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Matrix metalloproteinases (MMP) are enzymes that degrade the extracellular matrix and regulate essential normal cell
behaviors. Inhibition of these enzymes has been a strategy for anti-cancer therapy since 1990s, but with limited success. A
DOI: 10.1039/x0xx00000x new type of MMP-targeting strategy exploits the innate selective hydrolytic activity and consequent catalytic signal
amplification of the proteinases, rather than inhibiting it. Using nanomaterials, the enzymatic chemical reaction can trigger
the temporal and spatial activation of the anti-cancer effects, amplify the associated response, and cause mechanical
damage or report on cancer cells. We analyzed nearly 60 literature studies that incorporate chemical design strategies that
lead to spatial, temporal, and mechanical control of the anti-cancer effect through four modes of action: nanomaterial
shrinkage, induced aggregation, formation of cytotoxic nanofibers, and activation by de-PEGylation. From the literature
analysis, we derived chemical design guidelines to control and enhance MMP activation of nanomaterials of various chemical
compositions (peptide, lipid, polymer, inorganic). Finally, the review includes a guide on how multiple characteristics of the
nanomaterial, such as substrate modification, supramolecular structure, and electrostatic charge should be collectively
considered for the targeted MMP to result in optimal kinetics of enzyme action on the nanomaterial, which allow access to
amplification and additional levels of spatial, temporal, and mechanical control of the response. Although this review focuses
on the design strategies of MMP-responsive nanomaterials in cancer applications, these guidelines are expected to be
generalizable to systems that target MMP for treatment or detection of cancer and other diseases, as well as other enzyme-
responsive nanomaterials.

1. Introduction

Matrix metalloproteinases (MMP) are a family of enzymes that
are responsible for degrading components of the extracellular

matrix and for regulating extracellular cell signals that are
essential to normal cell behaviors such as turnover of tissues,
angiogenesis, and wound healing. Atypical activation and
overexpression of MMPs have been linked to multiple diseases
including arthritis,? cardiovascular diseases,? multiple types of
cancers,3® and their progression.? MMP-responsive materials
have been developed for several biomedical applications,
including targeted delivery of small and biomolecular
therapeutic agents, imaging, phototherapy, as well as sensors
to detect and quantify MMP levels in vitro and in vivo. Direct
methods of inhibiting the MMP catalytic activity include using
small molecule inhibitors,1° or using collagen peptidomimetics

which typically contain a collagen-like backbone to facilitate
binding to the active site of the MMP and a hydroxamate
structure which inactivates the enzyme through chelating the
zinc ion (Zn?*) in the active site.'>12 Indirect methods include

2 Nanoscience Initiative, Advanced Science Research Center at The Graduate Center
of the City University of New York (CUNY), 85 Saint Nicholas Terrace, New York,
NY 10031, USA. Email: rulijn@gc.cuny.edu

b-Department of Biomedical Engineering, The City College of New York, CUNY, 160
Convent Avenue, New York, NY 10031, USA.

¢ Ph.D. Program in Biochemistry, The Graduate Center of CUNY, 365 Fifth Avenue,
New York, NY 10016, USA.

4 Ph.D. Program in Chemistry, The Graduate Center of CUNY, 365 Fifth Avenue,
New York, NY 10016, USA.

e Department of Radiology, Memorial Sloan Kettering Cancer Center, 1275 York
Avenue, New York, New York 10065, USA.

f Department of Chemistry, Brooklyn College, CUNY, 2900 Bedford Avenue,
Brooklyn, NY 11210, USA.

9-Department of Chemistry, Hunter College, CUNY, 695 Park Avenue, New York, NY
10065, USA.

T These authors are considered as co-first authors.

blocking MMP gene expression, or interfering with MMP’s
interactions with other proteins.’314 However, while they often
show promising in vitro performance, these strategies have
proven to be largely unsuccessful in clinical trials and MMPs
remain as highly desirable, yet unattained targets.'®

The interest in targeting MMPs for anti-cancer treatment is
evident from the number of projects undertaken by the
pharmaceutical industry. Since the late 1990s, more than 50
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MMP-responsive anti-cancer systems have been tested in
clinical trials and these systems continue to show potential for
targeted anti-cancer therapy.'® Although many broad spectrum
MMP inhibitors!” demonstrated promising preclinical data, and
were evaluated in clinical trials, these trials were cancelled in
phase Ill due to a lack of efficacy or severe toxicity.'®18 The
failures in clinical trials have allowed researchers to discover
new roles of MMPs in various stages and grades of different
cancers, leading to a more comprehensive understanding of the
functions of MMPs through technological developments.1®
Major reasons for the limited success include non-specific
inhibition of the different MMPs (23 human MMPs) -which have
similar substrate pockets- and the timing of the MMP inhibition
during cancer progression, which leads to broad inhibition of
MMPs, including those that have anti-cancer effects at specific
stages of cancer.'®1® Despite the challenges, researchers
continue to investigate ways to target MMPs using inhibitors?°
and to develop new and innovative strategies for targeting
MMPs in cancer.

1.1. MMP-targeting nanomaterials for anti-cancer therapy

Within the past ~ 20 years, a new type of MMP-targeting
strategy has been explored which exploits the innate selective
hydrolytic activity of the proteinases -rather than inhibiting it-
to trigger anti-cancer effects using nanomaterials. This strategy
could be advantageous because it is autonomous, whereby the
desired anti-cancer effect can be expected to be triggered in
areas where MMP activity is upregulated during specific stages
of cancer progression. There are a number of unique
advantages to this strategy compared to the approach of
inhibiting MMP activity. First, the catalytic trigger inherently
amplifies a signal through the process of catalytic turnover (Fig.
1A). This means that each MMP molecule can turnover large
numbers of nanostructured substrates, which leads to signal
amplification in the material response compared to the 1:1
stoichiometry in small molecule inhibition. Second, the
approach can be used to convert and amplify disease-specific
signals to supramolecular changes, providing access to physical
or mechanical action such as a micelle to fiber morphology
switch (Fig. 1B). Lastly, using MMP-responsive materials, an
ideal system could selectively engage with a specific MMP
target, activate at the site where it is needed (i.e., the tumor
microenvironment rather than a healthy environment), and
respond at a pre-defined rate (ranging from a few hours to
multiple days) giving rise to spatial and temporal controlled
therapeutic or diagnostic effect (Fig. 1C).

This manuscript reviews the promising results of these
strategies by categorizing the examples found in literature into
4 different modes of action: 1) nanomaterial shrinkage or
collapse, 2) induced aggregation, 3) formation of cytotoxic
amyloid-like fibers, and 4) activation by de-PEGylation. We
evaluate how the 4 different modes of response affect the
efficacy of the therapeutic or imaging agent in vitro and in vivo.
Typically, the design of MMP-responsive nanomaterial is
simplified to inserting an MMP-cleavable peptide sequence into
a known material. For our analysis, we applied a more holistic
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approach using three additional factors: 1) sequence specificity,
2) supramolecular architecture (with an emphasis on
order/disorder) and 3) electrostatic recruitment and analyze
examples in literature to derive general trends on how these
factors can influence MMP specificity and affect the rate of
nanomaterial response. Lastly, we discuss key challenges and
opportunities for MMP-responsive nanomaterials to be
translated into clinical use. Before diving into the specific
examples of MMP-responsive nanomaterials, we provide the
readers with context on MMP structure and function and their
atypical activities during cancer progression.

1.2. Structures and properties of MMPs

MMPs are a family of zinc-dependent endopeptidases that
remodel the extracellular matrix and are involved in
extracellular cell signaling. Regulation of MMP activity and
expression at the transcription and translational levels are
necessary and crucial for maintaining normal biological
processes.?! There are a total of 23 known MMPs found in
humans which are either secreted from the cells or are bound
to the cell surface membrane.?? Traditionally, MMPs were
named after their common substrates, for example, MMP-1, -8,
and -13 are also called collagenase 1, 2, and 3, respectively, and
MMP-2 and -9 are called gelatinase A and B, respectively. As the
names suggest, MMPs have different roles in tissue remodeling,
which requires them to have specific interactions with their
substrates. Following the discovery of many more substrates,
they are now grouped together according to their domain
structures and are sequentially numbered in the order of
discovery.

All MMPs are initially expressed as inactive pro-enzymes or
zymogens and are subsequently activated extracellularly (with
the exception MMP-11 and -28)2> when required through a
“cysteine switch” process which breaks the Cys-Zn?* interaction
between the cysteine in the pro-enzyme domain and the Zn?* in
the catalytic domain of the enzyme. Three histidines in the
catalytic domain's sequence, HEXXHXXGXXH, ligate the active
site Zn?* and the glutamate residue activates a zinc-bound H,0
molecule, providing the nucleophile responsible for cleaving the
peptide bonds.2* Once activated, MMP activity is regulated by a
class of proteins called tissue inhibitors of metalloproteinases
(TIMPs) which comprise of 4 homologous members (TIMP-1, -2,
-3 and -4). TIMP-1, -2, and -4 are secreted proteins, whereas
TIMP-3 is membrane bound and therefore restricted to the
extracellular matrix.2> TIMPs bind MMPs in a stoichiometric 1:1
ratio and can prevent substrates from accessing the catalytic
domain of MMPs and inhibit MMP activity.?> Detailed
descriptions of the structures and functions of MMPs have been
published by Nagase et al.??2 Table 1 summarizes the 23
human MMPs with their cellular location, domain structure
class, numerical and other names, natural substrates, and the
pro and active form of the MMPs’ calculated isoelectric points,
molecular weights, and amino acid lengths. In section 3 of the
review, we discuss how these inherent characteristics of MMP
such as their isoelectric points are relevant in designing

This journal is © The Royal Society of Chemistry 2023
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electrostatically charged nanomaterials to match the enzyme’s
charge.

1.3. Role of MMPs and overexpression in cancer progression

The roles of MMPs in cancer progression have been studied
since the 1980’s and have been mainly associated with one of
the hallmarks of cancer: tissue invasion and metastasis.?® Since
then, many other cancer development processes have been
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process, and both down- or up- regulation of MMPs have been
observed based on subtypes’ and stages® of cancer. Of the
different MMPs, MMP-2, -7, and -9 have been most widely
studied for their overexpression during cancer progression.® For
example, in comparison to healthy volunteers, patients with
colorectal cancer have concentrations that are ~43 times higher
for MMP-2 and ~74 times higher for MMP-9 in colorectal
tissues; and ~7.5 times higher for MMP-2 and ~3 times higher
for MMP-9 in plasma.® Table 2 lists nanomolar concentrations

associated with MMPs, including cancer cell invasion,
proliferation apoptosis tumor angiogenesis and of MMP-2 and -9 measured in various cancer cell lines, mouse
vasculogenesis, cell adhesion, migration, and epithelial- models, and patient-derived samples quantified using ELISA;
mesenchymal transition, as well as escaping immune and millimolar concentrations of MMP-7 reported by Tanaka et
surveillance.®*3 The regulation of MMPs is a complex biological al?” from cell culture media of various cancer cell lines
measured through fluorometric assays.
A Signal amplification o Spatiotemporal feedback and controlling kinetics
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Fig. 1 MMP-responsive nanomaterials have the ability to (A) amplify
spatial and temporal activation of the nanomaterial.
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the signal, (B) induce a physical morphology switch, and (C) control the
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Table 1. Table of 23 human MMPs and their cellular location, domain structure class, numerical and other names, natural substrates, and
characteristics. Adapted from references 13, 21, and 28 (N/A = not available).

