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ABSTRACT: Despite the substantial burden posed by osteoarthritis
(OA) globally, difficult challenges remain in achieving early OA
diagnosis and adopting effective disease-modifying treatments. In
this study, we use a biomolecular approach to address these
limitations by creating an inherently theranostic molecular beacon
whose imaging and therapeutic capabilities are activated by early
pathological changes in OA. This platform comprised (1) a peptide
linker substrate for metalloproteinase-13 (MMP-13), a pathological
protease upregulated in OA, which was conjugated to (2) a
porphyrin moiety with inherent multimodal imaging, photodynamic
therapy, and drug delivery capabilities, and (3) a quencher that
silences the porphyrin’s endogenous fluorescence and photo-
reactivity when the beacon is intact. In diseased OA tissue with
upregulated MMP-13 expression, this porphyrin molecular beacon (PPMMP13B) was expected to undergo sequence-specific cleavage,
yielding porphyrin fragments with restored fluorescence and photoreactivity that could, respectively, be used as a readout of MMP-
13 activity within the joint for early OA imaging and disease-targeted photodynamic therapy. This study focused on the synthesis
and characterization of PPMMP13B, followed by a proof-of-concept evaluation of its OA imaging and drug delivery potential. In
solution, PPMMP13B demonstrated 90% photoactivity quenching in its intact form and robust MMP-13 activation, yielding a 13-fold
increase in fluorescence post-cleavage. In vitro, PPMMP13B was readily uptaken and activated in an MMP-13 cell expression-
dependent manner in primary OA synoviocytes without exuding significant cytotoxicity. This translated into effective intra-articular
cartilage (to a 50 μm depth) and synovial uptake and activation of PPMMP13B in a destabilization of the medial meniscus OA mouse
model, yielding strong fluorescence contrast (7-fold higher signal than background) at the diseased joint site. These results provide
the foundation for further exploration of porphyrin molecular beacons for image-guided OA disease stratification, effective articular
delivery of disease-modify agents, and OA photodynamic therapy.
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1. INTRODUCTION
Osteoarthritis (OA) is a debilitating degenerative joint disease
that affected over half a billion patients globally in 2019 alone.1

Its symptoms characteristically include joint stiffness, joint
tenderness, pain and joint dysfunction that can yield disability
and substantially decrease patient quality of life.2 In the face of
wide-reaching impacts of OA and projections for increasing
prevalence over the next decade,3 more impactful management
strategies are needed for disease diagnosis, therapy and
monitoring disease progression. Conventionally, OA diagnoses
are reached by pairing clinical symptoms with radiographic
findings (joint narrowing, osteophytes (bone spurs), sclerosis).4

However, radiography is limited to the visualization of bony
structural changes and thus cannot adequately capture all joint
tissue implicated in OA. Consequently, patient symptoms can
often present in the absence of any OA radiographic findings,
leading to later stage diagnoses.4,5 Magnetic resonance imaging

(MRI) techniques have made visualization of earlier soft tissue
structural damage feasible, but are more costly, less readily
available and, like radiography, still rely on the presence of
appreciable changes in tissue morphology for diagnosis.5,6 Thus,
clinically available imaging options cannot capture the early
molecular pathophysiological stages of OA that precede such
structural damage. As there are currently no disease-modifying
treatments for OA, diagnostic techniques that can detect early
stage OA are particularly important for secondary disease
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prevention, slowing disease progression, and improving patient
outcomes.7

To this end, biomolecular approaches are gaining interest to
overcome the limitations of structural OA imaging techniques
and to enable OA-specific disease-modifying therapies. These
approaches are built upon the understanding that OA is a disease
of the entire joint, encompassing pathological changes to
multiple tissues, including the muscle, articular cartilage,
synovial membrane, and underlying subchondral bone.8 In
normal joints, cartilage is maintained by chondrocytes through a
balance of anabolic and catabolic processes. These chondrocytes
are nourished by synovial fluid produced by synovial fibroblasts
within the synovial membrane, which also clears waste from the
joint space through its vasculature and lymphatic vessels.
Mechanical forces exerted upon the joint are effectively
absorbed and dissipated by the cartilage, subchondral bone,
and osteochondral junction. In OA, this delicate homeostasis is
disturbed.9,10 Changes to the kinematics experienced by
cartilage alters joint loading, contributing to disease initiation.11

Associated dysregulation of the chondrocyte microenvironment
triggers increased breakdown of the cartilage extracellular
matrix, disrupting the balance of anabolic and catabolic activities
within the joint cartilage, contributing toOA progression.10 This
catabolic cartilage breakdown is caused by degradative proteases
whose overproduction is stimulated by proinflammatory
cytokines, namely IL-1β and TNF-α, among other biochemical
stress factors.12,13 The resulting cartilage fragments are released
into the synovial fluid and subsequently interact with the nearby
synovial membrane, resulting in synovial inflammation
(synovitis).14,15 Synovitis yields further proinflammatory
cytokine release and catabolic protease production by both
SFs and activated synovial macrophages, further stimulating
catabolic activity.16 The overall resulting degradation further
destabilizes joint mechanics, leading to the bone remodeling
visible on radiography.17,18 This combined alteration of joint
mechanics, chondrocyte catabolic activity and synovitis yield a
vicious positive feedback loop of cartilage degradation and joint
destruction.16 At the heart of this process are catabolic proteases
that are responsible for executing the cartilage degradation
characteristic to OA. They could consequently be ideal
biomolecular targets for novel OA diagnostics and therapy.

Of these catabolic proteases, matrix metalloproteinase-13
(MMP-13) is of particular interest as a biomarker and
therapeutic target due to its key contributions to OA
pathogenesis.19 MMP-13 belongs to a class of zinc-dependent
endopeptidases that digest extracellular matrix.20 It is recognized
as the primary MMP in OA responsible for articular collagen
degradation, making it an ideal therapeutic and drug delivery
target.21−23 Its upregulated production in OA chondrocytes and
synovium also makes MMP-13 a promising biomarker for OA
diagnostics.13,24,25 This potential is strengthened by clinical
studies that demonstrating that increases in synovial MMP-13
levels correspond to increasingOA grade.25,26 As such, the use of
MMP-13 as an OA biomarker could open doorways to both
earlier OA diagnosis and OA progression monitoring.
We leveraged these advantages to develop a new MMP-13-

activatable porphyrin peptide molecular beacon (PPMMP13B)
rationally designed to encompass OA pathogenesis-driven
imaging, therapy and drug delivery capabilities. The molecular
beacon comprises three constituents (Figure 1): an MMP-13
cleavable peptide (GPLG−FRVGK) linking together porphyrin
(pyropheophorbide-a) and a quencher (black hole quencher 3;
BHQ3). When intact, the peptide constrains the porphyrin and
BHQ3 moieties spatially, quenching the fluorescence and
photoreactivity of the porphyrin through resonance energy
transfer to BHQ3. However, in the presence of MMP-13, the
peptide is cleaved, freeing the porphyrin from the BHQ3
quencher and restoring its photoactivity. Consequently, it would
be expected that in environments with minimal MMP-13
production, such as in healthy joint tissue, PPMMP13B would not
be largely fluorescent. Contrarily, in diseased joints with
upregulated MMP-13 production, cleavage of PPMMP13B
would be expected, yielding fluorescence at the joint site
following light irradiation. This model of MMP-activated
fluorescence has been previously validated and used to
characterize disease progression in mouse models of OA with
a commercial beacon.27 However, PPMMP13B distinctly advances
the utility of molecular beacons for OA diagnostics and therapy
through two key design components.
First, our molecular beacon uses a modified peptide sequence

link (GPLGFRVGK) based on previously identified peptide
substrates with greater MMP-13 selectivity and catalytic
activity.28,29 Second, by using porphyrin, and specifically

