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Abstract: Matrix metalloproteinases (MMPs), a class of
zinc-contained endopeptidases, are closely involved in
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tumor growth, infiltration, metastasis, and angiogenesis.
By virtue of the specifically enzymatic hydrolysis, MMPs
have been widely used to turn on imaging and/or therapy
function of elaborately designed enzyme-responsive nano-
probes, which is expected to realize precise diagnosis and
treatment of cancer. This review systematically summarizes
the classifications of MMPs, their substrates and recognized
sequences, and overexpressed tumor types. The advances
of MMPs-responsive nanoprobes for cancer diagnosis and
therapy are focused, including trigger mechanism, design
principle, and various imaging or therapy modes. Finally,
this review analyzes the challenges of MMPs-responsive
nanoprobes in clinical application, and provides construc-
tive opinions for future study.

Keywords: matrix metalloproteinases, enzyme-respon-
sive, cancer, diagnosis, therapy

1 Introduction

According to the report from International Agency for
Research on Cancer under World Health Organization,
there were 9.96 million cancer deaths worldwide in 2020
[1]. Cancer has become one of the major threats to human
life and health. To study precise diagnostic methods and
effective treatments are of great significance for saving
cancer patients or improving their quality of life. Com-
pared with normal tissue, the tumor tissue has a complex
microenvironment including weak acidic pH, hypoxia,
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high glutathione content, increased oxidative stress, and
overexpression of enzymes, such as matrix metalloprotei-
nase (MMP), cathepsin B, phospholipase, hyaluronidase
[2-7]. Among these enzymes, MMPs are a class of zinc-
dependent endopeptidases that can degrade the extracel-
lular matrix (ECM) and basement membrane, and hence
induce tumor spread [8,9]. As a representative endogenous
stimulant, the abnormally expressed MMPs are closely
related to tumor growth, infiltration, metastasis, as well as
angiogenesis, and therefore are extensively attracted as
anti-cancer targets in enzyme-responsive nanoprobe-based
imaging and therapeutic strategies [10].

Compared with traditional small-molecule drugs, MMPs-
responsive nanoprobes have the following advantages:
(1) highly specific binding affinity with target molecules to
improve the imaging or therapeutic effect; (2) less influence
of the peptide substrate on physicochemical properties of the
nanoprobes; (3) being relatively stable in body and keeping
appropriate clearance period in blood circulation without
causing significant immune response; and (4) feasible cou-
pling imaging molecules or therapeutic drugs to achieve
visualization of treatment [11]. The design principle of
MMPs-responsive nanoprobes mainly depends on the high
selectivity and catalytic activity of the enzymes on their sub-
strates [12]. The enzyme-specific substrate is designed as
nanoprobes with quenched imaging or therapeutic function.
When the nanoprobes arrive in tumor site, the substrate is
hydrolyzed by high concentration of MMPs, which results in
a changed structure, and therefore activates diagnosis and
therapy [13-15]. Specifically, in the presence of MMPs,
hydrolysis of the enzyme-specific substrate causes changes
in structure, conformation, hydrophobicity, hydrophilicity,
and charge of the nanoprobes, which gives rise to effect on
size, morphology, stability, and other properties of the
nanoprobes. Finally, the nanoprobes are decomposed, gath-
ered, rearranged, or self-assembled exposing the previously
masked functional groups [16].

In this review, we systematically summarize the classifi-
cations of MMPs, types of substrates, recognized sequences,
and overexpressed tumor types. Then, the advances of MMPs-
based cancer imaging and treatment are reviewed, including
mechanism of turning off/on function, design principle, as well
as single mode/multimode imaging and therapy. Finally, we
discuss the challenges in clinical application of MMPs-respon-
sive nanoprobes, and provide suggestions for future study.

2 MMPs

MMPs, a class of zinc and calcium ions-dependent endo-
genous proteolytic enzymes, are synthesized and secreted
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by fibroblasts, macrophages, neutrophils, and tumor cells
[17-19]. Studies have found that there are at least 23 MMPs
in human body, which can be divided into six categories
according to their structures and substrate sensitivity:
(1) collagenases, including MMP-1, MMP-8, MMP-13, and
MMP-18; (2) gelatinases, including MMP-2 and MMP-9;
(3) stromelysins, including MMP-3, MMP-10, and MMP-11;
(4) matrilysins, including MMP-7 and MMP-26; (5) membrane-
type metalloproteinases, including MMP-14, MMP-15, MMP-
16, MMP-17, MMP-24, and MMP-25; (6) other MMPs, including
MMP-12, MMP-19, MMP-20, MMP-23, and MMP-28 [20-22].

MMPs play a critical role in cancer progression. On
the one hand, ECM is the natural barrier for cancer cells
invasion and metastasis, while MMPs participate in degra-
dation of ECM, which promotes tumor to break the tissue
barrier [10]. On the other hand, MMPs are also considered
as vascular modulators, which can control the neovascu-
larization required in the growth, progression, and spread
of cancer [23]. As shown in Table 1, we summarize several
MMPs that have been investigated extensively at present,
and enumerate their overexpressed cancer types, relative
biological functions, and degraded substrates.

2.1 MMP-1

MMP-1 belongs to the interstitial collagenase, and its sub-
strates mainly include collagen types I, II, III, and V [24].
As a collagenase related with cancer, MMP-1 can promote
tumor progress by degrading ECM [25]. Currently, upre-
gulated MMP-1 expression has been found in a variety of
cancer tissue specimens, and its high expression has
been associated with poor prognosis of oral cancer, color-
ectal cancer, breast cancer, prostate cancer, and bladder
cancer [26-30].

