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from an enzyme-responsive injectable hydrogel
protects cartilage from degenerative progression
in osteoarthritisy
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Geet Kumar Nagar,” Rajdeep Guha, ()¢ Naibedya Chattopadhyay ©° and
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In osteoarthritis (OA), the degradation of cartilage is primarily driven by matrix metalloprotease-13
(MMP-13). Hence, the inhibition of MMP-13 has emerged as an attractive target for OA treatment.
Among the various approaches that are being explored for MMP-13 regulation, blocking of the enzyme
with specific binding molecules appears to be a more promising strategy for preventing cartilage
degeneration. To enhance effectiveness and ensure patient compliance, it is preferable for the binding
molecule to exhibit sustained activity when administered directly into the joint. Herein, we present an
enzyme-responsive hydrogel that was designed to exhibit on-demand, the sustained release of BI-4394,
a potent and highly selective MMP-13 blocker. The stable and compatible hydrogel was prepared using
triglycerol monostearate. The efficacy of the hydrogel to prevent cartilage damage was assessed in a rat
model of OA induced by anterior cruciate ligament transection (ACLT). The results revealed that in
comparison to the rats administrated weekly with intra-articular BI-4394, the hydrogel implanted rats
had reduced levels of inflammation and bone erosion. In comparison to untreated control, the cartilage
in animals administered with BI-4394/hydrogel exhibited significant levels of collagen-2 and aggrecan
along with reduced MMP-13. Overall, this study confirmed the potential of BI-4394 delivery using an
enzyme-responsive hydrogel as a promising treatment option to treat the early stages of OA by

rsc.li/materials-b

1. Introduction

The primary functions of articular cartilage (AC) located in
joints include absorption of impact, minimize load on the
underlying bone, and reduce friction between the joint sur-
faces. The extracellular matrix (ECM) of AC is mostly composed
of water (70-80%), collagens (10-25%) and proteoglycans (PGs,
5-15%). The avascular cartilage contains chondrocytes
embedded in the ECM."™ The avascular nature and low cell
density limit its regenerative potential. Damage to AC leads to
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preventing further cartilage degradation.

osteoarthritis (OA), a debilitating disease that affects a large
number of people worldwide.*™® In the United States alone, 151
million individuals are reported to be affected by the disease.”®
The existing pharmacological treatment of OA is purely symp-
tomatic, and does not prevent further degeneration of the
cartilage.’ The key players in OA progression are matrix metal-
loproteinases (MMPs), which are responsible for the ECM
destruction.’®™*? Based on their structure and substrate, the
cartilage degrading MMPs are termed as collagenases (MMP-1,
MMP-8 and MMP-13).">'* Among these, MMP-13 (collagenase-
3) has the highest specificity and efficiency to cleave collagen II,
the major matrix protein present in cartilage.’>'® In addition,
increased levels of MMP-13 have proved to play a catabolic role
in OA patients."””?° Numerous studies have focused on the
creation and assessment of chemical compounds that can
inhibit MMPs.?! However, the structural similarity among the
active sites of MMPs has resulted in their failure in clinical
trials due to their lack of selectivity and undesirable muscu-
loskeletal side effects, including inflammation and joint stiff-
ness known as muscular skeletal syndrome (MSS).>*??
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Consequently, pharmaceutical research has primarily concen-
trated on the identification of powerful MMP-13 inhibitors that
exhibit a strong selectivity to MMP-13 over other MMPs.>*?*
Recently MMP-13 inhibitors that bind selectively to the less
conserved S1’ pocket of MMPs, are designed for improved
specificity.>*>" One such molecule is 4-[({5-[2-(ethoxycarbonyl)-
1H-indol-5-yl]-1-methyl-1H-pyrazol-3-yl}formamido)methyl]-
benzoate (BI-4394), an indole-based inhibitor that was developed
by Boehringer Ingelheim to selectively bind to the S1’ pocket of
MMP-13. In silico interaction studies and X-ray crystallography
studies confirmed the binding affinity of BI-4394 with MMP-13
(RCSB PDB 1.D: 5BPA). In comparison to MMP-13 (> 1000-fold),
it has lower activity against other matrix metalloproteinases:
MMP-1 (IC-50 > 22 pM), MMP-2 (18 pM), MMP-3 (> 22 uM),
MMP-7 (> 22 uM), MMP-8 (> 22 uM), MMP-9 (8.9 uM), MMP-10
(16 uM), MMP-12 (> 22 uM) and MMP-14 (8.3 uM). In vitro
studies showed that BI-4394 selectively blocks the MMP-13
activity with an IC-50 value of 0.001 puM.*?

In comparison to a systemic route of drug administration,
the intra-articular (IA) route has a number of advantages,
including improved local bioavailability, reduced systemic drug
exposure, less adverse events and reduced cost.>*® Recently,
the efficacy of deuterated pyrimidine dicarboxamide, a MMP-13
inhibitor was assessed after administering the molecule IA
weekly.>® Repeated IA administration as a result of low drug
residence time will result in patient non-compliance due to
multiple visits to the hospital, discomfort, infection risk and
high cost.>**” The administration of a formulation that enables
sustained release of a drug would improve patient compliance
and reduce the cost of treatment.**™*! Multiple platforms such
as micelles, solid lipid nanoparticles (SLN), polymeric micro-
particles and hydrogels are reported for the sustained release
of drugs in the joints. Such systems were generally used for
the intra-articular delivery of disease-modifying OA drugs
(DMOADs), glucocorticoids and non-steroidal anti-inflammatory
drugs (NSAIDs) and cell-based therapies.***® However, no sus-
tained delivery system has been reported so far with a MMP-13
inhibitor.