Figure 1. Illustration of theOA fluorescence imaging and therapeutic potential of PPMMP13B. In a normal joint without substantialMMP-13 expression,
the fluorescence and singlet oxygen generating capabilities of PPMMP13B would be quenched, rendering it theranostically inactive. In diseased
environments with MMP-13 overexpression, PPMMP13B would be expected to undergo enzymatic cleavage, freeing the porphyrin from the BHQ3
quencher and restoring porphyrin photoactivity.
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pyropheophorbide-a (pyro), as our fluorophore, we unlock
theranostic avenues unfeasible with conventional commercial
beacons. Pyro is a near-infrared (NIR) fluorophore with a
central macrocyclic ring that can be effectively chelated to
metals.30 This metal chelation allows pyro’s imaging arsenal to
extend beyond fluorescence to include positron emission
tomography and MRI.31,32 Pyro’s macrocyclic structure also
enables it to serve as a potent photosensitizer. When irradiated
with NIR laser light, pyro generates singlet oxygen (1O2)
through a type II photodynamic therapy (PDT) reaction.33 This
PDT effect has been shown in models of rheumatoid arthritis to
selectively remove inflamed synovium, protecting joint cartilage
from further damage.34,35 Previous studies also demonstrated
PDT to beneficially affect vertebral bone architecture, structural
integrity, and mechanical stability.36,37 PDT could thus play a
role in breaking the cycle of cartilage degradation in OA by
addressing synovitis and improving bone mechanical stability.
The inclusion of pyro in PPMMP13B enables these therapeutic
capabilities: In an intact state, the fluorescence and PDT abilities
of pyro would be silenced, but in the presence of MMP-13 in a
diseased OA joint, pyro fluorescence and 1O2 generation would
be restored for disease-targeted image-guided therapy. As an
added advantage, pyro may overcome the continued challenge
faced in the OA field of delivering drugs to the highly
impermeable articular cartilage. Porphyrins and porphyrin-
conjugates have been shown to intercalate in lipid membranes,
readily undergo nonspecific cell uptake and facilitate the tissue
retention of otherwise difficult-to-deliver agents.38−41 Accord-
ingly, we postulate this will translate into effective cellular
uptake, articular deposition and tissue retention of the pyro−
peptide conjugate, which could be leveraged to improve drug
delivery to articular cartilage. Taken together, these multifaceted
capabilities make PPMMP13B an intriguing activatable theranostic
agent with multimodal imaging, PDT and drug delivery
potential for pathogenesis-driven OA management. In this
study, we focus on the synthesis, characterization, and validation
of PPMMP13B’s activatable fluorescence properties, followed by
exploration of its drug delivery and fluorescence imaging
potential in a mouse model of OA.

2. MATERIALS AND METHODS

2.1. General Materials
Fluorescence and UV−vis spectra were collected with a HORIBA
FluoroMax-4 spectrofluorometer and Cary 60 UV−vis spectropho-
tometer, respectively. Pyropheophorbide-a acid (pyro) was prepared
according to literature.42 Black hole quencher-3 carboxylic acid
succinimidyl ester (BHQ3-NHS) was purchased from LGC Biosearch
Technologies. Recombinant human MMP-13, ADAMTS-4, and
ADAMTS-5 enzymes were purchased from R&D Systems (Minneap-
olis, MN). MMP Multipacks were purchased from Enzo Life Sciences.
Proteinase K and singlet oxygen sensor green (SOSG) were purchased
from Thermo Scientific and Invitrogen, respectively. Peptides on solid
support resin were purchased fromGL Biochem (Shanghai) Ltd. MMP
buffer comprised 50 mMHEPES, 10 mMCaCl2, and 0.05% Brij 35, pH
7.5. ADAMTS buffer contained 50 mM Tris, 100 mM NaCl, 5 mM
CaC2, and 0.05% Brij 35, pH 7.5. All other reagents were purchased
from Sigma (St. Louis, MO).
2.2. Liquid Chromatography Methods
Reverse-phase preparative HPLC was performed on an Agilent
ZORBAX 300SB-C18 column (300 Å, 5 μm, 9.4 × 250 mm) using a
Waters 600 controller with a 2487 dual wavelength absorbance detector
(Waters Canada, Ontario, Canada). The HPLC conditions were as
follows: solvent A = 0.1% trifluoroacetic acid (TFA); solvent B =
acetonitrile (ACN); gradient, from 70% A and 30% B to 100% B in 35

min, 100% B for 5 min, then to 70% A and 30% B for 10 min; flow rate 5
mL·min−1.
Reverse-phase uPLC-MS was performed on aWaters Acquity UPLC

CSH phenyl-hexyl column (130 Å, 1.7 μm, 2.1× 50mm) with aWaters
2695 controller, a 2996 photodiode array detector, and a Waters triple
quadrupole (TQ) mass detector (Waters Canada, Ontario, Canada).
The uPLC conditions were as follows: solvent A = 0.1% TFA; solvent B
= ACN; gradient, from 80% A and 20% B to 100% B in 4 min, 100% B
for 2 min, then to 80% A and 20% B in 0.5 min and for an additional 1.5
min; flow rate 0.4 mL·min−1.

2.3. Synthesis of Pyro-GPLGFR(pbf)VGK(boc)-Rink Amide
Resin
Fifty milligrams of GPLGFR(pbf)VGK(boc) on solid support Rink
amide resin with N-terminus fluorenylmethyloxycarbonyl (Fmoc)
modification was purchased from GL Biochem (Shanghai) Ltd. To
remove the Fmoc protecting group the peptide resin was incubated
with 20% piperidine solution in dimethylforamide (DMF). After
complete Fmoc removal, which was confirmed and quantified by UV−
vis measurements of the reaction solution (ε300 nm= 7.87 × 103 M−1

cm−1), the resin was washed with DMF. Pyropheophorbide-a acid
(pyro) was added to the deprotected peptide to couple with the N-
terminal glycine in the presence of O-(benzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium hexafluorophosphate (HBTU) and N,N-diisopro-
pylethylamine (DIPEA) (pyro/HBTU/peptide = 2:2:1; DIPEA =
2.5%). The reaction was mixed under argon overnight. The resulting
product was washed with DMF andmethanol (MeOH) and dried using
a vacuum centrifuge.

2.4. Synthesis of Pyro-GPLGFRVGK(ε-NH2) (PPMMP13)
To cleave pyro−peptide from the solid support and deprotect the
arginine and lysine side chains, pyro−peptide resin was incubated with
a solution comprising 95% TFA, 2.5% water, and 2.5% TIS for 2 h. Sold
resin was removed by filtration. The resulting solution was
concentrated, and product was precipitated in anhydrous diethyl
ether and dried to give PPMMP13 (m/z calcd for C76H104N18O11 [M]+
1444.81, m/z found 1446.6 [M + H]+, 723.9 [M + 2H]2+, 483.1 [M +
3H]3+). Some PPMMP13 was kept and used for experimental controls.

2.5. Synthesis of Pyro-GPLGFRVGK-BHQ3 (PPMMP13B)
The remaining PPMMP13 was dissolved in anhydrous dimethyl sulfoxide
(DMSO) and quantified by UV−vis (ε410 nm, MeOH = 9.7 × 104 M−1

cm−1). BHQ3-NHS was added at a 1.1× molar ratio under basic
conditions (2.5% DIPEA), and the reaction was conducted for 3 h. The
reaction progress was monitored by uPLC-MS until 95% product
conversion was achieved, upon which point the reaction was ceased by
precipitating the reaction mixture in anhydrous diethyl ether. The final
product PPMMP13B was dried by vacuum centrifugation before
purification by preparative HPLC as described above. The purified
final product was characterized by UV−vis and electrospray ionization
(ESI) mass spectrometry (m/z calcd for C109H137N24O12 [M]+
1975.09, m/z found 988.1 [M + 2H]2+), 659.3 [M + 3H]3+), 494.4
[M + 4H]4+).

2.6. Synthesis of Pyro-glgfrvgk-BHQ3 (DPPMMP13B)
The D-amino acid sequence of GLGFRVGK was also purchased from
GL Biochem (Shanghai) Ltd. The procedure described above for pyro
and BHQ3 conjugation yielding PPMMP13B was followed but using the
D-peptide sequence to synthesize DPPMMP13B (m/z calcd for
C109H137N24O12 [M]+ 1975.09, m/z found 659.0 [M + 3H]3+). It was
used as a noncleavable, negative experimental control that provided
information on background nonspecific cleavage and fluorescence
unquenching.

