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a b s t r a c t

Visual assessment of tumor metastatic capacity is crucial for predicting hepatocellular carcinoma (HCC)

prognosis and guiding clinical therapeutic approaches. In this study, we developed an enzyme-responsive

probe based on the peptide GK10, which is selectively cleaved by matrix metalloproteinase-9 (MMP-9),

a critical marker for metastasis in HCC. The GK10 peptide was conjugated with near-infrared fluorescent

molecule IR783, fluorescent quencher black hole quencher 3 (BHQ3), and magnetic resonance (MR) con-

trast agent DOTA-Gd, forming the IR783-GK10-BHQ3-Gd probe. Upon MMP-9 cleavage of GK10, BHQ3 is

released from the probe, thereby amplifying the previously quenched IR783 fluorescence signal. In vitro

experiments demonstrate the probe’s impressive detection limit for MMP-9, as low as 1.84ng/mL. More-

over, in vivo imaging results reveal that the probe can differentiate liver cancers with varying metastatic

capacities. The fluorescence and MR imaging signal intensity of high metastatic HCC are approximately

1.2 times greater than that of low metastatic HCC. Thus, this engineered probe holds promise as a valu-

able tool for evaluating HCC metastatic capacity through fluorescence-MR dual-mode imaging.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

According to the data from the International Agency for Re-

search on Cancer of the World Health Organization, liver cancer

claimed the lives of approximately 830,000 individuals globally

in 2020 [1]. Liver cancer has become the third leading cause of

cancer-related fatalities, posing a severe threat to human life and

health [2]. Among the histological subtypes of liver cancer, hep-

atocellular carcinoma (HCC) is the predominant form, accounting

for 90% of primary liver cancer [3,4]. Characterized by insidious

onset, rapid progression, and heightened malignancy, HCC results

in a 40% to 70% five-year recurrence rate, ultimately leading to a

poor prognosis for liver cancer patients [5-7]. Meanwhile, invasion

and metastasis are the leading causes of high recurrence and high

mortality of HCC [8-10]. Therefore, the development of molecular

imaging techniques for visual assessment of the invasiveness and
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metastatic potential of HCC holds significant importance in guiding

clinical treatment strategies for HCC and improving patient prog-

nosis.

A growing body of evidence indicates that using biomarkers or

microenvironment changes related to HCC metastasis may offer a

more sensitive and practical approach to diagnosis, avoiding fre-

quent radiation exposure [11,12]. Tumor metastasis involves a com-

plex cascade process, with the first stage characterized by invasion

[13-15]. During this crucial process, the degradation of extracellu-

lar matrix, including the basement membrane, serves as a pivotal

starting point [16-18]. Matrix metalloproteinase-9 (MMP-9), a zinc-

dependent endopeptidase, plays a direct role in the degradation

of collagen, a central component of both extracellular matrix and

basement membrane [19,20]. This enzymatic action sets the stage

for creating an environment conducive to the invasion and metas-

tasis of HCC. Clinical data suggest that MMP-9 may serve as a po-

tent biomarker associated with invasive metastasis in HCC. Yang

et al. revealed that the positive expression of MMP-9 is an inde-
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pendent factor of poor prognosis of HCC through statistical analysis

of tumor resection samples from 129 HCC patients [21]. Wang et al.

found that Runt-related transcription factor 2 regulates the accu-

mulation of MMP-9 in HCC cells by immunohistochemical staining

of hepatocellular carcinoma tissue specimens. They mechanistically

demonstrated a positive correlation between the overexpression of

MMP-9 and the invasiveness of HCC [22]. Ali et al. used a quali-

tative modeling framework to predict the role of biological regu-

latory network in the invasion and metastasis of HCC. The results

show that the feedback loop of transforming growth factor beta1

and MMP-9 is very important in the invasion and metastasis of

HCC [23]. Therefore, designing a specific molecular probe targeting

MMP-9 for assessing tumor metastasis is expected to predict HCC

prognosis at its early stage.

Fluorescence imaging, as a novel imaging modality, has shown

considerable promise in medical imaging due to its non-invasive

detection and high sensitivity [24-27]. However, most fluorescent

probes operate in a "normally open" mode, which can lead to non-

specific false positive signals and reduced imaging efficacy [28-31].

