluores-
cence and SERS spectra are displayed in Fig. S15. Again, these results 
were consistent with those provided by the MMP-2 ELISA kit. 

As a specific activator of the ERK pathway, PMA is applied to stim-
ulate the secretion of MMP-2 by MG-63 cells (Ling et al., 2010). As 
shown in Fig. 4c, the IR and FR of FMNS@Au both increased with 
increasing PMA concentration in the cell culture medium (the corre-
sponding fluorescence and SERS spectra are displayed in Fig. S16). Thus, 
the results obtained by our novel nanosensor are consistent with pub-
lished data, demonstrating that MG-63 cells secrete high levels of 
MMP-2 after PMA stimulation. The full quantification results are given 
in Table S6. The results obtained using FMNS@Au are also in good 
agreement with those obtained using the MMP-2 ELISA kit. Together, 
these results confirm that the FMNS@Au dual-mode nanosensor can be 
effectively used to study MMP-2-related life process. 

3.5. Determination of MMP-2 activity in human serum using the 
FMNS@Au nanosensor 

To further assess the applicability of the FMNS@Au dual-mode 
nanosensor in actual MMP-2-related processes, FMNS@Au was used to 
determine MMP-2 activity in human serum. First, serum samples from 
six healthy volunteers were diluted 10-fold to guarantee that MMP-2 
concentrations were within the defined linear measurement range. 
After taking this dilution into account, MMP-2 levels in human serum 
samples were between 113 and 159 ng mL− 1 (Table 1), which is in 
accordance with previous reports of MMP-2 levels in healthy individuals 
(Colotti et al., 2007). Standard addition experiments were conducted to 
further verify the applicability of the FMNS@Au nanosensor. The results 
presented in Table 1 indicate that the proposed FMNS@Au nanosensor 
exhibits a recovery efficiency in the range of 89.4–104.1% in serum 
samples, with RSDs in the range of 2.5–6.8%. Together, these results 
demonstrate the high practicability and accuracy of the designed 
nanosensor when assaying MMP-2 activity in human serum. 

4. Conclusion 

In summary, a multifunctional and bio-self-assembly nanosensor of 
FMNS@Au has been developed for dual-mode determination of MMP-2 
activity levels. In this work, the designed core-satellite FMNS@Au 
nanosensor provides high density “hot spots” that improve the sensi-
tivity of MMP-2 detection in SERS mode. In addition, a highly efficient 

Fig. 4. (a) Data analysis of cell-secreted MMP-2 activity in MG-63, SW480, MDA-MB-231, A549, and NCM460 cell conditioned culture media obtained using 
FMNS@Au dual-mode nanosensors. Data analysis of the effects of cell density (b) and PMA stimulation (c) on the secretion of MMP-2 from MG-63 cells using 
FMNS@Au dual-mode nanosensors. 
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FRET system generated within FMNS@Au can be applied to detect 
MMP-2 in fluorescence mode. The SERS and fluorescence assays in this 
FMNS@Au nanosensor are complementary and can be tested simulta-
neously, providing a mutual check system. Importantly, the designed 
nanosensor affords semi-quantitative sensing of MMP-2 by naked-eye 
observation and accurate detection of MMP-2 by dual-mode analysis. 
Moreover, the practicability of the proposed nanosensor was verified by 
the quantitative measurement of MMP-2 in cell secretions and human 
serum samples. The dual-mode FMNS@Au nanosensor is a promising 
tool that can be employed in the clinical diagnosis of various MMP-2 
associated diseases. And the sensing strategy is constructive for devel-
oping other protease sensors for cancer diagnosis studies. 
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Initial (ng mL− 1) Found (ng mL− 1) Recovery (%) RSD (%) Initial (ng mL− 1) Found (ng mL− 1) Recovery (%) RSD (%) 

1 10 12.3 21.5 92.0 2.9 12.1 21.8 96.7 2.5 
2 10 11.3 21.0 97.0 5.1 11.5 20.6 91.0 3.6 
3 10 14.1 24.5 104.1 4.2 13.8 24.0 102.1 4.1 
4 10 12.6 21.9 93.2 6.8 13.1 22.5 94.2 4.7 
5 10 12.4 22.7 102.5 2.6 12.5 22.4 99.8 3.8 
6 10 15.3 25.1 98.6 4.7 15.9 24.8 89.4 4.9  
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