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Abstract

A fraction of the OA patient population is affected by post-traumatic osteoarthritis (PTOA) following
acute joint injuries. Stopping or reversing the progression of PTOA following joint injury could im-
prove long-term functional outcomes, reduced disability, and medical costs. To more effectively
treat articular cartilage injury, we have developed a novel cell-based therapy that involves the pre-
targeting of apoptotic chondrocytes and the delivery of healthy, metabolically active chondrocytes
using click chemistry. Specifically, a pre-targeting agent was prepared via conjugating apoptotic
binding peptide (ApoPep-1) and trans-cyclooctene (TCO) onto polyethylene glycol (PEG) polymer
carrier. The pre-targeting agent would be introduced to injured areas of articular cartilage, leading
to the accumulation of TCO groups on the injured areas from actively binding to apoptotic chon-
drocytes. Subsequently, methyltetrazine (Tz)-bearing chondrocytes would be immobilized on the
surface of TCO-coated injured cartilage via Tz-TCO click chemistry reaction. Using an ex vivo hu-
man cartilage explant PTOA model, the effectiveness of this new approach was evaluated. Our
studies show that this novel approach (Tz-TCO click chemistry) significantly enhanced the immobi-
lization of healthy and metabolically active chondrocytes to the areas of apoptotic chondrocytes.
Histological analyses demonstrated that this treatment regimen would significantly reduce the
area of cartilage degeneration and enhance ECM regeneration. The results support that Tz-TCO
click chemistry-mediated cell delivery approach has great potential in clinical applications for tar-
geting and treatment of cartilage injury.
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Introduction

Post-traumatic arthritis typically occurs following joint trauma and
commonly leads to the long-term affliction, osteoarthritis (OA).
This type of OA is referred to as post-traumatic OA (PTOA) and
has been estimated to represent 10% of all patients with OA. OA
left unchecked can progress to the complete loss of the joint’s articu-
lar surface with resultant bone on bone articulation, subchondral
sclerosis and cyst formation, and osteophyte formation. Acute joint
injuries, intraarticular fractures, ligament and chondral injuries, and
meniscal tears are common causes that lead to PTOA [1]. In the
United States, the number of patients who suffer from PTOA of the
knee, hip or ankle nearly reaches six million, accounting for about 3

billion dollars in annual societal expenditures [2]. Approximately
50% of joint trauma patients develop OA [3]. PTOA is a more com-
mon complication in young adults and these injuries may endure for
years asymptomatically and worsen over time. Studies on ligament
and meniscus injuries have shown that acute molecular changes can
take place in the joint decades prior to detecting structural changes
[4]. Definite changes are present in late stage (Grade 3 and 4) OA,
where treatment often necessitates joint replacement surgery to re-
store motion and reduce pain. However, young adults are not ideal
candidates for joint replacement or fusion treatments, as this inva-
sive surgery is associated with considerable surgical and systemic
risks, costs, and these artificial joints have a limited life span.
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Additionally, higher energy injuries to the surface of articular carti-
lage reflect a higher risk for rapid onset of PTOA [5]. Young adults
with joint injuries that are at higher risk of developing OA should be
addressed in the prevention of PTOA [6]. Therefore, there is a need
to develop such a therapeutic strategy, to prevent the ultimate devel-
opment of PTOA and to potentially reverse articular cartilage de-
generation from further destruction.

The most significant effect in joint trauma is damage to the artic-
ular cartilage, as the degenerative process following injury is largely
immutable. The tissue has an extremely limited self-repair capacity
due to its intrinsic characteristics of chondrocyte scarcity within the
tissues and vascular deficiency [7]. Articular cartilage repair is a
challenge, and currently, there are no approved treatments to target
post-traumatic arthritis and no available means to prevent OA.
Standard non-operative treatment for post-traumatic arthritis gener-
ally involves the use of nonsteroidal anti-inflammatory drugs
(NSAIDs), physical therapy to strengthen the muscles surrounding
the joint, weight reduction, and intra-articular injections with corti-
costeroids and hyaluronic preparations. Despite reducing inflamma-
tion and the associated pain, these methods are aimed at sustaining
joint comfort and function and do not cure arthritis [8—10]. Surgical
intervention is considered if the arthritis progresses and the previous
measures are no longer effective. Surgical treatment for post-trau-
matic arthritis typically includes debridement, reconstruction, or re-
placement of the damaged joint surfaces.