Therefore, constructing "off-on" enzyme-activatable probes based

on Förster resonance energy transfer (FRET) signal conversion ma-

trix is beneficial to improve sensitivity and specificity in detection

[32-35]. In recent years, various fluorescent probes have been de-

veloped to detect MMP-9 in living systems. For instance, Li et al.

assembled polymer dots linked with MMP-9 recognizable peptides

onto graphene oxide surface to prepare GO-Pep-Pdot nanocom-

posites, successfully detecting MMP-9 in clinical serum samples

from prostate cancer patients [36]. Cai et al. constructed an MMP-

P12 probe by combining near-infrared fluorophore Cy5.5 with a

quencher, enabling the dynamic monitoring of MMP-9 changes in

diabetic stroke by optical imaging [37]. Similarly, Dadmehr et al.

utilized the FRET effect between gold nanoparticles and nanoclus-

ters to construct a nanocomposite platform for visual and colori-

metric detection of MMP-9 enzyme in human serum [38]. Fur-

thermore, Rainu et al. synthesized a dual-responsive fluorescent

nanoprobe using carbon nanoparticles and MMP-9 sensitive pep-

tides [39]. This nanoprobe enabled the detection of pH and MMP-

9 level changes, effectively distinguishing between cancerous and

non-cancerous microenvironments.

However, fluorescence imaging alone cannot provide precise lo-

calization information of diseased tissue [33,40,41]. In contrast,

magnetic resonance (MR) imaging offers advantages such as ioniz-

ing radiation-free imaging, exceptional spatial resolution, and pre-

cise structural positioning, making it an excellent tool for liver can-

cer diagnosis [42-44]. By integrating the advantages of both imag-

ing modalities, designing a probe endowed with dual-mode imag-

ing capabilities of fluorescence and MR imaging could significantly

enhance the precise imaging of HCC with different metastatic ca-

pacities. However, there is a lack of studies on MMP-9 responsive

probes for imaging assessment of HCC metastasis, particularly in

the fluorescence-MR dual-mode imaging probes.

In this study, we designed and synthesized an MMP-9-

responsive fluorescence-MR dual-mode imaging probe named

IR783-GK10-BHQ3-Gd. As illustrated in Scheme 1, the probe was

constructed upon the MMP-9 cleavable polypeptide sequence GK10

(GCPLGVRGDK), covalently linked with the near-infrared fluores-

cent molecule IR783, integrated with quenching group BHQ3 and

MR imaging contrast agent DOTA-Gd. MMP-9 can activate the flu-

orescence signal of the probe. To comprehensively evaluate the

probe’s capability to detect metastatic HCC, we selected three sub-

types of HCC cells with diverse metastatic potentials and estab-

lished corresponding tumor mouse models. We then assessed the

probe’s ability to distinguish between high and low metastatic HCC

by fluorescent and MR imaging. Our results indicate that the HCC

model with the strongest metastasis exhibited a higher fluores-

cence signal in response to MMP-9. This suggests that the con-

Scheme 1. Diagram of the IR783-GK10-BHQ3-Gd probe synthesis process and its

MMP-9 responsive fluorescence and MR dual-mode imaging of HCC models with

different metastatic capacities.

structed probe holds promise for assessing HCC’s metastatic capa-

bility through fluorescence-MR dual-mode imaging, thereby poten-

tially guiding the formulation of clinical therapeutic approaches for

HCC.

The synthetic route of the IR783-GK10-BHQ3-Gd probe is de-

picted in Fig. S1 (Supporting information). Near-infrared fluores-

cent molecule IR783 and the corresponding quenching group BHQ3

were labeled at both ends of GCPLGVRGDK, abbreviated as GK10,

and DOTA-Gd was modified for MR imaging, resulting in the for-

mation of IR783-GK10-BHQ3-Gd. The purity of the probes was

characterized using TOF-MS, as shown in Fig. S2 (Supporting in-

formation). The spectral results show that the quasimolecular ion

peaks m/z 1777.7477, 2262.0517, 631.1787, and 3065.8629 were de-

tected in the positive ion mode of the ESI of the mass spectrome-

try for IR783-GK10, IR783-GK10-BHQ3, DOTA-Gd, and IR783-GK10-

BHQ3-Gd, respectively. These results are consistent with the theo-

retical signal simulation, confirming the successful synthesis of the

IR783-GK10-BHQ3-Gd probe.

