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ABSTRACT: During traumatic joint injuries, impact overloading can cause Click Chemistry to Visualize Proliferation
mechanical damage to the cartilage. In the following inflammation phase,

excessive inflammatory cytokines (eg, interleukin-18 (IL-18)) can act on (D) Amdu o
chondrocytes, causing over-proliferation, apoptosis, and extracellular matrix
(ECM) degradation that can lead to osteoarthritis. This study investigated the

combined effects of traumatic overloading and IL-1f challenge on the metabolic —
activities of chondrocytes. Bovine cartilage explants underwent impact over- ).
loading followed by IL-1/ exposure at a physiologically relevant dosage (1 ng/

mL). New click chemistry-based methods were developed to visualize and L

quantify the proliferation of in situ chondrocytes in a nondestructive manner
without the involvement of histological sectioning or antibodies. Click chemistry-
based methods were also employed to measure the ECM synthesis and
degradation in cartilage explants. As the click reactions are copper-free and bio-
orthogonal, i.e., with negligible cellular toxicity, cartilage ECM was cultured and studied for 6 weeks. Traumatic overloading induced
significant cell death, mainly in the superficial zone. The high number of dead cells reduced the overall proliferation of chondrocytes
as well as the synthesis of glycosaminoglycan (GAG) and collagen contents, but overloading alone had no effects on ECM
degradation. IL-1/ challenge had little effect on cell viability, proliferation, or protein synthesis but induced over 40% GAG loss in 10
days and 61% collagen loss in 6 weeks. For the overloaded samples, IL-15 induced greater degrees of degradation, with 68% GAG
loss in 10 days and 80% collagen loss in 6 weeks. The results imply a necessary immediate ease of inflammation after joint injuries
when trauma damage on cartilage is present. The new click chemistry methods could benefit many cellular and tissue engineering
studies, providing convenient and sensitive assays of metabolic activities of cells in native three-dimensional (3D) environments.

KEYWORDS: IL-1p, chondrocyte, proliferation, synthesis, proteoglycan, collagen

B INTRODUCTION anti-inflammatory drugs (NSAIDs) and intraarticular cortisone
injections, are widely adopted.”™"" It typically takes 2—4 weeks

Traumatic joint injuries are becoming increasingly common in i ) ‘
to ease the acute inflammation, and thus, there is a delay before

young populations, potentially leading to high rates of post-

traumatic osteoarthritis (PTOA) and permanent disability."” any repair surgeries can be performed. For traumatically
In joint injuries, blunt overloading imparted on the cartilage damaged cartilage, the duration of exposure to pro-
can compromise the mechanical integrity of the cartilage inflammatory cytokines appears to be critical for cartilage
extracellular matrix (ECM).” Acute inflammation following health.'”” To date, the combined effects of traumatic over-
traumatic joint injuries can last for 2—4 weeks, associated with loading and acute inflammation on cartilage degradation have
elevated levels of pro-inflammatory cytokines.* Synovial fluid not been fully elucidated.

interleukin-1/ (IL-1f8) concentrations can increase by 70-fold Evaluation of the adverse effects of pro-inflammatory
24 h after knee injury” and remain elevated for months to years cytokines on the function of chondrocytes and the turnover

after the initial injury.* Inflammation is a widely accepted risk
factor for the initiation of PTOA. The cytokines can act on
chondrocytes, causing cell hypertrophy, over-proliferation,
apoptosis, and elevated catabolic activities.

Treatment strategies for acute joint inflammation vary in
clinical practice, given individual physicians’ clinical impres-
sions and experience.” Both nonpharmaceutical treatment
options (PRICE, i.e., protection, rest, ice, compression, and
elevation)® and pharmaceutical options, such as nonsteroidal

of cartilage ECM often requires the measurement of cell
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Figure 1. Experimental Design. Cartilage explants were harvested from calf femoral condyles and the patellar groove. Samples were randomly
assigned to four groups: uninjured control, IL-1§ challenged (1 ng/mL), impact overloaded (50% compressive strain in 1 s), and impact
overloaded followed by IL-1f challenge. Each animal joint contributed an identical number of samples to each group, and experiments were
repeated on at least three batches of joints ordered at different times from the abattoir. Following 24 h IL-1f treatment, cartilage explants were
assessed for cell viability and, using new click chemistry-based techniques, cell proliferation and GAG/collagen synthesis. GAG/collagen loss during
in vitro culture was tracked during continuous IL-1f inflammatory challenge.
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Figure 2. Cell viability in cartilage explants (n = 3). (a) Live/Dead staining of the control, overloaded, IL-1/3 challenged, and overloaded plus IL-15
challenged cartilage (green: live; red: dead). (b) Quantification of Live/Dead staining images. Overloading significantly reduced cell viability in the
top zone of cartilage explants compared to the control or IL-1/ group and to their respective middle zones (*vs ctrl, $vs IL-1, #between top and

middle zones, p < 0.05).