Cell-based therapies have been emerging in the field of articular
cartilage tissue engineering/regeneration in recent years. Autologous
chondrocyte transplantation (ACT) as a cell-based therapy for OA
involves harvesting and expanding chondrocytes from non-articular
areas of the affected joint and then re-implantation of these chon-
drocytes back into the articular cartilage defects [11]. Although,
studies have found this treatment to relieve patient’s symptoms in
the short-term. Significant long-term cartilage regeneration was
found only in patients with minimal or surface-level articular
defects. Even though this treatment is able to repair small defects, it
fails in generating new hyaline cartilage [12]. Additionally, compli-
cations including donor site morbidity and fibrocartilage formation
were reported [13, 14]. Furthermore, this bolus administration of
expanded chondrocytes lacks specificity and the ability of these
chondrocytes to anchor to injured and degenerative sites. Although
in some cases this treatment regimen has been shown to improve
function and reduce pain when the defects are advanced and well de-
fined, this cell-based treatment has not been used to treat or prevent
post-traumatic cartilage degradation, which is the objective of this
investigation [3, 15].

To achieve our objectives, we developed a novel strategy to de-
liver healthy chondrocytes directly to areas of injured cartilage via a
two-step process (Scheme 1B): (i) apoptotic cell targeting and (ii)
chondrocyte cell delivery and immobilization at the injured site(s).
For the apoptotic targeting, a nano-probe was designed to target the
apoptotic chondrocytes, since chondrocyte apoptosis is a well-recog-
nized hallmark of early stage OA [16]. Cell death is established as a
notable mechanism in OA joint pathology development and has be-
come a focal point in post-traumatic cartilage injury research [17].
Furthermore, in the immediate response of cartilage to mechanical
trauma, chondrocyte death occurs and apoptosis markers elevate
which can begin the cartilaginous degradative process toward
PTOA [18, 19]. Previous studies have found that there are more ap-
optotic cells presented on the injured cartilage compared with the
normal tissue [20-22]. Equally important, increasing evidences

show that there is a positive correlation between apoptotic cells and
cartilage matrix depletion [23, 24]. Here, ApoPep-1, a six amino
acid peptide (CQRPPR) was used as a ligand to target apoptotic
chondrocytes. Earlier studies have shown that the ApoPep-1 probe
can identify and bind apoptotic chondrocytes [25]. For chondrocyte
delivery, we used copper-free click chemistry strategy to engineer
chondrocytes [26]. This strategy has recently been employed for cell
engineering, cell transplantation and imaging reports/drug delivery
in the diagnosis and treatment of cancers [27]. Finally, to simulate
the osteoarthritic environment, the feasibility of this approach was
evaluated using an ex vivo induced human cartilage injury model
[28]. Overall results show that the proposed click chemistry strategy
possesses good translational potential with high specificity, fast con-
jugation rate, and biocompatibility.

Materials and methods

Apoptotic cell-binding peptide (CQRPPR) (United BioSystems Inc.,
Herndon, VA), heterobifunctional maleimide polyethylene glycol
amine (Mw : 3.5k, Mal-PEG-NH,) (JenKem Technol, Plano, TX),
tetraacetylated ~ N-azidoacetyl-pD-mannosamine  (AcsManNAz),
methyltetrazine DBCO (DBCO-Tz) and TCO-NHS ester (Click
Chemistry Tools, Scottsdale, AZ), sulfo-cyanine7 N-hydroxysuccini-
mide ester (Lumiprobe Corp., Hallandale Beach, FL), VybrantTM
DiD cell-labeling solution (Thermo Fisher, Waltham, MA), and all
other chemicals (Sigma-Aldrich Corporation, St Louis, MO).

Synthesis of pre-targeting agent (CQRPPR-PEG-TCO)
Mal-PEG-NHj; (15.7 mM) and TCO-NHS ester (25.1 mM) were dis-
solved in 2 ml of dimethyl sulfoxide, to which 4.5 ul of triethylamine
was added. After stirring at room temperature overnight, the inter-
mediate product (MAL-PEG-TCO) was purified by dialysis against
DI water and then collected by lyophilization. The intermediate
yield was determined to be 72.7%. Next, 80 mg of MAL-PEG-TCO
and 35 mg of peptide (CQRPPR) were dissolved in Sml of phos-
phate-buffered saline (PBS, pH 7.2), and the conjugation reaction
proceeded at room temperature for 24 h. Following dialysis against
DI water, the pre-targeting agent was freeze-dried for 'H-NMR
characterization and further use. Meanwhile, using sulfo-cyanine$
NHS ester (Lumiprobe Co., Hunt Valley, MD), some apoptosis-
binding optical probe (CQRPPR-PEG-CyS5) was prepared as de-
scribed in a recent publication [25].