BI-4394 has been reported to block MMP-13 with high
specificity and potency. While the molecule was shown to
inhibit ex-vivo bovine nasal cartilage degradation, no in vivo
studies have been reported.>® With the aim of improving its
bioavailability, herein, we report the development of an
enzyme-responsive hydrogel for the sustained release of
BI-4394 using FDA approved triglycerol monostearate (TG-18)
as a self-assembling amphiphilic hydrogelator. TG-18 is a cost-
effective, small-molecule amphiphile known for its safety and is
recognized as a Generally Recognized as Safe (GRAS) compound
by the Food and Drug Administration (FDA). Due to its ability to
self-assemble during the heating/cooling process, it can encap-
sulate a wide range of therapeutic agents.**”>* Moreover, this
hydrogel features an enzyme-cleavable linker, enabling disas-
sembly in response to enzymes found in an inflammatory
environment and supports the sustained release of the drugs
to match the severity of inflammatory conditions, thus optimiz-
ing therapeutic efficacy while reducing toxicity.”>* Since the
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ester linkages present in the hydrogel could be cleaved by an
enzyme having esterase activity and facilitate its disassembly,
we chose TG-18 as a gelator for the sustained release of BI-4394.
Invitro studies confirmed the sustained release of BI-4394 from
the hydrogel with those enzymes that are frequently detected in
OA joints. The in vivo efficacy of the BI-4394-loaded hydrogel to
prevent cartilage degeneration was evaluated in a rat OA model
achieved by anterior cruciate ligament transection (ACLT).

2. Experimental section
2.1. Materials

Reagents including solvents like HPLC water and DMSO were
obtained from commercial suppliers (TCI-India and Merck).
Triglycerol monostearate (TG-18) was purchased from AK Scien-
tific, India. BI-4394 (molecular weight: 446.5 g mol ') and
Recombinant Human MMP-13 protein (R&D Biosystems) were
a kind gift from Boehringer Ingelheim Pharma. Recombinant
human MMP-8 protein and a MMP fluorogenic substrate were
purchased from R & D Biosystems, USA. Porcine liver esterase
and a dialysis membrane (7 kDa) were obtained from Sigma-
Aldrich, USA. DMEM, collagenases-II, cell culture materials,
QPCR kits, primary and secondary antibodies were obtained
from Thermo Fischer Scientific, USA.

2.2. Isolation of human articular chondrocytes

Human articular chondrocytes were harvested from discarded
cartilage samples obtained from donors after informed consent
as per the protocol approved by the Institutional Ethics Com-
mittee of PGIMER, Chandigarh (IEC-08/2017-659). The chon-
drocytes were isolated as per the published protocol.>* Briefly,
the samples were decontaminated using alcohol and antibiotic
cocktail and digested with collagenase II solution in DMEM at
37 °Cfor 12 h. After digestion, the medium was passed through
a 70 um cell strainer, and the filtrate was centrifuged to
separate chondrocytes. The sediment was washed with DPBS
to remove enzymes and was again centrifuged. The pellet was
dispersed in a chondrocyte growth medium (CGM) (Lonza, US)
and transferred to T-25 flasks. Chondrocytes were cultured in a
humidified incubator supplied with 5% CO, at 37 °C. The
experiments were conducted using chondrocytes of passage
numbers 3-4.

2.3. Cytocompatibility assay of BI-4394

The cytocompatibility of BI-4394 was confirmed using the
isolated chondrocytes. In brief, the chondrocytes were seeded
in a 96-well plate at a cell density of 4000 cells per well and
incubated for 24 h in CGM media and then treated with
different concentrations of BI-4394 for 48 h at 37 °C in a 5%
CO, incubator in DMEM media. The viability of the cells was
checked using the 3-(4,5-dimethylthiazol-2-YL)-2,5-diphenyl-
tetrazolium bromide (MTT) Assay. The absorbance of the
formazan crystals was measured at 575 nm using a spectro-
photometer (Tecan Infinite M Plex).>® The cell viability was

This journal is © The Royal Society of Chemistry 2024
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calculated using the following equation:

Abs. of treated cells
Viability = 100 1
% Viability Abs. of control cells x (1)

2.4. Determination of NF-kB p65 translocation

NF-kB plays a central role in inflammatory conditions. It can be
activated by different stimuli that can further up-regulate
various other pro-inflammatory genes. In order to understand
the molecular mechanism of BI-4394 on NF-«B activation under
inflammatory conditions, immunofluorescence analysis was
performed using IL-1B-activated chondrocytes. The activation
of the NF-kB pathway was observed using antibodies raised
against p65, a subunit of NF-kB. Briefly, chondrocyte cells were
seeded on a chamber slide at a cell density of 10* cells per wells.
After 24 h, the cell was treated with IL-1f alone (10 ng mL ")
and along with BI-4394 (25 uM) for 6 h. Untreated chondrocytes
served as a control group. Post-incubation, the treated chondro-
cytes were washed with PBS, fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 for 10 min, and blocked
with 1% BSA for 1 h. The cells were then incubated with the NF-xB
P65 sub-unit primary antibody (1 : 300) overnight at 4 °C followed
by incubation with a goat anti-rabbit superclonal recombinant
secondary antibody tagged with Alexa Fluor 568 (1:1000) for 3 h at
room temperature (RT). The cells were then washed in PBS and
the nucleus was stained with Hoechst and imaged using a
confocal microscope.®

2.5. Gene expression assay

In order to evaluate the effect of BI-4394 on gene regulation,
gene expression by BI-4394 was evaluated under inflammatory
conditions using qPCR. The mRNA expression was evaluated
for the following genes using the respective primers: IL-1f
(Hs00174131_m1), MMP-13 (Hs00233992_m1), TNF-o (Hs00174128_
m1), iNOS (Hs01075529_m1), COL-2A (Hs00164004_m1), SRY-Box
Transcription factor 9-SOX-9 (Hs00164004 m1) and Aggrecan -
ACAN (Hs00202971_m1) using the Tagman gene expression assay
(Applied Biosystems). Briefly 1.5 x 10° cells per wells were
seeded in a 6-well plate. The chondrocytes were stimulated with
IL-1B (10 ng mL™") along with BI-4394 (5 uM and 25 pM),
respectively. Untreated chondrocytes served as the control. Total
RNA was isolated using the PureLink RNA Mini Kit (Ambion, by
Life Technologies) following the manufacturer’s protocol. The
purity and concentration of the RNA were assessed using a
Nanoquant, and then the RNA was reverse transcribed into
cDNA using Applied Biosystems, Thermo Scientific equipment.
Subsequently, the cDNA, along with qPCR mix, primers,
and ddH,0, was amplified in a qPCR system (Quant3 Studio,
Applied Biosystems, Thermo Scientific). Amplification condi-
tions included incubation at 50 °C for 2 minutes, initial dena-
turation at 95 °C for 10 minutes, followed by 40 cycles of
denaturation at 95 °C for 15 seconds and annealing/extension
at 50 °C for 1 minute. The expression levels of various samples
were normalized using the 2(—AACt) method with GAPDH
(Hs00204173_m1) as the reference gene.>*