2.7. Quenching Efficiency Measurements
PPMMP13 or PPMMP13B (1 nmol) was dissolved in 1 mL of DMSO to a
concentration of 1 μM. These solutions were diluted 1:100 in DMSO,
and fluorescence spectra were collected on resulting working solutions
on a HORIBA FluoroMax-4 spectrofluorometer (415/5 nm excitation,
650 to 750 nm emission collection). The quenching efficiency of
PPMMP13B was calculated from spectra area the curve using eq 1.
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Quenching efficiency is expressed as average ± standard deviation of
triplicate measurements.
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2.8. Measurement of Singlet Oxygen Generation
PPMMP13B or PPMMP13 (3 nmol) was dissolved in solution containing 2
μL of DMSO and 0.5 μL of Tween-80. These solutions were then
diluted to 3 μM in 1mL ofMMP buffer (containing 50 mMHEPES, 10
mM CaCl2, 0.05% Brij 35, pH 7.5). To obtain fully cleaved PPMMP13B
samples, 2 μL of Proteinase K (20 mg·mL−1) was added to the
PPMMP13B solution, which was allowed to incubate for 2 h at 37 °C. Ten
micrograms of SOSGwas dissolved in 33 μL of methanol and diluted to
100 μM in PBS. SOSG and either PPMMP13, intact PPMMP13B, or cleaved
PPMMP13B were added to a black 96-well plate with final concentrations
of 10 μM and 0.5 μM respectively in a final volume of 200 μL. Wells
containing only SOSG were used as controls. Light doses ranging from
0 to 25 J·cm−2 were delivered to each well using a 671 nm free-space
laser (LaserGlow Technologies) at an irradiance of 50 mW·cm−2.
Fluorescence measurements were collected with a CLARIOStar
microplate reader (BMG LABTECH) (SOSG settings: 490/8 nm
excitation, 515−575 nm emission; pyro settings: 415/8 nm excitation,
650−700 nm emission). Intensities across the emission spectra
wavelength range were integrated and normalized to SOSG controls.
Singlet oxygen generation and PPMMP13 and PPMMP13B photobleaching
were calculated by normalizing integrated fluorescence across emission
wavelengths to the associated 0 J·cm−2 light-free control. Experiments
were completed in triplicate and values are expressed as mean ±
standard deviation.
2.9. MMP-13-triggered fluorescence activation of PPMMP13B
PPMMP13B (1 nmol) was dissolved in a solution made of 5 μL DMSO
and 0.5 μLTween-80. This solution was then diluted into 500 μLMMP
buffer. MMP-13 was activated by incubation with 1 mM amino-
phenylmercuric acetate (APMA) for 1.5 h at 37 °C. The activated
MMP-13 was added to the PPMMP13B solution at a 1:40 molar ratio.
Activation was monitored by removing 5 μL sample aliquots at 0, 0.5, 1,
3, 6, 12, and 24 h. The aliquots were diluted 1:200 in MMP buffer
before acquiring spectrofluorometer measurements (acquisitions as
described above). Area under the curve was calculated and used to
determine fold fluorescence increase over time relative to 0 h.
For kinetic activation studies, PPMMP13B was dissolved in a solution

of 2 μL DMSO and 0.5 μL Tween-80. This solution was then added
into 1 mL of MMP buffer. MMP-13 was activated by incubation with 1
mM APMA for 1.5 h at 37 °C. PPMMP13B was incubated alone or with
MMP-13 at a 1:50 MMP-13:beacon molar ratio at 37 °C. Fluorescence
was monitored in real time for 2 h at 1 min intervals using a ClarioStar
plate reader (37 °C, 416 nm excitation, 674 nm emission).
2.10. Specificity toward various MMPs and ADAMTSs
PPMMP13B (1 nmol) was dissolved in a solution containing 2 μL DMSO
and 0.5 μL Tween-80. This was then diluted into 100 μL MMP buffer.
MMPs (MMP multipack-1 & −2, purchased from Enzo Life Science
Inc.), ADAMTSs (ADAMTS-4 & −5, purchased from R&D Systems),
or Proteinase-K was added. The reaction solution was incubated for 24
h at 37 °C. Following incubation, samples were diluted 1:1,000 in
DMSO for fluorescence spectroscopy measurements to evaluate pyro
fluorescence unquenching. Reaction solutions were diluted 1:1 in
MeOH to stop enzymatic reactions and subsequently subjected to
uPLC-MS analysis for detection of cleavage fragments. Select samples
were processed using HiPPR Detergent Removal Spin Column Kit
(Thermo Scientific) per manufacturer instructions prior to uPLC-MS.
Experiments were completed in triplicate and values are expressed as
mean ± standard deviation.
2.11. Patient information and cartilage samples
Human tissue collection and use were performed under REB #14−
7592, “Longitudinal Evaluation in the Arthritis Program (LEAP)
Addendum: Biomarker Exploration Analysis” at the Schroeder Arthritis

Institute, Krembil Discovery Tower, University Health Network.
Informed consent was appropriately obtained and no unexpected
safety hazards were encountered during patient tissue collection.
Human OA cartilage and synovial tissue was obtained from consenting
patients undergoing knee replacement (Kellgren-Lawrence grade III/
IV: moderate to severe knee OA43) at the Schroeder Arthritis Institute
(Toronto, ON). Human knee cartilage and synovium obtained from
patients were immediately placed in Dulbecco’s Minimum Essential
Medium (DMEM; with 4.5 g·L−1 Glucose, with L-Glutamine & Sodium
Pyruvate, Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS) and 1% (v/v) penicillin/streptomycin (P/S) and subsequently
stored at 4 °C.
2.12. Cell culture
Chondrocytes were extracted from the above cartilage samples by
sequential enzymatic digestion.44 Briefly, cartilage samples were washed
with PBS supplemented with 5% P/S for 1 h at 37 °C. PBS was replaced
with culture medium and the samples were left overnight at 37 °C in a
humidified atmosphere of 5% CO2/95% air. The following day,
cartilage was incubated for 1 h with 0.1% (w/v) Pronase (Roche,
#10165921001) in culture medium followed by 4 h with 0.2% (w/v)
collagenase (Sigma, C0130) in culture medium. Enzyme solutions were
passed through a 0.7 μm sterile syringe filter (Millex, Sigma) prior to
use. Cells were cultured in 10 cm Petri dishes for 1−2 weeks in a
humidified atmosphere of 5% CO2/95% air until confluent. Medium
was changed every 2−3 days. Confluent cultures were digested by
0.05% trypsin.
Fibroblast-like synoviocytes (SFs) were extracted from synovium

samples by enzymatic digestion.45 Briefly, Synovial membrane samples
were washed with culture medium not containing FBS before
incubating for 1 h at 37 °C with 0.1% (w/v) Trypsin (Sigma) in
culture medium without FBS followed by 4 h with 0.2% collagenase
type IA (w/v) (Sigma, C0130) in culture medium without FBS. Cells
were cultured in 10 cm Petri dishes in a humidified atmosphere of 5%
CO2/95% air until confluent. Confluent cultures were passaged via
0.05% trypsin. Cells were used for experiments between the second and
fifth passages.
Human umbilical vein endothelial cells (HUVECs) were kindly

donated by Dr. Armand Keating (University of Toronto). Cells were
cultured in 75 cm2 cell culture flasks and maintained with Endothelial
Cell Growth Base Media supplemented with Endothelial Cell Growth
Supplement (R&D Systems, Minneapolis, MN). Medium was changed
every 2−3 days. Confluent cultures were split/passaged with 0.25%
trypsin.
2.13. Cytotoxicity assay
Toxicity of PPMMP13B toward human chondrocytes and SFs was
determined using an alamarBlue assay. Cells were seeded at a density of
1 × 104 cells per well in 96 well plates (Greiner). After 24 h, medium
was replaced, and beacon was added thereafter. Cells were treated with
varying concentrations of PPMMP13B: 7 nmol PPMMP13B was dissolved
into a solution of 2 μL sterile DMSO and 0.5 μL Tween-80, which was
then diluted into 350 μL sterile PBS to a final concentration of 20 μM.
To each well, corresponding amounts of PPMMP13B solution were added
to reach desired final test concentration (0, 0.1, 0.3, 0.5, 0.8, 1, 2, and 5
μM). After a 24 h treatment incubation period, cells were washed with
PBS, which was then replaced with medium containing 0.5 mg·mL−1

