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Abstract

Studies have found that matrix metalloproteinase-9 (MMP-9) plays a significant role in cancer cell invasion, metastasis, and
tumor growth. But it is a challenge to go for highly sensitive and selective detection and targeting of MMP-9 due to the simi-
lar structure and function of the MMP proteins family. Herein, a novel surface-enhanced Raman scattering (SERS) sensing
strategy was developed based on the aptamer-induced SERS “hot spot” formation for the extremely sensitive and selective
determination of MMP-9. To develop the nanosensor, one group of gold nanospheres was modified with MMP-9 aptamer and
its complementary strand DNA 1, while DNA2 (complementary to DNA1) and the probe molecule 5,5'-dithiobis-(2-nitroben-
zoic acid) (DTNB) were grafted on the surface of the other group of gold nanospheres. In the absence of MMP-9, DTNB
located on the 13-nm gold nanospheres has only generated a very weak SERS signal. However, when MMP-9 is present, the
aptamer preferentially binds to the MMP-9 to construct MMP-9—-aptamer complex. The bare DNA1 can recognize and bind
to DNAZ2, which causes them to move in close proximity and create a SERS hot spot effect. Due to this action, the SERS
signal of DTNB located at the nanoparticle gap is greatly enhanced, achieving highly sensitive detection of MMP-9. Since
the hot spot effect is caused by the aptamer that specifically recognizes MMP-9, the approach exhibits excellent selectivity for
MMP-9 detection. Based on the benefits of both high sensitivity and excellent selectivity, this method was used to distinguish
the difference in MMP-9 levels between normal and cancer cells as well as the expression of MMP-9 from cancer cells with
different degrees of metastasis. In addition, this strategy can accurately reflect the dynamic changes in intracellular MMP-9
levels, stimulated by the MMP-9 activator and inhibitor. This strategy is expected to be transformed into a new technique for
diagnosis of specific cancers related to MMP-9 and assessing the extent of cancer occurrence, development and metastasis.
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Introduction

Matrix metalloproteinases (MMPs) as a family of zinc-
dependent endopeptidases have specific proteolytic ability
for several substrates across the extracellular matrix (ECM)
[1,2]. More importantly, MMP-9 serves as a significant role
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in membrane protein cleavage and ECM remodeling [3]. It
has been discovered that MMPs’ overexpression and activa-
tion are strongly associated to a variety of cancers [4-6].
MMP-2 and MMP-9 are overexpressed in breast cancer
[7], cervical cancer, etc. Moreover, the prognostic value of
MMPs has also been well demonstrated in treatment of dif-
ferent cancers [8, 9]. For example, patients with high levels
of MMP-2 and MMP-9 were clinically defined as a poor
prognosis [10]. MMP-9 is therefore introduced as a possible
biomarker in light of its potential application in diagnosis
and treatment monitoring of tumors’ progression [11]. The
highly sensitive and selective determination of MMPs is
important for elucidating the mechanism of disease occur-
rence and developing cancer diagnosis and treatment strate-
gies at early stage. However, it is a challenge to go for highly
sensitive and selective detection and targeting of MMP-9
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due to the similar structure and function of the MMP pro-
teins family [12].

To date, there have been a number of reported MMP-9
detection methods including immunohistochemistry
approaches [13], enzyme-linked immunosorbent assay
(ELISA) [14], fluorescence resonance energy transfer
(FRET) [15], electrochemical assay [16], surface plasmon
resonance (SPR) assays [17], and near-infrared (NIR) fluo-
rescent methods [18]. The traditional ELISA assay has been
widely adopted as the gold standard. However, common
drawbacks including tedious and time-consuming opera-
tional steps and expensive costs severely limit the devel-
opment of the method. To overcome these issues, FRET
approaches were developed as possible replacements, and
the results were astounding. Unfortunately, defects such
as photobleaching and phototoxicity have prevented its
progress.

More recently, surface-enhanced Raman spectroscopy
(SERS) has been evolved into a prominent bioanalytical
strategy due to its ability to give out abundant fingerprint
information of important biological molecules from living
cells and tissues [19-24]. This technique has significant
advantages for biochemical applications, including ultra-
high sensitivity, multiplex detection with high spectral reso-
lution, selectable excitation wavelengths, non-invasiveness
to biological samples, and, especially, resistance to pho-
tobleaching and autofluorescence, when compared to other
methods. These distinct advantages make SERS an excellent
technique for the detection of biological samples and live
cells imaging [25].