This journal is © The Royal Society of Chemistry 2024
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2.6. In vitro evaluation of MMP-13 inhibition

BI-4394 was tested for MMP-13 inhibition activity using the
MMP fluorogenic substrate (QXL520-y-Abu-Pro-Cha-Abu-Smc-
His-Ala-Dab(5-FAM)-Ala-Lys-NH2 (Smc = S-methyl-i-cysteine))
according to the manufacturer’s protocol (R&D Biosystem).
Briefly, different concentrations of BI-4394 were dissolved in
DMSO and were added to the MMP fluorogenic substrate
(20 uM) in a black 96-well plate. An equal amount of MMP-13
enzyme (10 ng) was added to each well and incubated at 37 °C
for 90 min in a multimode plate reader in the kinetics mode
(Tecan Infinite M Plex). A test reaction, without BI-4394 served
as control. The fluorescence intensity of the MMP substrate
was quantified at excitation/emission (320 nm/405 nm)
wavelength.?? Similarly, the specificity of BI-4394 (10 uM) was
checked with different MMPs (10 ng), including MMP-8
(Collagenase-II), Gelatinase - (MMP-2 and MMP-9) respectively.

2.7. Synthesis of the hydrogel

To prepare the hydrogel, 100 mg of triglycerol monostearate
(TG-18) was weighed in a glass vial and heated to 65-85 °C until
it melted. BI-4394 (5 and 10 mg) dissolved, respectively, in
DMSO (0.2 mL) was added to the melted TG-18 followed by
water (0.8 mL) making the total volume to 1 mL and the final
DMSO: water volume ratio 1:4. The respective gels were desig-
nated as Gel@5 and Gel@10, respectively. A blank formulation
was prepared in a similar way, without BI-4394 (Gel@0). The
respective vials were cooled to room temperature, resulting in a
hydrogel formation. Gelation was considered complete when
no gravitational flow was observed upon inversion of the vial.”*

2.8. Encapsulation and loading efficiency

The hydrogels were centrifuged at 5000 rpm for 10 min to
calculate the entrapped BI-4394. The supernatant and sediment
were separated, and the BI-4394 concentration in the super-
natant was determined by UV analysis. The calibration curve of
BI-4394 was plotted with its maximum absorption wavelength
recorded at 310 nm. The entrapped molecule was calculated
with the help of the standard curve of BI-4394. The encapsula-
tion and loading efficiency were calculated using the given
formulas:>’

Total entrapped BI-4394 = (Total BI-4394 added — BI-4394
in supernatant) (2)

Entrapped BI-4394 in hydrogel
Amount of TG-18

BI-4394 loading % = x 100 (3)

Entrapped BI-4394in hydrogel

100
Totalamountof BI-4394

(4)

Encapsulationefficiency % =

2.9. Hydrogel characterization

The morphology of the hydrogels was evaluated using a micro-
scope (Olympus). The hydrogels were lyophilized and their
structural morphology was further confirmed by high resolution
FE-SEM (JEOL JSM-7610 F Plus).>" Fourier transform infrared
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(FT-IR) spectroscopy was used to confirm the encapsulation of
BI-4394 in the hydrogels. The FT-IR spectrum was recorded by
ATR using VERTEX 70 FT-IR (Bruker, US) from 2000 to 500 cm
at 4 cm™ ! resolution.

2.10. Rheological and mechanical properties of the hydrogel

Rheological characterization of the hydrogel was conducted
using a modular rheometer (AntonPaar, Austria), using plate
geometry (PP-25). The changes in the storage modulus (G') and
the loss modulus (G") from 65 °C to 25 °C were measured
at a fixed frequency of 1 Hz and a heating/cooling rate of
5 °C min~". Frequency sweep experiments were carried out in
a frequency range of 0.1-100 rad s~ at 25 °C and 0.1% strain.
To evaluate injectability, the viscosity of both the blank hydro-
gel (Gel@0) and the BI-4394-hydrogel (Gel@10) was measured
before and after injection at 25 °C in a frequency range of 0.1-
100 rad s ~.>°

2.11. Cytocompatibility of the hydrogel

The compatibility of the cells with the hydrogel was assessed
using its trans-well insert.>*® Briefly, 5000 chondrocytes were
seeded in 96 well plates containing trans-well inserts. After
culturing overnight, the medium was replaced with fresh
medium, fresh medium with 50 pL Gel@0 hydrogel and fresh
medium with 50 pL Gel@10 hydrogel was added to the
upper chamber and incubated for a period of 48 h at 37 °C.
An equivalent amount of free BI-4394 was used as a control
group.”® Post-incubation, the seeded chondrocytes were
washed with PBS and the cell viability was evaluated using
MTT as reported in Section 2.4.

2.12. Invitro release of BI-4394 from the hydrogel

The enzyme-responsive release of BI-4394 from the TG-18
hydrogel was performed at pH 7.4 and at 37 °C using a dialysis
bag.?’ Briefly, a known amount of BI-4394 loaded hydrogels was
suspended in PBS (200 mL) and was incubated with porcine
liver esterase (100 U mL™") in the activated dialysis membrane
(7 kDa molecular weight cut off) with stirring at 100 rpm.>" For
evaluating the stability, the hydrogel was incubated with and
without the esterase (200 U mL™"). In order to confirm the
esterase-dependent release of BI-4394, Gel@10 was incubated
with two concentrations of esterase (100 and 200 U mL ') and
its release was studied.”™° In another set of experiments, to
check whether MMPs can cleave the ester bonds in TG-18 to
release BI-4394, Gel@10 was incubated with recombinant
human MMP-9 (1.5 pg mL ') and recombinant human MMP-
13 (10 ng mL "), respectively. To mimic the OA inflammatory
conditions, fresh enzymes were added at set time points.
At each time interval, 1 mL of the sink media was removed
and replaced with fresh PBS. The concentration of BI-4394 in
the aliquoted sample was analysed by UV absorbance at 310 nm
and calculated through a standard curve.