viability, proliferation, protein synthesis, and the loss of ECM.
Typical chemical assays for detecting proliferating cells include
immunohistological BrdU staining or autoradiography of
[*H]thymidine uptake.'”'* Cartilage ECM protein assays
often rely on colorimetric detection of sulfated glycosamino-
glycan (sGAG, by dimethylmethylene blue [DMMB] assay)
and collagen (hydroxyproline assay),'>'® which reflects the
GAG or collagen content of the probed samples. The tests can
become labor intensive when tracking cartilage degradation,
requiring repetitive measures of the protein content released in
the culture media during in vitro culture. To quantify the newly
synthesized GAG or collagen in cartilage, isotopic labeling
techniques are used such as [*S] methionine labeling,"” ™"

although precautions are needed for the safety of the
procedures.

In this study, new click chemistry-based techniques were
developed to quantify the cell proliferation, GAG and collagen
synthesis, and longitudinal loss of GAG and collagen contents
in cartilage explants. Previously, copper-catalyzed click
chemistry reactions have been used to detect DNA and RNA
synthesis in monolayer cell cultures.”>*' The protocols used in
this study benefit from strain-promoted azide—alkyne cyclo-
addition (SPAAC) reactions, or copper-free click chemistry,
that can label chondrocyte DNA or ECM proteins.”> An azide-
modified small-molecule agent is introduced into the culture
media, which is subsequently taken by the cells and
incorporated into the targeted DNA or newly synthesized
protein. By “clicking” a dibenzocyclooctyne (DBCO)-modified
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fluorophore to the azide group, the targeted molecules are
readily detectable through the fluorescent tag. The click
chemistry reactions are copper-free, so they are bio-orthogonal,
i.e., not interfering with the native biochemical activities. This
allows the continued test and tracking of ECM proteins for
several weeks. Using these new methods, this study quantified
the combined effects of traumatic overloading and inflamma-
tory challenge on chondrocytes in cartilage, including the
influence on cell proliferation, ECM protein synthesis, and
ECM degradation.

B MATERIALS AND METHODS

Tissue Harvest and Preparation. Juvenile cartilage explants
were harvested from the central region of the femoral condyle heads
and patellar groove of freshly sacrificed knee joints from calves (1—2
months old), with mixed left or right side and gender (Green Village,
NJ).>* Cylindrical samples (diameter = 3 mm, thickness = 2 mm)
were isolated using a biopsy punch and a custom-designed cutting
tool that preserved the articular surface.”® Harvested samples were
cultured in chondrogenic media (DMEM supplemented with 1% ITS,
50 pug/mL L-proline, 0.9 mM sodium pyruvate, and 50 pg/mL
ascorbate 2-phosphate) at 37 °C, 5% CO, for 48 h before any further
e}(perimerlts.23'24

Cartilage explants were randomly assigned to one of four
experimental groups: uninjured control, impact overloaded (OL),
IL-1 (1 ng/mL) challenged, and impact overloaded followed by IL-
1/ challenge (OL + IL-1§). Traumatic overloading of the explants
was performed in an unconfined compression setup on an Instron
Micro Tester (5848, Instron, Norwood, MA) in which a 50% strain
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Figure 3. Proliferation of chondrocytes in cartilage explants (n = 6). (a) Click chemistry method for the labeling and visualization of proliferating
chondrocytes. Azide-modified AmdU was added into culture media and incorporated into the proliferating DNA of cells instead of its natural
analog thymidine. The fluorescent dye AF488 can click onto the azide groups in the labeled DNA. (b) Representative confocal images of
proliferative cells stained by click chemistry (green), nuclei of all cells by BioTracker Red 650 Nuclear Dye (red), and the overlay image. (c)
Confocal images (20X) of chondrocyte proliferation following IL-1f challenge and impact overloading in the top and middle zone cartilage
explants. Many paired cells immediately after division were labeled, especially in the top zone. (d) Quantified proliferation normalized to the
number of total cell nuclei (*vs ctrl, p < 0.001; $vs IL-1/3, p < 0.05; # between zones, p < 0.0S).