Isolation and Tz-engineering of human chondrocytes
Chondrocytes were isolated from arthritic human cartilage explants
isolated from patients during joint replacement surgery as previously
published [29]. To produce Tz-bearing chondrocyte surfaces, the
isolated chondrocytes were incubated with DMEM complete me-
dium supplemented with 50 uM AcsManNAz in 37.0°C for 3 days
as previously described [30], then washed with PBS once, and cul-
tured in DMEM complete medium supplemented with DBCO-Tz
with different concentrations for 45 min (Scheme 1A). The introduc-
tion of the Azide (N3) group and Tz group to the cell surface was
confirmed using fluorescence imaging with AFDye 488 DBCO and
Cy5-TCO respectively (Click Chemistry Tools). The effect of
DBCO-Tz dose (0—100 uM) on chondrocyte viability was evaluated
by MTT assay. The proliferative activity of Tz-engineered chondro-
cytes was also compared with unlabeled chondrocytes [25].
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In vitro Tz-chondrocyte stability and TCO interactions

In vitro availability of Tz presented on chondrocyte membranes

The availability of Tz-groups on chondrocyte surfaces was studied
over 7 days using fluorescence measurements as previously described
[31]. Tz-bearing chondrocytes and unlabeled chondrocytes (as con-
trol) were seeded in a 96-well plate (2 x 10* cells/well). The cells
were incubated with 50l of AFDye 488 TCO (50 uM TCO in
DMEM) in 37.0°C for 1 h and then washed 3x with PBS. At each
sampling time (0, 1, 3, 5 and 7 days), the fluorescence intensity of
each well was acquired using a microplate reader (SpectraMax
Gemini XPS, Molecular Devices). The excitation wavelength and
emission wavelength used for the TCO dye was 490 and 540 nm, re-
spectively. The availability of cell surface bound Tz was determined
by dividing the fluorescent intensity at specific time points with re-
spect to Day 0 and calculating the percentage of Tz-groups available
on the cell surface over time.

In vitro testing of Tz-chondrocyte interaction with TCO-coated
surface

The targeted delivery efficacy of Tz-chondrocytes was tested in vitro
using TCO-coated wells. For that, a 24-well plate was first coated
with 200 pl of 100 pg/ml TCO-conjugated albumin or unconjugated
albumin (as control). Three million Tz-chondrocytes were incubated
with 6 ul of Vybrant™ DiD cell-labeling solution (Thermo Fisher
Scientific, Inc., Waltham, MA) in 100 pl serum free (SF)-DMEM in
37.0°C for 30 min. After the incubation, the cells were washed with
PBS and resuspended in SF-DMEM. The Tz-chondrocytes or chon-
drocytes (as control) (1 x 10° cells/well) were added to each well of
the TCO-coated well-plate and incubated in 37.0°C for 5, 15 and
30min to provide sufficient time for Tz-TCO reactions since Tz-
TCO click chemistry is known to have short reaction times (in
minutes) and very fast reaction rates [26, 32-34]. After the incuba-
tion, the cells were washed 3 x with PBS and were lysed with 200 pl/
well of 1% Triton-X-100 in PBS. The lysate was transferred to a 96-
well plate (black wall/clear bottom) for fluorescence measurements
as described earlier [25]. The numbers of adherent chondrocytes un-
der different treatment conditions were estimated based on the fluo-
rescence intensities.

In vitro assessment of pre-targeting agent (ApoPep-1-
PEG-TCO) functionality

Apoptosis was induced in chondrocytes by a sodium nitroprusside
(SNP) treatment as previously described [25]. The apoptotic cells
were then used to assess the functionality of the pre-targeting agent.
Briefly, apoptotic cells were incubated with react with pre-targeting
agent (ApoPep-1-PEG-TCO) (0.05 mg/ml in SE-DMEM) at 37.0°C
for 30 min. The incubated cells were washed and then incubated
with Tz-dye (0.05 mg/ml in SF-DMEM) at 37.0°C for 30 min. After
washing with SE-DMEM 3x, the cell-associated fluorescent inten-
sity was then measured using a fluorescence plate reader
(SpectraMax Gemini XPS, Molecular Devices). The effect of pre-tar-
geting agent dose (0 — 500 pg/ml) on chondrocyte viability was eval-
uated with Alamar Blue assay.

Ex vivo evaluation of pre-targeted cell delivery to
injured cartilage in PTOA model

Ex vivo study to assess the therapeutic efficacy of pre-targeting cell
delivery

Arthritic cartilage tissues isolated during total joint replacement
surgery obtained per our institution’s approved IRB agreement

without patients’ identity were used in this investigation. The effi-
cacy of our approach to deliver chondrocytes to injured cartilage
and then to promote tissue regeneration was evaluated using an
ex vivo explant PTOA model. For that, areas of minimal cartilage
damage were selected for the following experiments. A mechani-
cal force was applied onto cartilage tissue using a modified proce-
dure to induce injury [28]. After mechanically injuring the tissue
for 3h in DMEM media, Cy5-labeled pre-targeting agents were
added onto the cartilage tissue. After incubating with the pre-tar-
geting agent for 30 min, the tissue was washed with PBS to re-
move any unbound agent, then imaged to assess the tissue
targeting efficacy of pre-targeting agent. Next, Tz-labeled human
chondrocytes (1000 and 3000 cells/pl) were added onto the carti-
lage tissues. Similarly, after incubating for 30 min the tissue was
washed with PBS to remove any unbound cells. The tissue was
then imaged to assess the cell delivery efficacy of Tz-chondro-
cytes. Some of the tissues were then incubated at 37.0°C for 1
week. An in-house imaging system developed previously in our
laboratory was used in the imaging study [35]. The imaging sys-
tem consists of a digital CCD camera (ORCA®-R2, Hamamatsu)
capable of detecting fluorescence illuminated by an LED ring light
source (RL200, Smart Vision Lights). For the measurements, the
cartilage was placed under the mounted light source (with adjust-
able height) for the duration of the imaging experiments
(Excitation 670 nm, Emission 700 nm). The images were then an-
alyzed using PortableView, an in-house image processing soft-
ware developed with the portable imager. Three regions of
interest (ROIs) from the same tissues were quantified to produce
the mean fluorescence intensity.