2.2 MMP-2/9

MMP-2 and MMP-9, both of which belong to gelatinases,
play key roles in the physiological and pathological pro-
cess of tumors [31]. On the one hand, they can specifically
degrade the main structural components of ECM and
basement membrane, such as gelatin and type IV col-
lagen, which help tumor cells to infiltrate from the missing
basement membrane into the surrounding tissues, thus pro-
moting the invasion and metastasis of tumor cells [32,33].
On the other hand, studies have shown that MMP-2 and
MMP-9 can promote the expression of vascular endothelial
factors, which in turn reduce the formation of pannus,
increase the permeability of the vascular wall, promote
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Table 1: Contribution of MMPs to cancer progression and their substrate

Substrates Ref.

Function

Enzymes Overexpressed cancer types

[24-30]

Type 1, Il, 1I, VI, and X collagens, gelatin

ECM degradation

Oral cancer, colorectal cancer, breast cancer, prostate cancer, and

bladder cancer

MMP-1

[31-36]

Type IV, V collagens, gelatin, and elastin

Promotes tumor growth, invasion, and

metastasis and angiogenesis

Breast cancer, gastric cancer osteosarcoma, prostate cancer,

pancreatic cancer, liver cancer, and colon cancer

MMP-2

[36-38]

Type IV collagen, casein, laminin, fibronectin,
gelatins, elastin, and proteoglycans

Inhibits cancer cells apoptosis, reduces

cell adhesion, and angiogenesis

Gastric cancer, pancreatic cancer, colorectal cancer, esophageal

MMP-7

cancer, gallbladder cancer, bladder cancer, ovarian cancer, breast

cancer, lung cancer, and melanoma

[31-36,39]

Type IV and V collagen, gelatins, elastin,

fibrillin, and osteonectin

Promotes tumor growth, invasion, and

metastasis and angiogenesis

Cervical cancer, ovarian cancer, breast cancer, pancreatic cancer,
prostate cancer, lung cancer, melanoma, osteosarcoma, and

neuroblastoma

MMP-9

[40-47]

Type | and Il collagen, fibronectin, laminin,
hyaluronan, fibrin, and proteoglycan

Proliferation, invasion, metastasis, and

angiogenesis.

Melanoma, neuroblastoma, small cell lung cancer, squamous cell

MMP-14

carcinoma of the tongue, head, and neck cancer, pancreatic cancer,

bladder cancer, breast cancer, colorectal cancer, and ovarian cancer
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angiogenesis, and hence improve tumor growth [23,34,39].
MMP-2 and MMP-9, the most important MMPs, are
abnormally expressed in various tumors, such as pan-
creatic cancer, breast cancer, bladder cancer, and cervix
cancer [35,36].

2.3 MMP-7

MMP-7, also known as matrilysins, is the member of the
matrix metalloprotease family with the smallest mole-
cular weight [37]. MMP-7 is specifically expressed in var-
ious human tumors, including gastric cancer, pancreatic
cancer, colorectal cancer, esophageal cancer, gallbladder
cancer, bladder cancer, ovarian cancer, breast cancer,
lung cancer, and other malignant tumors [36,38]. MMP-
7 promotes tumor invasion and metastasis by inhibiting
apoptosis, decreasing cell adhesion, and inducing angio-
genesis [38].

2.4 MMP-14

MMP-14, also known as MT1-MMP, is a membrane-type
MMP [40]. It has the widest substrate hydrolysis range,
and the degradable zymogram involves type I collagen,
type II collagen, fibronectin, laminin, hyaluronan, fibrin,
proteoglycan, etc., [41]. Clinical studies have found that
over-expressed MMP-14 is associated with poor prognosis
in many kinds of cancer patients, such as melanoma,
neuroblastoma, small cell lung cancer, pancreatic cancer,
bladder cancer, breast cancer, and so on [42,43]. MMP14 is
involved in the degradation and remodeling of ECM, pro-
motion of tumor angiogenesis and regulation of cell adhe-
sion, and affects the cellular microenvironment [42]. It is a
key enzyme for tumor cell infiltration and migration. Stu-
dies have demonstrated that MMP-14 plays a role in the
activation of pro-MMP2 and pro-MMP13, the upregulation
of VEGF gene expression, and the mediation of CD44 shed-
ding [44-47].

3 Applications in cancer imaging

MMPs-responsive nanoprobes have been widely used in
cancer diagnosis. Through ingenious design, researchers
have developed various nanoprobes that can realize
non-invasive detection, real-time imaging, and long-
term tracking in the living body. Table 2 illustrates the
construction of MMPs-responsive nanoprobes and their
application in cancer diagnosis.
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Table 2: Illustration of MMPs-responsive nanoprobes and their cancer diagnostic applications

MMP types Nanoprobes Substrate Diagnosis Cancer Ref.
MMP-2 Dab-PLGVRGY-FITC PLGVRGY FI Gastric cancer [48]
MMP-2/9 l,60BP-PEG12 GPLGVRGKGG FI Pancreatic cancer [49]
MMP-2 SPN-MMP-RGD GGPLGVRGK FI Gastric cancer [50]
MMP-2/7/9 Au-Se DGPLGVRG, VPLSLTMG, GPLGLRGG FI Hepatoma [51]
MMP-14 QD-FRET AHLR FI Breast cancer [52]
MMP-2 Au-QD NCs VLGPG FI Lung cancer [53]
MMP-2 PEG-PepMMP2-MNP-Gd KPLGLAGC PA/MRI Breast cancer [54]
MMP-2 FMNS@Au PLGVR FI/SERS Breast cancer, osteosarcoma [55]
MMP-14 LI-COR RSCitG-HPhe-YLY PET/NIRF Glioma [56]