2.13. Stability of BI-4394 in the hydrogel

The stability of the hydrogel was evaluated after incubating
Gel@10 at 4 °C, and 37 °C for two months. After the incubation,
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Gel@10 was disrupted through a sonicator and the released
BI-4394 was quantified using UV absorbance. The activity of
entrapped BI-4394 released from the hydrogel was assessed by
comparing its MMP-13 inhibitory activity with an equal amount
of freshly prepared BI-4394. The MMP-13 inhibition was
assessed by the MMP fluorogenic substrate as mentioned
previously in Section 2.2.

2.14. In vivo studies

All animal studies were performed as per the guidelines laid out
by the committee for the purpose of control and supervision of
experiments on animals (CPCSEA), Government of India and
approved by the Institutional Animal Ethics Committee (IAEC)
of Central Drug Research Institute, (CDRI) Lucknow (approval
No. IAEC/2022/24).

2.14.1. Rat OA model. Forty-two female Sprague-Dawley
rats (200-220 g) were randomly divided into seven groups (n =6
per group). Using the ACLT procedure, we induced OA as it
closely depicts human OA conditions.®”®" Group-1: control,
and to develop the model, the rats were anesthetized using
xylazine:ketamine (10:40 mg kg™'), and the surgery was per-
formed in the right knee of remaining 36 animals. One week
post-surgery, the ACLT rats were randomized into the following
groups; group 2: rats with ACLT and injected with saline
(50 pL); group 3: rats with ACLT and injected with BI-4394
(80 pg) in saline as a single dose (SD); group 4: rats with ACLT
and injected with BI-4394 (80 pg) injected as a double dose
(DD), administered 15 days after the 1st dose; group 5: rats with
ACLT and injected with Gel@0 (50 pL in saline); group 6: rats
ACLT and injected with Gel@10 containing BI-4394 (80 pg, SD);
and group 7: rats with ACLT and injected with Gel@10 contain-
ing BI-4394 (80 pg, DD). At the end of the experiment, all
animals were sacrificed and their surgery legs were harvested
for further evaluations.”®*>%

2.14.2. Gait analysis. The spontaneous mobility of the
animals was assessed as described before with slight modifi-
cations.®** A walking path was created in a confined compart-
ment with food pellets placed on top of inverted trays located
on either side of the path. The animals were provided with only
water O/N. On the day of the experiment, the gait and the
number of times each individual rat stood on its hind legs to
access the food was assessed for a fixed time interval using a
video camera. Besides, a digital Vernier calliper was used to
measure the bilateral knee joint thickness.**®¢

2.14.3. In vivo biochemical analysis. In order to evaluate
the in vivo safety of the administered hydrogels, the rat serum
was analysed using the liver function test (LFT) and the kidney
function test (KFT) using a biochemical analyser (XL-200 -
Tranasia) following the supplier kit’s protocols (Transasia Bio-
Medicals Ltd. India). KFT includes blood urea (Cat no. 121025),
creatinine (Cat no. 121022) and urea nitrogen (BUN) (Cat no.
120214) levels. LFT includes serum glutamic-oxaloacetic trans-
aminase (SGOT) (Cat no. 120616), serum glutamic-pyruvic
transaminase (SGPT) (Cat no. 120617), alkaline phosphatase
(ALP) (Cat no. 121018) and total bilirubin (Cat no. 120621).¢”

This journal is © The Royal Society of Chemistry 2024
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These are conducted to assess the health and functionality of
the liver and kidneys, respectively.

2.14.4. Micro-CT (pCT) analysis of knee joints. The knee
joints were analysed via pCT using a Sky Scan 1276 scanner (Sky
Scan, Bruker, Belgium). Scanning was performed at a voxel size
of 18 pm under a voltage of 70 kV and a current of 200 pA, using
a 1.0 mm aluminium filter, 180° rotation with 0.6° rotation
steps. The scanned files were reconstructed using the NRecon
software. The bone microarchitectural parameters such as bone
volume/tissue volume (BV/TV%) and trabecular number (Tb. N)
were quantified manually using CTAn software.®'

2.14.5. Histological analysis. The rat knees were fixed in
4% formalin followed by decalcification and the adjacent
muscles around the knee were excised. The decalcified and
cleaned knee tissue samples were embedded in paraffin and
cut into 5 um sections. The tissue sections were processed
for histological analysis by hematoxylin and eosin (H&E)
staining.®’ The collagen content in the respective cartilage
was assessed using Masson trichrome staining using the
Masson Trichrome Staining Kit (Real Gene). The respective
knee joint sections were assessed according to the Osteoarthritis
Research Society International (OARSI) guidelines as described
in ESI} Table $1.°%%°

2.14.6. Immunohistochemistry. The tissue sections were
rehydrated sequentially with xylene and graded ethanol (100%,
90%, 70%, and 50%) for 5 min each, followed by PBS wash.
Antigen retrieval was perfomed using pre-heated 10 mM
sodium citrate buffer (pH-6) at 80 °C for 1 min. After incuba-
tion, the sections were rinsed with PBS and treated with 3%
H,O0, solution for 20 min and washed with PBS. Blocking was
achieved by immersing the sections in a 4% BSA solution for
2 h at RT. Collagen-1I, MMP-13 and aggrecan were stained using
specific primary antibodies at 1:100 dilution after overnight
incubation at 4 °C. Primary antibodies were detected using
respective secondary antibodies conjugated with horse radish
peroxidase at 1:1000 dilution and stained with DAB and
counter stained with hematoxylin.>” The sections were rinsed
with PBS, rehydrated, mounted, and analysed using a micro-
scope (Olympus).