Transmission electron microscopy (TEM) images in Fig. 1a show

that the probe is spherical. Dynamic light scattering (DLS) data

in Fig. 1b reveal that the average hydrodynamic diameter of the

probe is 117.5±3nm, with a polydispersity index PI value of

0.1509. Additionally, as depicted in Fig. 1c, the surface of IR783-

GK10-BHQ3-Gd exhibits a negative charge with a potential of

−6.624mV. Collectively, these data suggest that the IR783-GK10-

BHQ3-Gd probe exhibits good dispersibility and uniform size. As

shown in Fig. S3 (Supporting information), the standard concen-

tration curve of IR783 was established, yielding the standard line

equation y=0.206x−0.0312 by linear fitting, with a correlation co-

efficient R2 of 0.9998, indicating good linearity. According to the

standard concentration curve of IR783, IR783-GK10, IR783-GK10-

BHQ3, and IR783-GK10-BHQ3-Gd concentrations were standard-

ized to IR783=5μg/mL. By comparing the corresponding absorp-

tion spectra in Fig. 1d, it is observed that the maximum absorp-

tion peak of IR783-GK10-BHQ3-Gd is 791nm, which is red-shifted

by 13nm compared to that of free IR783. This shift may be at-

tributed to the replacement of chloride ions, causing a disruption

of original structure and resulting in a Stokes shift.

Next, the in vitro performance of the probe was verified. Figs. 1e

and f show T1-weighted magnetic resonance image and relaxation

curve. With the increase of Gd3+ concentration from 0.02mmol/L

to 0.1mmol/L, the MR signal becomes stronger. By calculating the

relaxation values of different Gd concentrations, the r1 and r2 val-

ues are 10.033 and 10.842 (mmol/L)−1 s−1, respectively, and the

r2/r1 value is 1.08, which indicates that the probe has good T1-

weighted MR performance.
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Fig. 1. (a) TEM image of IR 783-GK10-BHQ3-Gd. (b) The distribution of hydrodynamic size of IR 783-GK10-BHQ3-Gd. (c) Zeta potential and (d) UV–vis absorption spectra

of IR783, IR783-GK10, IR783-GK10-BHQ3 and IR783-GK10-BHQ3-Gd. (e) T1-weighted MR imaging and (f) relaxation curve of IR783-GK10-BHQ3-Gd. (g) Fluorescence signal

intensity growth rates of IR783-GK10, IR783-GG10-BHQ3, IR783-GK10-BHQ3 incubated with MMP-9 for different times. (h) Fluorescence spectra of IR783-GK10-BHQ3-Gd

incubation with different concentrations of MMP-9 (inset: Fluorescence growth rate of IR783-GK10-BHQ3-Gd probe incubated with varies MMP-9 concentration). (i) Fluores-

cence growth rate (I− I0)/I0 of the probe incubated with different types of enzymes. All data are presented as mean ± standard deviation (SD) (n=3). mM=mmol/L.

To evaluate the enzyme response of the probe in vitro, human

recombinant MMP-9 was utilized to analyze the enzyme response

of the probe, with IR783-GK10 and IR783-GG10-BHQ3 probes

as negative controls. Specifically, IR783-GK10 lacks the quencher

BHQ3, while IR783-GG10-BHQ3 does not contain the MMP-9 cleav-

able targeting peptide. The fluorescence intensities of three probes

were compared before and after enzyme digestion, and changes in

fluorescence growth rates at different time points were calculated.

As shown in Fig. 1g, the fluorescence of the IR783-GK10-BHQ3

probe in the experimental group exhibits a significantly enhance-

ment compared with the control group, with the fluorescence

growth rate exceeding 100% after 6h. Conversely, the fluorescence

of the probe in the control group remains nearly zero within 6h.