3.1 Fluorescence imaging (FI)

FI has shown considerable promise in applications of
medical diagnosis, drug delivery, and image-guided sur-
gery, which attributed to its benefits of non-invasive
detection, high sensitivity, in situ operability, and high
temporal resolution [57]. Owing to the high resolution
and good biocompatibility of fluorescent probes, FI has
become an attractive method for study of biomolecules,
signal pathways, and biological reactions [58]. In recent
years, a variety of fluorescent dyes have been developed,
including organic dyes such as small molecule dyes,
aggregation induced emission (AIE) nanoparticles, semi-
conductor polymer nanoparticles, and inorganic mate-
rials such as semiconductor quantum dots (QDs), metal
nanoclusters, rare earth doped nanoparticles, and nano-
diamonds [59,60]. At present, MMP-responsive fluores-
cent probes are mostly constructed based on fluorescence
resonance energy transfer (FRET) principle to form an
energy acceptor-polypeptide-energy donor system [61].

Figure 1: FRET system based on enzyme response.

As shown in Figure 1, when the distance between energy
donor and receptor is less than 10 nm, energy transfer
occurs between the two, resulting in fluorescence quenching.
When enzyme hydrolyzes the substrate polypeptide, the
FRET system is damaged, thereby turning on the fluores-
cence and realizing detection of tissues [12,62].

3.1.1 Organic fluorescent probes

Organic small molecule fluorescent reagents are a class of
biological probes with excellent performance, featuring
high sensitivity, good biocompatibility, and fast reaction
time. Luan et al. developed Dab-GPLGVRGY-FITC fluor-
escent probes for rapid and accurate imaging of MMP-2
overexpressed gastric cancers [48]. Upon cleavage of
GPLGVRGY by MMP-2, separation of Dab/FITC pairs decom-
posed the FRET system and activated fluorescence emission
of FITC. Their results demonstrated that the nanoprobes
possessed excellent sensitivity to MMP-2, which measured

FRET

Fluorescence “OFF”

c Enzyme

Fluorescence “ON”
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approximately 40-fold fluorescence enhancement at 520 nm
with a detection limit of 42ng-mL™". Xu et al. synthesized
MMP-activatable I,50BP-PEG12 probes by labeling the MMP
substrate peptide GPLGVRGKGG with near-infrared dye
IR780 and quencher BHQ-3. Benefiting from the target-
ability of substrate peptides and long wavelengths of
near-infrared fluorophores, the I,5,BP-PEG12 probes exhib-
ited highly sensitive detection of MMPs in tumor areas as
low as nanomolar concentrations, which allowed deep
tissue imaging and dynamic non-invasive evaluation. Their
results showed that the I,50BP-PEG12 probes provided sig-
nificant fluorescence enhancement in early stage of pan-
creatic ductal adenocarcinoma model with only 3 mm of
tumor diameter [49].

In addition to fluorescence enhancement, the ratio-
metric fluorescent probes have unique advantages in
detection of biological systems with high accuracy. The
ratio type fluorescent probes show a change in enzyme
activity by a proportional change in fluorescence intensity
at two wavelengths [63]. Zeng et al. Designed ratiometric
near-infrared fluorescent nanoprobes (SPN-MMP-RGD) for
sensitive detection of MMP-2 activity in vitro [50]. As
shown in Figure 2a, after self-assembly of semiconductor
nanoparticles (SPNs) based on near-infrared absorption
organic polymer (PCPDTBT), the nanoprobes were further
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modified with MMP-2 cleavable peptide GGPLGVRGK
linked fluorophore Cy5.5 and its quencher QSY21, as well
as labeled with cRGD ligand that could bind to tumor
avp3 integrin. The results showed that upon interaction
with MMP-2, fluorescence of SPN-MMP-RGD nanoprobes
at 690 nm could activate fluorescence due to broken
FRET structure between Cy5.5 and QSY21, while the
fluorescence of PCPDTBT at 830 nm remained unchanged
(Figure 2b), resulting in a significant enhancement of
fluorescence ratio between 690 and 830 nm (Igoo/Ig30) by
about 176-fold (Figure 2c).

3.1.2 Inorganic fluorescent probes

Inorganic fluorescent nanomaterials have become a hot-
spot in the field of bioimaging due to their high fluores-
cence intensity, good photostability, and large Stokes
shift, which include three major categories: QDs, rare
earth fluorescent materials, and noble metal nanoclusters
[64-66]. Gold nanoparticles (AuNPs) are widely used
for FI owing to their good biocompatibility and high
quenching efficiency. Guo et al. constructed a novel tri-
color fluorescence nanoplatforms based on a high-fidelity
gold-selenium (Au-Se) bond for simultaneously imaging
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Figure 2: (a) Scheme of preparation and activation of ratiometric NIR fluorescence of SPN-MMP-RGD toward MMP-2 under irradiation by
660 nm. (b) Fluorescence spectra and (c) fluorescence intensity ratio (/go0//s30) 0f SPN-MMP-RGD (28 pg-mL~* PCPDTBT) before and after
incubation with MMP-2 (8 nM). Reprinted with permission from Zeng et al. [50]. Copyright 2021, Wiley-VCH.
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and in situ monitoring the expression level of MMP-2/7/9
protein [51]. The nanoprobes were conjugated with three
peptide substrates labeled with fluorescein isothiocya-
nate (FITC), 5-carboxytetramethylrhodamine (5-TAMRA),
and cyanine 5 (Cy5), respectively. When hydrolyzed by
MMP-2/7/9 in tumor, the previously quenched fluores-
cence by FRET was recovered, so that the biomarker
MMP-2/7/9 could be visualized to elucidate the invasion
and migration behaviors of tumor cells in an inflamma-
tory environment. QDs are fluorescent nanocrystals with
excellent characteristics for biological imaging, including
adjustable spectral range, strong anti-photobleaching ability,
and easy surface modification [67]. For instance, Chung et al.
developed quantum dot-based fluorescence resonance energy
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allowing fluorescence monitoring of tumor-specific enzymes
in vivo levels (Figure 3a) [53]. When AuNPs and QDs reached
tumor with overexpression of MMP-2, the methoxy PEG as a
protective layer was removed and the azide fraction was
exposed, which clicked with QDs to form Au-QD nanoclus-
ters. The fluorescence of QDs was quenched by AuNPs due to
FRET effect. As shown in Figure 3b, fluorescence quenching
of QDs occurred within 1h after exposure to 0.25-1.0 nM of
MMP-2. Furthermore, it was demonstrated that the FRET effi-
ciency was proportional to the MMP-2 level (Figure 3c).