alamarBlue (Invitrogen). Cells were incubated for 2 h, after which
fluorescence emission was measured using a CLARIOstar microplate
reader (BMG LABTECH) (540/15 nm excitation, 590/20 nm
emission). Cell viability for each experiment was calculated by
normalizing averaged blank-corrected fluorescence values of three
replicate treatment wells to blank-corrected fluorescence values of wells
treated with medium alone.
2.14. Flow cytometry
SFs or chondrocytes were seeded at 1 × 105 cells per well in a 6-well
plate (Nunc). Cells were allowed to adhere for 24 h, after which media
was replaced with 2 mL of fresh media. PPMMP13 (20 nmol) was
dissolved into a solution of 5 μL of sterile DMSO and 1 μL of Tween-
80. This solution was then diluted into 1 mL of sterile PBS to a final
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concentration of 20 μM. This working solution was added to the wells
for a final concentration of 1 μM PPMMP13. The cells were allowed to
incubate for another 1, 6, or 24 h, at which point the treatment medium
was removed. Cells were washed with PBS before digestion with 0.25%
trypsin. Cell suspensions were transferred to 15 mL centrifuge tubes
and centrifuged at 180g for 5 min. The supernatant was removed, and
the pellet was resuspended in PBS. Rinsing was repeated twice before
cells were resuspended for a final time in PBS supplemented with 1%
FBS before passing through a 35 μm nylon mesh cell strainer into
polystyrene test tubes. Flow cytometry was conducted with an Accuri
C6 (BD Biosciences) flow cytometer, using an APC filter (640 nm
excitation, 675/25 nm emission) to assess pyro fluorescence.
Histograms were generated and analyzed using FlowJo software.
Experiments were completed in triplicate and results are presented as
mean ± standard deviation.
2.15. Western Blots
Cells were seeded at 1.5× 105 cells per well in 6-well plates. After 24 h of
incubation, medium was changed. Chondrocytes were treated with 10
ng·mL−1 IL-1β and transforming growth factor beta (TGF-β) for 24 h.
PPMMP13 or PPMMP13B (6 nmol) was dissolved into a solution of 6 μL of
sterile DMSO and 0.75 μL of Tween-80. This solution was then diluted
into 300 μL of sterile PBS to a final concentration of 20 μM. This
treatment solution was added to the wells for a final concentration of 1
μM PPMMP13 or PPMMP13B. Cells were cultured for an additional 24 h.
Upon termination of treatments, culture supernatant was collected and
stored at −80 °C. Wells were washed with PBS before total proteins
were isolated with radioimmunoprecipitation (RIPA) buffer. Protein
concentrations was measured by Bradford assay. Briefly, 5 μL of RIPA
lysate (1:10 dilution in PBS) was incubated in the dark with 250 μL of
Bradford reagent (Sigma) for 30 min in a 96-well plate, immediately
after which absorbance at 595 nm was measured on a CLARIOStar
microplate reader (BMG LABTECH). A standard curve was prepared
by performing a serial dilution of bovine serum albumin (BSA). The
BSA standard curve and all samples measurements were conducted in
duplicate. Based on these measurements, protein solutions (20 μg
protein total) were loaded into 10% SDS-polyacrylamide gels for
electrophoresis at 137 V for approximately 1 h at RT. Separated protein
was electroblotted onto polyvinylidene fluoride membranes at 100 V
for 1 h at 4 °C. Membranes were blocked for 30 min with 10 mM Tris-
buffered saline (TBS) containing 5% skim milk and probed for 1.5 h
with rabbit polyclonal IgG primary antibodies (1:500) specific for
MMP-13 (Abcam, catalog 39012), mouse polyclonal IgG primary
antibodies (1:500) specific to α-SMA (Sigma, catalog A2547), or
mousemonoclonal IgG (1:1,000) for β-actin (Sigma, catalog A1978) in
blocking buffer. After washing the membrane three times with TBS
containing 0.1% Tween-20 (TBST), the membrane was incubated
overnight at 4 °C with HRP-conjugated antirabbit (Sigma, catalog
SAB3700843) or antimouse (Sigma, catalog A2179) secondary
antibodies (1:10,000) in TBS containing 5% skim milk. Membranes
were subsequently washed in TBST. Protein bands were visualized with
an enhanced chemiluminescence substrate (Clarify Western ECL
Substrate, BIO-RAD and SuperSignal West Pico, Thermo Science)
using a BIO-RAD Chemidocapparatus. Blots were scanned and signal
intensity was quantified using ImageJ (National Institutes of Health,
USA).
2.16. Fluorescence Microscopy
SFs and HUVECs were cultured as described above. First, 5 × 103 cells
were seeded per well in Nunc Lab-TekII-CC2 8-chambered slides.
After 24 h, the medium was changed and to it was added PPMMP13B,
PPMMP13, or DPPMMP13B to a final concentration of 2.5 μM. The cells
were incubated for an additional 24 h.Wells were washed with PBS, and
cells were subsequently fixed with 500 μL of 4% paraformaldehyde in
PBS for 20 min, after which the fixed cells were washed with PBS twice.
The chamber was then removed, and 10 μL of mounting solution with
4′,6-diamidino-2-phenylinodole (DAPI) (Vector Laboratories Inc.)
was added to each well. The cells were covered by a cover slide and
subjected to microscopic studies using an Olympus 1X73 inverted
microscope (pyro: Cy5 620/60 nm excitation, 665 nm long-pass
emission, nuclei: DAPI 375/28 nm excitation, 460/50 nm emission).

2.17. PPMMP13B Cleavage in Cells by uPLC-MS Analysis
SFs and HUVECs were seeded in a 12-well plate (COSTAR) at 5× 104
cells per well. After 2 days of incubation, media was changed and
PPMMP13B or DPPMMP13B was added to the wells at a final pyro
concentration of 20 μM. Cells were then allowed to incubate for 24 h,
after which the cell supernatant was collected. Wells were washed with
PBS, and cells were lysed with 50 μL RIPA buffer. Samples were dried
completely by vacuum centrifugation. The dried samples were then
redissolved in 100 μL DMSO and centrifuged for 5 min at 10,000 rpm
(Eppendorf SE centrifuge) to remove any precipitate. The supernatant
was filtered through a 0.45 μm cellulose acetate 4 mm syringe filter
(National Scientific) and subjected to uPLC-MS.

2.18. In Vivo Animal Study in DMM Mouse Model
All in vivo animal experiments were approved by the University Health
Network Animal Care Committee. Experiments adhered to all relevant
institutional, provincial, and federal requirements. C57BL/6J mice
(Jackson Laboratories, USA) were bred and housed in a 21 ± 1 °C
controlled room under a 12-h light-dark cycle. Animal access to food
and water was ad libitum. Twelve-week-old C57BL/6J male mice were
subjected to destabilization of the medial meniscus (DMM) surgery in
the right knee as previously described.46 DMMmice (n = 5 per group)
were anesthetized with isoflurane gas (1−2% v/v isoflurane, 1 L·min−1