Fluorescence imaging images collected at different incubation time

points (Fig. S4 in Supporting information) demonstrate a notable

increase in the fluorescence signal of the IR783-GK10-BHQ3 probe

in the experimental group over time.

To further characterize the sensitivity of the probe in detect-

ing MMP-9, the IR783-GK10-BHQ3-Gd probe at concentration of

20μg/mL was mixed with MMP-9 at concentration ranging from

0 to 800ng/mL (0, 6.25, 12.5, 25, 50, 100, 200, 400, 800ng/mL)

in enzyme reaction buffer (TCNB buffer, 50mmol/L Tris, 10mmol/L

CaCl2, 150mmol/L NaCl, 0.05% Brij-35, pH 7.5) at 37 °C for 2h. As

depicted in Fig. 1h, the fluorescence intensity of the probe after en-

zyme digestion exhibits a positive correlation with the concentra-

tion of MMP-9 before reaching a stable level of 400ng/mL. When

the concentration of MMP-9 is below than 100ng/mL, a linear re-

lationship between the intensity of activated fluorescence and the

concentration of MMP-9 is observed, with R2 =0.9802. Further-

more, the detection limit was calculated to be 1.84ng/mL accord-

ing to the formula 3σ /k, where 3σ is the standard deviation of the

blank sample (n=5) and k is the slope of the analyte’s correspond-

ing linear curve [45].

To evaluate the selectivity of the probe to MMP-9, the IR783-

GK10-BHQ3-Gd probe was incubated with different types of en-

zymes, including dipeptidyl peptidase-4 (DPP-4), fibroblast activat-

ing protease (FAP), MMP-2 and MMP-9, under the same conditions

of 2h at 37 °C. The results presented in Fig. 1i demonstrate that

MMP-9 effectively activates fluorescence compared with other en-

zymes. Here, I0 represents the fluorescence signal intensity before

enzyme digestion, while I represents the fluorescence signal inten-

sity after enzyme digestion. These findings collectively confirm the

high sensitivity and selectivity of the probe, rendering it suitable

for quantitative detection of activated MMP-9 in vitro and in vivo.

In addition, we measured the stability of the probe in response

to MMP-9 in buffers with varying pH levels. The results, presented

in Figs. S5 and S6 (Supporting information), indicate that the probe

exhibits stable responses to MMP-9 in buffers with pH values of

5.5, 6.5, and 7.4. Therefore, it is estimated that the IR783-GK10-

BHQ3-Gd probe can detect MMP-9 under physiological pH condi-

tions.

Before investigating the imaging potential of the probe in HCC

cells in vitro, we initially evaluated the cytotoxicity of the probe

by CCK-8 method. As shown in Fig. S7 (Supporting information),

the relative activities of four types of cells, including normal live

cells L02 and HCC cells with various metastatic abilities (HepG2,

97L, LM3), all remain above 85% when incubated for 24h with the

probe concentration range of 0–30μg/mL. Moreover, even at the

high probe concentration of 40μg/mL, the cell survival rate exceeds

80% after 24h of incubation.
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Fig. 2. (a) MMP-9 expression and (b) quantification in normal hepatocyte L02 cells

and HCC cells (HepG2, 97L, and LM3). (c) Cellular uptake of IR783-GK10-BHQ3

and (d) IR783-GG10-BHQ3 in L02, HepG2, 97L, and LM3 cells using flow cytometry

analysis, as well as (e) laser confocal observation. Scale bar: 25 μm. All data

are presented as means ± SD from at least three independent experiments.
∗∗∗∗P<0.0001. GAPDH, glyceraldehyde 3-phosphate dehydrogenase; MFI, mean

fluorescence intensity.

Western blot analysis was conducted to compare the MMP-

9 expression levels between normal hepatocytes (L02) and HCC

cells (HepG2, 97L, LM3). As shown in Figs. 2a and b, MMP-9 ex-

pression in HCC cells is significantly elevated compared to that

in normal hepatocytes L02. Furthermore, MMP-9 expression in the

three types of HCC cells exhibits varying trends depending on their

metastatic ability. Specifically, LM3 cells with high metastatic po-

tential exhibits the highest MMP-9 expression levels, which is 2.5

times higher than that of L02 cells, followed by 97L cells, whereas

HepG2 cells with the lowest metastatic potential display the low-

est levels of MMP-9 expression.