3.2 Multimodal imaging

FI has high sensitivity but is limited by tissue penetration

transfer (QD-FRET) nanosensors to visualize the activity of
MT1-MMP on cell membranes. Via FRET and penetrated QD
signals, the nanosensors could profile cancer cells [52]. Pham-
Nguyen et al. reported a tumor sensing system based on
AuNPs and QDs via an MMP-cleavable linker. The fluores-
cence of the QDs was quenched by AuNPs based on FRET,

depth, while magnetic resonance imaging (MRI) has high
soft tissue resolution, unlimited tissue penetration, but
low sensitivity. In addition, computed tomography has
high spatial resolution but carries radiation risks [68].
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Therefore, compared with single imaging, integrating the
complementary advantages of multiple imaging modal-
ities can provide more comprehensive and detailed infor-
mation for precise diagnosis of tumors.

MRI contrast agents combined with photoacoustic
imaging agents are expected to produce complementary
imaging effects. Melanin has become a potential photo-
acoustic contrast agent due to its excellent photoacoustic
properties and near-infrared absorption capability. Meng
et al. chelated Gd*>* on melanin nanoparticles, making
them possess dual-mode MRI/PA imaging ability [54].
In addition, due to modification of MMP-2 peptide sub-
strate, the nanoparticles were hydrolyzed under MMP-2
enzyme to trigger exposure of the hydrophobic end,
leading to nanoparticles accumulated in tumor with longer
time of retention, finally showing an excellent imaging
effect.

At present, dual-mode imaging strategies are commonly
used including FI/MRI, PA/MRI, CT/MRI, and FI/SERS, etc.
Among these strategies, the FI/SERS detection platform has
proved to be a very reliable analytical tool in the field of
biosensing. Taking advantage of the high sensitivity and
fluorescence visualization of SERS, Liu and colleagues
designed a novel hybrid nanosensor to accurately monitor
MMP-2 activity in cell secretions and human serum samples
[55]. Specifically, the prepared nanosensor (FMNS@Au)
were based on biological self-assembly, in which MMP-2
peptide substrate (PLGVR) acts as a bridge between AuNP
and fluorescent magnetic nanospheres (FMNS), forming a
FRET system. Under the action of MMP-2, the FRET system
was damaged, meanwhile the “hot spot” effect of SERS was
weakened, which resulted in recovery of fluorescence signal
and reduction in SERS signal, and thereby improving detec-
tion sensitivity of MMP-2.

Surgery is the main treatment of cancer, and the
extent of surgical resection is closely related to the prog-
nosis of patients. Accurate tumor resection, especially for
the tumors located in complex position in body, such as
glioma, is an urgent problem to be solved. Currently,
multimodal imaging-guided surgery has become a hot
research field. MMP-14 is overexpressed in glioma, which
can be used as a biomarker for molecular imaging of glioma.
Kasten et al. designed dual-mode imaging probes for MMP-
14 targeting, and applied them in near-infrared fluorescence
(NIRF)/PET-guided resection of glioma (Figure 4a) [56]. The
probes consist of two peptide sequences, one is MMP14
substrate peptide with near-infrared fluorophore IRDye800
and the quencher QC-1-NHS attached to each end, and thus
can be used for MMP-14 activatable NIRF imaging, and the
other is peptide labeled with radioactive elements **Cu(n) or
8Ga(m) for PET imaging (Figure 4b). As shown in Figure 4c,

DE GRUYTER

U87 and U251 cells showed high levels of MMP-14 expression
by immunofluorescence, demonstrating the ability of these
cell lines to detect enzyme substrates. This was also con-
firmed by the results of Figure 4d, where the NIRF signals
of U87 and U251 cells were higher under the NIRF micro-
scope when the substrate peptide and the substrate-binding
peptide were incubated with the glioma cell line in vitro. In
addition, Figure 4e-g illustrates that the MMP-14 probe,
after intravenous injection in mice bearing in situ PDX JX12
glioma, shows superior NIRF/PET imaging capability with
significant contrast at the tumor site relative to normal brain
tissue. The results indicated that PET and NIRF signals were
linearly related and co-localized with MMP-14 expression
in resected tumors in orthotopic patient-derived xenograft
glioma tumors.

4 Applications in cancer therapy

Up to now, various methods including surgery, chemotherapy,
radiotherapy, immunotherapy, phototherapy, and thermal
therapy have been widely applied in cancer treatment, but
therapeutic effect of these methods is still limited due to
metastasis of cancer cells and poor prognosis [69]. MMPs
response-based intelligent nanoplatform has become the
focus in cancer treatment [70]. Enzyme-specific substrate
peptides are used as carriers to load chemotherapeutic
drugs, radiotherapy sensitizers, photosensitizers, or photo-
thermal agents through physical adsorption or chemical
bonding, and to develop multi-functional nanoplatforms
to address the difficult problems in tumor treatment [71].
The latest advances in MMPs-responsive cancer treatments
are systematically summarized in Table 3.