The “hot spot” model that exhibits excellent SERS
activity has attracted great attention for trace-molecule
detection [26, 27]. The great SERS enhancement can be
generated in gaps when two nanoparticles are close enough
to each other. Such spatial multi-local locations with
extremely high electric field enhancement and strong SERS

signal are called hot spots [28]. Hot spots usually exist in
the gaps between nanoparticle aggregates. The size of the
gap is directly crucial to the construction of the “hot spot”
[29-31], and even tiny changes at the nanoscale can signifi-
cantly alter the performance of SERS. In addition, another
key element is that the probed molecules are required to be
placed precisely in the gaps in order to achieve the proper
and strong response from the probed matters. Therefore,
in order to maximize the sensitivity of SERS bioassays,
there is a great need to develop effective SERS substrates
with nanostructured coupling. Among them, the use of tar-
geted molecules (e.g., antibody-antigen [32, 33], protein
[34], aptamer [35], and DNA [36]) to induce aggregation
or de-aggregation of nanoparticles is a common strategy
to modulate the SERS signal.

Herein, we developed a SERS off-turn strategy for detect-
ing cellular MMP-9 based on the target-triggered informa-
tion of hot spots (Scheme 1). Gold nanosphere-1 (AuNS-
1) and gold nanosphere-2 (AuNS-2) were prepared as two
important components of the SERS nanosensor by modify-
ing the DNA strands on the AuNSs. The MMP-9 aptamer
and its partial complementary sequence (DNA1) were deco-
rated on the surface of AuNSs to form AuNS-1. For AuNS-
2, DNA2 (complementary to DNA1) and the probe mol-
ecule DTNB were conjugated on the nanoparticle surface.
When encountering MMP-9, MMP-9 aptamer prefers to
bind to MMP-9 to form a complex compared to DNA1. The
released DNAL is able to bind to DNA?2 allowing AuNS-1
and AuNS-2 to couple together. The coupling of AuNS-1
and AuNS-2 results in the aggregation of the AuNSs and
the information of the hot spots, which produces an obvious
SERS intensity change of DTNB. Based on this approach,
the MMP-9 levels in healthy and malignant cell lines were
evaluated, and different cancer cell metastasis capacities
were also compared, which has rarely been detected in pre-
vious investigations.

Scheme 1 Illustration of the DNA1 AUNS-1 AuNS-2 * DNA2
SERS detection of MMP-9 AT NN . N A NN 0N
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Results and discussion

Characterization of nanosensors and performance
in response to MMP-9

In order to reduce the non-specific adsorption of impu-
rity proteins on the surface of AuNSs, we optimized the
amount of DNA strand coverage on the surface of AuNSs
by adjusting the content ratio between AuNSs and DNA
strand. The results are shown in Fig. S1. For AuNS-1,
when the molar ratio of AuNSs:duplex is set at 1:60, the
amount of DNA covering on the gold sphere is the largest,
and it is practically same at 1:80. Therefore, we modify the
corresponding DNA1/aptamer duplexes on the gold sphere
according to AuNSs:duplex which is 1:60. For AuNS-2,
the amount of DNA coverage on the gold sphere reached
its maximum when AuNSs:single strand was 1:100, so
this ratio was selected as the reference basis for preparing
AuNS-2.

To verify the response of this nanosensor to MMP-9,
ultraviolet (UV) absorption spectra and dynamic light scat-
tering (DLS) as well as transmission electron microscopy
(TEM) of the gold nanoparticles and nanosensor were
performed before and after encountering MMP-9 (350 ng/
mL). As shown in Fig. 1(a), the UV maximum absorp-
tion wavelength of the synthesized gold nanoparticles is
523 nm, which corresponds to an average particle size
of approximately 13 nm (Fig. 1(d;)). Gold nanoparticles
of this size have almost no Raman enhancement effect