Length Length

Domain pl pl MW MW (amino (amino
é’:;t;:ture MMPs Other Name(s) Natural Substrates Pro  Active g(rga) g(c?iav)e acids)  acids)
Pro Active
Secreted
Minimal 7 Matrilysin; Fibronectin; IGFBP-3; BM-40 7.73 877 28 19 267 173
domain matrin; PUMP1; small (SPARC/Osteonectin); Decorin;
uterine E-cadherin; Fas ligand; Pro-TNFa;
metalloproteinase RANK ligand; Heparin-binding EGF
26 Matrilysin 2; N/A 596 N/A 28 19 261 N/A
endometase
Simple 1 Collagenase 1; Type | collagen; Fibronectin; IGFBP-3; 6.47 4.85 55 45 469 169
hemopexin interstitial/ IL-1B degradation; Monocyte
domain fibroblast/tissue collagenase chemoattractant protein-3; Protease
activated receptor 1
3 Stromelysin 1; transin 1; Fibronectin; Basement membrane; E- 577 4.89 57 45 477 173
proteoglycanase; procollagenase cadherin; Plasminogen; Perlecan;
activating protein IGFBP-3; BM-40 (SPARC/Osteonectin);
Monocyte chemoattractant protein-3;
Decorin
8 Collagenase 2; neutrophil/ Type | collagen 6.38  4.64 75 58 467 171
PMN/granulocyte collagenase
10 Stromelysin 2; N/A 549 4.68 57 44 476 173
transin-2
12 Metalloelastase; macrophage Plasminogen 875 N/A 54 45,22 470 N/A
elastase/metalloelastase
13 Collagenase 3 Type | collagen; Perlecan; Monocyte 532 517 60 48 471 171
chemoattractant protein-3
19 RASI-1; MMP-18 IGFBP-3; Laminin 5y2 chain 722 881 54 45 508 161
20 Enamelysin N/A 8.84 6.40 54 22 483 169
27 N/A N/A 8.83 N/A N/A N/A 513 N/A
Gelatin- 2 Gelatinase A; 72-kDa/neutrophil Chondroitin sulfate proteoglycan; 526 4.72 72 66 660 343
binding gelatinase; 72-kDa type IV Fibronectin; IGFBP-3; BM-40
collagenase (SPARC/Osteonectin); Laminin 5y2 chain;
IL-1B degradation; Monocyte
chemoattractant protein-3; Decorin;
Big endothelin; Adrenomedullin;
Stromal cell-derived factor 1a
9 Gelatinase B; 92-kDa gelatinase; BM-40 (SPARC/Osteonectin); ICAM-1; 5.69 4.88 92 86 707 343
92-kDa type IV collagenase IL-1B degradation; IL-2Ra; Precursor of
TGFB; Collagen IV; Galactin-3
Furin- 11 Stromelysin-3 N/A 6.38 5.19 51 44 488 169
activated
and
secreted
28 Epilysin N/A 970 N/A 56 45 520 N/A
Vitronectin- 21 Homologue of Xenopus XMMP N/A 9.19 N/A 62 49 569 N/A
like insert
Membrane associated
Trans- 14 MT1-MMP; MT-MMP1 CD44; Type | collagen; Laminin 5y2 763 4.89 66 56 582 187
membrane chain; Monocyte chemoattractant
protein-3; Cell surface tissue
transglutaminase; Transmembrane
mucin 1
15 MT2-MMP; MT-MMP2 Cell surface tissue transglutamnase 7.03 N/A 72 50 669 N/A
16 MT3-MMP; MT-MMP3 Cell surface tissue transglutaminase 872 N/A 64 52 607 N/A
24 MT5-MMP; MT-MMP5 N/A 9.30 5.56 57 53 645 194
GPI- 17 MT4-MMP; MT-MMP4 N/A 6.08 N/A 57 53 603 N/A
anchored
25 MT6-MMP; MT-MMP6; leukolysin N/A 876 N/A 34 28 562 N/A
Type ll 23 Cysteine array MMP (CA-MMP); N/A 9.94 N/A 28 19 390 N/A
trans- femalysin; MIFR
membrane

4 | Biomater. Sci.
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Table 2. Concentrations of MMP-2 and -9 in non-cancerous and 10 varieties of cancerous samples measured through ELISA assay; and
concentrations of MMP -7 in cell culture media measured by fluorometric assay.

Cancer Sample type MMP Concentration (ng/mL) Assay Ref.
Non-Cancerous Healthy volunteer plasma MMP-2 75+5.7 ELISA 4
MMP-9 20+ 2.5 ELISA
Healthy volunteer colonic tissue MMP-2 4.2 +£0.4 (ng/mg) ELISA
MMP-9 6.5 £ 3.5 (ng/mg) ELISA
Healthy volunteer plasma MMP-9 36+13 ELISA 29
Lung Cancer NSCLC patient plasma MMP-9 71+60 ELISA 29
A549 cell line culture media MMP-2 ~0.3 ELISA 30
NSCLC mouse model - Heart MMP-2 ~2 (ng/mg) ELISA
NSCLC mouse model - Liver MMP-2 ~14 (ng/mg) ELISA
NSCLC mouse model - Spleen MMP-2 ~1 (ng/mg) ELISA
NSCLC mouse model - Lung MMP-2 ~2 (ng/mg) ELISA
NSCLC mouse model - Kidney MMP-2 ~4 (ng/mg) ELISA
NSCLC mouse model - Tumor MMP-2 ~9 (ng/mg) ELISA
Breast cancer 4T1 cell culture mediaat 6 h MMP-2 ~1 ELISA 31
4T1 cell culture mediaat 12 h MMP-2 ~2 ELISA
4T1 cell culture media at 24 h MMP-2 ~3 ELISA
4T1 cell culture media at 36 h MMP-2 ~4 ELISA
Prostate cancer DU-145 cell culture media MMP-2 0.46+0.14 ELISA 32
Bladder carcinoma RT-112 mice model tumor extract MMP-2 15+1.1 ELISA 33
MMP-9 0.1+0.01 ELISA
Colorectal cancer Patient plasma MMP-2 570+ 45 ELISA 4
MMP-9 57+7.9 ELISA
Patient colorectal tissue MMP-2 180 + 99 (ng/mg) ELISA
MMP-9 480 + 74 (ng/mg) ELISA
Pancreatic Cancer ~ MIAPaCa-2 cell culture media MMP-9 0.008 + 0.004 ELISA 34
PANC-1 cell culture media MMP-9 0.13+0.023 ELISA
Fibrosarcoma HT1080 mice model tumor extract MMP-2 17+6.3 ELISA 33
MMP-9 52+1.7 ELISA
HT1080 cell culture media at 6 h MMP-2 ~30 ELISA 31
HT1080 cell culture media at 12 h MMP-2 ~45 ELISA
HT1080 cell culture media at 24 h MMP-2 ~60 ELISA
HT1080 cell culture media at 36 h MMP-2 ~63 ELISA
Glioblastoma U-87 mice model tumor extract MMP-2 16+12 ELISA 33
MMP-9 50+1.0 ELISA
Cancer Sample type MMP Concentration (mg/mL) Assay Ref.
Non-Cancerous Primary human pancreatic epithelial MMP-7 0.079 £+ 0.025 Fluorometric 27
cell culture media
Dermal microvascular endothelial cell MMP-7 0.32 £ 0.066 Fluorometric
culture media
Breast Cancer SKBR3 cell culture media MMP-7 2.1+£0.92 Fluorometric
MCF-7 cell culture media MMP-7 1.8+1.3 Fluorometric
Cervical Cancer Hela cell culture media MMP-7 2.0+0.66 Fluorometric
Pancreatic Cancer MIAPaCa-2 cell culture media MMP-7 1.6+0.84 Fluorometric
Skin carcinoma A431 cell culture media MMP-7 1.3+0.51 Fluorometric
This journal is © The Royal Society of Chemistry 2023 Biomater. Sci., 2023, 00, 1-3 | 5
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2. Four Modes of MMP-triggered responses for
targeted anti-cancer therapy

Rather than inhibiting the action of MMPs, MMP-responsive
nanomaterials are designed to take advantage of the inherent
overexpression and activity of MMPs to trigger a nanomaterial
response, allowing spatial and temporal control and
amplification of the anti-cancer response. In Tables 3-6, MMP-
responsive anti-cancer nanomaterials from literature are
categorized into 4 different modes of responses following MMP
action: 1) nanomaterial shrinkage, where the initial larger
nanomaterials degrade to release encapsulated smaller
nanoparticles or the larger structure breaks up into smaller
parts; 2) nanomaterial aggregation where the change in surface
charge or amphiphilicity results in an aggregated morphology
with irregular forms that lack a clear structural pattern; 3)
nanofiber formation where the switch of morphology from
micelles into highly organized one-dimensional structures (such
as amyloid-like fibers) influence cell behavior; and 4) de-
PEGylation of the nanomaterial which exposes bioactive ligands
that were previously shielded by the PEG layer and activates the
anti-cancer effects (Fig. 2). As we review the different
categories, we discuss how the different modes of response can
influence the bioactivities in vitro and/or in vivo. Among these
bioactivities are increased internalization and selective
accumulation in tumors and cancer cells which enhances the
efficacy of the therapeutic or imaging agent while reducing off-
target effects.
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2.1. Nanomaterial shrinkage

Nanomaterials that are 100-200 nm in size can have enhanced
accumulation in the tumor microenvironment, but this
accumulation is generally limited to the periphery of the
tumor.3 It has been proposed that by using nanomaterials that

Fig. 2 The MMP-triggered modes of response for anti-cancer
therapy. As a response to MMP hydrolysis of the substrate in the
nanomaterial, the nanomaterial can 1) shrink in size, 2)
aggregate in size, 3) switch into cytotoxic nanofibers, or 4) reveal
a functional moiety in the nanomaterial without changing in size.

reduce in size following cleavage by MMPs, the shrunken 10-40
nm particles have enhanced penetration into the interstitial
tumor space. Wong et al. have used this strategy and decorated
the surface of gelatin nanoparticles with quantum dots to form
<100 nm nanoparticles (Fig. 3A).3¢ After incubating the particles
with MMP-2, 90% of the quantum dots (10 nm) were released
from the gelatin particles over 12 h. When the MMP-responsive
gelatin nanoparticles and non-responsive control silica particles
embedded with quantum dots were directly injected into
tumors in vivo, the quantum dots released from the gelatin
particle had diffused 300 um from the injection site, whereas
the quantum dots on the silica particle remained localized in the
initial injection location. This example demonstrated a proof-of-
concept for MMP-triggered release of quantum dots allowing
deeper penetration into the solid tumor mass. This strategy may
also be applicable for other therapeutic molecules.

In another system, Nazli et al. developed magnetic iron
oxide particles coated with an MMP-cleavable acrylate-PEG
polymer loaded with doxorubicin (DOX).3” These 229 nm
particles shrunk to 59 nm after 1 day of incubation with
bacteria-produced collagenase type I. Interestingly, this size
shrinkage did not trigger an increase in DOX release until 3 days
later. By day 4, 60% of DOX was released from the particles that
were incubated with collagenase, in comparison to the 36%
released without collagenase. We speculate that, although the
nanoparticle’s size was responsive to the enzymatic cleavage of
the polymer coating, the rate of payload release is not
simultaneously triggered by cleavage of the enzyme substrate.
It is likely that the drugs remain embedded in the polymer
coating which continues to degrade in solution over time. In
vitro, the DOX-loaded MMP-responsive nanoparticles were
internalized by Hela cells 11 times more than non-responsive
or bare iron oxide particles. In addition, the drug-loaded
nanoparticles displayed time-dependent activity in which they
were less cytotoxic to Hela cells compared to free DOX at 24
and 48 h, but more cytotoxic at 72 h of incubation,
corresponding with the release rate of DOX from the
nanoparticle. This example demonstrated both the temporal
and spatial control of the anti-cancer effects.