4.1 Chemotherapy

Traditional chemotherapeutic drugs lack targeting, which
will cause toxicity to normal tissues [16]. Taking advantage
of specially overexpressed MMPs in tumor, targeted drug
delivery system can accurately deliver and control release
drugs in tumor site, thereby reducing side effects and
improving the treatment effect [85]. Doxorubicin (DOX)
is an anthracycline that has been used as first-line drug
in clinical treatment of malignant tumors such as breast
cancer, malignant lymphoma, and lung cancer [86]. Due
to the concomitant toxic and side effects, such as cardiac
toxicity and liver injury, DOX is seriously restricted in clin-
ical treatment of cancer [87]. For improving pancreatic
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Figure 4: (a) Scheme for dual-modality PET/NIRF imaging of glioma (GBM) with an MMP-14 activatable peptide. (b) Structure of MMP-14
substrate-binding peptide probe. (c) Immunofluorescence signal quantification of MMP-14 in GBM adherent cells cultured in vitro. (d) Cell-
associated NIRF signals (red) of glioma cells (D54, U87, U251) after incubation with substrate binding peptide (top), substrate peptide
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tumor 1h after intravenous injection of substrate-binding peptide. (f) PET images in mice bearing in situ PDX JX12 glioma tumors 4 h after
intravenous injection of ®“Cu substrate binding peptide. (g) In vitro biodistribution showing whole brain activity 5.5 h after intravenous
injection of ®“Cu substrate binding peptide or ®*Cu substrate binding peptide + blockade (non-labeled binding peptide) in mice bearing
in situ PDX JX12 glioma tumors. Reprinted with the permission from Kasten et al. [56]. Copyright 2019, Springer Nature.

cancer treatment and reducing side effects of DOX, Wei injecting MC-T-DOX in pancreatic cancer model, MC-T-DOX
et al. developed an intelligent response-type nanovesicle was activated by MT1-MMP from tumor endothelial cells
MC-T-DOX loaded with DOX (Figure 5) [72]. After intravenously ~ (ECs) to release selegiline, thereby promoting ECs migration



206 — Qiuye Wang et al. DE GRUYTER
Table 3: Representative development of nanoparticles responsive to MMP and their application in cancer therapy

Enzyme Nanocarrier Substrate Drug Therapy Tumor Ref.
MMP-14 MC-T-DOX KRRQLGLPALSBAla DOX Chemotherapy Pancreatic [72]

cancer
MMP-2 ELP-CPP-Do PLGALG DOX Chemotherapy Breast cancer [73]
MMP-2/9 RPM@NLQ CYGGRGNG PTX Chemotherapy Breast cancer [74]
MMP-2 T-PFRT GPLGVRGK / PDT Breast cancer [75]
MMP-2 CeOx-EGPLGVRGK-PPa EGPLGVRGK / PDT Liver cancer [76]
MMP-9 Au@Res GPLG / PTT Liver cancer [77]
MMP-2 P/ML-NNG GPLGIAGQG / Immunotherapy Melanoma [78]
MMP-2 PEG-MP9-aPDL1 PLGLAG / Immunotherapy Colon cancer [79]
MMP-2 AFT/2-BP@PLGA@MD PLGA / Immunotherapy Breast cancer [80]
MMP-2 PMRA (DPPA-1-PLGLAG- PLGLAG / Immunotherapy Colon cancer [81]
RRRRRRRR-PyTPA),
MMP-2 MA-pepA-Ce6 GPLGVRGDK / PDT, immunotherapy Breast cancer [82]
MMP-2 NIA-D1@R848 PLGLAG / Radiotherapy, Colon cancer [83]
immunotherapy
MMP-2 A/Au@MSMs-P PVGLIG abemaciclib PTT, immunotherapy, Breast cancer [84]
chemotherapy

and angiogenesis, and improving the accumulation and
distribution of MC-T-DOX at tumor site. The DOX was
then released under thermal triggered by MC-T-DOX,
which increased bioavailability. Ryu et al. further improved
DOX delivery system by carrying an MMP-2 responsive
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polypeptide linker, which showed better cell penetration
and could induce more cancer cell death [73]. Paclitaxel
(PTX) is another first-line chemotherapeutic drug. Duan
et al. designed MMP-triggered liposomes that sequen-
tially loaded quercetin and PTX for fibrotic tumor

Figure 5: Scheme of MC-T-DOX enhances tumor blood perfusion and drug delivery in pancreatic cancer. MT1-MMP, membrane type 1-matrix
metalloproteinase; MC, MT1-MMP-activated cilengitide. Reprinted by permission from Wei et al. [72]. Copyright 2020, Wiley-VCH.
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microenvironment (TME) remodeling and chemotherapy
boosting [74]. After administration, the liposomes spe-
cifically accumulated in stroma-rich tumor sites, and
the two drugs were released when undergoing MMP
digestion.