Histology and immunohistochemistry

At the end of the 1-week culture, the tissue was then embedded in
OCT and cryosectioned for histological evaluation. Hematoxylin
and Eosin (H&E) staining was used for morphological assessment,
collagen type II (Santa Cruz Biotechnology, USA) and collagen type
I alpha 1 (Santa Cruz Biotechnology) staining was used for evalua-
tion of collagen, and Safranin-O staining was used for GAG quanti-
fication as previously described [36]. Diaminobenzidine (DAB,
Sigma, USA) chromogen was used for development of color.
Photomicrographs were obtained using a light microscope and
images were quantified for GAG and DAB (collagens) intensity us-
ing Image] software. Briefly, three ROIs from the same region (100
pum?) on the surface of the cartilage were selected for the
quantification.

Ex vivo time course study of pre-targeting agent and cell delivery to

injured cartilage

Real time imaging studies were carried out to assess the binding of
both pre-targeting agents to apoptotic sites, and Tz-chondrocytes
to the pre-targeting agents in a simulated clinical environment. For
that, Cy5-labeled pre-targeting agents were added onto the carti-
lage tissue submerged in DMEM (bolus administration) then im-
aged under visible light and fluorescent light using the portable
imager (Ex. 670 nm, Em. 700 nm) at 0 (before addition of probe),
20, 40 and 60 min as previously described [35]. Next, VybrantTM
DiD-stained Tz-chondrocytes (60 x 10° cells in 60 pl) were added
onto the cartilage explants in the same manner and then imaged
(Ex. 670 nm, Em. 700) at 0, 20, 40 and 60 min. ROIs were selected
to quantitatively analyze the accumulation of the pre-targeted
agents and cells.
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Statistical analysis

All statistical analyses were performed using GraphPad Prism® soft-
ware (version 9). Student’s #-test was used to perform the statistical
analysis for in vitro experimental results. Paired #-tests were used to
analyze ex vivo imaging data. Comparisons when P < 0.05 were des-
ignated as statistically significant. Results were presented as mean *
standard deviation (SD).

Results

Isolation and Tz-engineering of human chondrocytes

In vitro labeling of chondrocytes with Tz

A two-step procedure (Scheme 1A) was used to introduce Tz
onto the surface of human chondrocytes. First, the chondrocytes
were incubated with Acy;ManNAz (50 uM) to label the cell sur-
face with Azide (N3) groups via a metabolic glycoengineering
method as reported before [30]. Second, via reaction between N3
and DBCO, Tz-expressing chondrocytes (Tz-DBCO-Nj3-chon-
drocytes) were produced. To verify this process, we first exam-
ined the incorporation of N3 onto the AcsManNAz-treated
chondrocytes by staining the cells with AF488 Dye-conjugated
DBCO-Tz which could specifically react with N3 via copper-free
click chemistry (Fig. 1A). The live/dead staining showed that
N3 conjugation has no significant influence on cell viability,
since the viability of the Nj-labeled chondrocytes reacted with

DBCO-Tz has no significant difference compared with the unla-
beled chondrocytes (Fig. 1B). Subsequently, the conjugation effi-
ciency of DBCO-Tz to N3 conjugated cells was then determined
by incubating the Nj-labeled chondrocytes with different con-
centrations of DBCO-Tz (0—100 uM). As expected, the chondro-
cyte-associated fluorescent signal intensity increases with the
increase in DBCO-Tz concentration (Fig. 1C and D). These
results indicate that Tz-chondrocytes can be produced via the
two-step process and the amount of Tz on the chondrocytes is
dose-dependent on DBCO-Tz.

Cytotoxicity and function of Tz-chondrocytes

The cytotoxicity of DBCO-Tz to human chondrocytes was deter-
mined via MTS assay (Fig. 2A). In this experiment, we found that
the treatment of chondrocytes with DBCO-Tz exerted no apparent
toxicity up to 50uM. Significant cell toxicity was evident with
100 uM DBCO-Tz which demonstrated ~85% cell viability com-
pared with 0 pM controls. Based on these results, 50 uM DBCO-Tz
was determined as the optimal concentration for cell labeling. Next,
proliferative potential of the Tz-conjugated chondrocytes was stud-
ied over the course of 7 days (Fig. 2B). Interestingly, we find that
Tz-conjugation would not affect the cell proliferation for up to 7
days. The cell proliferation was not conducted beyond 7 days since
that would require subculturing the cells.
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Scheme 1. Two-step approach for pre-targeting apoptotic chondrocytes and subsequent Tz-chondrocyte delivery. (A) Tz-engineering of chondrocytes and (B)

their targeted delivery to injured cartilage surface.