was applied in 1 s and held for 15 s.>° IL-1f challenged cartilage
samples were cultured with 1 ng/mL bovine recombinant IL-15
(RBOIL1BI, ThermoFisher) supplemented in media. In animal joints,
IL-1 can reach 0.2 ng/mL immediately after joint fracture, associated
with TNF-a at 1—4 ng/mL, IL-1& at 0.3 ng/mL, and IL-6 at 0.1 ng/
mL.>¢ Here, 1 ng/mL IL-13 was adopted to simulate the overall
inflammatory challenge for chondrocytes following joint injuries. For
the impact overloaded group, samples were overloaded and then
cultured in chondrogenic media, and for the co-treatment group,
samples were overloaded first and then cultured in IL-1f
supplemented media (Figure 1). After 24 h IL-1§ challenge, cell
viability in cartilage (n = 3 explants) was examined using Live/Dead
staining (ThermoPFisher Scientific, Waltham, MA). Cartilage explants
were bisected into hemicylinders, stained for 30 min with 2 yM
Calcein AM and 4 uM ethidium homodimer, and washed thoroughly
in DPBS before confocal imaging of cells inside the explant on a Zeiss
LSMS10 (Figure 2).

Proliferation Labeling. Proliferation of in situ chondrocytes was
determined using a copper-free click chemistry-based assay (n = 6
explants). During the 24 h culture immediately after overloading,
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cartilage explants in all groups were supplied with 10 M azide-
modified nucleoside S-(azidomethyl)-2’-deoxyuridine (AmdU;
Sigma-Aldrich, St. Louis, MO) in the culture media. The
membrane-permeable AmdU can be incorporated through endoge-
nous metabolic phosphorylation into the proliferating DNA of cells
instead of its natural analog thymidine (Figure 3a).”>*” Cells that
entered the S-phase of the cell cycle during the 24 h culture will have
azide-labeled DNA, which can subsequently be detected by a SPAAC
reaction with a DBCO-modified fluorophore. After AmdU admin-
istration, cartilage explants were washed thoroughly with PBS to
remove the excess AmdU molecules. Samples were then fixed in 3.7%
formaldehyde for 24 h and underwent a cellular permeabilization
treatment with 0.5% Triton X-100 for 20 min. Afterwards, the samples
were bisected into hemicylinders to provide a flat surface for imaging
and stained with fluorescent dye AF488 DBCO for 2 h (10 uM; Alexa
Fluor 488 DIBO analog, Click Chemistry Tools, AZ). AF488 DBCO,
which is a water-soluble, green-fluorescent probe for copper-less
detection of azide-tagged molecules, can “click” onto the azide-labeled
proliferating DNA in cells.

https://doi.org/10.1021/acsbiomaterials.2c00024
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Figure 4. GAG and collagen synthesis in cartilage explants (n = 8). (a) Click chemistry method used to label newly synthesized glycoprotein
(GAG) or collagen within the cartilage. A methionine analog with an azide group (AHA) was added into the culture media so the molecules could
be used by chondrocytes for the synthesis of new collagen (left side of the cell). Fluorescent dye was attached to the azide-labeled new collagen
through click reactions. Replacing the methionine analog with an azide-modified amino sugar (GAL), the newly synthesized GAG can be labeled
(right side of cell). In this study, each explant was labeled for either GAG or collagen but not both. (b) Experimental protocol used to quantify the
newly synthesized GAG/collagen within the cartilage explant. The click chemistry-labeled cartilage was digested, and the fluorescent intensity of
digestion media was measured by a fluorescent plate reader. (c) Representative confocal images of fluorescently labeled new collagen and GAG
(green) in cartilage explants. New collagen was evenly dispersed through the ECM but not the PCM. Glycoproteins were concentrated around the
cell and formed a halo surrounding the chondrocytes (red). Negative control received the same treatment without metabolic labeling. (d) Timeline
of experiments for measuring newly synthesized GAG and collagen in four groups of samples. (e) Synthesis of GAG in 24 h and collagen in 48 h.
Synthesis was normalized to explant weight and then to the control group (*vs control, p < 0.05).