with laser wavelength 785 nm, which provides a larger
response range for the SERS signal enhancement gener-
ated by MMP-9-induced gold nanosphere aggregation, and
the resulting change in relative signal intensity allows a
more sensitive detection. The maximum absorption wave-
length of the gold nanospheres was red-shifted to 531 nm
after DNA fixation, but the peak shape did not broaden,
indicating that the DNA modification had no impact on
the stability of gold nanoparticles in aqueous solution.
The absorption peak of the gold nanospheres broadened
and underwent a significant red-shift when the nanosensor
encountered the target MMP-9, demonstrating that MMP-9
caused the aggregation of gold nanoparticles. It was also
evident in the fact that the hydrodynamic size in DLS sig-
nificantly increased when the nanosensor came into con-
tact with MMP-9 (Fig. 1(b)). To further demonstrate the
capacity of MMP-9 to promote gold nanoparticle aggre-
gation, we compared the optical photographs of AuNSs,
DNA-modified AuNSs, and the nanosensors in solution
following reaction with MMP-9. As shown in Fig. 1(c),
the prepared AuNSs had a distinct bright red wine color
and were able to maintain the same color after modifying
DNA1 and DNAZ2, indicating that the DNA modification
did not destabilize the gold nanospheres. However, when
the nanosensor encountered MMP-9, the barely leaked
DNAT1 was able to complementarily combine with DNA2
because MMP-9 had the capacity to competitively bind to
its aptamer. The gold nanospheres attached to the ends of
DNAT1 and DNAZ2 caused the solution to change color from
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Fig.1 (a) UV—vis spectra of AuNPs (black line), Au@DNA1 (red
line) and the nanosensor with MMP-9 (blue line). (b) Hydrodynamic
size and (c) color changes of the AuNPs (1), Au@DNAI (2), Au@

DNA2 (3), and the nanosensor incubated with MMP-9 (4). TEM
images of the AuNPs (d;), Au@DNA1 (d,), and the nanosensor incu-
bated with MMP-9 (d5)
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wine red to blue in the aggregated state. Additionally, the
TEM images offered a clearer visual representation of the
MMP-9-induced aggregation of AuNSs (Fig. 1(d;)). We
have compared the number of hot spots formed between
gold nanoparticles at various MMP-9 doses. As shown in
Fig. S2, when MMP-9 concentration increased, more and
more hot spot structures were formed between the golden
spheres, which was beneficial to the enhancement of SERS
signal of probe molecules, enabling very sensitive detec-
tion of MMP-9.

Sensing application of the SERS off-turn strategy

Based on the aforementioned MMP-9-induced gold nano-
particle aggregation, we further validated the performance
of this SERS nanosensor to detect MMP-9 in aqueous
solution. The SERS spectra of AuNSs and the nanosensor
before and after being exposed to MMP-9 were compared.
Figure 2a shows that the gold nanoparticles themselves
had no Raman signal and did not affect the determina-
tion of the target. The nanosensor merely emited a very
weak SERS signal of the probe molecule DTNB when it
did not interact with MMP-9. However, the SERS sig-
nal of DTNB was significantly enhanced when it reacted
with MMP-9. The hot spot effect formed by the MMP-
9-induced aggregation of gold nanoparticles produced an

amplified electromagnetic field and served to improve the
detection sensitivity.

Condition optimization for quantifying MMP-9 level was
carried out. The incubation time for SERS intensity of the
nanosensors at 1331 cm™! (the symmetric stretch for the
nitro group of DTNB) in the presence of MMP-9 (10 ng/
mL) was assessed in Fig. S3a. It is noted that SERS intensity
at 1331 cm™! is sharply increased within the first 120 min.
When the reaction time is 120 min, the SERS intensity of
1331 cm™! reaches the maximum value (Fig. S3b). Thus,
120 min is chosen as the optimum incubation time. The
intensity of SERS signal of the nanosensor was investi-
gated at various temperature and pH conditions. Fig. S4b
illustrates the effect of temperature values ranging from 20
to 45°C on the SERS signal intensity produced by MMP-9
(100 ng/mL) with the greatest SERS intensity at 1331 cm™!
occurring at 35°C. As a result, we selected 35°C as the opti-
mum temperature. As shown in Fig. S5a, the SERS intensity
increased as the pH value increased from 5.5 to 8.5, reached
a maximum at 7.5, and then progressively decreased when
the pH value was raised further. Thus, 7.5 was chosen as the
optimum pH value.

Furthermore, the sensing performance using different
concentrations of MMP-9 aqueous solutions was measured.
As shown in Fig. 2b, the SERS signal of DTNB located
in the gold nanoparticles was gradually enhanced as the
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Fig.2 a SERS spectra of the AuNPs, nanosensor without/with
MMP-9 (350 ng/mL). b SERS spectra of the nanosensor with dif-
ferent concentrations of MMP-9 (from the bottom to the top 0, 0.2,
2, 10, 50, 100, 150, 200, 250, 300, 350 ng/mL). ¢ The (I—1Iy)/I,
value of DTNB vs the concentration of MMP-9. d SERS response
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Microchim Acta (2024) 191:105