% Viability

0 0.01 0.05 0.25 1
Concentration (uM)

10 50 250

Only i :
IL-1p 4 4
IL-1p + /
BI-4394 :
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2.14.7. In vivo evaluation of MMP-13. Quantification of
MMP-13 was performed using a specific MMP-13 fluorogenic
substrate as per the published protocol.”® Briefly, the respective
rat serum (50 pL) was added to the MMP-13 fluorogenic
substrate and was assessed for MMP-13 activity. Fluorescence
intensity was measured at (320 nm/405 nm) excitation and
emission, respectively (Tecan Infinite M Plex).

2.15. Statistics

Results were expressed as mean + standard deviation. All data
were analyzed using one way analysis of variance followed by
Dunnett’s multiple comparison test. Values of p < 0.05 were
considered as significant. All the statistical analyses were
performed using graph pad prism 5 software (Graph Pad Soft-
ware, Inc., San Diego, CA, USA).

3. Results and discussion
3.1. Effect of BI-4394 on chondrocytes

3.1.1. Cytocompatibility of BI-4394. Several molecules that
bind specifically to the S1 pocket of MMP-13 have been
reported.””*® BI-4394 similarly binds to the SI pocket of
-MMP-13 and is highly potent. To evaluate its cytocompatibility,
BI-4394 (1-250 pM) was added to human articular chondrocytes
and its effect on proliferation was studied. BI-4394 had no
effect on chondrocyte viability up to 1 uM (Fig. 1A). At higher
concentrations >10 pM, the viability was comparatively
reduced. A similar response was observed with the morphology
of the cells, with lower concentration displaying a morphology
similar to that of the untreated control (Fig. S1, ESIT). As the
reported IC-50 value of BI-4394 is 1 nm,*”> BI-4394 can be
considered cytocompatible.

3.1.2. Effect of BI-4394 on gene expression. The activation
of NF-xB, a pro-inflammatory transcription factor is known to
induce MMP-13 expression apart from several pro-inflammatory
cytokines. Many reports have shown that OA can be mitigated by
blocking NF-kB activation.”*””* To evaluate if BI-4394 can prevent
NF-«kB activation, BI-4394 was added to interleukin-1f (IL-1f)
activated chondrocytes. The translocation of the p65 subunit of

B Hoechst NF-«xB Phalloidin Merged

Fig. 1 In vitro effect of BI-4394. (A) Proliferation of chondrocytes treated with BI-4394; one-way ANOVA, Dunnett's multiple comparison test. *

represents the significant difference in comparison to untreated control. (***p < 0.0001, **p <

0.01 and *p < 0.05). (B) Effect of BI-4394 on NF-kB

activation. p65 (red)-positive cells are indicated by white arrows. Nucleus is stained with Hoechst (blue) and the cytoskeleton is stained with phalloidin

(green). Images were captured at 20x magnification.
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NF-kB from the cytoplasm to the nucleus suggested the activa-
tion of the NF-kB pathway (Fig. 1B). The presence of the p65 unit
in the nucleus of activated cells treated with BI-4394 suggested
that BI-4394 did not block the activation of the NF-xB pathway.
MMP-13 is reported to be activated by IL-1B.”"7* To evaluate the
effect of BI-4394 on MMP-13 gene, IL-1f activation in chondro-
cytes was evaluated by MMP-13 expression using qPCR. The
studies revealed that IL-1B treatment resulted in a 250-fold
increase in the expression of MMP-13 as compared to untreated
control. No change in the expression of MMP-13 with BI-4394
indicated that the molecule had no influence on MMP-13 gene
expression (Fig. S2A, ESIf). A similar response observed with
other pro-inflammatory genes including tumor necrosis factor
(TNF-o) and inducible nitric oxide synthase (iNOS) (Fig. S2, ESIT)
confirmed that BI-4394 has no effect on their expression.

3.1.3. Blocking of MMPs by BI-4394. The MMP binding
activity of BI-4394 was evaluated using a specific MMP fluoro-
genic substrate.*” In this, treatment of the non-fluorescent
substrate with a specific MMP that is capable of cleaving the
substrate results in the cleavage of the attached quencher to
form a fluorogenic substrate. The intensity of the fluorescence
is directly proportional to the MMP activity. As shown in
Fig. 2A, the addition of MMP-13 (10 ng) to the substrate
resulted in a time dependent increase in fluorescence intensity.
In contrast, a dose dependent inhibition of the fluorescence
intensity was observed in the presence of BI-4394. The lowest
concentration (0.156 uM) and the highest tested concentration
(5 uM) of BI-4394 reduced the fluorescence intensity to 50%
and 10%, respectively, which confirmed the efficiency of BI-
4394 to block MMP-13. Similar data were also obtained by
Taylor et al., with BI-4394 which showed a IC5, of 0.001 pM with
a tested concentration of MMP-13 of 125 pM, which re-confirms
the MMP-13 binding activity of BI-4394.>* The activity of BI-
4394 (5 uM) was further similarly evaluated using other differ-
ent classes of MMPs. While BI-4394 showed complete reduction
in the fluorescence intensity with collagenase-III (MMP-13),
suggesting complete inhibitory activity, similar studies con-
ducted with collagenase-II (MMP-8) revealed only 30% inhibi-
tion (Fig. 2B). In contrast, no significant inhibition was
observed with gelatinases (MMP-2 and MMP-9) (Fig. 2C), which
confirmed the specificity of BI-4394 towards MMP-13.
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3.2. Development of an enzyme-responsive hydrogel

3.2.1. Synthesis of BI-4394 loaded hydrogel. Although BI-
4394 is highly potent and specific to MMP-13,*? its limited
solubility and stability in water would be a challenge for clinical
development. To overcome the limitations, we entrapped the
molecule in a self-assembling amphiphilic hydrogelator and
evaluated its efficacy under in vitro and in vivo conditions.