He et al. designed a “ball-and-rod” drug carrier system in
which mesoporous silica nanoparticles and star polyethylene
glycol (PEG) were connected via MMP-responsive peptide
linkers (Fig. 3B).38 When incubated with MMP-2 for 3 h, the size
of the particles significantly decreased from ~100 nm to ~42 nm.
In vitro studies on a multicellular 3D tumor spheroid showed
that the fluorescence intensity of the particles decreased at a
scanning depth of 40 um because of the restricted penetration
by the particles' large size. However, after 3 h of MMP-2
incubation, the tumor penetration increased significantly,
demonstrating that MMP-2 could effectively decrease the
particles’ size and permit greater tumor penetration. In vivo
imaging system (IVIS) revealed that, after injection of various
Cy5.5-labeled carriers in mice, the accumulation of MMP-
responsive particles in collected tumors was much higher than
that of non-responsive control particles. Moreover, mice
treated with DOX-loaded MMP-responsive particles displayed
average tumor weights and volumes that were significantly

This journal is © The Royal Society of Chemistry 2023
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smaller than that of the non-responsive particles and free DOX.
Furthermore, the tumor inhibition rate was significantly higher
for the DOX-loaded MMP-responsive particles, compared to the
non-responsive particles. This study demonstrated that due to
MMP-2 activity, the resulting smaller particles could display an
enhanced antitumor effect both in vitro and in vivo.

The above three examples as well as those outlined in Table
3 demonstrate that MMP-triggered shrunken nanoparticles can
have enhanced internalization by cells in vitro and enhanced
penetration in solid tumors in vivo allowing for spatial control
of the anti-cancer effects. Compared to non-responsive
structures, the responsive nanoparticles display enhanced

A ° ‘ 5\5\1 ‘Q/&
9 mmp2 QO u
Gelatin fragments —-(%u

&
&

(&)

MMP 2

B
C &

.--

IAGQ-PEG

Fig. 3 Cartoon representation of (A) MMP-2-responsive size
shrinking gelatin nanoparticles reproduced from reference 36 with
permission from Copyright 2011 National Academy of Sciences,
and (B) MMP-2-responsive mesoporous silica nanoparticles
reproduced from reference 38 with permission from Copyright
2020 Royal Society of Chemistry.

imaging and therapeutic effects against cancer cells.

2.2. Induced aggregation

Nanomaterials can display increased accumulation and access
in the tumor site owing to their reduced size as discussed in the
previous section. In different contexts, an increase in particle
size can also be advantageous. The examples listed in Table 4
demonstrate how designed material aggregation can effectively
increase the penetration and retention of the material in the
tumor site or cause cellular uptake by different endocytic
pathways.

Using this strategy, Callmann et al. developed paclitaxel
conjugated block-co-polymers using MMP-cleavable peptides
as linkers to form 20 nm spherical particles. These particles
enter the periphery of the tumor and aggregate upon MMP
activation, keeping the material immobilized around the tumor
tissue.3? The aggregation of the polymer was observed in 4 h as
a result of amphiphilic imbalance of the polymer building blocks
after the substrate was cleaved by MMP-12. When evaluated
in vivo, the tumor growth inhibition observed with the MMP-
responsive paclitaxel conjugated nanomaterial was comparable
to that of free paclitaxel, but with much lower systematic
toxicity at a higher maximum tolerated dose.>® The results

Thisgouinehis SoRh pedrerlerad ey P ioFhepisiiv233responsive gold
nanoparticles reproduced from reference 40 with permission
from.Copyright.2019.Elsevier.and.(B).MMP-9-responsive.gold
nanoparticles reproduced from reference 41 with permission
from Copyright 2021 Wiley-VCH GmbH.
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demonstrate that the induced aggregation strategy using MMP-
cleavable  polymeric  nanocarriers allowed targeted
transportation of chemotherapy drug molecules to the disease
site while limiting off-target toxicity.

The MMP-triggered aggregation strategy can also be
achieved by using inorganic nanoparticles. Yang et al. reported
gold nanoparticles (AuNPs) grafted with complementary DNA
strands, tethered with DOX, and encapsulated with PEG via a
thermal-labile linker and an MMP-cleavable peptide (Fig. 4A).4°
Upon MMP-2 incubation, the protective PEG surface was
removed and an increase in NP size from 73 nm to 1.8 x 106 nm
was observed as a result of DNA hybridization. Compared to the
MMP-inert controls, the MMP-responsive AuNPs showed
significantly enhanced efficiency in photoacoustic (PA) imaging
and photothermal conversion upon near-infrared irradiation. At
24 h post injection, the MMP-responsive AuNPs portrayed a
1.61-fold higher tumor uptake at each time point, compared to
the non-responsive AuNPs. Additionally, in vivo studies on SCC-
7 tumor-bearing mice revealed that the average tumor PA
intensity of the mice treated with MMP-responsive AUNPs was
1.74-fold stronger compared to the mice treated with the
control. Moreover, the tumor growth was almost completely
inhibited in the mice treated with MMP-responsive AuNPs,
compared to only a slight delay in tumor growth observed for
the control groups. This study highlighted the potential of using
MMP-induced AuNP aggregation as the source of strong near-
infrared signal for deep-tissue and chemo-
photothermal therapy.

In a recent paper, our group also utilized the MMP-triggered
aggregation strategy using AuNPs decorated with zwitterionic,
self-complementary peptides. Similar to the previously
mentioned hybridizing DNA strands, the peptides were used to
drive the multivalent electrostatic interaction and aggregation
of the NPs.#? In this system, AuNPs were grafted with an MMP-9
cleavable peptide ligand which exposed a self-complementary
peptide sequence upon enzymatic action and induced
aggregation of AuNPs (Fig. 4B). In MMP-9 overexpressing cancer
cells, these aggregates formed in proximity of the cell
membranes and gave rise to size-induced cellular uptake.
Cancer cells treated with the MMP-responsive AuNPs showed
significantly reduced viability (~50%), while the healthy cells
were unaffected (~100%). The AuNP aggregates were visualized
within cancer cells and were co-localized with endosomes
and/or lysosomes, while no AuNP aggregates could be detected
in healthy cells. Interestingly, a subtle change in the peptide
sequence from GPKGJ{/LRGD to GPKLJ GRGD completely
turned-off the MMP-responsiveness in the latter and caused
cellular uptake by a different endocytic pathway which led to
~80% cell viability in cancer cells. This study demonstrated a
potentially generalizable system for targeted drug-free cancer
therapy via physical damage or interruption of cellular pathway
through MMP-induced AuNP aggregation.

imaging
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2.3. Formation of cytotoxic amyloid-like nanofibers

Enzymatically triggered formation of cytotoxic nanofibers is an
emerging field in anti-cancer therapy. This mode of response
was pioneered and extensively researched by the Bing Xu
group, primarily employing phosphorylated precursors to form
cytotoxic fibers upon dephosphorylation by alkaline
phosphatases (ALP), overexpressed in cancer cells.*? Similarly,
MMP-responsive precursors can also transform into nanofibers
upon MMP action. The examples in this section and in Table 5
showcase how MMP-triggered formation of nanofibers can
selectively kill cancer cells through mechanical damage when
used without a drug payload and enhance the efficacy of drug
payloads when used in combination.

Tanaka et al. designed MMP-7-cleavable lipopeptides,
which form nanofibers with high self-assembly propensity upon
hydrolysis (Fig. 5A).2” The amphiphilic lipopeptides form
spherical micelles and when incubated with MMP-7, the lipid
end of the cleaved product self-assembles into fibers within 1 h.
These fibers caused selective toxicity to cells in vitro that
correlated increased toxicity with increased concentration of
MMP-7 produced by the cancer cells and was non-toxic to cells
with low concentrations of MMP-7. For example, cancerous
Hela cells expressed an MMP-7 concentration that was 6-fold
higher than non-cancerous human dermal microvascular
endothelial (MVE) cells and displayed a cell viability of ~5%
when treated with MMP-7-cleavable lipopeptides. In contrast,
MVE cells exhibited a cell viability of over 80%. This stark
difference in viability indicates that the cytotoxicity of the
system relies on MMP-7 hydrolysis of the lipopeptides to enable
the self-assembly of the supramolecular gelator into toxic
nanofibers.

8 | Biomater. Sci., 2023, 00, 1-3
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Our group has also demonstrated that MMP-9-triggered
formation of nanofibers has anti-cancer properties in vitro and
in vivo.*3® In this system, approximately spherical peptide
micelles (~200 nm in size) were co-assembled with DOX and
subsequently cleaved by MMP-9 to form cytotoxic nanofibers.
This system is generally represented in Figure 1B without the
DOX present in the micelle core pre MMP-cleavage and on the
nanofibers after MMP-cleavage. Over 96 h, 60% of the peptide
micelles were cleaved by MMP-9 and the resulting cleaved
peptides formed bundles of nanofibers. In vitro experiments
using MMP-9 expressing cells revealed that the MMP-
responsive fibers co-assembled with DOX have superior
cytotoxicity compared to free DOX. In vivo analysis using murine
models showed an inhibition of tumor growth in the responsive
co-assembled system compared to free DOX. Remarkably, the
peptide alone displayed similar tumor growth inhibition effects
as DOX alone. This may be due to the peptide aggregates
inhibiting the processes of signaling and growth in the cancer
cells.

Key
-soa =, -GGGHGPLGLARK
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In another study, Yang et al. designed cationic multidomain

Fig. 5 Cartoon representation of (A) the lipopeptide that exhibit
morphological switching from spherical micelles to nanofibers
upon MMP-7 hydrolysis reproduced from reference 27 with
permission from Copyright 2015 American Chemical Society and
(B) cationic multidomain peptides that change morphology upon
MMP-2 incubation from spherical aggregates to nanofibers

reproduced from reference 44 with permission from Copyright
2021 Wiley-VCH GmbH.

peptides (MDPs) that demonstrated a structural change upon
MMP-2 exposure. The resulting self-assembly formed
nanofibers with high membrane activity (Fig. 5B).** MMP-2-
responsive MDPs (CS-MDP) contained the cleavable linker,
(PLGV LAG), whereas the non-MMP-2-responsive MDPs

This journal is © The Royal Society of Chemistry 2023
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contained a non-cleavable sequence, (LALGPG (NS-MDP)).
When treated with MMP-2, CS-MDPs exhibited a structural
change from a random coil to B-sheet fiber conformation,
whereas NS-MDPs maintained a random coil structure.
Moreover, upon extended MMP-2 incubation, CS-MDPs formed
nanofibers while NS-MDPs remained as spherical aggregates.
Additionally, upon incubation with Nitrobenzoxadiazole (NBD)-
labeled CS-MDPs, the cell lines that overexpressed MMP-2
(KYSE-10 and A549) displayed a higher fluorescent intensity
compared to cells with low levels of MMP-2 (Hela). When
tested in vitro, free DOX was found to be moderately cytotoxic
to the three cell lines; however, DOX-loaded CS-MDPs displayed
greater toxicity towards the KYSE-10 and A549 cell lines,
compared to the Hela cells. Specifically, a cell viability of 23%,
20%, and 90% was observed towards A549, KYSE-30, and Hela
cells, respectively. The increased efficacy and toxicity observed
with the CS-MDPs is due to the enhanced membrane activity
upon MMP-2 cleavage and supramolecular assembly. MMP-
induced nanofiber formation with or without a loaded
therapeutic may be a viable strategy for halting tumor growth.