flow rate, in 100% oxygen). The hindlimbs were epilated to allow for in
vivo fluorescence imaging. Pretreatment whole-body in vivo
fluorescence imaging scans were conducted under 1−2% v/v isoflurane
anesthesia using a PerkinElmer Xenogen IVIS Spectrum Imaging
System (level high, 675 nm excitation, 720 nm emission, epi-
illumination, bin (HR) 4, FOV 22.3, f8 serial imaging with multiple
exposures (0.5 to 7 s)) in a supine position. Mice were then
administered 2 μL of 500 μM PBS solutions of PPMMP13, PPMMP13B,
or DPPMMP13B via intra-articular injection through a Hamilton syringe
into the right knee, while 2 μL of sterile PBS was injected into the left
knee as a contralateral control. Mice were imaged again directly after
injection and then 6 h postinjection. After this last imaging time-point,
animals were humanely euthanized by cervical dislocation under
surgical plane isoflurane anesthesia. Knee joints and surrounding
muscle tissue were excised, and ex vivo fluorescence imaging was
performed with the same settings as above. Immediately following ex
vivo fluorescence imaging, knee joints were processed for cryosection-
ing. Briefly, the joints were fixed in 4% paraformaldehyde in PBS for 12
h at 4 °C in tissue cassettes. After washing with PBS, joints were then
decalcified for 7 days in 10% (w/v) ethylenediaminetetraacetic acid
(EDTA; Sigma) in water. Cassettes were stirred in this EDTA solution
at 4 °C in a beaker protected from light. EDTA solution was replaced
after day 2 and day 5. After decalcification, cassettes were placed in a
beaker of PBS and stirred to wash joints and then transferred to 30%
(w/v) sucrose in water, stirred at 4 °C and protected from light
overnight for joint cryopreservation. Joint cassettes were again washed
with PBS before transferring joints to Eppendorf tubes. 80/20% OCT/
PBS was added to each tube, and tubes were gently rocked for 2 h at 4
°C, followed by another 2 h in 100% OCT at 4 °C. Joints were then
transferred to cryomolds, oriented such that the medial side of the joint
was facing down in the cryomolds. OCT was added to the molds, and
joints were snapped frozen over dry ice. The frozen blocks were stored
at −80 °C until cryosectioning. Ten micrometer thick slices were cut
using a cryostat and transferred to glass slides for fluorescence
microscopy. To prepare slides for microscopy, slides were fixed in 10%
formalin for 5 min and washed twice with PBS. Tenmicroliters of DAPI
mounting solution was added to slides before covering with a cover
slide and subjecting to microscopy using an Olympus 1X73 inverted
microscope at 10× magnification (pyro: Cy5 channel 620/60 nm
excitation, 665 nm long-pass emission, 750ms exposure, DAPI: 375/28
nm excitation, 460/50 nm emission, 500 ms exposure).

2.19. Statistical Analysis
All statistical analyses were conducted in GraphPad Prism. One-way
ANOVA tests were applied and Tukey’s test was used use for posthoc
analysis to evaluate statistically significant differences across multiple
comparisons. All p values are presented in their corrected form for these
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multiple comparisons. All replicates are presented as mean ± standard
deviation.

3. RESULTS AND DISCUSSION

3.1. Synthesis of MMP13-Targeted Porphyrin Molecular
Beacons

The synthesis of PPMMP13B is illustrated in Figure S1. Briefly,
following Fmoc cleavage from the GPLGFRVGK peptide on
solid support resin, pyro was coupled onto the N-terminal
glycine residue, after which resin cleavage yielded PPMMP13. This
pyro−peptide in the absence of BHQ3 served as a positive
perpetually “active” fluorescent and photoreactive positive
control that also allowed for better assessment of pyro−
peptide’s drug delivery potential. Purification of PPMMP13 was

performed by prep-HPLC. This yielded PPMMP13 (Figure 2A)
with 97% purity (as determined by uPLC), a characteristic pyro
absorbance spectrum and expected ESI mass (m/z calcd for
C76H104N18O11 [M]+ 1444.81, m/z found 1446.6 [M + H]+,
723.9 [M + 2H]2+, 483.1 [M + 3H]3+). To complete the
synthesis of PPMMP13B, BHQ3-NHS was then conjugated onto
the amine of the C-terminal lysine side chain of PPMMP13 (Figure
S1). Subsequent prep-HPLC purification yielded PPMMP13B
with over 98% purity as determined by uPLC-MS, a distinct
UV−vis spectrum containing both characteristic pyro (416 nm,
broad) and BHQ3 (663 nm) peaks, and a concordant ESI MS
mass signal (m/z calcd for C109H137N24O12 [M]+ 1975.09, m/z
found 988.1 [M + 2H]2+), 659.3 [M + 3H]3+), 494.4 [M +
4H]4+) (Figure 2B). A negative control beacon for MMP-13
activation was also synthesized in the same manner but using D-

Figure 2.Characterization of PPMMP13 (A,i) and PPMMP13B (B,i) via uPLC-MS (A,B). The uPLC chromatographs (iii) of PPMMP13 and PPMMP13B show
product with >98% purity. The associated UV−vis spectra (iii) yield characteristic pyropheophorbide a (pyro) peaks for both PPMMP13 and PPMMP13B,
with the latter also including the characteristic absorbance profile of BHQ3. This suggested effective conjugation of pyro to the MMP-13 peptide
substrate and then subsequently also to BHQ3, which was confirmed by ESI-MS (iv). PPMMP13B fluorescence and singlet oxygen quenching were
characterized by spectrofluorimetry (C) and a singlet oxygen sensor green (SOSG) assay (D) respectively, while (E) depicts the photostability of
PPMMP13, PPMMP13B, and nonspecifically cleaved PPMMP13B fragments.
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amino acids to prevent site-specific proteolytic cleavage. This
DPPMMP13B was similarly purified by prep-HPLC and
characterized by uPLC to yield a product with over 97% purity,
characteristic pyro and BHQ3 UV−vis peaks and confirmed
identity via ESI MS (m/z calcd for C109H137N24O12 [M]+
1975.09, m/z found 659.0 [M + 3H]3+) (Figure S2).
3.2. PPMMP13B Fluorescence and Singlet Oxygen Quenching
Fluorescence and 1O2 generation from PPMMP13B were assessed
in relation to PPMMP13 to evaluate the effectiveness of BHQ3
quenching of pyro photoactivity. As shown in Figure 2C, BHQ3
addition to PPMMP13 drastically decreased the fluorescence
emission from the resulting PPMMP13B beacon when compared
to the unquenched BHQ3-free PPMMP13 control. Fluorescence
quenching efficiency of PPMMP13B relative to PPMMP13 was
calculated to be 88.9 ± 0.1% (n = 3). Singlet oxygen generation
was also successfully quenched through BHQ3 conjugation to
PPMMP13 as evidenced through in solution SOSG assays

conducted across increasing light doses. As shown in Figure
2D, the SOSG-only control displayed a negligible increase in
SOSG fluorescence background over the range of light doses
tested. For unquenched PPMMP13, a robust increase in SOSG
fluorescence was observed with an increasing light dose,
demonstrating light-dose enhanced 1O2 generation. In contrast,
a minimal increase in SOSG fluorescence was observed for
PPMMP13B over increasing light doses. As such, 1O2 generation
was astoundingly silenced in PPMMP13B versus the unquenched
PPMMP13 across all light doses. For example, at the highest light
dose tested (25 J·cm−2), PPMMP13 displayed a 24-fold increase in
SOSG fluorescence compared to the light-free control, while the
intact PPMMP13B only demonstrated a 2-fold increase, indicating
a 12-fold silencing of photoreactivity in PPMMP13B. To
investigate the susceptibility of the beacon to photobleaching,
pyro fluorescence signal of PPMMP13, intact PPMMP13B and
nonspecifically cleaved PPMMP13B (by Proteinase K) was

Figure 3.MMP-13-triggered cleavage and subsequent activation of PPMMP13B. (A) Scheme of cleavage reaction and associated cleavage products. (B)
Specific cleavage site was identified by characterizing the cleavage fragments by uPLC-MS. This PPMMP13B cleavage reaction unquenched the
PPMMP13B fluorescence over time as assessed by spectrofluorimetry (C). Integration of fluorescence spectra demonstrated cleavage products generated
approximately 13-fold higher fluorescence compared to intact PPMMP13B after 24 h (D).
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measured following light treatment (Figure 2E). No significant
decrease in pyro fluorescence signal was observed across
samples or light doses, indicating that PPMMP13, PPMMP13B,
and its fragments are photostable, and photobleaching was not a
factor in the observed quenching of PPMMP13B photoreactivity.
Taken together, BHQ3 conjugation effectively quenched both
pyro fluorescence and 1O2 generation in the PPMMP13B beacon.
3.3. MMP-13-Triggered Activation of PPMMP13B