The hydrogels were prepared by heating a mixture of BI-4394
in DMSO, TG-18 and water. An opaque hydrogel was formed on
cooling (Fig. S3A, ESIt). Two different concentrations of BI-4394
(5 and 10 mg mL ") were used in the hydrogel formation and
designated as Gel@5 and Gel@10, respectively. In the blank
hydrogel, only DMSO was added (Gel@0). Microscopic exam-
ination of the hydrogels revealed that the blank gel contained
numerous spherical structures (Fig. 3A, a and b), while BI-4394
containing hydrogels had fibre-like structures. In comparison
to Gel@5, the density of the fibre-like structures was more in
Gel@10 (Fig. 3A, c-f). A similar observation was noted in the
FE-SEM study, with a greater number of long fibre-like struc-
tures in Gel@10 than in Gel@5 (Fig. 3A, h and i). Similar
structures were observed in TG-18 hydrogels by Joshi et al. and
Chen et al. used for the encapsulation of Triamcinolone acet-
onide and Rosiglitazone, respectively.”>>® The encapsulation
efficiency of BI-4394 in Gel@5 and Gel@10 was 65% w/w and
85% wi/w, respectively, suggesting considerable encapsulation
of BI-4394 in the TG-18 hydrogel. The increase in the density of
the needle-like structures is ascribed to an increase in the
entrapment of BI-4394. The encapsulation of BI-4394 was
confirmed with FTIR studies wherein similar peak shifting
was observed in both Gel@5 and Gel@10 in comparison to
the blank gel (Fig. S3B, ESIT).

3.2.2. Cytocompatibility study of the BI-4394 loaded hydro-
gel. The cytocompatibility of the hydrogel was investigated by
comparing the proliferation of the chondrocytes with the con-
tact media obtained from the respective hydrogels. As shown in
Fig. 3B, the proliferation of the cells exposed to the hydrogel
was comparable with the proliferation of the cells treated with
control and BI-4394, suggesting the biocompatibility of the
hydrogel. In addition, the morphology of the treated cells was
similar to the control cells, confirming the cytocompatibility of
the respective hydrogels (Fig. S4, ESIT).
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Fig. 2 Blocking of MMPs by BI-4394 using the MMP fluorogenic substrate. (A) Dose dependent inhibition of MMP-13 by BI-4394; specificity of BI-4394
among different classes of MMPs. (B) Collageneases (MMP-8 and MMP-13) and (C) gelatineases (MMP-2 and MMP-9).
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loaded hydrogel (Gel@10).

3.2.3. Rheology. The rheological properties of the hydrogel
were investigated using a rheometer. The gel to sol transition
was observed in the temperature sweep studies carried out from
65 °C to 25 °C. As the temperature reduced, the storge modulus
G’ increased rapidly, the gelation temperature of G’ = G” was
48.12 °C for the Gel@0 hydrogel (Fig. 3C) and 50 °C for the
Gel@10 hydrogel (Fig. 3D). Gel@10 exhibited a much higher
storage modulus than Gel@0, indicating stiffening of the
hydrogel due to BI-4394 encapsulation. A similar observation
was made by Chen et al., using Rosiglitazone.>® The frequency
sweep experiments with both the hydrogels revealed an
increase in the G’ values throughout the frequency sweep,
signifying the formation of a stable hydrogel (Fig. S5A and B,
ESIT). The injectability of the respective hydrogels was con-
firmed using the shear viscosity frequency sweep measurement.
A decrease in the viscosity after injection throughout the
frequency sweep from 0.1 to 100 rad s~ ' confirmed the shear
thinning characteristic of the hydrogel which enables it to pass
through the needle (Fig. S5C, ESIt).

3.2.4. Release profile of the BI-4394 loaded hydrogel. Apart
from the MMPs, esterase is detected in the synovial fluid of
OA patients.”>””’ Since the ester bonds present in TG-18 are
susceptible to esterase and MMPs, we used it to achieve
sustained release of BI-4394.°' To investigate the release of
the encapsulated BI-4394 in response to the enzymes, Gel@5 and
Gel@10 were placed in dialysis bags containing 100 U mL ™"
esterase. In order to mimic the in vivo flare conditions, fresh

This journal is © The Royal Society of Chemistry 2024

enzyme was periodically added to the dialysis solution. In the
presence of enzyme, 95% and 80% of BI-4394 were released from
Gel@5 and Gel@10, respectively, for 30 days, suggesting the
sustained release of BI-4394 (Fig. 4A). Given the high encapsula-
tion efficiency and favourable release kinetics of Gel@10, this
hydrogel was used in all further studies.

To check the specificity of release, the release of BI-4394
from Gel@10 was determined with and without esterase.
Whereas Gel@10 incubated in PBS alone showed 20% cumu-
lative release over a period of 30 days, the hydrogel incubated
with esterase showed a 80% release confirming the release of
BI-4394 was on account of breakage of the esterase bond in TG-
18 (Fig. 4B). Moreover, to check whether the BI-4394 release is
dependent on the concentration of enzyme, Gel@10 was incu-
bated with two different concentrations of esterase (100 and
200 U mL™"). An increase in the BI-4394 release observed with
the higher concentration of enzyme suggested that the hydrogel
was capable of releasing BI-4394, ‘“on-demand”, with the
release being dependent on the concentration of the enzyme
(Fig. 4C). These data confirm that the release of BI-4394 is
dependent on the enzyme concentration present in the milieu.
A similar observation was made by Joshi et al., using a TG-18
hydrogel, in which they reported 80% release of the encapsu-
lated drug in 30 days with esterase treatment in comparison to
the absence of an enzyme.’" To investigate the release of BI-
4394 from Gel@10 in the presence of MMPs that are released
in OA, Gel@10 was incubated with MMP-9 and MMP-13,
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Fig. 4 Release of BI-4394 from the hydrogel. (A) BI-4394 release from the respective hydrogels in the presence of esterase (100 U mL™Y); (B) BI-4394

release from Gel@10 in the presence and absence of esterase (200 U mL™Y);

(C) esterase dependent BI-4394 release from Gel@10; and (D) release of BI-

4394 from Gel@10 in the presence of MMP-9 (1.5 ng mL™% and MMP-13 (10 ng mL™?), respectively.

respectively. The enzyme concentration was chosen based on
the enzyme concentration reported in the synovial fluid of
arthritic patients.>"”®”® The results showed 75% release of
BI-4394 from the hydrogel upon incubation with MMP-9, while
only 45% was released with MMP-13. This difference can be
attributed to the blocking of MMP-13 activity by the released
BI-4394 which suggests the efficacy of the released BI-4394 to
block MMP-13 (Fig. 4D).