2.4. Activation by de-PEGylation

Polyethylene glycol or PEG is a hydrophilic block polymer often
used as a coating to reduce non-specific interactions and
enhance circulation times of nanoparticles. In particular,
PEGylation is frequently used as a “stealth” coating approach to
enhance circulation of nanoparticles and reduce detection from
the immune system.*® In the previous examples, the enzymatic
removal of PEG groups resulted in changes of the materials’
amphiphilic balance that led to particle aggregation or release
of smaller inorganic particles from the protective PEG layer.
Unlike the examples discussed in section 2.1, the removal of
PEG groups from the nanomaterials does not cause a dramatic
change in the size of the nanomaterials. On the contrary, these
materials are designed to maintain their shape and size after the
removal of PEG or “de-PEGylation” by MMP. This strategy
allows the nanomaterials to maintain their drug payload within
the pre-designed core while revealing or activating the
functional targeting ligands that were shielded by the PEG layer.
The examples presented in this section and Table 6, utilize the
de-PEGylation strategy to slowly release the drug payload from
the de-PEGylated and activated nanoparticle instead of a burst
release that can accompany a morphology change.

Yao et al. have developed MMP-responsive polymer-lipid
conjugate building blocks using PEG and phophoethanolamine
(PE) conjugated by the MMP-cleavable linker (GPLGJ/ IAGQ)
and/or a trans-activating transcriptional activator (TAT) peptide
that can form paclitaxel-loaded micelles (Fig. 6A).4¢ Two types
of paclitaxel-loaded = MMP-responsive  micelles  were
synthesized. The first micelle was produced with an exterior
coat of PEG (PEG-GPLG{ IAGQ-TAT-PE) and the second with an
additional layer of PEG around the lipid core of the micelle (PEG-
GPLGJ\ IAGQ-TAT-PEG-PE). When incubated with bacteria-
produced collagenase IV, the micelles without the PEG layer
around the core lipid aggregated from ~51 nm to ~998 nm,
whereas the micelles that incorporated PEG surrounding the

This journal is © The Royal Society of Chemistry 2023
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core lipid only slightly increased in size from ~93 nm to ~102
nm. The aggregated micelles showed significant increase in
paclitaxel release (80% with and 50% without collagenase,
respectively) whereas the non-aggregating micelles did not
show a significant increase in drug release (about 50% release
with and without collagenase). For the micelles without an
interior PEG layer, only (J{IAGQ-TAT-PE) remains post-
hydrolysis, which disrupts the amphiphilic balance and the
structural integrity of the micelle, resulting in increased release
of paclitaxel and aggregation of the post-enzymatic product.
Conversely, for the other micelle, the enzymatic cleavage
exposes the cell-penetrating TAT peptide on the surface while
maintaining the structural integrity of the micelle, (. IAGQ-TAT-
PEG-PE), due to the additional PEG layer in the remaining
building block. The TAT-activated and paclitaxel-loaded micelles
were able to penetrate the cells and reduce the size of NCI/ADR-
RES (ovarian tumor) spheroids significantly compared to the
aggregating counter-micelle and were retained longer in murine
tumor models in vivo.

Ke et al. developed a block-co-polymer with poly-D, L
lactide and PEG linked by a MMP-2 cleavable linker (PEG-
GPLGJL VRGDG-PDLLA) (Fig. 6B).#” This construct was
demonstrated to encapsulate paclitaxel and form ~62 nm
spherical micelles. When the particles were incubated with
MMP-2, 80% of PEG was cleaved in 25 h, as observed by HPLC.
Although the PEG layer was removed, the relative size of the
particle remained unchanged. In addition, the MMP-2 cleavage
of PEG did not trigger release of paclitaxel. At 72 h, 80% of
paclitaxel was released from the micelle with and without
incubation with MMP-2. When the PEG is cleaved from this
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Fig. 6 Cartoon representation (A) MMP-2-responsive
multifunctional polymeric micelles reproduced from
reference 46 with permission from Copyright 2017 American
Chemical Society and (B) MMP-2-responsive amphiphilic
block copolymer micelles reproduced from reference 47 with
permission from Copyright 2017 American Chemical Society.

micelle, the PDLA core remains conjugated to ({,VRGDG), which
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is sufficiently hydrophilic to keep the particles from aggregating.
As a result of this process, the drug remains within the core of
the micelle and is unaffected by the MMP-2-triggered cleavage
of PEG. The paclitaxel-loaded MMP-activated polymer micelle
was more cytotoxic to 4T1 cells (breast tumor) in vitro and was
able to inhibit tumor growth significantly in H22 (hepatic
carcinoma) tumor-bearing mice compared to free paclitaxel in
vivo.
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Table 3. Particle shrinking as a mode of response for anti-cancer therapy.
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Pre-MMP cleavage Post-MMP cleavage Payload Targeted MMP  Anti-cancer effects Ref.
229.4+12.86 nm 5943.25nm Doxorubicin Non-specific Increased drug release and cellular 37
PEG-coated iron oxide Iron oxide particles uptake, and decreased cancer cell
particles viability in vitro
~200 nm ~10nm Doxorubicin MMP-2 Decreased ICsg value and 48
Hyaluronic acid-coated Dendrimer enhanced drug uptake in vitro,
dendrimer increased nanoparticle penetration

in vitro and in vivo, and increased

tumor inhibition rate in vivo
193.1nm 34.4nm Doxorubicin MMP-2 Increased penetration in vitro and in 49
Gelatin and dendritic DGL and gelatin vivo, enhanced nanoparticle
polylysine (DGL) fragments retention and tumor growth inhibition,
nanoparticles and decreased toxicity of DOX in vivo
97.9+2.1nm 9.7+0.3nm QD particles MMP-2 Enhanced diffusive transport in vitro 36
Quantum dots (QDs) on QDs and gelatin and increased circulation and
gelatin surface fragments penetration in vivo
117.8 nm <50.0 nm Doxorubicin MMP-2 Increased penetration and distribution in 50
Gold and gelatin Gold nanoparticle vivo and ex vivo and improved tumor
nanoparticles and gelatin fragments growth inhibition ability in vivo
185.7 nm 55.6 nm Doxorubicin MMP-2 Increased cellular uptake of nanoparticles 51
Gelatin and DGL DGL and gelatin in vitro, enhanced penetration in vitro and
nanoparticles fragments in vivo, and significantly higher tumor

growth inhibition rate in vivo
186.5+2.9nm 59.3nm Doxorubicin MMP-2 Enhanced accumulation and penetration 52
Gelatin and gold Gold nanoparticle efficacy in vitro and in vivo and decreased
nanoparticles and gelatin fragments tumor growth rate in vivo
~11nm ~2nm Gold MMP-9 Significant increase in colorimetric 53
Gold nanoparticles Gold nanoclusters nanoclusters signal in vivo and no evidence of toxicity

in vitro and in vivo
188.2 nm 55.9nm Doxorubicin and MMP-2 Increased cellular uptake of nanoparticles 54
Gold and gelatin Gold nanoparticle Cy5.5 and improved permeability and
nanoparticles and gelatin fragments penetration in vitro, and better targeting

and accumulation efficiency in vivo
100.1 £13.6 nm 41.9+3.4nm Doxorubicin MMP-2 Improved penetration efficacy in vitro 38
PEG-coated mesoporous Mesoporous silica and in vivo and increased tumor growth
silica nanoparticles nanoparticles inhibition and survival rate in vivo
85-160 nm Irregular shape siRNA and Paclitaxel ~ MMP-2/9 Increased cellular uptake of nanoparticles 55
Spherical micelles observed, not and RNAi efficiency in vitro and enhanced

quantified ability to inhibit tumor growth and

metastasis in vitro and in vivo

214+5.0nm 73.9nm Telmisartan and MMP-2 Increased cellular uptake of nanoparticles 56

Gelatin and platinum
nanoparticles

138 nm

Dendritic mesoporous silica
nanoparticle linked to ferritin

nanocage

Platinum nanoparticles
and gelatin fragments

85nm
Ferritin nanocage

Paclitaxel

iTGFPB, oxygen carrying MMP-2

Hb, and ZnPc
(photosynthesizer)

and penetration in vitro and enhanced
ability to inhibit tumor growth and
remodel TME in vivo

Increased permeability and decreased 57
cancer cell viability in vitro and enhanced
efficacy in inhibiting primary tumor growth
and controlling cancer metastasis in vivo

Table 4. Aggregation as a mode of response for anti-cancer therapy.
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Pre-MMP cleavage Post-MMP cleavage Payload Targeted MMP  Anti-cancer effects Ref.
78.2+5.8nm ~ 1000 nm siRNA MMP-2 Enhanced cellular uptake and increased 58
Spherical micelles Aggregates circulation and accumulation in vitro and
in vivo, and significant inhibition of tumor
growth in vivo
20 nm Aggregates Paclitaxel MMP-12 Enhanced tumor growth suppression ability 39
Spherical micelles observed, not and significantly lower cytotoxicity in vivo
quantified.
86+ 18 nm 109 +20 nm Gemcitabine MMP-9 Increased drug release efficiency in vitro 34
Spherical liposomes Non-specific and reduction in tumor growth rate in vivo
aggregates
33.0+1.2nm 818.3+104.7 nm Paclitaxel MMP-2 Increased drug efficacy, P-glycoprotein (P-gp) 59
Spherical micelles Aggregates inhibition capability, plasma membrane fluidity,
inhibition of P-gp ATPase activity, and high
drug loading in vitro
30 nm 580-630 nm None MMP-9 Significant reduction in cancer cell viability 41
Spherical gold Aggregates and increased cellular uptake in vitro
nanoparticles
73.2+£18.8nm 1.8x10°+1.4x Doxorubicin MMP-2 Enhanced heat production, increased drug 40
Spherical gold 10°nm release, and strong/broad NIR absorption in
nanoparticles Aggregates vitro, and increased tumor growth inhibition
ability, tumor uptake of nanoparticles, and
average tumor PA intensity in vivo
17230 nm >1000 nm SN38 MMP-2 Significant increase in drug release in vitro and 60
Spherical polymersomes Aggregates improved tumor inhibition efficiency in vivo

Table 5. Formation of cytotoxic nanofibers as a mode of response for anti-cancer therapy.