Click chemistry-based pre-targeting cell delivery

A Ac,ManNAz(+)

DBCO-AF 488, 4.

e

DBCO-AF 488 (-)

o

B DBCO-Tz (uM)

c DBCO-Tz (uM) D
0 25 50 100 3% .

2 g
; 40

o .

=] 2 *

@ g :

= 5
£ o

» 0 25 50 100
--.. o

Figure 1. Analysis of the viability and DBCO reactivity of N3 conjugated human chondrocytes. (A) Fluorescence images of N3 conjugated human chondrocytes
reacted with or without incubation with AF488 dye-conjugated DBCO (50 uM). (B) Live (green)/dead (red) staining of chondrocytes with or without DBCO-Tz
(0 —50 uM) labeled chondrocytes. (C) Cy5 fluorescence images of DBCO-Tz (0 — 100 uM) treated chondrocytes incubated with TCO-Cy5. (D) Cy5 fluorescence in-
tensities of DBCO-Tz (0 — 100 uM) treated chondrocytes (n=4, Student'’s t-test, *P < 0.05 versus 0 uM). Results presented as mean = SD.

In vitro Tz-chondrocyte availability and TCO

interactions

Availability of Tz functional group on chondrocytes

The availability of Tz (50 uM) on cell surface was studied over time
by reacting with fluorescent labeled TCO at different time points: 0,
1, 3, 5 and 7 days (Fig. 2C). For availability calculations, the back-
ground was subtracted (unlabeled chondrocytes) and the Tz-associ-
ated fluorescence was normalized to Day 0 (100%). We found that
the Tz availability decreases by ~20% every 24 h following Tz-engi-
neering of chondrocytes (~1% reduction in 1h). Approximately
80% and 40% of Tz was available (with Day 0 being 100%) to re-
act with TCO after 1 and 3 days, respectively. These results indi-
cated that Tz-chondrocytes can maintain surface Tz functional
groups to react with TCO within 3 days from Tz-engineering.

Reactivity of Tz-chondrocytes with TCO

Next, we assessed the targeted delivery capability of the Tz-chon-
drocytes to TCO-coated surfaces in vitro. For that, DiD labeled
Tz-conjugated chondrocytes were incubated in wells coated with
TCO-conjugated albumin (Tz-cell/TCO-albumin) for 5, 10 and
30 min. Here, Tz-cell/Albumin (Tz-cells were incubated in the wells
coated with albumin), Cell/TCO-albumin (Cells were incubated in
the wells coated with TCO-conjugated albumin) and Cell/Albumin

(Cells were incubated in the wells coated with albumin) were used
as the control groups. While bovine serum albumin was used as a
surface blocking agent, it may lead to cell adhesion due to non-spe-
cific binding [37]. Hence, the inclusion of the albumin groups in the
experiment serves as controls for non-specific binding. After wash-
ing the wells 3x with PBS, the numbers of adherent cells were esti-
mated based on cell-associated fluorescent intensity measurement
(Fig. 2D). As expected, the results show that Tz-chondrocytes have
high affinity to TCO-coated surfaces, and the number of Tz-chon-
drocytes adherent onto TCO-surfaces increased with time (Fig. 2D).
When incubated for 30 min, Tz-cel/TCO-albumin group showed
more than a 4-fold higher signal than both Cell/TCO-albumin and
Cell/Albumin groups, indicating that the majority (~75%) of Tz-
chondrocyte accumulation on TCO-albumin coated wells is via spe-
cific Tz-TCO reactions. Interestingly, we found that Tz-chondro-
cytes also have high affinity for albumin coated surfaces. The
Tz-cell/TCO-albumin group showed 2-fold higher fluorescence com-
pared with the Tz-cell/Albumin group. Although the cause for such
non-specific binding has yet to be determined, it is possible that the
hydrophobicity of Tz groups on the cell surface provided enhanced
interactions with the adsorbed albumin. Our results also show that
both Cell/TCO-albumin and Cell/Albumin groups are found to have
slightly increased in the number of adherent chondrocytes with time
(Fig. 2D).
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In vitro characterization of pre-targeting agent (ApoPep-
1-PEG-TCO)

Next, injured cartilage pre-targeting agent was developed and evalu-
ated for its ability to target apoptotic cells on injured cartilage. The
pre-targeting agent (CQRPPR-PEG-TCO) was first prepared and
'H-NMR measurement (Fig. 3A) showed identifying peaks for the
peptide, PEG and TCO, suggesting the successful preparation of the
agent. The chemical shifts at 7.0 — 7.5 ppm were assigned to the
Guanidine groups, and the multiple peaks between 4.25 and
4.7 ppm were assigned to the tertiary hydrogens next to the amide
bonds. Also, the multiple peaks between 5.5 and 5.7ppm
(highlighted in the figure) correspond to the protons of CH, next to
the alkene (C=C), which is the characteristic structure of TCO. The
highest peak at 3.5 ppm belongs to the PEG structure.