Page50f8 105

concentration of MMP-9 increased. This suggests that the
high concentration of MMP-9 induced the formation of
more hot spot structures between the gold nanoparticles,
resulting in a significant enhancement of the SERS signal
of DTNB located in the nano-gaps. The rate of change of
the signal intensity of DTNB at 1331 em™' (I —1y)/1,) pre-
sented a good linear relationship with the MMP-9 concen-
tration (2-200 ng/mL). I, and I respectively represent the
SERS intensities of DTNB at 1331 cm™! before and after
the reaction at different concentrations of MMP-9. The linear
equation was y=1.9940.026 X with a correlation coefficient
of 0.991. The limit of detection (LOD) was calculated as
0.2 ng/mL, which is lower than other methods that have been
reported (Table S1). The detection limit is determined by the
lowest concentration that can be detected at a signal-to-noise
ratio of 3:1.

Selectivity, stability, and reproducibility are impor-
tant indicators to evaluate the detection performance of a
nanosensor. As shown in Figs. 2d and S6, the other MMP
proteins had no effect on the SERS signal enhancement
of the probe molecule, proving that these substances did
not bind to the aptamer of MMP-9. In contrast to these
MMP proteins, MMP-9 was able to significantly increase
the SERS signal of DTNB. This demonstrates that the
nanosensor has a high selectivity for the specific detection
of MMP-9. In addition, we also evaluated the interference
of other small biomolecules in the determination of MMP-9
in Fig. S7. Only MMP-9 induced significant Raman sig-
nal changes, suggesting negligible interference from the
other biological molecules. To verify the stability of the
nanosensor, the constructed nanosensor was placed at room
temperature for varying lengths of time, and then SERS
spectra of DTNB located on the nanosensor were collected
every week (Fig. S8). The nanosensor showed obtained
almost uniform amplification after being in place for vari-
ous time periods for the response to the same concentration
of MMP-9 (Fig. 2e), which indicates that the nanosensor
had excellent stability. We further compared the SERS sig-
nal intensity of the probe molecule DTNB on AuNS-2 over
time when the molar ratio of AuNSs:single is 1:25, 1:50,
and 1:100 (Fig. S9). The results show that the SERS signal
intensity of DTNB in this case of 1:100 almost remains con-
stant with the prolongation of the placement time. However,
1:25 displayed a trend of signal enhancement at a very early
stage, which was attributed to the fact that the surface of
the gold spheres was not completely covered with DNA. As
a result, there was the non-specific adsorption of impurity
proteins on the surface of the gold spheres, which prompted
the aggregation of nanoparticles and improved the SERS
signals. An enhancement of the signals at an intermediate
time was visible at 1:50. According to the aforementioned
findings, the molar ratio of 1:100 for AuNSs:single maxi-
mized the stability of gold nanoparticles in solution. After

the nanosensor reacted with MMP-9, we randomly selected
any 30 positions on the same nanosensor and measured their
SERS spectra (Figs. 2f and S10). The signal intensities at
1331 and 1557 cm™! (aromatic ring mode) were used to
depict these 30 positions. We found that the variation in
signal intensity between the points was essentially incon-
sequential, and the relative standard deviations (RSDs) of
Raman signals are calculated as 4.52% and 5.84% at 1331
and 1557 cm™!. This indicates that this SERS nanosensor
has good detection reproducibility.

To demonstrate the potential practicality of our nanosen-
sor, we employed it to determine MMP-9 in real sam-
ples (human serum sample) by addition standard method
(Table S2). We can find the recovery rate of MMP-9 range
from 92 to 106%, which proves that our nanosensor is prac-
tical for real samples and suitable for the early diagnosis of
MMP-9 infections. Furthermore, we compared its analytical
performance with that of a commercially available ELISA.
Table S3 demonstrated that there is no signification differ-
ence between the results given by the two methods. As a
result, the proposed SERS sensing strategy could be reason-
ably applied in the determination of MMP-9.