Pre-MMP cleavage Post-MMP cleavage Payload Targeted MMP  Anti-cancer effects Ref.
Spherical micelles Nanofibers None MMP-7 Substantial increase in cytotoxicity to various 27
not quantified not quantified cancer cell lines and low cytotoxicity to normal
cells in vitro
200 nm Nanofibers Doxorubicin MMP-9 Controlled drug release in vitro and in 43
Spherical micelles not quantified vivo and increased tumor growth
inhibition ability in vivo
43.6+6.2nm 20-50 nm Doxorubicin MMP-9 Controlled release and encapsulation 61
Spherical micelles Nanofibers of drug in vitro
Spherical aggregates 268 nm Doxorubicin MMP-2 Increased fluorescent intensity and enhanced 44
not quantified Nanofibers cellular uptake and drug
delivery efficacy in vitro
~255nm 7.3nm None MMP-2 Enhanced efficacy in inhibiting tumor growth 62
Spherical nanoparticle Nanofibers and metastasis in vitro and in vivo

Table 6. De-PEGylation as a mode of response for anti-cancer therapy.
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Pre-MMP cleavage Post-MMP cleavage Payload Targeted MMP Anti-cancer effects Ref.
62.6+5.1nm 65.2+8.8 nm Paclitaxel MMP-2 Increased cellular uptake of 47
PEGylated De-PEGylated nanoparticles and enhanced cytotoxicity
micelles micelles to cancer cells in vitro, and prolonged

blood circulation, increased

accumulation, and enhanced tumor

growth suppression ability in vivo
93.4+0.4nm 102.4+6.2 nm Paclitaxel MMP-2 Improved cellular uptake of 46
PEGylated De-PEGylated nanoparticles and tumor penetration,
micelles micelles decreased ICsq value in vitro, and

increased tumor uptake of nanoparticles

and retention in vivo
186.17 £ 5.56 nm 215.45 +7.85 nm Dasatinib MMP-2 Increased cellular uptake and 63
PEGylated De-PEGylated penetration, significantly
micelles micelles decreased ICsq value in vitro, and

prolonged circulation, decreased

distribution in non-tumor tissues, and

increased tumor accumulation

in vivo
~93 nm ~ 100 nm Sorafenib MMP-2 Increased cellular uptake and decreased 64
PEGylated De-PEGylated and ICs value in vitro, and inhibited tumor
liposomes liposomes Doxorubicin growth and cancer cell proliferation in

vitro and in vivo
116.1£8.8 nm 153.6+21.7 nm Fluorescein and MMP-9 Reduced cytotoxic effect of prodrug 65
PEGylated De-PEGylated Paclitaxel compared to paclitaxel and significantly
liposomes liposomes prodrug decreased cancer cell viability in vitro
122.1nm De-PEGylated Gemcitabine MMP-2 Enhanced cellular uptake and selective 66
PEGylated nanodots drug release in vitro and enhanced tumor
nanodots not quantified inhibition ability

in vivo
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3. Design guidelines for future advancement of
MMP-responsive nanomaterials

In the first half of the review, we analyzed the results of several
studies that take advantage of MMP-responsive nanomaterials
and their different modes of action in vitro and in vivo to
enhance the selectivity and/or potency (or trigger, in the case
of cytotoxic B-sheet fibers) of the active drug and imaging
molecules. In the second half of the review, we take another
survey of the literature to extract information about which
features of the MMP-responsive nanomaterials are most crucial
in designing a system that is specific to the targeted MMP and
produce the desired mode of action. We have identified 3 key
factors that can enhance the interactions between the
nanomaterial and enzyme to increase specificity towards the
targeted MMP as illustrated in Fig. 7. First and foremost, the
primary sequence of the cleavable peptide substrate must meet
the consensus for enzyme recognition (single or multiple
enzymes), and subtle changes in the amino acids or terminal
modification of the primary sequence can alter the cleavage
site. However, MMP-cleavable peptide substrates alone display
poor specificity due to similar substrate pockets among MMPs,
and the possibility of being cleaved by multiple other proteases
present in biological samples. Nanomaterials allow
incorporation of additional factors to obtain greater control and
tunability in achieving desired substrate specificity towards
specific MMPs and increase proteolytic stability in samples like
human plasma.®’” Thus, the second factor examines the
morphology of nanostructures which can be arranged in such a
manner that permits the MMPs to access the cleavable
substrate, optimally mimicking the supramolecular context of
the natural biological substrates of the target MMP. Lastly, the
short-range electrostatic interactions between the nanoparticle
and the enzyme can be tuned to optimize responsiveness. For
example, based on the isoelectric points (pl) in Figure 9, many
secreted MMPs are negatively charged whereas most
membrane associated MMPs are positively charged at
physiological pH. Thus, the nanomaterials can be designed to
have either matching or mis-matching electrostatic interactions
in these conditions and can also take advantage of the different
pH levels in the tumor vs healthy microenvironment. The
responsive nanomaterials we reviewed are made up of various
building blocks, such as peptides, lipids, polymers, naturally
derived molecules, and inorganic materials that have varying

chemical and physical properties (Tables 7-11). Tables 7-11 lists
these nanomaterials classified by their chemical composition,
and includes their reported morphology, size (or elastic
modulus for hydrogels), charge, the MMP-responsive system,
the result of the MMP hydrolysis, the targeted MMP, and their
applications.
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3.1. Substrate modification

The key component of MMP-responsive nanomaterials is a
peptide sequence that can be recognized and hydrolyzed by
MMPs in order to induce a physical or chemical change in the
nanomaterial. This peptide sequence may be used as a linker to
covalently conjugate building blocks together or may confer a
structural part of the material itself - in the case of self-
assembled peptides. The MMP-cleavable sequence is typically
at least 6 amino acids long in order to be recognized by the
binding site of the enzyme and is often modified on the C- and
N-terminus for attachment to the underlying building blocks of
the overall construct.

The amino acid residues in the MMP-cleavable substrate are
labeled by the number of positions starting from the scissile
bond (cleavage site between P1 and P1’) and are labeled P1
through P6 towards the N- terminus, and P1’ through P&’
towards the C- terminus. Understanding substrate specificity of
this family of enzymes can elucidate the functions of specific
MMPs,%8 and help to design more specific inhibitors.5?
According to the MEROPS database, over 7,600 MMP-cleavable
substrates have been observed and recorded.”® In addition to
natural substrates, many engineered sequences have been
identified using various high throughput techniques including
phage display,”t oriented peptide library method,’? high
capacity (polyethylene glycol-polyacrylamide copolymer (PEGA)
supports,’® and proteomic identification of protease cleavage
site (PICS).”* While MMPs are highly specific enzymes, the
general consensus sequence found in the database are similar
among MMPs, with Pro in P3, Gly in P1, and Leu in P1’ being the
hallmark of MMP substrates. As seen in Tables 7-11, a common
MMP-cleavable segment frequently used by researchers is
PLGJ LAG. We note possible bias towards working with this
sequence due to repetition of what has already been explored
in the literature.

A thorough examination by Eckhard et al. revealed that of
112 cleavages (P1-P1’) reported for MMP-1, -2, -3, -7, -8, -9, -
12, -13, and -14 in the MEROPS database, only 79 observed
cleavage sites were unique, and only 5 sequences contained
both Pro in P3 and Leu in P1’.7% The authors investigated the
substrate specificity of MMPs using fluorescence resonance
energy transfer (FRET)-based peptides and peptide hydrolysis
was analyzed over time (Figure 7B). In comparison to the
general consensus PLGJl L peptide, PLNJ L was cleaved 2.5
times faster by MMP-1 and PAG L was cleaved 2 times faster
by MMP-2 and 0.25 times faster by MMP-3. Clearly, beyond the
general consensus sequence, the primary sequence can be
tailored to target specific MMPs.

The sensitivity of the primary sequence can also be observed
in cases where a slight change in the order of the amino acids
can completely eliminate the activity of the enzyme on that
sequence and can be used as negative controls in experiments.
For example, GPKGJ{/LRGD is readily cleaved by MMP-9
whereas GPKLJ GRGD is non-responsive*! and PLGJ LAG is
cleaved by MMP-2 but its scrambled sequence, LALJ GPG, is
non-responsive.>®
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MMP-responsive nanomaterials require the enzyme to
interact with the insoluble nanomaterial. The MMP-cleavable
substrates are typically covalently modified on the C- and N-
terminus of the peptides to act as linkers for block-co-polymers
or are used to attach functional moieties — such as targeting
ligands — on the surface of the nanomaterial. This modification
of the peptide can have significant impact on the enzyme
recognition and hydrolysis of the cleavage site. The Bing Xu
group has observed that covalent N-terminus modifications
with hydrophobic residues of peptides can shift the cleavage
site and alter the rate of MMP-9 hydrolysis.”> In this study, two
sequences were systematically modified by adding one or two
phenylalanine residues on the N- terminus followed by capping
the terminus with either an acetyl,
fluorenylmethyloxycarbonyl (Fmoc), pyrene, or naphthalene
group. The researchers observed a shifted cleavage MMP-9
cleavage site with the addition of one or two Phe residues, both
with and without the capping groups. Additionally, the rate of
hydrolysis decreased with increasing hydrophobicity of the
capping group (100% for uncapped, 60% for naphthalene
capped, and 30% for Fmoc capped over 72 h). Even a small
modification of length and N- terminal substitution can lead to
different products and conversion rates. Therefore, more than
the primary sequence of the substrate needs to be considered
when designing MMP-responsive materials.

3.2. Access to supramolecular structure

In order for MMPs to cleave the substrate, the enzyme must
first interact with the insoluble nanomaterial and have access
to the substrate to permit binding. Based on a simplified
estimate of spherical proteins with similar molecular weight of
MMPs, a 100 nm nanoparticle is about 30-50 times larger than
the enzyme (radius of proteins with 10-100 kDa can be
calculated to be 2.4- 3.05 nm).”® Thus, the diffusion and
interaction of the enzyme with the nanomaterial is different
from its interaction with a soluble monomeric peptide
substrate. Therefore, both the primary sequence of the
cleavable substrate and the supramolecular structure of the
nanomaterial must be designed to be compatible with the
targeted MMP.

The family of MMPs can degrade components of the
extracellular matrix ranging from highly ordered proteins such
as helical collagen fibers to smaller proteins such as fibronectin
or gelatin (Table 1). For instance, MMP-2 and-9 have been
reported to bind to native type | collagen but cannot cleave the
substrate until it is in the denatured gelatin form, whereas
MMP-1 can readily digest the collagen fiber.”” Therefore, it
would be beneficial to design a less structured (disordered)
nanomaterial when targeting MMP-2 or -9, since these
gelatinases prefer substrates that possess flexible and
unstructured regions, such as those found in denatured
collagen, whereas a highly structured (ordered) nanomaterial
should be designed when targeting MMP-1, -8, or -13 which
prefers more structured substrates like fibrillar collagen. Thus,
in addition to the primary sequence, the topology and
supramolecular structure of the substrate must also be
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appropriate for effective biocatalytic activation by a target
MMP.

Several works involving the Pochan and Schneider groups
have focused on designing peptides that, upon intramolecular
folding of the peptide, self-assemble into B-hairpin hydrogels.”®-
80 This type of structural specificity was demonstrated by Giano
et al. using MMP-13-responsive B-hairpin peptide hydrogels
(Fig. 8A).8! These peptides contain two proline residues, one
residue between repeating IKV units induces a bend, yielding a
B-hairpin structure and the second proline is used to provide
the MMP-cleavable substrate PTG{ X, where X =L, |, F, or A.
Based on the sequence, both MMPs should be able to cleave
PTG X, however, the densely packed B-hairpin peptide fibers
in the hydrogel were only degraded by MMP-13 that naturally
digests collagen fibers and not by MMP-3 which digests sheet-
like structures such as the collagen IV, perlecan, etc. in the
basement membrane (Table 1). In addition, the rate of
conversion for MMP-13 degradation of the hydrogel was also
dependent on the structural topology of the nanostructures
within the gel. According to the sequence specificity, the
expected rate of PTG\ X hydrolysis should have followed X =
Leu > lle, Phe > Ala. However, the observed order of
degradation was X = Phe (65%) > Leu (58%) > lle (44%) > Ala
(32%), due to the low rigidity and larger pores of the Phe-
containing hydrogel, which allows rapid penetration of the gel.
This study shows that peptide morphology can be designed to
target specific MMPs and the degree of crosslinks in the fiber
network can be manipulated to control the rate of hydrogel
degradation.