The cytotoxicity of the pre-targeting agent was determined using
Alamar Blue assay (Fig. 3B). The results show that the pre-targeting
agent was no apparent cell toxicity up to 200 pg/ml of the pre-target-
ing agent (>97%). Significant cell toxicity (~85%) was observed with
500 pg/ml pre-targeting agent (P < 0.05). Next, the ability of the pre-
targeting agent to detect osteoarthritic cartilage was first assessed us-
ing apoptotic cells (Fig. 3C). By incubating the pre-targeting agents
with variously treated cells, we find that fluorescence intensities of ap-
optotic cells were significantly higher than healthy cells (P < 0.001)
and up to 7-fold higher than healthy cells.

Visualization of pre-targeted cell delivery to injured
human cartilage

An ex vivo study was carried out to assess the efficacy of the pre-tar-
geting approach using mechanically injured freshly isolated human
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cartilage tissue. Briefly, we first explored if the pre-targeting agent
could accumulate at the mechanically injured cartilage tissue
through targeting to the apoptotic cells. This is a very critical step to
express TCO groups on the damaged tissue, which allows for accu-
mulation of the Tz-chondrocytes via TCO-Tz click chemistry reac-
tion. For that, the pre-targeting agent conjugated with TCO dye was
applied to mechanically injured cartilage explants, and then ex vivo
images were captured using an in-house imaging system (Fig. 4A).
We found that the damaged tissues emitted a strong fluorescence sig-
nal while the signal was hardly detectable on the healthy tissues.
Quantification analysis further indicated that the damaged tissue
had ~3-fold higher fluorescence intensity compared with the control
(non-injured) tissue in 20 min (Fig. 4A). These results suggest that
the pre-targeting agent was able to accumulate on the injured carti-
lage areas via targeting of the apoptotic chondrocytes induced by
the mechanical force. Next, we explored whether delivered Tz-chon-
drocytes would accumulate at the pre-targeted apoptotic sites via
Tz-TCO click chemistry reaction. For that, pre-targeting agent was
administered to mechanically injured tissue for 30 min. Then, Tz-
chondrocytes labeled with Vybrant™ DiD-staining were introduced
and ex vivo images were taken using our imaging system. Similarly,
ex vivo imaging (Fig. 4B) showed that our approach triggered more
chondrocyte accumulation at the area of the injured tissue than the
control groups: 2-fold higher than injured tissue without pre-target-
ing treatment, and 4-fold higher than non-injured tissue (Fig. 4B).
These results suggest that our pre-targeting agent was able to facili-
tate the Tz-chondrocyte delivery via click chemistry approach indi-
cated by the accumulation of Tz-chondrocytes at the areas where
the cartilage had been injured.
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Figure 2. Cytotoxicity and functional analysis of Tz-chondrocytes. (A) Cell viability of DBCO-Tz (0 — 100 uM) labeled chondrocytes (n=3, Student’s t-test,
*P<0.05). (B) Proliferation of DBCO-Tz (50 uM) labeled chondrocytes from Day 0 to 7. (C) Stability test of DBCO-Tz (50 uM) labeled chondrocytes from Day 0 to 7.
(D) In vitro time-dependent targeting analysis of Tz-chondrocytes (n=4, Student’s t-test, *P < 0.05, **P< 0.01). Results presented as mean * SD.
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Figure 3. Characterization of pre-targeting agents. (A) "H-NMR spectrum of the pre-targeting agent. (B) Chondrocyte viability when exposed to different concen-
trations of pre-targeting agent (0-500 ng/ml) (n=3, Student’s ttest, *P<0.05). (C) In vitro pre-targeting of apoptotic chondrocytes (n=3, Student’s ttest,
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To better simulate the clinical environment and optimize the
treatment condition, the pre-targeting approach was investigated us-
ing freshly isolated osteoarthritic cartilage tissue ex vivo. For that,
we tested the two-step targeted delivery method using real time im-
aging over 2 h to explore the binding of both the pre-targeting agent
and Tz-chondrocytes when administered sequentially without wash-
ing to simulate a clinical setting. For each step, the pre-targeting
agent and Tz-chondrocytes were administered to the cartilage tissue
submerged in media (Omin) and imaged after 20, 40 and 60 min
(Fig. SA). As expected, the pre-targeting agents were found to have
high affinity for injured areas of the explants’ areas within 20 min.
The amounts of pre-targeting agents on the injured areas showed
about ~15% decrease in intensity from 40 to 60 min with statistical
significance. The decrease in intensity may be caused by the reduc-
tion of the non-specific binding between pre-targeting agents and
the tissue. Later, even when suspended in media, the pre-targeting
agent and Tz-chondrocytes were able to accumulate and reach a pla-
teau within 20 min of administration (Fig. 5B). There was a slight

decrease of Tz-chondrocytes over 60 min, however, the differences
between all three time points are not statistically significant.