Further, we investigated the uptake ability of four types of cells

to the IR783-GK10-BHQ3 probe, and observed the cellular uptake

effect of the probe at different time points using flow cytometry,

with the IR783-GG10-BHQ3 probe without targeting peptide as the

control. As revealed in Figs. 2c and d, the uptake of IR783-GK10-

BHQ3 probe by four types of cells is time-dependent. As the in-

cubation time prolongs, the cellular uptake increases, leading to

enhanced fluorescence, with LM3 cells exhibiting the highest flu-

orescence intensity due to their high metastatic ability. In contrast,

the control group with the IR783-GG10-BHQ3 probe lacking tar-

geting peptide shows minimal changes in fluorescence intensity

over time. Furthermore, we assessed the imaging effects of the two

probes in cells by laser confocal images at 2 and 6h, yielding con-

sistent results as displayed in Fig. 2e. The fluorescence images of

the four cells incubated with IR783-GG10-BHQ3 exhibit minimal

change at both time points, whereas the IR783-GK10-BHQ3 group

Fig. 3. (a) Laser confocal imaging, (b) its fluorescence quantification, and (c) flow

cytometry analysis of the four types of cells incubated with the IR783-GK10-BHQ3-

Gd probe with or without the enzyme inhibitor SB-3CT. Scale bar: 25μm. All

data are presented as mean ± SD from at least three independent experiments.
∗∗∗∗P<0.0001.

shows a noticeable enhancement trend. The fluorescence intensity

of LM3 cells is approximately 2.5 times higher compared to that in

L02 cells, which interestingly coincides with the MMP-9 expression

levels in these two cell lines.

To further verify the positive correlation between the fluores-

cence effect and MMP-9 content, cells were pretreated with the

inhibitor SB-3CT, and then observed using a combination of laser

confocal microscope (Figs. 3a and b) and flow cytometry (Fig. 3c).

It is found that addition of inhibitor significantly inhibits the fluo-

rescence signal. Upon comparing the fluorescence intensity of dif-

ferent cells, it is noted that normal L02 cells show a lower fluo-

rescence signal compared to HCC cells HepG2, 97L and LM3. No-

tably, the highly metastatic HCC cells LM3 show higher expression

of MMP-9, resulting in the highest fluorescence signal. The above

findings collectively indicate that the IR783-GK10-BHQ3-Gd probe

can specifically image MMP-9 activity in HCC cells and has the po-

tential to distinguish HCC cells with different metastatic abilities.

To assess the biosafety of the probe, major organs including the

heart, liver, spleen, lung and kidney were collected from mice for

from the mice for histopathological analysis after drug adminis-

tration for 14 days. All the animal experiments were carried out

under the guideline of the Experimental Animal Ethics Commit-

tee of Ningbo University (Permit No. SYXK Zhe 2024-0002). As

shown in Figs. S8 and S9 (Supporting information), mice in both

groups exhibit uniform weight gain over the 14 days, and no dam-

age to the major organs is observed in either the experimental or

control groups, with evident normal cell morphology and without

any lesions. Furthermore, we compared the experimental group’s
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Fig. 4. (a) Immunohistochemical staining and (b) quantification analysis of the

MMP-9 expression in HepG2 and LM3 tumor tissues. Scale bar: 100 μm. (c) T1-

weighted MR imaging of HepG2 and LM3 tumor-bearing mice before and after tail

vein injection of IR783-GK10-BHQ3-Gd probe (4mg/kg, 100μL) with or without in-

hibitor SB-3CT pretreatment. (d) Quantification of MR signal of tumor in panel c.