4.2 Phototherapy

Phototherapy, including photodynamic therapy (PDT)
and photothermal therapy, is a non-invasive treatment
with features of high safety and high selectivity [88].
PDT utilizes photosensitizers to produce cytotoxic reac-
tive oxygen species under irradiation of near-infrared light
to induce apoptosis [89]. However, most of the photosen-
sitizers lack cancer targeting capability and tissue penetra-
tion. It has been clarified that MMPs-responsive probes
can improve the penetration of photosensitizers and
achieve PDT in deep tumor [90]. Based on this strategy,
Liang et al. overcame physiological barriers caused by

Recent advances in MMPs-responsive nanoprobes =— 207

TME and delivered zinc phthalocyanine photosensitizers
(ZnPc) into deep tumor, which enhanced therapeutic
efficiency [75]. As shown in Figure 6a, the nanoprobes
consisted of two parts: (1) ferritin nanocage (PFRT) encap-
sulated ZnPc and (2) dendritic mesoporous silicon nano-
particles (DMSN) loaded oxygen-supplied hemoglobin
(Hb)/matrix remodeling reagent (iTGFb). The two parts
were linked by MMP-2 substrate peptide to form core-
satellite nanoframeworks (T-PFRT) with convertible dimen-
sions. After the nanoframeworks were cleavaged into two
parts by MMP-2, DMSN released Hb and iTGFb led to nor-
malization of TEM, which further promoted deep tissue
penetration of PFRT, and finally improved PDT effect of
ZnPc. As shown in Figure 6b, compared with addition of
enzyme inhibitor SB-3CT, DMSN- PFRT showed more deep
penetration of released PFRT in tumor spheroids. The tumor
size curve in Figure 6c indicates that laser irradiated T-PFRT
showed superior tumor suppression over the other groups.
Similarly, Fan et al. combined catalase mimetics (Cerium
oxide, CeOx) and photosensitizers with MMP-2 peptide sub-
strate to overcome tumor hypoxia in PDT [76]. When the
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Figure 6: (a) The structure and composition of nanoframeworks T-PFRT. (b) Penetration depth of different formulations in 3D tumor spheroid.
(c) Tumor growth curve in different groups. G1, PBS; G2, T-PFRT without laser irradiation; G3, DMSN-PFRT (w/o pep) with laser irradiation;
G4, DMSN-PFRT with laser irradiation; G5, iTGFbDMSN-PFRT with laser irradiation; G6, OxyHbDMSN-PFRT with laser irradiation; G7, T-PFRT
with laser irradiation. Reprinted with permission from Liang et al. [75]. Copyright 2021, Wiley-VCH.
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peptide (EGPLGVRGK) was cut by MMP-2 at cleavage site
between V and G, the smart nanoprobes changed from
“silent state” before reaching cancer cell to “activated state”
inside cell, thus turning on fluorescence and generating *0,.

Different from PDT, photothermal therapy (PTT) is a
method that converts the absorbed near-infrared light
into thermal energy by photothermal agent to ablate
cancer cells [91].The principle of PTT is that cancer cells
have lower heat tolerance than normal cells, and heat can
cause irreversible damage to cancer cell membranes and
trigger protein denaturation [92]. Although PTT has made
great progress in cancer treatment, non-specific PTT reagents
have certain limitations, such as inefficiency accumulation in
tumor, low photothermal conversion, and inevitable damage
to normal tissue [93,94]. In order to minimize the damage to
non-pathological tissues, Wu et al. modified gold nanorods

ancer cell
membrane vesicle

Cancer cell

(a)
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with MMP-9 sensitive peptide sequence (GPLG) [77]. Com-
pared with nude gold nanorods, peptide modified gold
nanorods showed enhanced accumulation in tumor, and
therefore improved treatment efficiency.

4.3 Immunotherapy

Immunotherapy is a method of killing cancer cells by
activating human autoimmune system [95]. Utilizing enzyme-
specific hydrolysis to construct nanocarriers for immuno-
therapeutic drug delivery is a common strategy for
MMPs-based immunotherapy. Liu et al. designed NF-kB
pathway inhibitor IMD-0354 and programmed cell death
protein 1 (PD-1) antibody co-loaded enzyme-responsive
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Figure 7: (a) Scheme of preparation of AFT/2-BP@PLGA@MD nanoparticles. (b) The antitumor mechanism of AFT/2-BP@PLGA@MD. (c) Fl of
mice administration by various nanoparticles labeled with DIR. Fluorescence images of tumors and main organs of mice intravenously
injected at 48 h and quantitative analysis of fluorescence intensity of ex vivo images. (d) Mice survival curves. (e) Images of metastatic
nodules in lungs. Reprinted with permission from Wang et al. [80]. Copyright 2022, American Chemical Society.
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nanoparticles. Under decomposition by MMP-2, the nano-
particles released drugs could promote immune check-
point-blocking immunotherapy by inducing polarization
of tumor-associated macrophages and inhibiting the
programmed cell death protein-1 (PD-1)/Programmed
cell death 1-ligand 1 (PD-L1) pathway [78]. Similarly,
Lu et al. exploited the abundant MMP-2 in TME to initiate
tumor lysis and release tumor-associated antigen, addres-
sing the problem of colorectal cancer insensitivity to anti-
PD-L1 immunotherapy due to the lack of neoantigen [79].
In addition, D-peptide antagonist (DPPA-1), an immune
checkpoint inhibitor, is often applied in immunotherapy
as a polypeptide sequence with PD-1/PD-L1 blocking func-
tion due to its convenience in modification and strong
penetration [80]. For example, Dai et al. used MMP-2 sub-
strate peptide to immobilize immune checkpoint inhibitor
DPPA-1 on outer membrane (Figure 7a). High expression of
MMP-2 in tumor could reactively release "PPA-1 to block
PD-1/PD-L1 pathway and activate anti-tumor immune
response, thereby greatly inhibiting tumor growth and
metastasis (Figure 7b). Compared with control group,
tumor fluorescence intensity of the DIR@PLGA@MD
group was significantly increased, which indicates excel-
lent tumor targeting ability of the nanoprobes (Figure 7c).
Figure 7d shows that AFT/2BP@PLGA@MD exhibited sig-
nificant tumor inhibition (71.9%) and improved survival.
In addition, AFT/2-BP@PLGA@MD significantly inhibited
metastatic nodules in lung after 34 days (Figure 7e). Cur-
rently, coupling MMP-substrate peptides with "PPA-1 pep-
tides to achieve responsive release in TME is a common
strategy [81]. In conclusion, enzyme-mediated delivery
system can improve drug efficacy, reduce immunotoxicity,
and provide a platform for synergistic cancer immunotherapy.