Ex vivo evaluation of the efficacy of pre-targeting
approach to improve the cartilage regeneration in situ
By targeting the delivery of chondrocytes to the injured cartilage
sites, further studies were performed to determine whether the pre-
targeting approach would promote the regeneration of cartilage tis-
sue in situ. For that, injured cartilage tissue (as described above) was
treated with pre-targeting agents (30min) and chondrocytes
(30 min), and then cultured for 1 week in DMEM supplemented
with 10% FBS. Representative samples of control (non-injured), in-
jured without pre-targeting, injured without cell delivery, and in-
jured with both pre-targeting and cell delivery tissue then underwent
histological analyses, including H&E, Safranin-O, collagen type I al-
pha 1 and collagen type II. The histological results showed that the
pre-targeting cell delivery approach was able to deliver chondrocytes
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to the sites of injured cartilage (Fig. 6A) and that the areas where the
delivered chondrocytes accumulated expressed greater amounts of
GAG (Safranin-O), collagen type 1 (Col 1A1) and collagen type II
(Col M) than those without delivered chondrocytes (Fig. 6B).
Quantification analysis for the pre-targeting cell delivery group
showed that compared with the non-treated group, there was an
~80, 80 and ~60% increase in the formation of GAG, type I and
type II collagen, respectively (Fig. 6C). The GAG, type I and type II
collagen intensities for the group that received the pre-targeting
treatment was not statistically significant compared with the control
(non-injured) groups. Compared with the control (non-injured)
group, the non-targeting treatment group shows ~45, 24 and 25%

increase in the formation of GAG, type I and type II collagen, re-
spectively (Fig. 6C). Similarly, the percent increase of formation of
GAG and collagens using the pre-targeting approach was higher
(~40 — 50%) than that of the non-targeting group (Fig. 6C). These
results show that our pre-targeting approach to treat injured carti-
lage has a greater effectiveness compared with the conventional
non-targeting approach.

Discussion

Cartilage tissue has poor regenerative ability after injury and during
degeneration due to its intrinsic avascular structure, the limited
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number of resident chondrocytes, and the structure of intact articu-
lar cartilage [7]. OA, also referred to as ‘wear and tear’ arthritis,
commonly develops with aging and use, but may also develop fol-
lowing an acute joint injury. To restore the injured cartilage tissue,
chondrocyte-based therapies have been extensively explored to pro-
mote chondrogenesis in the degenerative defects via transplantation
of the metabolically active chondrocytes to the defect with or with-
out the aid of scaffolds [38]. However, even with satisfactory out-
comes in short term, long-term restoration of these cartilage defects
with articular cartilage has not been generally achieved [39]. Failure
to fully restore these injured areas may be because the structure of
the scaffold does not exactly resemble that of cartilage, and the po-
tential for chondrocytes to engraft onto the cartilage tissue is low for
scaffold-free approaches. This investigation was designed to test a
novel strategy to enhance the engraftment of normal chondrocytes
onto areas of injured cartilage using a pre-targeting/Copper-free
click chemistry conjugation system. To produce acutely injured car-
tilage, we used a PTOA model where cartilage tissue was mechani-
cally injured to induce chondrocyte apoptosis. Pre-targeting ligand
was first administered, which specifically targeted the cartilage
defects and bound to apoptotic chondrocytes. Once the residual pre-
targeting TCO ligand (non-targeting ligand) was cleared, comple-
mentary Tz-chondrocytes were delivered, and the Tz-TCO click
chemistry reaction was shown to occur between the pre-targeting

ligand and the Tz-chondrocytes leading to the enhanced engraftment
of chondrocytes at the area of the cartilage defect and injury.

Several recent studies have employed similar strategies to im-
prove drug or imaging probe’s accumulation in the disease site for
the treatment and diagnosis of some cancers [40, 41]. Meanwhile,
this pre-targeting method has also been extended to improve tissue
regeneration via improvement of stem cell delivery. A recent investi-
gation has showed that using this strategy can enhance the binding
of endothelial progenitor cells to injured blood vessels, leading to ef-
fective heart healing [42]. In applying this strategy to selectively de-
liver healthy chondrocytes to degenerative and injured cartilage, we
found chondrocytes were immobilized on top of the injured cartilage
via TCO-Tz click chemistry reaction following bolus treatment with
pre-targeting TCO ligand during both ex vivo imaging studies and
histological analysis. Based on the observations, our approach may
pave a path to treat the damaged cartilage via enhancing chondro-
cyte delivery for tissue regeneration.