Having confirmed that PPMMP13B in its intact state was
fluorescently and photoreactively quenched, we next deter-
mined its ability to be activated by its target protease, MMP-13,
in solution. PPMMP13B was incubated with MMP-13 at a 1:40
protease:beaconmolar ratio at 37 °C (Figure 3A). Aliquots were
removed from this incubated reaction mixture and measured on
a spectrofluorometer over the course of 24 h, while uPLC-MS
was used to validate beacon cleavage and identify cleavage
products. We found that MMP-13 cleaved PPMMP13B into two
fragments (Figure 3A,B): a pyro-GPLG fragment (4.36 min
uPLC retention time) and a FRVGK-BHQ3 fragment (2.61 min
uPLC retention time). These were identified based on the
absorbance spectra and ESI mass spectra of each uPLC peak.
The fragment associated with the 4.36 min retention time was
identified as pyro-containing on account of its characteristic
UV−vis spectrum (Figure 3Bii), while its associated peptide
fragment was identified via ESI-MS (Figure 3Biii; m/z calcd for
C48H58N8O7 [M]+ 858.44, found m/z 859.4 [M + H]+). The
fragment associated with the 2.61 min peak was identified based
on its characteristic BHQ3 absorbance spectrum (Figure 3Biv)
and concordant ESI-MS (Figure 3Bv; m/z calcd for
C61H81N16O6

+ [M]+ 1133.65, found m/z 567.3 [M + 2H]2+).
This MMP-13-mediated PPMMP13B cleavage successfully
restored pyro fluorescence. Kinetic characterization of the
cleavage reaction over 2 h revealed that while PPMMP13B alone
showed no change in fluorescence signal over the course of
incubation, a linear increase in fluorescence signal was observed
in the presence of MMP-13 (Figure S3). Fluorescence
characterization of aliquots over the course of 24 h revealed
that MMP-13 addition to PPMMP13B yielded strong pyro
fluorescence spectra (Figure 3C). Integration and normalization
of the associated fluorescence intensities yielded a logarithmic
profile characteristic of enzyme progress curves (Figure 3D).
After 24 h, a 13-fold increase in fluorescence signal was observed
compared to the fully intact PPMMP13B at 0 h. About half of this
fluorescence activation (7-fold increase) was reached in the first
3 h of PPMMP13B incubation with MMP-13. This PPMMP13B
activation by MMP-13 was stronger and faster than what has
been observed in literature for a commercial MMP fluorescent
beacon.27 These data together indicated that PPMMP13B was
successfully and robustly cleaved by MMP-13, liberating pyro
from BHQ3 and restoring pyro fluorescence signal. In doing so,
these data validated the premise of designing and using
PPMMP13B as a readout of pathological OA protease activity.
3.4. Cleavage Specificity of PPMMP13B toward Various MMPs

One of the postulated advancements in our beacon design was to
generate an OA pathogenesis-activated beacon with higher
selectivity to MMP-13 over other proteases. We thus
characterized the specificity of PPMMP13B activation by various
MMPs (MMP-1, -2, -3, -7, -8, -9, -10, -11, -12, and -13) and
ADAMTSs (ADAMTS-4 and -5), a second class of proteases
implicated in OA pathogenesis.19 PPMMP13B was incubated
alone or in combination with individual proteases. Each reaction
was allowed to ensue for 24 h at 37 °C, at which point

fluorescence spectroscopy and uPLC-MS were conducted on
reaction mixtures. Figure S4 displays the integrated fluorescence
intensity of the protease and PPMMP13B reaction mixtures
normalized to integrated intensities associated with PPMMP13B
incubation alone. Compared to Proteinase K, which causes
nonspecific but complete PPMMP13B cleavage (100% activation),
MMP-13 and MMP-10 caused approximately 85% beacon
activation. All other proteases demonstrated significantly lower
protease activation compared to MMP-13 (one-way ANOVA,
Tukey’s test for multiple comparisons p < 0.0001, n = 4), though
significant and appreciable (60%) activation of PPMMP13B was
also caused byMMP-3 (p< 0.0001 versus PPMMP13B alone). The
uPLC-MS profiles of the PPMMP13B/protease reaction products
(Figure S5) verified these observed trends in cleavage specificity.
The uPLC traces of the MMP-13 and MMP-10 reactions
demonstrated near complete eradication of the peak associated
with intact PPMMP13B (retention time of 3.97 min), and the
presence of strong peaks at retention times of 2.61 and 4.36 min,
which were previously found, as shown in Figure 3, to be
associated with FRVGK-BHQ3 and pyro-GLPLG fragments
generated from peptide cleavage between the Gly and Phe
residues. The MMP-3/beacon reaction also generated peaks
associated with FRVGK-BHQ3 and pyro-GLPLG, but thes were
similar in height to PPMMP13B. Small amounts of cleavage
fragments associated with MMP-9 and MMP-12 reactions were
also observed by uPLC, but the corresponding beacon
fluorescent activations were only 35 and 20%, respectively.
These results suggest that PPMMP13B underwent site-specific
cleavage that yielded beacon fluorescence activation with
greatest specificity to MMP-13 and MMP-10 and to a lesser
but still considerable extent to MMP-3.
Given the similarities in structure across MMPs, some

PPMMP13B cleavage crosstalk between MMP-13, MMP-3, and
MMP-10 is not altogether unexpected.47 Nevertheless, consid-
eration of off-target beacon activation is critical, especially for
MMP-10 given its comparable cleavage of PPMMP13B to MMP-
13. MMP-10 is typically not expressed in normal tissue aside
from during skeletal development.48 Instead, its expression is
observed in response to injury (for example skin wound healing
and bone fracture)49,50 and systemic pathologies (most notably
in atherosclerosis,51 cancer invasion52 and angiogenesis53).
However, its gene expression in OA synovium and cartilage is
3−4 orders of magnitude lower than that of MMP-13.50 Thus,
off-target PPMMP13B activation by MMP-10 is of less concern at
the joint site in the context of OA, and more relevant
systemically. This concern can be mitigated through local
administration of PPMMP13B via intraarticular injection. Unlike
MMP-10, MMP-3 is expressed in osteoarthritic tissue. MMP-3
is responsible for the activation of other MMPs,54 is upregulated
in OA, is a driver of OA cartilage damage, and has a more
differential expression between normal and early stage OA than
MMP-13.26,55,56MMP-9, for whichminor beacon activation was
observed, is also upregulated in later stages of OA.55 Thus,
MMP-3’s ability to cleave PPMMP13B, and to a lesser extent
MMP-9’s cleavage abilities, is likely beneficial as an additional
source of pathogenesis-activated imaging in an OA joint.
Altogether, the activation profile of PPMMP13B was thus suitable
for its continued exploration for OA applications.
3.5. Quantifying Cellular Uptake and Cytotoxicity of
PPMMP13B in Patient-Derived Cells

One of the key parameters that could allow for more effective
and versatile application of PPMMP13B in OA management is
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effective cellular uptake within cartilage and synovium. Thus, we
next explored this feasibility in vitro by characterizing the cellular
uptake profile of PPMMP13 in OA patient-derived fibroblast-like
synoviocytes (SFs; Figure 4A and Figure S6) and chondrocytes
(Figures S6 and S7A). The “always on” fluorescence of PPMMP13
allowed it to serve as a better substrate to quantify cellular
delivery via flow cytometry as it removed the confounding
matter of beacon quenching skewing such quantification. Cells
were treated with 1 μM of PPMMP13 for varying amounts of time,
and the percentage of cells stained with pyro and overall mean
fluorescence intensity (MFI) were determined. Both humanOA
joint tissue cell types demonstrated similar PPMMP13 uptake

profiles. After 1 h of incubation, 30± 10% of SFs and 38± 2% of
chondrocytes exhibited PPMMP13 uptake, yielding a 14 ± 5- and
12± 2-fold increase in MFI over controls, respectively. After 6 h
of incubation, the majority of cells exhibited PPMMP13 uptake,
with 80% of SFs and chondrocytes demonstrating pyro
fluorescence. By 24 h, 92 ± 5% of SFs and 92 ± 3% of
chondrocytes exhibited PPMMP13 fluorescence signal, yielding a
55± 6 and 38± 11 times higherMFI over controls, respectively.
This high cellular uptake coincided with insignificant PPMMP13B
cell toxicity at doses under 2 μM in both SFs (Figure 4B) and
chondrocytes (Figure S7B). Additionally, PPMMP13B did not
impair SF or chondrocyte cellular responses to stimulation

Figure 4. Efficient intracellular uptake of beacon in primary fibroblast-like synoviocytes (SFs) was demonstrated by administrating fluorescence
positive control PPMMP13 and quantifying pyro uptake with flow cytometry (A). This uptake did not yield any significant toxicity to SFs at varying
porphyrin doses (B). Western blots of patient-derived SFs demonstrated high MMP-13 expression when compared to HUVECs (C). Fluorescence
microscopy (red: Cy5 620/60 ex, 665 long-pass em, 200 ms exposure SFs, 1500 ms exposure HUVECs; blue: DAPI 375/28 ex, 460/50 em) was
conducted to characterize beacon uptake and activation following 24 h incubation (2.5 μMPPMMP13B, PPMMP13, or DPPMMP13B) with SFs or HUVECs
(D). PPMMP13 (no quencher) was used as a positive control, and DPPMMP13B (synthesized with a D-amino acid sequence) was used as an uncleavable
negative control. PPMMP13B activation was observed in SFs but not in HUVECs. This corresponded to more obvious observation of cleaved PPMMP13B
(P = porphyrin fragment, B = BHQ3 fragment) within supernatants and lysates of PPMMP13B-treated SFs than PPMMP13B-treated HUVECs (E).
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(Figure S7C and Figure S8). Such effective cellular delivery
paired with low cytotoxicity is reassuring for the intra-articular
delivery of PPMMP13B.