Differentiation of MMP-9 levels in normal
and cancer cells

Based on the excellent performance of this nanosensor in
detecting MMP-9 in aqueous solution, we subsequently
employed it to evaluate the difference in the level of secreted
MMP-9 between normal and cancer cells to reveal the fea-
sibility of MMP-9 as a tumor marker in early disease diag-
nosis. Two groups of cancer cells with different levels of
metastasis and their corresponding normal cells were incu-
bated for 24 h in a culture dish. The supernatants of the four
groups each received the same quantity of the nanosensor,
and the SERS spectra of each group were measured after 2 h
reaction. Figure 3a shows that the SERS spectrum for the
MDA-MB-231 cells with high metastasis was significant,
while the SERS signal of corresponding normal breast cells
was modest, indicating that cancer cells expressed more
MMP-9 than normal cells. The other group of cells (HeLa)
also showed a similar trend. This tentatively suggests that it
is possible to use MMP-9 as a biomarker for early diagno-
sis of some specific cancers according to the difference in
MMP-9 expression levels in normal and cancer cells.

Comparison of MMP-9 levels in different metastasis
degrees of cancer cells

Studies have shown that MMP-9 is associated with the
progression of cancer development and metastasis. The
expression levels of MMP-9 secreted by several cancer cells
with varying levels of metastasis were compared using our

@ Springer



105 Page6of8

Microchim Acta (2024) 191:105

Fig.3 a Comparison of SERS
spectra of normal cells (H8,
Hs578bst) and cancer cells
(HeLa, MDA-MB-231). b
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nanosensors. The SERS spectral signals for SW620 cells and
MDA-MB-231 cells with the higher degree of metastasis
were noticeably stronger in comparison to cells with lower
degrees of metastasis (Fig. 4a), suggesting that cancer cells
with higher degrees of metastasis secreted more MMP-9,
which is consistent with the findings reported in the litera-
ture. Among them, the SERS signal of SW620 cells was
the strongest, corresponding to the highest MMP-9 secre-
tion level (Fig. 4b). However, HeLa cells had the lowest
MMP-9 expression and the weakest SERS signal of all the
cell types. The above results indicate that the constructed
SERS nanosensor can sensitively monitor the MMP-9 lev-
els in different cancer cells and provide a reliable reference
strategy for determining the extent of cancer cell metastasis.

SERS monitoring of dynamic changes of MMP-9

The expression of intracellular MMP-9 can be regulated
by MMP-9 inducers and inhibitors. To trace this dynamic
change in MMP-9 levels, we treated MDA-MB-231 cells
with inducer phorbol 12-myristate 13-acetate PMA (differ-
ent concentrations) [37] for 4 h and then monitored their
SERS spectra. We found that the SERS signal of DTNB was
continuously enhanced with increasing inducer concentra-
tions (Fig. 5a, b), indicating that PMA was able to stimulate
MDA-MB-231 cells to produce more MMP-9. Furthermore,

@ Springer

inhibitor MMP-9-IN-1 [38] was used to treat MDA-MB-231
cells. MMP-9-IN-1 did have an inhibitory effect on the abil-
ity of MDA-MB-231 cells to express MMP-9, as evidenced
by the fact that the SERS signal of DTNB was consistently
diminished as the inhibitor concentration increased (Fig. Sc,
d). The above experimental results indicate that this SERS
nanosensor can monitor the dynamic changes of intracel-
lular MMP-9 levels, which provides strong support for the
continuous tracking of the cancer development process.

Conclusions

In summary, the SERS sensing platform based on nano-aggre-
gates was developed for the intracellular MMP-9 detection
via a target-triggered hot spot effect. In the presence of the
MMP-9, MMP-9 aptamer prefers to bind to MMP-9 to form
a complex compared to DNAT1. The released DNAI is able
to bind to DNA2 on AuNPs-2 to induce coupling between
AuNPs-1 and AuNPs-2, resulting in the formation of SERS
hot spot that improves the SERS signal of probe DTNB. With
this design, the MMP-9 levels in cancer and normal cells, as
well as in various metastasis stages, were evaluated, reveal-
ing that the cellular MMP-9 in cancer cells display a higher
content than normal cells, and the levels in high malignant
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Fig.5 The SERS spectra of
MDA-MB-231 cell after incu-
bation with different concentra-
tions of inducer PMA (a) and
inhibitor MMP-9-IN-1 (c). Cor-
responding broken line graph
of 11331 ¢m—1 along with different
concentrations of PMA (b) and
MMP-9-IN-1 (d)
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SW620 and MDA-MB-231 cells are higher than those in
low malignant MCF-7 and HeLa cells. Moreover, this SERS
nanosensor was capable of monitoring the dynamic changes
of intracellular MMP-9 levels stimulated by MMP-9 inducers
and inhibitors. We believe that this approach can open new
avenues for MMP-9-based biomedical detection at the early
cancer stage and provide guidance for pathophysiological
mechanism studies, cancer diagnosis, and therapy.
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