A study by Price et al. demonstrated that the location of the
MMP-cleavable substrate within the nanostructure can also
control the rate of degradation (Fig. 8B).%2 In this study, silk
elastin polymers were modified with a MMP-2 cleavable
substrate (GPQGIFGQ) embedded in three locations: 1)
between the silk and elastin blocks, 2) within the elastin block,
or 3) within the silk block. Higher ratio of digested vs.
undigested released polymer was observed when the MMP-
cleavable substrate was placed between the silk and the elastin
blocks, followed by the substrate embedded within the elastin
block, and the substrate imbedded within the silk block had the
lowest ratio of digested polymer. This is due to the silk block
being a major structural component, and the substrate is more
accessible in the block junctions and in the elastin block.

This journal is © The Royal Society of Chemistry 2023
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Similarly, in our previous work, we demonstrated that the
morphology and the accessibility of the substrate in peptide

Fig. 8 (A) MMP-13-responsive B-hairpin peptide hydrogels
reproduced from reference 81 with permission from Copyright

—2011 Elsevier—and—{(B)}-MMP-2-responsive—silk—elastin—polymer—

hydrogels reproduced from reference 82 with permission from
Copyright 2015 Elsevier.

nanostructures which do not form a gel network can also be
manipulated to control the rate of MMP hydrolysis.83 Twelve
amphiphilic peptides with a diphenylalanine-containing
hydrophobic terminus and either a lysine- or aspartic acid-
containing hydrophilic terminus were systematically modified
using MMP-9 cleavable PXG{/LXG or AXG LXG motif in the
center. We observed that among cationic PXG, LXG containing
peptides, spherical micelles were cleaved faster or at the same
rate as worm-like micelles. In AXGJ{,LXG containing cationic
peptides, the higher rigidity of the peptide backbone
contributed to formation of anti-parallel B-sheet which slowed
down the enzyme cleavage kinetics, and MMP-9 was unable to
digest these higher ordered fibers.

A study by the Azevedo group showed the importance of
supramolecular organization and its effect on the degradation
rate of peptide amphiphile (PA) nanofibers.8* A series of peptide
nanofibers (PS, PA1l, PA2, PA3, PA4) were designed with
modifications in the alkyl tails as well as the sequence and
location of the structural domains. PS displayed a random coil
conformation, PA1, PA3, and PA4 nanofibers exhibited a
noticeable B-sheet secondary structure, and PA2 nanofibers
possessed a combination of secondary structures. After 24 h
incubation with MMP-1, ~95% of PS monomers were degraded,
compared to limited degradation for PA1 monomers. These
results demonstrate the effect of a hydrophobic alkyl tail at the
N-terminus of the substrate. Additionally, the effect of
supramolecular architecture on degradation efficiency by
MMP-1 was explored. PAs that assembled to B-sheet
nanofibers demonstrated substantial resistance to MMP-1
degradation. The examples this
demonstrate how the (dis)order of hydrogels as well as the
supramolecular morphology of peptide nanostructures can

discussed in section

This journal is © The Royal Society of Chemistry 2023
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decrease or increase MMP-responsiveness by modulating
enzyme access to the cleavable substrate.

3.3. Electrostatic recruitment

Electrostatic matching of nanoparticles by decorating them
with charged ligands is a commonly used strategy in
nanomaterial design and has a significant impact on the kinetics
observed in MMP-responsive systems. The substrate binding
pockets of MMPs are suited for hydrophobic interactions and
typically, the main focus of MMP specificity has been on
aromatic and aliphatic residues of the intended substrate.
However, as emphasized in this review, the short-range
interaction of the MMP and the nanomaterial is also critical to
the design. The electrostatic charge of the nanomaterials can be
readily tuned to either enhance, or block enzyme engagement
and can also be used to target specific MMPs.

In addition, the slightly acidic tumor microenvironment can
induce a charge switch that should be considered when
designing enzyme responsive materials as targeted
therapeutics.8> Several MMPs that switch from net negative in
healthy environment (pH 7.3 - 7.4) to net positive charge in the
tumor microenvironment (< pH 7.2) include MMP-1, 11, 15, 19
(Fig. 9).

The theoretical isoelectric points (pl) of pro-MMPs were
computed by Jaiswal et al. using ExPASy’s ProtParam tool and
range broadly from 5.26 to 9.94 (Table 1).28 It is important to
note that the pl of MMPs can differ by isoform and charge
variants. Using 2D isoelectric focusing, Rossano et al. measured
and reported pl of 4.1 - 4.6 for several charge variants of 92 kDa
pro-MMP-9 and 82 kDa activated MMP-9, and six different
charge variants of 65 kDa MMP-9 with pl ranging from 4.82-
5.15.86 Therefore, in order to find the theoretical pl of active-
MMPs used in experiments, we obtained the residues of the
catalytic domain (i.e. Phel%-Pro*° for MMP-9 from Enzo
Biochem) that is commercially available. Using UniProt, we
located the residues of the catalytic domain from the full
peptide sequence of the human MMP.87 Lastly, the theoretical
pl of the catalytic domain of the MMP was calculated by
plugging the catalytic domain of the full peptide sequence into
the ExPASy ProtParam tool and reported as the active plin Table
1.88 Generally, membrane-type MMPs are more basic, with pl
values ranging from 5.96 to 9.70, compared to the secreted
MMPs which range from 5.26 to 7.73 (except MMP-12 which
has pl of 8.75). Using this information, the nanomaterials were
designed to have the same or opposite charge to either repel or
recruit specific MMPs, respectively. This analysis revealed
effective control of the rate of enzyme hydrolysis.

In our aforementioned work, the 12 different MMP-9-
responsive self-assembling peptides systematically
modified to have either a positive or negative charge using
lysine or aspartic acid residues at the C-terminus, respectively.
As expected, the cationic peptides were readily cleaved by
MMP-9 (net negative charge at physiological pH) whereas the
analogous anionic peptide had very low conversion or were not
cleaved at all. This was observed for both spherical and worm-
like micelle peptide nanostructures. The electrostatic (mis)-

were
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matching of charges between the nanomaterial and MMP is a
simple yet powerful technique to enhance or prevent enzyme
cleavage.

We recently reported on two of the aforementioned MMP-
9 responsive self-assembling peptides for use as delivery
vehicles for hydrophobic payloads.®? Two anionic decapeptide
sequences were used due to the inability of cationic peptides to
encapsulate gold-based therapeutic payloads. The drug-loaded
peptides followed similar trends to the unloaded peptides
where the disordered Pro containing sequence was cleaved
faster than the ordered Ala containing sequence, though with
slightly lower hydrolysis kinetics. Surprisingly, both loaded
peptides showed similar activity in vitro, suggesting the
electrostatic recruitment of MMP-9 may be overwhelmed by
general proteolytic activity in the vicinity of cancerous cells.

In addition to altering the rate of MMP cleavage,
electrostatic specificity can be utilized to target a specific MMP.
Yi et al. designed a FRET-like system using gold nanorod
particles coated with an MMP-cleavable substrate conjugated
to a positively charged near-infrared (NIR) dye.® To test the
enzyme selectivity of the system, the system was incubated
with different MMPs, and their near-infrared fluorescence

Biomaterials Science

(NIRF) signals were measured. The system demonstrated a 6-6-,
8.2-, and 6.6-fold increase in recovery of its NIRF signal against
MMP-3, -9, and -13, respectively. However, in the presence of
MMP-7, the NIRF signal didn't recover significantly (only 3.7-
fold increase) demonstrating the specificity of the system
towards certain MMPs. The authors recognized this selectivity
but did not comment on likely causes. We speculate that the
electrostatic interaction of the modified cationic gold nanorods
and the MMPs were favorable for anionic MMP-2, -3 -9, and -
13, whereas the near neutral MMP-7 is unlikely to be recruited
by the cationic gold nanorods. Using (mis)-matching
electrostatic interactions between the enzyme and the
nanostructures, the enzyme cleavage rate and specificity can be
controlled.

Keeping the three design guidelines in mind, nanomaterials
can be designed to take advantage of the innate properties and
activity of MMPs in cancer progression and optimized using
substrate specificity, suitable supramolecular structure, and
(mis-)matching electrostatics of the targeted MMP to deliver
the anti-cancer response with maximum selectivity.

Charge of MMPs (pro form) at different pH levels
- % Healthy
Tumor microenvironment .,
e s environment
pH=56|pH=5.7 |pH=58 | pH=5.9 |pH=6| pH=6.1 |pH=6.2-6.3 |pH=6.4 |pH=6.5| pH=6.6-6.9 | pH=7 | pH=7.1 |pH=7.2 |pH=7.3-7.4
Secreted

Membrane
associated

Fig. 9 Charge of the 23 human MMPs (pro form) at pH levels ranging from 5.6-7.2 (tumor microenvironment) and 7.3-7.4 (healthy

microenvironment). A positive charge (blue) is indicated by a plus sign, a negative charge (red) is indicated by a negative sign, and a

neutral charge (green) is indicated by a zero.
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rgins

REVIEW

Diameter
Chemical Size(nm) / g . .
composi- Morphology Hydrogel Charge (mV) ;w;\:l:":esponswe MMP hydrolysis mﬁ;ted Application  Ref.
tion Modulus Y
(Pa)
Self- Anti-parallel 300 11.5+0.8 FFALG, LAGKK 0% conversion at 96 h MMP-9 Design 83
assembled [ - sheet fiber (1 mM peptide + 100
peptide ng/mL MMP-9)
250 -349+1.1 FFALG{,LAGDD 0% conversion at 96 h
(1 mM peptide + 100
ng/mL MMP-9)
Worm-like 250 15.4+0.3 FFPLG{ LAGKK 100% conversion at 72
micelle h (1 mM peptide + 100
ng/mL MMP-9)
10 -38.0+1.7 FFPLG{,LAGDD ~ 8% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
5 8.2+2.8 FFGALG, LKGK ~ 60% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
10 -30.3x1.4 FFGALG,LDGD ~ 7% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
30 1.3+0.6 FFGAAG LKGK ~ 5% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
10 -7.5+18 FFGAAG\ LDGD 0% conversion at 96 h
(1 mM peptide + 100
ng/mL MMP-9)
Spherical 50 41+1.0 FFGPLG{ LKGK 100% conversion at 48
micelle h (1 mM peptide + 100
ng/mL MMP-9)
500 -41.2+23 FFGPLG LDGD 100% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
100 1.1+15 FFGPAG, LKGK ~ 80% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
100 -28.2+0.7 FFGPAG{,LDGD ~ 80% conversion at 96
h (1 mM peptide + 100
ng/mL MMP-9)
Spherical 436+6.2 N/A Phenylacetyl- 100% conversionat96 ~ MMP-9 Proof of 61
micelle FFAGL{,DD h (5 mM peptide + 50 concept
ng/mL MMP-9) drug
delivery
Spherical 200 N/A GFFLGL{,DD ~ 60% conversionat 96  MMP-9 Drug 43
micelle h (2.5 mM peptide + delivery (in
50 ng/mL MMP-9) vitro and in
vivo)
Polvproline ~10 N/A Acetyl-KKY- Observed degradation ~ MMP-2 Design 91
a— helical (filaments) GPQG IAGQ-YKK- at6h
filament NH,
N/A Acetyl-KKY- Observed degradation