3.6. PPMMP13B Activation byMMP-13 Expressing SFs In Vitro
To test the potential of PPMMP13B for MMP-13 enabled imaging,
we compared PPMMP13B activation inMMP-13 expressing SFs to

Figure 5. In vivo assessment of PPMMP13B fluorescence activation was conducted in a DMMmodel of OA (A). The right knees of mice were surgically
destabilized. After 5 weeks, the right knees received intra-articular injections of 1 nmol of PPMMP13, PPMMP13B, or DPPMMP13B (n = 5 each), while the
left knees served as no treatment PBS controls. In vivo fluorescence imaging (B) was conducted (IVIS Spectrum, 675 nm ex, 720 nm em, 6 s exposure)
prior to injection, directly after injection and 6 h postinjection. Mice were then euthanized and dissected to harvest right (R) and left (L) knee joints as
well as surroundingmuscle. Ex vivo fluorescence imaging (C) was conducted on the lateral andmedial aspects of the joints (IVIS Spectrum, 675 nm ex,
720 nm em, 4 s exposure). ROI analysis of fluorescence images was conducted over the knee joint for in vivo images acquired prior to injection, directly
after injection and 6 h postinjection (D). One-way ANOVA was conducted among each treatment group with corrected significance denoted as *p <
0.0332, **p < 0.0021 or ns for no significant difference. ROI analysis was also conducted over the dissected bone/joint (muscle excluded) for ex vivo
images (E) acquired viewing the lateral (LL = left knee lateral, RL = right knee lateral) or medial (LM = left knee medial, RM = right knee medial)
aspects of the knee. All ex vivo right knee fluorescence intensities were significantly higher than their associated left knees in each treatment group (p =
0.007 to 0.0024).
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negligibly expressing HUVECs. For this in vitro study, we
focused primarily on activation within SFs since MMP-13
upregulation in OA, and across OA stages is particularly strongly
observed in the synovium.25 The MMP-13 relative expression
profiles of SFs and HUVECs were confirmed via Western
blotting (Figure 4C). SFs and HUVECs were treated with either
PPMMP13B, PPMMP13 (as a positive control) or DPPMMP13B (a
negative control to rule out nonspecific cleavage). Cells were
imaged by fluorescence microscopy to visualize intracellular
activation. As shown in Figure 4D, after 24 h of incubation with
the unquenched PPMMP13, both HUVECs and MMP-13 + SFs
exhibited bright intracellular pyro fluorescence, confirming
strong cellular uptake. On the other hand, treatment with
DPPMMP13B yielded negligible fluorescence in both cell lines,
demonstrating minimal background beacon cleavage and
activation. PPMMP13B in contrast to both positive and negative
controls demonstrated successful fluorescent activation in
MMP-13 + SFs but not in HUVECs, thus showing MMP-13
cell expression-dependent intracellular fluorescence activation.
Collectively, these results demonstrated PPMMP13B underwent
effective MMP-13-enabled, specific fluorescent activation.
To verify that this cell-specific activation was from differential

beacon cleavage between the cell types, supernatants and lysates
of SFs and HUVECs treated with PPMMP13B for 24 h were
collected and characterized by uPLC (Figure 4E). While the cell
lysate of HUVECs was associated with a large single uPLC peak
corresponding to intact PPMMP13B and no other concretely
discernible peaks, the cell lysate from SFs displayed 3 clear uPLC
peaks. These corresponded to the MMP13-cleaved BHQ3
fragment (2.6 min), intact PPMMP13B (4 min), and MMP13-
cleaved pyro fragment (4.3 min) uPLC profiles observed from in
solution MMP-13 cleavage studies. This demonstrated
successful intracellular cleavage of PPMMP13B in SFs but not in
HUVECs, in line with fluorescence microscopy results. As
MMP-13 is secreted into synovial fluid in OA, we also
characterized PPMMP13B cleavage in the cell media supernatants
where extracellular MMP-13 would be excreted in an in vitro
setting. Little PPMMP13B cleavage was observed in the HUVEC
supernatants while substantial cleavage was observed in the SF
supernatants. These in vitro data together indicated that (1)
PPMMP13B can enter human SFs and can subsequently be cleaved
and activated into fluorescent fragments, (2) there was a
possibility of slight cleavage of PPMMP13B in HUVECs from its
negligible but not absent levels of MMP-13 expression or from
off-target HUVEC MMPs,49 and (3) in addition to facilitating
MMP-13 expression-dependent intracellular PPMMP13B activa-
tion, SFs also excreted proteases that caused extracellular
PPMMP13B cleavage, yielding fragments in line with those
expected from MMP-13-enabled cleavage. Due to experimental
limitations, quantification of extracellular MMP-13 was not
performed in this study. Nevertheless, based on these data,
extracellular MMP secretion will likely play a critical role in
beacon activation in synovial fluid. This could enhance the
fluorescence imaging capabilities of PPMMP13B and also create a
pathway for future studies in which PPMMP13B could be applied
ex vivo to human synovial fluid in varying disease stages. These
conditions would not only provide a meaningful demonstration
of selective PPMMP13B activation in diseased over healthy
synovial fluid samples but also the results could subsequently
be correlated to disease severity (i.e., early vs late stage OA).
Furthermore, although we focused on MMP-13 expression in
these in vitro studies, it is possible that other MMPs, particularly
MMP-3 due to its established PPMMP13B cleavage efficacy and

OA tissue expression profile, played a role in PPMMP13B cleavage
and activation. As discussed above this is likely beneficial in the
context of PPMMP13B applications in OA.
3.7. PPMMP13B Localization and Activation in DMM-Induced
OA Mice Knee Joints

To explore whether the in vitro cell uptake and activation
profiles of PPMMP13B translated to an in vivo setting, we studied
the beacon’s intra-articular distribution and fluorescence
imaging capabilities in a destabilization of the medial meniscus
joint model of OA. Experiments were conducted 5 weeks after
DMM surgeries took place on the right knees of C57BL/6 mice,
a timeline consistent with mild to moderate OA. The
experimental plan depicted in Figure 5A was followed for
three groups of mice (n = 5 per group) receiving intra-articular
injections of either (1) PPMMP13B, (2) PPMMP13, or (3)
DPPMMP13B in their right knee, with the left knee serving as an
internal control for background fluorescence. Whole body
fluorescence images were taken prior to injection, directly after
injection and 6 h postinjection, at which point mice were
euthanized and knee joints were excised for ex vivo fluorescence
imaging from both lateral and medial viewpoints. Joints were
then fixed and cryosectioned for fluorescence microscopy.
As shown in Figure 5B,D, the positive fluorescent control,