To design an effective pre-targeting ligand, the accessible target-
ing biomarker must be recognized by the target cell. Chondrocyte
death has been recognized to play a role in joint pathology, espe-
cially following joint injury [18]. Since a large number of apoptotic
chondrocytes reside in early degenerative and acutely injured carti-
lage (but not in the cartilage) [20-22], and earlier evidence has
shown a histone H1-binding peptide (CQRPPR) to effectively bind
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the histone H1 protein exposed on the apoptotic cell’s surface, sev-
eral imaging probes based on the peptide have been explored to
identify cartilage lesions via active targeting of apoptotic cells [41-
43]. In this study, PEG polymer was used as a vehicle to prepare the
pre-targeting ligand. The peptide was coupled to one end of the PEG
to enhance accumulation of the pre-targeting ligand on the apopto-
tic chondrocytes, while the other end of the PEG was linked with
TCO groups for chondrocyte capture. It is well documented that
PEG has been commonly used for the development of drug delivery
systems and imaging probes to lessen nonspecific binding and im-
prove bioavailability [44]. Thus other carrier polymers and concen-
trations were not tested in this study and will be compared and
optimized in future work. The in vitro experiments confirmed that
the pre-targeting ligand could preferentially accumulate at the in-
jured tissue by actively binding to the apoptotic cells, thus resulting
in accumulation of the ligand at the damaged cartilage site.
Furthermore, it has been noted that other than the six amino acid
peptide several well-recognized apoptosis-binding ligands, including
phosphatidylserine-binding Annexin V and apoptotic marker heat
shock protein 60 (HSP60)-binding peptide (P17), may be employed
to develop the apoptosis-targeting ligands [45, 46]. Besides apopto-
tic cells, collagen type II may serve as an alternative targeting bio-
marker since it exists in the deep zone of the cartilage consisting of
90-95% of the collagen network in cartilage, and is exposed to the
synovial cavity after cartilage injury [47]. In fact, a collagen type II-
binding peptide (WYRGRL) conjugated nanoparticle was investi-
gated for targeting articular cartilage [48].

Copper-free click chemistry has been drawing an increasing at-
traction for modification of cellular membrane and cell delivery in
recent years [32]. Indeed, copper-free click chemistry has the bene-
fits of having high biocompatibility, and fast and selective chemical
reactions in biological systems [32]. Our results confirmed that the
chondrocyte surface is easily modified with Tz group. The Tz-chon-
drocytes show a slight reduction in proliferative potential compared
with the control chondrocytes, however, the cell viability is not sig-
nificantly compromised by the Tz conjugation. Similar results were
observed by another group [30]. A substantial amount of Tz group
is found present on the cell surface for up to 3 days which provides
sufficient time for the Tz-TCO reaction and cell immobilization.
Using an ex vivo injured cartilage tissue model, we found that our
pre-targeting/click chemistry-directed approach could enhance the
accumulation of the chondrocytes at the cartilage defect. Finally, im-
munohistochemical and histological analysis revealed that this cell
delivery strategy can promote ECM regeneration for cartilage repair
[49, 50]. Although the semi-quantitative approach based on histo-
logical staining is not the most accurate method for ECM measure-
ments, ROIs-based quantitation has been used to compare collagen
and GAG productions between different treatments in many pub-
lished works and allows for the localization of ECM production at
the site of cartilage injuries specifically [51-53]. More accurate
approaches to GAG and collagens quantitation such as
Dimethylmethylene Blue assay and enzyme-linked immunosorbent
assay, respectively, will be explored in future works.

As a proof of concept, our studies show a promising outcome in
the restoration of the injured cartilage tissue using the pre-targeting,
click chemistry-directed chondrocyte delivery approach on degener-
ative and mechanically injured human cartilage tissue. To verify the
long-term efficacy of this approach, further studies will need to be
carried out using a validated articular cartilage animal model. In ad-
dition, to achieve even better treatment outcomes, investigations

will be needed to determine whether the use of nanoparticles in
place of the PEG polymer would serve as a better pre-targeting li-
gand. Using nanoparticles as deliver carriers offers two advantages
over the use of PEG. First, because nanoparticles have a prolonged
circulation time in systems, a greater number of nanoparticles will
be able to accumulate on the targeted areas. and provide a greater
number of reactive sites, leading to more chondrocyte accumulation
[54]. Secondly, some bioactive agents, such as transforming growth
factor beta and insulin like growth factor I, which have been shown
to play an important role in maintaining chondrocyte phenotype
during the expansion and transplantation and promoting chondro-
cyte ECM production, may be loaded onto the pre-targeting nano-
particles, theoretically leading to an improvement in the treatment
of the injured tissue [55].

Conclusion

A novel approach has been developed to effectively target and de-
liver metabolically active chondrocytes to the site of injured carti-
lage. Our results show that the damaged cartilage can be repaired by
the delivered chondrocytes and that this work may lay a foundation
for the treatment of acutely injured cartilage that could stop or even
reverse the degenerative process associated with PTOA.
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