After click chemistry-based proliferation labeling, cartilage explants
were counter-stained with BioTracker Red 650 Nuclear Dye (2X;
Sigma-Aldrich, St. Louis, MO). Cells in cartilage were imaged with a
20X objective on a Zeiss LSMS510 confocal microscope at a focal
plane ~50 um below the cross sectional surface, to avoid cells that
were damaged during the preparation and preceding cutting steps. For
each sample, images of both the top zone (top 1 mm) and middle
zone (bottom 1 mm) were recorded. All fluorescent images were
processed and quantified in Image] (NIH, Bethesda, MD).*® The
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proliferation of each region was defined as the ratio between AmdU
positive cells (green) and the number of all nuclei (red). Due to the
nature of focal planes in confocal imaging, only cells with proliferative
staining and a corresponding nuclear stain were counted as positively
proliferating cells.

Synthesis of GAG and Collagen. Newly synthesized GAG or
collagen in cartilage explants was detected and labeled using a copper-
free click chemistry-based assay. In brief, to label the newly
synthesized GAG, cartilage explants were cultured for 24 h in

https://doi.org/10.1021/acsbiomaterials.2c00024
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Figure S. Longitudinal loss of GAG and collagen contents from cartilage explants (n = 8). (a) Experiment protocol for the click chemistry labeling
of cartilage explants, and the longitudinal measurement of GAG and collagen loss. Cartilage explants with labeled newly synthesized GAG and
collagen were cultured in vitro as usual. The fluorescent intensity of culture media was read every other day to quantify the GAG or collagen
content released from the cartilage to the media. (b) Timeline of experiments for tracking the GAG or collagen loss during in vitro culture. GAG
loss was tracked for 10 days, while collagen loss was measured for 42 days due to their distinctive release kinetics. (¢) Cumulative GAG and
collagen loss over the culture period. Loss of GAG or collagen into the media was normalized to the total amount of GAG/collagen loss plus the
amount left in the explant (*vs control, p < 0.01; $vs IL-15, p < 0.001).

media containing the azide-modified monosaccharide N-azidoacetyl-
galactosamine-tetraacylated (GAL; 30 uM; Click Chemistry Tools,
AZ). GAL, an unnatural monosaccharide, can be utilized by
chondrocytes for the synthesis of new GAGs (Figure 4a). The
monosaccharide is used by the cells’ biosynthetic gathways and
incorporated into cell-surface O-linked glycoproteins.”” To label the
new collagen, samples underwent a 4 h methionine starvation in
depletion medium (DMEM-LM supplemented with 1% ITS, SO pug/
mL L-proline, 105 pg/mL Leucine, 0.9 mM sodium pyruvate, and 50
ug/mL ascorbate 2-phosphate) to reduce competition by methionine.
Samples were then cultured for 48 h in media containing the azide-
modified methionine analog, L-Azidohomoalanine (AHA; 30 uM;
Click Chemistry Tools, Az), which can be used in place of methionine
during the synthesis of new collagen peptides, similar to [**S]-
methionine radiolabeling (Figure 4a). AHA can be taken up by cell
amino acid transporters and used as a substrate by methionyl tRNA
synthetase for charging onto its tRNA.>* Collagen synthesis was
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labeled for a longer time due to its slower synthesis rate than GAG.
After GAL or AHA feeding, cartilage explants were washed
thoroughly with culture media to remove excessive GAL or AHA
molecules. The newly synthesized GAG or collagen in the cartilage
explant was then conjugated with the fluorescent dye AF488 DBCO
(30 uM) via a copper-free click chemistry reaction. Each explant was
labeled for a single target, i.e., newly formed GAG or collagen. To
verify the copper-free click chemistry method employed here was bio-
orthogonal, cartilage samples treated with AHA, GAL, and/or AF488
DBCO were further cultured for 7 days and then examined with Live/
Dead (ThermoFisher) staining. No extra cell death was noted in the
samples compared to the control (Figure S1 in the Supporting
Information). Therefore, the click chemistry-labeled cartilage could be
cultured further, and the turnover of labeled ECM components can be
tracked longitudinally under various experimental conditions.

In this study, immediately following overloading and 24 h IL-18
challenge, cartilage explants in all four groups were labeled for GAG
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(n = 8) or collagen (n = 8) synthesis using the click chemistry method
(Figure 4b,d). After the click chemistry reaction, the samples were
enzymatically digested with papain (125 pg/mL) at 37 °C. The
amount of newly synthesized GAG or collagen in each explant was
quantified as the fluorescent intensity of the digested media using a
fluorescent plate reader (Gemini EM; Molecular Devices, San Jose,
CA) and normalized to the explant weight obtained immediately after
tissue harvest.