3.2.5. Stability study of the BI-4394 hydrogel. As the stabi-
lity of the entrapped BI-4394 is critical for its application, we
evaluated its stability in Gel@10. The activity of the entrapped
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BI-4394 was evaluated as reported in Section 2.13. Data revealed
that the activity of the entrapped BI-4394 was similar to that
of the freshly prepared BI-4394, suggesting the stability of the
BI-4394 in the hydrogel (Fig. 5).

3.3. In vivo studies

The ability of specific MMP-13 blocking molecules to prevent
cartilage degeneration have been reported using a rapid
cartilage-degrading inflammatory model (MIA model).***° In this
study, we had used the ACLT model, as it induces degradation of
the articular cartilage that affects the weight bearing ability and
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Fig. 5 In vitro stability and MMP-13 inhibition activity of the Gel@10 hydrogel at different temperatures. (A) 4 °C; (B) 37 °C.
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mobility of the animals, with the outcome being similar to that
observed in post-traumatic human OA.°"*® Studies have
shown that the ACLT model exhibits changes in the cartilage
and the underlying bone at the early stages of ligament
transection.®>%:828%8% The efficacy of the BI-4394 loaded
hydrogel to prevent cartilage degradation through MMP-13
blocking was evaluated in an in vivo model. Post ACLT, the test
animals were implanted with Gel@10 as a single dose (SD) or a
double dose (DD) through IA administration, to determine the
effective dose for therapeutic efficacy. Similarly, BI-4394 was
administered in the respective ACLT-operated group as shown
in the schematic representation (Fig. 6A). With the aim of
comparing the outcome of SD and DD of free-BI-4394, we chose
to similarly administer the Gel@10 as SD and DD, respectively.
At the end of the study, the gait and standing posture of the
animals were evaluated. The gait of an OA animal is affected
due to inadequate load-bearing ability in the affected knee. The
mechanical stress and prolonged wear and tear of OA joint lead
to cartilage degeneration and OA progression. The walking
pattern therefore provides critical information on ambulatory
biomechanics. We observed that the rats in the ACLT and
Gel@0 groups had a dragging gait in their right hind leg after
the surgery. However, in the groups treated with either a SD or
DD of BI-4394 or Gel@10, the rats exhibited a normal walking
pattern, similar to that of the healthy control group. The ability
of the rats to stand on their hind limbs was assessed by the
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number of times they stood on the hind limbs to access the
food during a fixed time interval. The quantified data shown in
Fig. 6B revealed that animals injected with Gel@10 exhibited
significant recovery and was comparable to that of healthy
animals. In contrast, the animals injected with BI-4394
(SD and DD) did not exhibit similar effect. Furthermore, the
thickness of the knee also revealed that Gel@10 was more
efficient than free BI-4394 (Fig. 6C).

No change in the body weight was observed among all the
rats’ groups during the dosing duration (data not shown).
Moreover, the in vivo safety data revealed no systemic change
was observed in LFT and KFT levels among all the groups
confirming the in vivo safety of the administered hydrogels
(Fig. S6, ESIT).

At the knee joint, the cartilage and subchondral bone work
as a single osteochondral unit and play complementary roles
in load-bearing of the joints.*>*® While the cartilage reduces
friction during motion, the subchondral bone supports the
overlying cartilage and distributes the mechanical load across
the joint surface.*””®® In OA, along with progressive loss of
articular cartilage, the subchondral bone damage is observed.®'
Visual evaluation of the excised joint revealed a smooth surface
in the healthy group. In contrast, the surface in ACLT and
Gel@0 implanted rats exhibited damage in the OA joint.
In comparison, the animals administered with BI-434 (SD and
DD) and animals implanted with Gel@10 (SD and DD)
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Fig. 6 In vivo studies of the BI-4394 loaded hydrogel. (A) Dosing pattern for the treatments; (B) quantification of standing position on their hindleg after
treatment. (C) % Change in the knee thickness of rat after treatment. One-way ANOVA, Dunnett's multiple comparisons test. * Represents a significant
difference compared to the control (ctrl) group. (***P < 0.0001, **P < 0.01 and *P < 0.05).
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exhibited a smooth surface similar to that of the control group
(Fig. 7A). Further p-CT analysis was done to evaluate the sub-
chondral bone. 3D images revealed changes in the microarch-
itecture of sub-chondral bone in ACLT and Gel@0 in compar-
ison to the healthy group. The animals administered with BI-43
(SD and DD) revealed an improved architecture as compared to
ACLT and Gel@0. The animals implanted with Gel@10 exhib-
ited a microarchitecture which was comparable to that of
healthy group (Fig. 7B), suggesting that early administration
of the MMP-13 inhibitor is beneficial in preventing further
cartilage degeneration.

Bone volume density, represented as BV/TV%, indicates the
percentage of bone volume to tissue volume. The trabecular
number (Tb. N) is the measure of the average number of
trabeculae per unit length. BV/TV% and trabecular number
(Tb. N) were calculated from the pCT analysis.?® As shown in
Fig. 7C and D, there was a significant reduction in the BV/TV%
and Tb. N in the ACLT, Gel@0 and free BI-4394 (SS and DD)
groups, in comparison to the control group. No significant
changes were observed in the case of Gel@10 (SS and DD),
indicating the protective role of the BI-4343 loaded hydrogel
over free BI-4394. Furthermore, the absence of any difference
between the SD and DD of Gel@10 suggested that a single dose
was adequate to prevent cartilage degeneration.