4.4 Combination therapy

Despite the fact that individual medicines have anti-tumor
effects, it is still necessary to construct multifunctional ther-
apeutic platform to deal with the complex TME, and enhance
therapeutic efficiency [96]. It has been demonstrated that
combination of two or more therapeutic techniques can
achieve more effective treatment and minimize incidence of
tumor recurrence. Because of convenient modification, the
MMPs substrate-based responsive strategy can integrate mul-
tiple drugs or treatment modalities to achieve multifunctional
combination therapy.

As a representative, Hu et al. prepared enzyme-
responsive MA-PEPA-Ce6 nanoparticles, on which PD-L1
inhibitor (metformin, MET) and photosensitizer (chlorin,
CE6) were loaded via substrate peptide GPLGVRGDK [82].
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After degraded by MMP-2 in tumor, the exposed VRGDK-Ce6
could specially bind with integrin avf33 receptor, and
induce a strong anti-tumor immune effect under laser irra-
diation. Meanwhile, the released MET in acidic TME could
further amplify the anti-tumor immune response, there-
fore combinedly inhibiting tumor growth. Self-assemble
of amphiphilic peptides containing both hydrophilic and
hydrophobic groups is another effective strategy for drug
carriers. As shown in Figure 8a, Zhu et al. synthesized
amphiphilic polypeptide by using MMP-2-sensitive pep-
tide PLGLAG to graft hydrophobic radiotherapy sensitizers
2-(2-nitroimidazoll-yl) acetic acid (NIA) and hydrophilic
PD-L1 antagonist "PPA-1 [83]. Further, as-synthesized
amphiphilic peptides were co-assembled with hydro-
phobic immune adjuvant R848 to form nanoparticles. As
shown in Figure 8b—d, MMP-2 responsive release of NIA,
R848, and D1 peptide dramatically enhanced radiation
sensitivity of tumor cells, promoted maturation of den-
dritic cells, and blocked PD-1/PD-L1 pathway, respectively.
Therefore, both primary tumor and distal tumor were
inhibited, and long-term immune protection was gener-
ated to prevent tumor recurrence.

For considerable enhancing treatment efficiency,
three or more therapeutic medications have been successfully
mounted on the same nanoplatform. Gao et al. designed novel
nanoplatforms consisting of abemaciclib-loaded photo-
thermal nanoparticles (A/Au@MSMs) and MMP-2 substrate
peptide-conjugated anti-PD-1 antibody [84]. The nanoplat-
forms carried chemical-photothermal-immune synergistic
therapy in one treatment, which completely eliminated tumor
and showed great potential for cancer treatment in future.

5 Integration of diagnosis and
treatment

Integration of diagnosis and treatment will visually eval-
uate and real-time monitor therapeutic effect, and is of
great significance for precision medicine. MMPs-respon-
sive nanoprobes have been continuously optimized to
construct high performance of imaging and therapy func-
tions in one platform, which aims to provide patients
with more personalized treatment plans and better prog-
nosis means (Table 4).

5.1 Single mode image guided tumor
therapy

MRI has been widely used in cancer diagnosis due to
its advantages of non-invasive detection, high spatial
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Copyright 2022, Wiley-VCH.

resolution, and infinite tissue penetration depth [103].
Commonly used MRI contrast agents in clinic include T,
contrast agents such as gadolinium-based (Gd*>*) or man-
ganese-based (Mn>") small molecular, and T, contrast
agents such as superparamagnetic iron oxide nanoparticles
(SPIONS) [104,105]. The synergy of MRI contrast agents with
cancer therapy show wide application prospect in tumor
detection and drug release monitoring. Chen et al. designed
novel MMP-9 responsive nanoplatform (PMP@USPIO/DOX,
PMPSD) with T,—T; conversion characteristics for tumor

imaging and synergistic chemo-photothermal therapy [97].
Under physiological condition, the ultrasmall superpara-
magnetic iron oxide (USPIO) was in aggregated state and
acted as T, contrast agent. However, when polypeptide
chains were cleaved by MMP-9 in TME, the released USPIO
transformed into T; contrast agent, which could obtain
non-invasive imaging and quantitative analysis of MMP-9.
In addition, the nanoplatform also shows excellent
photothermal performance. Wang et al. synthesized multi-
functional metal-organic frameworks modified with MMPs



DE GRUYTER Recent advances in MMPs-responsive nanoprobes =— 211
Table 4: Examples of MMPs-responsive nanoprobes for integration of diagnosis and treatment

Enzyme Nanocarrier Substrate Diagnosis Therapy Tumor Ref.
MMP-9 PMP@USPIO/DOX GPLGL MRI PTT, chemotherapy Breast cancer [97]
MMPs TM@P/DOX KCQGWIGQPGCK MRI PTT, chemotherapy Breast cancer [98]
MMP-2 PEG2000-R8-PLGLAG-EK6 PLGLAG FI Chemotherapy Pancreatic cancer [99]
MMP-2 T-MAN GGPLGVRGK FI, MRI PTT Gastric cancer [100]
MMP-2 DSP@Ce6@Gd PLGVRGRGDC FI, MRI PTT Lung cancer [101]
MMP-2/9 TRA-GNRs-DM1 CRDPLGLAGDRC CT, PT, PA PTT Breast cancer [102]

substrate peptide-conjugated bone targeting peptide and
cell penetrating peptide for MRI guided chemo-photo-
thermal therapy of bone tumor. The multifunctional metal-
organic frameworks showed increased uptake in bone tumor
cells, therefore enhancing photothermal-chemotherapeutic
efficacy [98].