PPMMP13, exhibited strong fluorescence (34 ± 20-fold increase
compared to prescan baseline, p = 0.0149) at the DMM knee
joint directly after injection. This fluorescent signal decreased 75
± 6% in strength over the course of 6 h, likely due to synovial
clearance of PPMMP13. However, as the time constant (τ) for
synovial clearance of similarly sized agents in mice is 2.85 h,57

the persistence of strong fluorescence signal at the knee joint site
at 6 h postinjection (9 ± 3-fold higher than prescan baseline)
indicated some tissue retention of PPMMP13. This was a positive
finding given that tissue retention in OA knee joints is
paramount for the successful biomedical application of our
tailored molecular beacon whether for imaging, PDT, or drug
delivery purposes. Unlike the “always on” PPMMP13 control,
PPMMP13B did not exhibit visible fluorescent signal at the DMM
knee joint directly after injection. ROI analysis demonstrated a
2.1 ± 0.3-fold increase in signal over the prescan, but this was
found to be statistically insignificant (p = 0.3905) and only
represented 6% of the fluorescence signal intensity observed for
PPMMP13 directly postinjection. However, over the course of 6 h,
strong fluorescent signal from PPMMP13B was generated at the
injection site (6 ± 3-fold increase over baseline, p = 0.0016),
with 63% fluorescence signal activated compared to PPMMP13 at
the same time point. This demonstrated successful PPMMP13B
activation in the DMM OA knee joint model. This activation
was peptide sequence-specific as evident from a lack of specific
fluorescent activation of DPPMMP13B, whose in vivo fluorescence
signal, unlike PPMMP13B, did not significantly change directly
postinjection to 6 h postinjection (p = 0.9923) or above baseline
(p = 0.2945 post, p = 0.3883 6 h). Ex vivo imaging of DPPMMP13B
did however demonstrate some unquenched background
fluorescence (2.7 ± 0.5-fold increase over PBS control p =
0.0019 lateral aspect, 2.8 ± 0.5-fold increase over PBS control p
= 0.0012 medial aspect). This DPPMMP13B background
fluorescence could be from nonspecific beacon cleavage, but
due to any lack of fluorescence intensity change between
postinjection and 6 h imaging time points in vivo, a larger
contributor was likely the presence of unquenched beacon
(recall PPMMP13B exhibited high but incomplete fluorescence
quenching efficiency of 90%). However, like in vivo fluorescence
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scans, PPMMP13B and PPMMP13 exhibited stronger visible
fluorescence signal than DPPMMP13B, signals that were,
respectively, 7 ± 3 and 9 ± 3-fold higher than PBS controls
imaged from the medial aspect. Together, these data
demonstrated that PPMMP13B underwent sequence-specific
fluorescence activation in a mouse model of OA, yielding strong
in vivo and ex vivo fluorescence imaging contrast. In doing so,
these in vivo data validated the potential of PPMMP13B as an
activatable OA imaging probe.
Fluorescence microscopy of the knee joint sections was

conducted to discern the microscopic locale of PPMMP13 tissue
retention and PPMMP13B activation. As can be seen in Figure 6A,
PPMMP13 delivery and PPMMP13B delivery/activation occurred
along the entire surface of the articular cartilage, synovium, and
menisci. This data demonstrated that joint-wide uptake and
activation of PPMMP13B at a microscopic level could yield
macroscopically robust fluorescence contrast in vivo at OA joint
sites. As expected from in vivo and ex vivo fluorescence imaging
studies, microscopic fluorescence intensities decreased in order
from PPMMP13 > PPMMP13B > DPPMMP13B, where a signal
observed in knee joints treated with DPPMMP13B was weak but
still presented in the same pattern as PPMMP13 and PPMMP13B.
Fluorescence profile mapping demonstrated that PPMMP13B and

PPMMP13 impressively reached a depth of 50 μm within articular
cartilage, which corresponded to approximately 50% of the
entire length of the articular cartilage and within the
chondrocyte-dense regions. This excellent intra-articular dis-
tribution renders these agents promising candidates to study in
the future for drug delivery, and in the case of PPMMP13B, joint-
wide PDT.
Altogether, our in vivo data validated the activatable nature of

PPMMP13B in OA-afflicted joint tissue as well as its robust
delivery to articular cartilage and synovium. In doing so, this
study sets the foundation for continued exploration and
optimization of PPMMP13B for pathology-driven OA molecular
imaging and treatment. In this proof-of-concept study, we
demonstrated the feasibility of using PPMMP13B to image OA
joint tissue. To better characterize whether PPMMP13B is
selectively activated by diseased tissue, future application studies
would benefit from comparison of PPMMP13B fluorescence
activation in uninjured versus diseased OA joints, and over a
greater number of postinjection time-points. This would
confirm the platform’s disease-specific imaging potential and
allow definition of fluorescence and time thresholds for
identifying diseased tissue specifically and sensitively. Should
higher specificity be required, optimization of beacon design

Figure 6.Dissected knee joints were subjected to fixation, cryosectioning and fluorescence microscopy to visualize PPMMP13B activation and porphyrin
localization within the articular cartilage (A). Images were taken along the entire length of the joint, with posterior, central and anterior aspects of these
lengths shown. ImageJ analysis of fluorescence profiles was conducted by drawing lines perpendicular to the articular cartilage along the entire cartilage
depth at approximately 50−75 μm intervals. Multiplot analysis was conducted and plots for each linear profile were combined (B). Individual pixel
values (circular symbols) and the averaged mean pixel value per distance (black line) are shown. Scale bar = 100 μm. Microscopy acquisition
parameters: pyro: Cy5 channel 620/60 nm excitation, 665 nm long-pass emission, 750 ms exposure; DAPI: 375/28 nm excitation, 460/50 nm
emission, 500 ms exposure.
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could be achieved using strategies that increase beacon
quenching efficiency and completely silence the intact beacon’s
photoactivity (such as the use of polycation−polyanion “zipper”
structure designs58). Additionally, the PPMMP13B platform can
easily be expanded to target other proteases implicated in OA.
For example, ADAMTs form another important class of
proteases implicated in OA pathogenesis19 that could be used
for beacon activation in future studies. These optimization
strategies could address the background fluorescence we
observed from the uncleavable D-peptide variant of PPMMP13B,
ensuring that fluorescence signal is better associated with joint
pathology. A more selective PPMMP13B would also minimize off-
target photoreactivity in the context of OA PDT applications.
The intra-articular distribution of PPMMP13B warrants such
future therapeutic application. The robust uptake and retention
of PPMMP13B and unquenched PPMMP13 within articular cartilage
could be leveraged to overcome the existing challenges of
delivering disease-modifying drugs to chondrocytes. Specifically,
the PPMMP13B synthesis protocol could be modified to conjugate
such drugs to the C-terminal of PPMMP13 to form a pro-drug with
potentially higher delivery efficacy than free drug. The
ubiquitous intra-articular delivery of PPMMP13B also strengthens
its promise as an activatable PDT agent for whole-joint OA
therapy. With the setting of the foundation of PPMMP13B in this
study, these multitude of future application explorations are now
viable.

4. CONCLUSIONS
This study set out to design, synthesize and evaluate a new
MMP-susceptible molecular beacon with targeted OA imaging,
drug delivery and therapeutic potential. The innovation in this
molecular beacon design lay in the use of a peptide substrate
with increased specificity to OA-relevant metalloproteases
compared to commercial beacons, and the inclusion of
porphyrin as the beacon fluorophore, which uniquely renders
the beacon inherently multimodal and theranostic. We
synthesized and investigated the activatable nature of this
prototype beacon, PPMMP13B. Upon MMP-13 exposure,
PPMMP13B demonstrated a near 13-fold increase in porphyrin
fluorescence. The beacon was found to be nontoxic in vitro at
doses up to 2 μM against OA patient-derived chondrocytes and
fibroblast-like synoviocytes (SFs). PPMMP13B underwent MMP-
13 expression-dependent fluorescence activation in vitro in
human SFs, which translated to successful activation (63%) 6 h
postinjection in OA-inflicted mouse knee joints in vivo, yielding
strong activatable fluorescence contrast at the diseased knee
joint. The beacon was additionally found to facilitate intra-
articular accumulation of porphyrin within deep articular
cartilage, synovium and menisci. Altogether, this study validated
PPMMP13B as an activatable probe with OA molecular imaging
capabilities. Its activatable nature and tissue-penetrating abilities
also opens avenues that explore PPMMP13B for targeted OA PDT
and delivery of otherwise impermeable disease-modifying drugs
to articular cartilage. This study thus builds a foundation for the
introduction of new biomolecular, pathogenesis-driven OA
management strategies with potential to overcome current
limitations in structural imaging and symptomatic OA therapies.
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