Histological assessment of the rat knee was performed using
hematoxylin and eosin (H&E) staining. Similar to the changes
observed in the gross morphology, cartilage damage in the
ACLT model was observed in the OA joint (Fig. 8A and B).
A similar observation was seen with the Gel@0 group. In com-
parison, rats administered with BI-4394 (SD and DD) exhibited
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intact cartilage. However, the Gel@10 implanted animals dis-
played a thick intact cartilage that was comparable to the
cartilage in the control group (Fig. 8A and B). This was further
confirmed with Masson Trichrome staining in which the col-
lagen content in the matrix is represented by the intense blue
matrix. An intense blue colour was observed in Gel@10 (SD and
DD) which was comparable to that of the control group,
whereas in the free BI-4394 (SD and DD), the intensity was
remarkably reduced, suggesting that Gel@10 prevented the
degradation of collagen present in the cartilage in comparison
to free BI-4394 (Fig. 8C). The assessment of the sections as per
the OARSI soring guidelines revealed significant degeneration
of the knee in the ACLT (Score 3.5) and Gel@0 (Score 3.2)
groups. While the administration of free BI-4394 in the knees
had scores of 2.8 (SD) and 2.0 (DD), the scores were 0.89 (SD)
and 0.84 (DD) in rats implanted with Gel@10 that were com-
parable to that of the control group (Score 0.681) (Fig. S7, ESIT).
The improvements observed in animals implanted with
Gel@10, in comparison to direct BI-4394 administration, could
be due to its better bioavailability.

To further confirm the status of articular cartilage specific
proteins such as collagen-2 (COL-2A) and aggrecan (AGCN),
immunohistochemistry (IHC) analysis was done using tissue
sections. Free BI-4394 administered animals exhibited higher
expression of COL-2A and AGCN with DD showing a com-
paratively higher expression than SD. The expression of these
proteins in Gel@10 (SD and DD) was comparable to that of
control groups suggesting that Gel@10 was more effective than
free BI-4394 (Fig. 9A and B). Moreover, the levels of protein
expressed between Gel@10 (SD and DD) was comparable

This journal is © The Royal Society of Chemistry 2024
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suggesting that the single hydrogel dose is as effective as the
double dose. A similar pattern was observed in the Masson
trichrome staining. Furthermore, we checked MMP-13 expres-
sion in tissue sections as shown in Fig. 9C. MMP-13 was highly
expressed in ACLT and Gel@0. The expression was consider-
ably down in free BI-4396 (SD and DD). The expression of MMP-
13 in Gel@10 (SD and DD) was comparable to that of the
control group proving that Gel@10 is more effective than free
BI-4394 in preventing cartilage degeneration (Fig. 9C).

The assessment of MMP-13 activity in the respective rat
serum using a specific fluorogenic substrate demonstrated
high levels of MMP-13 in ACLT and Gel@0 groups (Fig. S8,
ESIt). In comparison, the MMP-13 levels were less in all the
treatment groups with the inhibition being more significant in
Gel@10 (SD and DD) groups. The significant reduction in the
serum levels of MMP-13 in rats treated with Gel@10 could be
either due to the inhibition in the progression of cartilage
degeneration or blocking of MMP-13 activity, or both. Although

the histological and immunological data (Fig. 8 and Fig. 9)
support the earlier statement that the lower levels of MMP-13 in
animals treated with Gel@10 are due to the protection of the
cartilage from progressive degeneration that results in subse-
quent reduction in MMP-13 expression; the efficient MMP-13
binding activity of BI-4394 released from the hydrogel could
also prevent its detection in the serum.

As the purpose of testing Gel@10 as SD and DD regimens
was to determine the effective therapeutic regimen,”®®' the
results clearly indicate the efficacy of SD to be comparable to
DD in preventing cartilage degeneration. The cartilage of the
OA-rats in which the Gel@10 was administered as a SD was
comparable to that of the control (non-OA group), suggesting
that this dosing regimen was sufficient to mitigate the OA
conditions. The absence of a discernible difference in response
between SD and DD suggests that a dose-dependent in vivo
response was not apparent in this case. This preclinical obser-
vation underscores the robustness of the therapeutic effect
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Fig. 9 Immunohistochemistry (IHC) staining of respective tissue in the right hind knee. (A) Collagen-2 (COL-2A) staining; (B) aggrecan (AGCN) staining;

and (C) MMP-13 staining. Images were captured at 40x magnification.
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achieved with the SD regimen and supports the adoption of a
SD regimen for future clinical trials. Given the comparable OA
mitigating response to DD, the SD regimen offers the benefits
of reduced treatment burden and improved patient compli-
ance. This study confirms the advantage of delivering BI-4394
from the TG-18 hydrogel, which is specifically responsive
to esterase enzymes and undergoes disassembly to release
adequate BI-4394 to block MMP-13 activity, thereby preventing
further cartilage degradation.

4. Conclusion

Herein, we studied the potential of BI-4394, a selective MMP-13
inhibitor, to protect cartilage from degeneration. The cyto-
compatible BI-4394 had no influence on NF-«kB, nor on the
expression of pro-inflammatory genes that are implicated in
cartilage degeneration. In comparison to other metallopro-
teases, BI-4394 exhibited efficient binding to MMP-13 and
blocked its bioactivity. The long-term stability of BI-4394 was
enabled by encapsulating the molecule in an enzyme-
responsive hydrogel. In vitro studies revealed improved stability
of BI-4394 following its encapsulation in an enzyme-responsive
hydrogel. The hydrogel exhibited release of BI-4394 in the
presence of enzymes such as MMP-13 and esterase, confirming
the enzyme-responsive, on-demand release. In comparison to
direct intra-articular administration of free BI-494, administra-
tion of the BI-4394 using the enzyme-responsive hydrogel was
more effective in protecting the cartilage from degeneration.
The results confirm the prophylactic potential of MMP-13
inhibitors in preventing the progress of cartilage degeneration.
From the clinical perspective, our approach to release the
MMP-13 inhibitor using an enzyme-responsive, injectable
hydrogel is clinically attractive as it is likely to have better
patient compliance.
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