This journal is © The Royal Society of Chemistry 2023
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Table 7 (Contd.)
. Diameter
Chemical . .
: Size(nm) / Charge . MMP hydrolysis Targeted A
::;:)r:posr Morphology Hydrogel (mV) MMP-responsive system MMP Application  Ref.
Modulus (Pa)
Self- B - hair pin 820 (G') N/A IKVKIKVKV(d)-PPTG\, FKVKIKV-  ~ 65% conversion at MMP-13 Cell 81
assembled NH, 14 days (1 wt.% migration
peptide peptide + 80 nM (in vitro)
hydrogel MMP-13) and 0%
conversion at 14
days (40 or 400 nM
MMP-3)
1900 (G') N/A IKVKIKVKV(d)-PPTG\, LKVKIKV-  ~ 58% conversion at
NH, 14 days (1 wt.%
peptide + 80 nM
MMP-13)
2800 (G') N/A IKVKIKVKV(d)-PPTG\ IKVKIKV-  ~ 44% conversion at
NH, 14 days (1 wt.%
peptide + 80 nM
MMP-13)
350 (G') N/A IKVKIKVKV(d)- ~32% conversion at
PPTG, AKVKIKV-NH, 14 days (1 wt.%
peptide + 80 nM
MMP-13)
B - sheet 175(G) N/A K-SLSLSLRGW, SLSLSL-K 100% conversion MMP-2 Cell 92
fiber after 48 h (1 wt.% migration
peptide + 100 ng (in vitro)
MMP-2)
f - sheet ~1000 (G') N/A Acetyl-l1ISY, LKG-NH, ~60% conversionat ~ MMP-2 Anti-cancer 93
fiber 15 days (8 mM peptide
peptide + 100 ng/mL delivery
MMP-2) (in vitro)
~1000 (G') N/A Acetyl-1ISJ, LGK-NH, 0% conversion at 15
days (8 mM peptide
+100 ng/mL MMP-2)
Hydrogel ~140-210 (G’) N/A FFFFCG,LDD 52.8% conversion MMP-9 Design/ 94
after 2 h (0.6 wt.% Method
peptide + 8 pU of develop-
MMP-9) ment
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Table 8. Lipid-based MMP-responsive nanomaterials.
. Diameter
Chemical . . .
. Size(nm) / MMP-responsive MMP hydrolysis Targeted I
:it;r::posn Morphology Hydrogel Charge (mV) system MMP Application  Ref.
Modulus (Pa)
Liposome  Spherical 65.4+2.3 -22.1+0.3 SDK-Cyg- 100% conversion at 3h MMP-2 Drug 95
SGPLG IAGQSK-Cys- (100 UM substrate only delivery (in
DS +0.2 ug/mL MMP-2) vitro and in
and ~ 90% conversion Vivo)
from smooth to
unsmooth particles
Spherical ~93 ~-7 DOPE-SA-PEG-Lysine-  ~70% DOX and 60% MMP-2 Drug 64
PE-PLG{/IAG-PEG SRF release at delivery
72h (in vitro
and in vivo)
Spherical 207.5+75.5 -10.23+1.21 DOPE-GPLG IAGQ-- 100% conversion at 24 MMP-2 Drug 96
PEG- mAb h (1 mg/mL polymer + delivery
10 ng/uL MMP-2) (in vitro)
Spherical 86118 N/A POPE-GPQG/IAGQR-  Size increase and drug MMP-9 Drug 34
PEG release: 24 h (2 uM delivery
MMP-9) (in vitro
and in vivo)
Spherical 116.1+8.8 -7.23+1556  PTX-SRLS{/LPGC-PEG  Fluorescein release at MMP-9 Drug 65
24h (20 ug MMP- delivery
expressing cell (in vitro)
supernatant)
Lipid Spherical N/A N/A C16-GGGHGPLG,LARK > 50% conversion MMP-7 Anti-cancer 27
micelle -CONH, within 1 h (0.2 wt.% gelator
lipopeptide + 2 pg/mL delivery (in
MMP-7) vitro)
Non-spherical ~ 61.3+£15 N/A PEG-GPLG\/IAGQ-PTX  100% conversion MMP-2 Drug 30
overnight (2.5 mg/mL delivery
micelle solution + 5 (in vitro
ng/uL MMP-2) and in vivo)
Spherical 16.5+5.1 26.8+2.4 PEG-GPLG\/IAGQ-PEI-  100% conversion MMP-2 Drug 97
PE overnight (1 mg/mL delivery
polymer + 5 ng/uL (in vitro
MMP2) and in vivo)
Spherical 33.0£1.2 ~0 PEG-GPLG\, IAGQ-PE Size change measured MMP-2 Drug 59
at 2h and drug release delivery
increase at 2, 4 and 48 (in vitro)
h (50 pug/mL
collagenase IV)
Spherical 93.4+0.4 19+0.2 PEG-GPLG{/ IAGQ- ~70% conversionat12 ~ MMP-2 Drug 46
YGRKKRRQRRRC h (2 mg/ml polymer + delivery (in
(TAT)-PEG-PE 10 ng/ml MMP-2) vitro and in
Vivo)
Oval 186.17 £ 5.56 -15.05+1.84 PEG-GPLG\ IAGQ-PE Size change, zeta MMP-2 Drug 63
potential, and drug delivery
release measured at 1 h (in vitro
(50 pg/mL collagenase and in vivo)
Iv)
Spherical 69.5+10.6 82134 PEG-GPLG\/ IAGQ- 100% conversion (1 MMP-2 Drug 98
YGRKKRRQRRRC mg/mL PEG-pp-TAT- delivery
(TAT)-DOX DOX + 6 ng/uL of (in vitro)

MMP-2)

This journal is © The Royal Society of Chemistry 2023
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Table 9. Polymer-based MMP-responsive nanomaterials and hydrogels.
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Diameter
Chemical Size(nm) / . .
composi- Morphology Hydrogel Charge (mV) MI\:IP-responswe MMP hydrolysis Eﬁ:ted Application Ref.
tion Modulus system
(Pa)
Polymer Spherical 435 N/A PEG-GPLG\, VRG 70% conversion after  MMP-2 Drug delivery 31
micelle DG-PBLA 16 h (5.52 mg/2mL (in vitro)
polymer + 1 pg/mL
MMP-2)
Spherical 62.6+5.1 N/A PEG-GPLG,VRG >70% conversion MMP-2 Drug delivery 47
DG-PDLLA within 8 h (1 ug/mL (in vitro and
MMP-2) in vivo)
Spherical 78.2+5.8 347128 PEG-PLGV/LAG (R)-  100% conversion at MMP-2 siRNA delivery 58
PCL 1h (5 mg/mL (in vitro and
nanoparticles + 2 in vivo)
ug/mL of MMP-2)
Spherical 133.3+£12 N/A Pluronic- 100% conversion by MMP-2 Drug delivery 99
GPVG Y LIGK- 24 h (25 wt.% (in vitro)
Pluronic- polymer + 250
GPVG Y LIGK- ug/mL collagenase
Pluronic V)
Spherical 121 -21.8+1.28 PEG-E1-PLG/LAG-  Increased MMP-2/9 Drug delivery 100
VSReGGR,-PCL penetration and (in vitro and
accumulation in vitro in vivo)
and drug
accumulation in vivo
Spherical 24 N/A Copolymer (134-b- Size change MMP-2/9 Design 101
214)-LRRASLGKGPL  observed at 24 h (20
GV LAG UM micelle solution
+100 pU MMP-2/9)
33 N/A Copolymer (134-b- ~21% conversion at
214)-KKPLG L LAG 24 h (20 uM micelle
LRRASLG solution + 100 pU
MMP-2/9)
Spherical 20 N/A Copolymer-dye Size change MMP-9 Imaging (in 102
(119-b-25- observed at 24 h (1 vivo and ex
Alexab647)- UM NP + 10 nM Vivo)
GPLGY/LAGGWGER  MMP-9)
DGS
Spherical 20 N/A PTX-Copolymer(1p-  Conversion MMP-12 Drug delivery 39
b-2;)-GPLG, LAG measured, but not (in vivo)
GERDG quantified at4 h
(500 puL NP +100 nU
MMP-12)
PAMAM Spherical 5.4 N/A PAMAM-PLG{,LAG-  In vivo fluorescence MMP-2/9 Imaging 103
dendrimer Cy5 (in vivo)
Spherical ~200 -32.2 HA-PLG{ LAG- Significant size MMP-2 Drug delivery 48
PAMAM change observed (in vitro and
after4 h in vivo)
(4 mg/mL
nanoparticles + 0.5
mg/mL MMP-2)
Nanocapsule Spherical 20-45 14 AAM-APM-KLGPAK  Degradation Non- Protein 104
observed, not specific delivery
quantified at 30 min (in vitro)
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Table 9 (Contd.)
Diameter
Chemical Size(nm) / . .
composi- Morphology  Hydrogel ::;?Ir)ge :/I:\:I:;esponswe MMP hydrolysis Eﬁsted Application Ref.
tion Modulus ¥
(Pa)
PLA based Spherical 112.47 + -21.52+  AKRGARSTAC (LinTT1)- ~80% of PTX MMP-2/9 Drug delivery 105
nanoparticle 321 3.16 PVG{ LIG- released in plasma at (in vitro and in
(NP) GRKKRRQRRRC (TAT)-  72h vivo)
NP-PTX
Telechelic Cross-linked ~ N/A N/A Acrylate -APG{,L-PEG- ~100% conversionin ~ MMP-1 Design 106
block hydrogel APG{ L- Acrylate 110h (0.35g gel +2
copolymer mg/mL collagenase
type )
Synthetic Soluble form  N/A N/A Ac-GPQG W, IWGQ-NH, Kcat/Km: 870 £ 170 MMP-1 Design/ 107
MMP M-1s (40 nM MMP- Method
substrate 1) development
N/A N/A Ac-GCRD- Kcat/Km: 1,760 +
GPQG\ IWGQ-DRCG- 280 Ms1 (40 nM
NH2 MMP-1)
N/A N/A Ac-GCRD-GPQG/IAGQ-  Kcat/Km: 400 + 80
DRCG-NH2 M5 (40 nM MMP-
1)
Hydrogel N/A N/A PEG-Ac-GCRD- Kcat/Km: 2,130 +
GPQG/IWGQ-DRCG- 430 M5 (40nM
NH2 MMP-1)
N/A N/A PEG-Ac-GCRD- Kcat/Km: 970 £ 190
GPQG/IWGQ-DRCG- M-1s (40 nM MMP-
NH2 1)
PEG based Hydrogel N/A N/A 8-PEG-Ac- 100% gel MMP-1 Design/ 108
FKGGGPQG IWGQ- degradation at 9 h Method
ERCG-NH2 (40 nM MMP-1) development
Mesoporous Spherical 100.1+ ~18 MSNs-GPLG{ IAGQ- Size change MMP-2 Drug delivery 38
silica NP 13.6 PEG observed at 3 h (300 (in vitro and in
ng/mL MMP-2) vivo)
Chimeric Spherical 17230 -18.2 PEG-PVG, LIG-PLA Significant MMP-2 Drug delivery 60
polymersome degradation (in vitro and in

observed after 24 h
and complete drug
release at 240 h (10
nM MMP-2)

vivo)