In addition to MRI, near-infrared FI-guided cancer
therapy can supply high-sensitive optical signal of focus,
thereby expecting to achieve precise treatment and real
time prognosis evaluation. Chen et al. designed an image-
guided drug delivery strategy using supramolecular AIE
nanodots to achieve targeted drug release within tumor
cells [99]. As shown in Figure 9a, the nanodots are com-
posed of three parts, including two groups of functional
alpha-cyclodextrin (alpha-CD) modified with anticancer
drug gemcitabine (GEM) and AIE luminescent agent TPR,
and a group of cell-penetrating peptide RRRRRRRRRR (R8)
and zwitterionic stealth sequence EKEKEKEKEKEKEKEK
(EK6) connected by MMP-2 peptide substrate PLGLAG.
After MMP-2 degradation in tumor, the shielding sequence
EK6 was removed to expose R8 to enhance intracellular
internalization, and then release of GEM was triggered by

intracellular reduction microenvironment. Compared to
the control group, the nanodots showed enhanced fluor-
escence signaling and antitumor activity, demonstrating
the targeting of MMP-2 in tumors (Figure 9b—e).

5.2 Multimodal image-guided tumor therapy

Multimode imaging-guided therapy can overcome limita-
tions of single-mode imaging and show higher applica-
tion prospects. Shi et al. constructed a novel Gd>* doped
CuS magnetic SPNs (T-MAN), and then covalently modi-
fied with cRGD-targeted peptide, NIR fluorophore (Cy5.5),
and quencher QSY21-labeled MMP-2 cleavable peptide
substrate (Figure 10a) [100]. Following intravenous
administration, T-MAN was actively delivered to gastric
cancer tissues mediated by ovf3 integrin and specifically
cleaved by MMP-2 in ECM, which produced significantly
enhanced NIR fluorescence and T;-weighted MR contrast sig-
nals to accurately depict gastric tumors (Figure 10b). Under
the guidance of NIR/MR bimodal imaging, in situ gastric
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tumors were ablated by 808 nm NIR laser. Figure 10c—e
indicated that when interacting with MMP-2, T-MAN
exhibited a large fluorescence turn-on ratio at 690 nm
(~185-fold), a high r1 relaxation value (~60.0 mM s, and
preferential tumor accumulation (~23.4% ID%/g at 12h).

In addition to PTT, PDT-based diagnosis and treat-
ment is also a research focus. For instance, Yang et al.
modified amphiphilic DSPE-PEG2000 with MMP-2 sub-
strate peptide PLGVRGRGDC and gadolinium chelating
agent DTPA (diethylenetriamine pentaacetic acid), respec-
tively, to form functionalized nanoparticles by self-assembly.
Then, photosensitizers Ce6 and gadolinium ions were loaded
on the nanoparticles. Their results showed MMP-triggered
targeting peptides could specifically deliver Ce6 photosensi-
tizers into A549 tumor cells and effectively ablate cancer cells
under laser irradiation with guidance of NIRF/MR dual-mode
imaging [101]. Furthermore, by using MMP-2/9 sensitive
peptide as linker, Liu et al. prepared ultra-small gold
nanoparticles with functions of three-mode imaging
including CT, PA, and photothermal imaging, as well as
high performance of photothermal therapeutic effect [102].

6 Conclusion and perspective

As an important cancer marker, MMPs participate in the
whole process of cancer occurrence and development,
including tumor growth, proliferation, invasion, metas-
tasis, and angiogenesis. The combination of emerged
nanotechnology with enzyme-responsive strategies shows
great potential for targeted cancer diagnosis and treat-
ment. In this work, we first introduced the types of cancer
in which MMPs are overexpressed and their biological
functions in cancer. Then, we focused on the advances
of MMP-responsive nanoprobes in tumor imaging and
treatment, and gave representative examples of integrated
diagnosis and treatment probes.

Although most MMPs responsive strategies show pro-
mising results, they still face many challenges in clinical
application. First, the MMPs have many uncertainties.
On the one hand, the enzymes have slow recognition
response to the substrate peptide and long degradation
process; on the other hand, type and content of the
proteases in body fluctuate greatly and have complex
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functions, as a result, other proteases degrade nano-
probes in advance to interfere the targeting effect. Second,
the current design of multifunctional response systems
mostly relies on building multiple components with dif-
ferent “diagnosis” or “treatment” functions together,
and the obtained final system structures are complex,
with poor circulation stability and easy to collapse during
blood transportation. In addition, there are unpredict-
able interference between different components and
even potential toxicity. Therefore, how to improve the
sensitivity of nanoprobes to MMPs, enhance the specifi-
city, improve the stability of transport in the body, opti-
mize the synergy between functional groups, ensure the
biocompatibility of nanoprobes to reduce toxic and side
effects, and other issues still need efforts from various
aspects. In addition, the excessive production cost has
become one of the obstacles to the clinical application of
enzyme-responsive nanoprobes. As a potential direc-
tion, MMP-based responsive nanoprobes are expected
to open up new ideas for the diagnosis and treatment
of cancer.
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