(e) Fluorescence imaging of tumor-bearing mice at various time points following

tail vein injection of IR783-GK10-BHQ3-Gd probe (2mg/kg, 100μL) with or without

inhibitor SB-3CT pretreatment. (f) Quantification of the tumor fluorescence signal

in panel e. All data are presented as means ± SD from at least three independent

experiments. ∗∗P<0.01.

blood routine and blood biochemical indices with those of healthy

mice, revealing no difference in the data between the two groups

(Figs. S10 and S11 in Supporting information). The above data col-

lectively indicate that the IR783-GK10-BHQ3-Gd probe has good

biosafety and low toxicity.

Subsequently, we evaluated the expression level of MMP-9 in

HepG2 and LM3 constructed HCC tumor tissues through immuno-

histochemically staining. This allowed us to further elucidate the

correlation between MMP-9 expression levels and the metastatic

potential of HCC. As illustrated in Figs. 4a and b, MMP-9 expres-

sion is significantly higher in LM3 group compared to the HepG2

group. This observation aligns with the results from the in vitro ex-

periments at cellular level, indicating that the HCC mice with high

metastatic potential exhibit elevated MMP-9 expression in tumor

site.

To investigate the T1 contrast efficacy of the IR783-GK10-BHQ3-

Gd probe in HCC model mice, MR images were acquired using a

3.0 T clinical MR scanner, as shown in Fig. 4c. The probe was in-

jected via the tail vein into two types of tumor-bearing mice, with

mice pretreated with enzyme inhibitor SB-3CT serving as the neg-

ative control. Fig. 4d shows that after 6h of probe injection, the

MRI signal contrast between tumor and normal tissue is more sig-

nificant in LM3 mice compared to the HepG2 group, and quantifi-

cation reveals that tumor to normal (T/N) signal ratio in LM3 is 1.2

times higher than that of the HepG2 group. Notably, the MRI signal

ratio of tumor mice is significantly reduced after treatment with

inhibitors. These results suggest that the heightened expression

of MMP-9 in the tumor site promotes the active targeting of the

probe to the tumor area, thereby enhancing the T1-weighted MR

imaging of the tumor site. Consequently, the IR783-GK10-BHQ3-Gd

probe emerges as a promising MRI contrast agent.

Finally, to investigate the visualization effect of the probe in

HCC mice models with different metastatic capacities, we evalu-

ated its fluorescence imaging performance in mice from 0.5h to

24h after intravenous injection. Control experiments were con-

ducted using mice pretreated with the inhibitor SB-3CT. Fluores-

cence imaging results in Fig. 4e clearly show the tumor’s loca-

tion in the mice, indicating successful delivery of the IR783-GK10-

BHQ3-Gd probe to the tumor site following injection into the

mice via the tail vein. This demonstrates the probe’s ability to ac-

tively target HCC tissue. Compared to the enzyme inhibitor SB-3CT

treatment group, the experimental group’s probe exhibits more

pronounced fluorescence signals, further confirming the ability of

the IR783-GK10-BHQ3-Gd probe to distinguish between MMP-9-

positive and MMP-9-negative tissues in vivo. Furthermore, quan-

titative analysis of fluorescence signals at the tumor site (Fig. 4f)

reveals that the fluorescence signals of each group reach maxi-

mum intensity approximately one hour after injection. Notably, the

LM3 group exhibits the strongest fluorescence signals at the tumor

site, which is 1.3 times higher than that of the HepG2 group and

1.5 times higher than that of the inhibitor-pretreated group of the

same HCC model type.

In conclusion, to further advance the application of probe-based

fluorescence-MR dual-mode imaging technology in evaluating the

HCC metastasis, this study constructed a cell and tumor mouse

model ranging from high to low metastatic ability. We proved

the correlation between metastatic capacity and MMP-9 expres-

sion. Leveraging this correlation, we designed and synthesized an

MMP-9-responsive dual-mode imaging probe, IR783-GK10-BHQ3-

Gd. This probe undergoes hydrolysis by MMP-9 overexpressed in

HCC cells with high metastatic capacity, disrupting the "FRET"

system comprising the near-infrared fluorescent group IR783 and

quenching group BHQ3, thereby activating the probe fluorescence.

Consequently, the probe can effectively distinguish the positive and

negative expression regions of MMP-9, enabling high specificity

and high signal-to-noise ratio fluorescence-MR dual-model imag-

ing of HCC models with different metastatic capacity.
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