This journal is © The Royal Society of Chemistry 2023
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Table 10. Naturally derived-based MMP-responsive nanomaterials and hydrogels.
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Diameter
Chemical Size(nm) / . .
: Charge  MMP-responsive MMP hydrolysis Targeted A
composi- Morphology  Hydrogel Application Ref.
tion Modulus (mV) system MmP
(Pa)
Silk elastin Soluble N/A N/A Silk-GPQG IFGQ- ~100% conversion at 1 h MMP-2 Gene delivery 82
protein monomer elastin-lysine elastin- (1 mg/mL polymer + 40 (in vivo)
polymer elastin-silk (RS1) nM MMP-2)
N/A N/A Silk-elastin ~100% conversion at 1h
GPQG/ IFGQ-lysine (1 mg/mL polymer + 40
elastin-elastin-silk nM MMP-2).
(RS2)
N/A N/A Silk-GPQG\ IFGQ-silk-  ~ 100% conversion at 1 h
elastin-lysine elastin- (1 mg/mL polymer + 40
elastin-silk (RS5) nM MMP-2)
Hydrogel N/A N/A Silk-GPQG/ IFGQ- Up to 185% increase in
elastin-lysine elastin- soluble fraction released
elastin-silk (RS1) at 14 d (4 wt.% and 8 wt.%
polymer + 40 nM MMP-2)
N/A N/A Silk-elastin Up to 185% increase in
GPQG/ IFGQ-lysine soluble fraction released
elastin-elastin-silk at14 d (4 wt.% and 8 wt.%
(RS2) polymer + 40 nM MMP-2)
N/A N/A Silk-GPQG/ IFGQ-silk- < 20% increase in soluble
elastin-lysine elastin- fraction released at 14 d
elastin-silk (RS5) (4 wt.% and 8 wt.%
polymer + 40 nM MMP-2)
Alginate Hydrogel 120+ 24 N/A Alginate (LMW)- Cell migration of cultureat MMP Cell 109
(G") GGYGPVG LIGGK 7 d (2 wt.% polymer) produced  implantation
by hMSC (in vivo)
Dendrimer- Spherical 193.1 N/A RGD-DOX-DGL-Gelatin  Fluorescent imaging in MMP-2 Drug delivery 49
gelatin NP type A NP vitro and in vivo (in vitro and in
vivo)
Polypeptide  Cross-linked ~ 14.7 N/A Gelatin type B- 60% of hydrophobic dye MMP-9 Drug delivery 110
based nanogel surfactant (CTAB)- released at (in vitro)
nanogel succinic anhydride 24 h (0.65 mg nanogel
(Suc) solution + 2.84 pg MMP-9)
Collagen IV Triple helical ~ N/A N/A Collagen IV 83% digestion in 15 mins MMP-9 Method 111
(5-100 ng/mL MMP-9) development
PAMAM Triple helical ~ N/A N/A Collagen peptide- Biological activity in vitro MMP-9 Drug delivery 112
dendrimer in DOX-dendrimer- and in vivo (in vitro and in
collagen gel embedded collagen vivo)

type IV
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Table 11. Inorganic-based MMP-responsive nanomaterials.
Diameter
Chemical Size(nm) / . .
" Charge  MMP-responsive MMP hydrolysis Targeted ——
composi- Morpholo Hydrogel Application Ref.
tion post phology Myoduﬁ.ls (mv) system MMP pplicati
(Pa)
Gold (Au) Nanorod 40 () x 20 N/A Cy5.5- NIRF signal recovery: MMP-2, - Phototherapy 90
nanorod (w) GPLGJ,VRGC-Au 7.8xincreaseat 1 h 3,-7,-9,-  (invitroandin
nanorod (6.75 nM MMP-2) 3 vivo)
6.6x increaseat 2 h
(MMP-3)
8.2xincreaseat 2 h
(MMP-9)
6.6x increaseat 2 h
(MMP-13)
3.7xincreaseat 2 h
(MMP-7)
Quantumdot  Spherical 97.9+2.1 -6.29+ Gelatintype ANPs  ~90% of QDs releasedat MMP 2 Proof of 36
(QD) gelatin 0.22 12h (0.1 mg NP +230 ng concept NP
NP MMP-2 ) delivery
PEG hydrogel-  Sphericaland ~ 229.4 ¢ -3.37+  Acrylate-PEG- 60% of DOX released Non- Drug delivery 37
coated ellipsoid 12.86 0.28 GGGPQG\/IWGQG  after3dand at the end specific (in vitro)
magnetic iron K-PEG-acrylate of 4d (0.1 mg/mL
oxide NP collagenase type |)
CdSe/znS QD Near- 12.8+3.6 -84 PEG-GGPLGVRGK- Cleavage and payload MMP-9 Drug delivery 113
spherical NH, release in vivo (in vitro and
vivo)
Gelatin NP Spherical 214150 -12.3+  Gelatintype B ~ 65% decrease in MMP-2 Drug delivery 56
(GNP) linked 7.2 NPs(Telmisartan)- particle size after 8 h (in vitro and in
to platinum PEG-PtNPs-SeSe- vivo)
NP (PtNP) PTX
Aggregation- Spherical 122.1 -1.27 a-CD-TPR-GEM- ~100% of GEM released ~ MMP-2 Drug delivery 66
induced PEG-Rg-PLG\/ LAG at96 h (in vitro and in
emission -(EK)s vivo)
nanodot
Gold AuNC-NAv ~11 N/A AuNC-Biotin- ~20% of AuNCs liberated MMP-9 Diagnostic 53
Nanocluster complex GGGPLGY,VRGKGG atlh sensor (in vitro
(AuNC)- C-NAv and in vivo)
Neutravidin
(NAv)
complex AuNC-Biotin- 100% degradation within
GGGGGGGGGGPLG 4.5 h (50 nM MMP-9)

JVRGKGGC-NAvV

and ~ 80% of AuNCs
liberated at 1 h
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4. Future Perspectives

Significant progress has been made in the field of MMP-
responsive nanomaterials, however, many challenges remain to
be addressed before these materials can be successfully
translated into clinical use. The upregulation of MMP activity
not only varies in different cancers, but in different stages and
grades of the same cancer. As outlined in this review, MMP-
responsive nanomaterials are highly dependent upon the
overexpression and activity of the MMP to trigger desired
changes within the nanomaterial. Since cancer progression
changes over time and different tissues present different
mechanical and chemical properties, tailoring of contextual,
spatial, and temporal aspects is essential. Additionally, MMPs
display promiscuous activity within the family, cleaving similar
peptides with varying rates due to shared substrate pockets.
Multiple optimized consensus sequences for specific MMPs
further complicate peptide substrate selection, as untargeted
MMPs may cleave them more rapidly than the targeted MMPs.
In addition, endogenous inhibitors and interactions in the
cellular microenvironment can decrease MMP activity, allowing
the possibility that untargeted MMPs and other proteases can
cleave the peptide substrates as well. Understanding these
complexities is crucial when designing biomaterials based on
MMP-specific peptides, as specificity for a targeted MMP does
not ensure specific cleavage by that protease alone. In addition
to this complexity, determining and comparing the anti-cancer
efficacy of different systems proved to be challenging due to the
various methods of data measurement employed for the
reported in vitro and in vivo studies. There is a wide range of
useful data that can be collected for both in vitro and in vivo
experiments which demonstrate the anti-cancer performance
of a system. These experiments include measuring cell
internalization, the ICsgvalue, drug release rate, and cytotoxicity
for in vitro data; and tumor weight and volume, animal body
weight, survival time, and tumor growth inhibition rate for in
vivo data. Hence, due to the inconsistencies in the method of
data collection and reporting across the different systems,
resolving whether one system had a more effective anti-cancer
effect between different papers was not feasible. For example,
the tumor growth inhibition rate is calculated as a percentage
and is dependent upon the mean tumor weight of treated and
control groups, whereas tumor volume, measured in mms3,
considers the width and length rather than mass. Although both
types of data can be used to portray the anti-cancer efficacy of
a system, we cannot directly compare the tumor growth
inhibition rate to the tumor volume to assess the system’s anti-
tumor effectiveness based on the data reported in literature.
Moreover, even in cases where authors have similar types of
data, factors such as the subtype of cancer and the cell lines
used vary. These inconsistencies make it challenging to
compare systems across different papers.

This raises questions of not only which data is necessary in
determining and proving the anti-cancer effectiveness of a
system, but also what classifies a system as effective. Broadly,
the effectiveness of a system is defined by the system’s ability
to shrink tumor size and kill cells. However, as observed in this

26 | Biomater. Sci., 2023, 00, 1-3

review, MMP-responsive systems are not always demonstrated
to increase the toxicity, nor tumor-reducing ability of the
payloads. Instead, some systems achieve more selective and
targeted therapy, potentially reducing adverse side effects that
would transform current chemotherapy into safer treatment
options. Additionally, even if proven successful in pre-clinical
studies, many of these MMP-responsive systems fail,
potentially because they are being evaluated at the wrong
endpoints in clinical trials.

In addition to comparing the anti-cancer efficacy in in vitro
and in vivo studies, we also found it difficult to compare the
MMP-responsiveness from one system to another based on the
data reported. For example, some papers report on the enzyme
responsiveness based on the rate of payload release or the
cleavage of an isolated peptide substrate. However, as
observed in Section 2.4, the release of payload is not triggered
by MMP-cleavage when using the de-PEGylation strategy but
rather on the hydrolysis of the post-cleavage nanomaterial.
Likewise, the rate of cleavage measured on a soluble peptide is
different from the rate of cleavage when the peptide is
embedded in a nanostructure (Section 3.2). Therefore, these
results cannot be quantitatively compared and cannot be used
to draw more subtle deductions on details such as whether a
spherical #¢ or oval 3 shaped lipid micelle is more responsive to
MMP-2. Nonetheless, we included the rate of MMP-
responsiveness that was reported in literature in Tables 7-11 as
helpful suggestions when designing new systems. Using the
three key design guidelines discussed in this review and building
on the decades of extensive research, there is great potential
for MMP-responsive nanomaterials to advance towards
translational research with greater specificity and enhanced
functionality, both which are essential for successful targeted
anti-cancer therapy.

5. Concluding remarks

In this review, we analyzed a variety of MMP-responsive
systems and have outlined key design guidelines to achieve
both specificity and functionality in MMP-responsive
nanomaterials. The main factors taken into consideration
include substrate modification, supramolecular architecture
and electrostatic charge of the nanomaterial. Moreover, we
evaluated how the different modes of nanomaterial response
can control and amplify the spatial and temporal effects of the
anti-cancer treatments in vitro and in vivo, such as controlled
rate of the payload release. Specifically, size-shrinking particles
can induce greater tumor penetration and cell internalization;
induced aggregation can decrease the overall systematic
toxicity in vivo and increase potency in drug-resistant cells;
formation of cytotoxic nanofibers can achieve highly selective
mechanical toxicity in vitro and enhance the efficacy of drugs in
vivo when used in combination; and de-PEGylation can expose
targeting ligands without significantly changing the morphology
or size of the nanoparticle, allowing the payloads to remain
within the core and release slowly. These comprehensive
strategies endow MMP-responsive nanomaterials with
promising potential as effective anti-cancer treatments.

This journal is © The Royal Society of Chemistry 2023
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