Degradation of GAG and Collagen in the ECM. To track
ECM degradation, the release of either GAG (n = 8) or collagen (n =
8) contents from the cartilage explant to the culture media was
measured. First, the newly synthesized GAG or collagen was labeled
in the cartilage explant with the copper-free click chemistry method
(Figure Sa,b). Then, explants underwent overloading damage and/or
continuous IL-1f challenge, with a follow-up culture for either 10
days (to track GAG loss) or 42 days (to track collagen loss), in
accordance with the different GAG and collagen loss kinetics.'> Loss
of pre-labeled GAG or collagen contents from the cartilage ECM
introduced fluorescence to the culture media. The culture media were
changed every other day, and the old media were read with a
fluorescent plate reader. At the end of the explant culture, samples
were digested with papain, and the fluorescence of the digestion
media was obtained. The total amount of GAG or collagen was
represented by the sum of longitudinal readings of media and the
reading of digested solution, which was used to normalize the
longitudinal GAG or collagen loss data points for each sample.

Statistical Analysis. All data are presented as means + standard
deviation. Viability and proliferation data from four groups and two
zones were assessed via two-way ANOVA with Tukey post hoc tests
to compare all means. For the synthesis of GAG and collagen
contents, data were normalized to the control (uninjured) group, and
one-way ANOVA followed by Tukey—Kramer post hoc comparison
was applied to detect differences between groups. To test the
significance of GAG or collagen loss from cartilage, one-way ANOVA
with Tukey post hoc test was performed at each time point. All tests
were conducted in R, and the significance level was set at @ = 0.0S.

B RESULTS

Chondrocyte Viability and Proliferation. In situ
chondrocyte viability following traumatic overloading and/or
24 h inflammatory IL-1f challenge was examined with Live/
Dead staining (Figure 2). In control samples, cell death was
noticed in the cartilage likely due to transitions from the in vivo
to post mortem environments and trauma from joint dissection.
As more dead cells were located close to the articular surface,
cell viability of the top zone (58.3 & 12.8%, mean + standard
deviation) tended to be lower than that of the middle zone
(71.5 + 16.5%), although the difference was not significant.
Cell viability was not affected by 24 h 1 ng/mL IL-15
challenge. In contrast, traumatic overloading, either followed
with or without IL-18 challenge, induced widespread cell death
throughout the tissue depth. Most cells in the top layer were
dead, with merely 6.4 + 4.3% viability for the overloaded
group and 9.9 + 8.4% for the OL+ IL-1f group (both p < 0.05
vs ctrl) and no significant difference between the two groups.
Viability in the middle zones of the two OL groups was
significantly higher than in their corresponding top zones (p <
0.05). Overall, there was no apparent difference in viability in
the middle zone among the experimental groups.

Using the new click chemistry method, chondrocytes in
cartilage explants that entered the S-phase of the cell cycle
during the 24 h treatment period were labeled and imaged on a
confocal microscope (Figure 3b). After transforming to in vitro
culture, many chondrocytes in the calf cartilage entered the S-
phase of the cell cycle during the 24 h, which could be related
to the young age of the animals and the in vitro culture
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environment.”' For example, many paired cells, which
appeared to be immediately following cell division (Figure
3b,c), were labeled in the top layer. The percentages of
proliferating cells in the top and middle zone cartilage were
quantified separately for all groups (Figure 3d). In the top
zone, control samples had a proliferation rate of 39.0 + 3.3%,
which was not significantly affected by the 1-day IL-15
treatment. Overloading alone reduced the proliferation rate to
9.3 + 10.5% in the top zone (p < 0.001). Overloading plus IL-
1 treatment showed a similar decrease in proliferation in the
top zone (12.3 + 7.7%, p < 0.001 vs ctrl). In the middle zone,
chondrocyte proliferation was 38.1 + 7.3% for the control
group, which was not affected by IL-1f treatment but was
significantly reduced by overloading (p < 0.001 vs ctrl),
although not as drastically as in the top zone. In the two
overloaded groups, due to the high percentage of dead cells
close to the articular surface, proliferation in the top zones is
significantly lower than in the corresponding middle zones (p
< 0.05). To verify our click chemistry protocol, adult human
cartilage (male, 58 years old) from the hip femoral condyle was
used as a negative control. Few proliferative cells were revealed
by the click chemistry staining (Figure S2 in the Supporting
Information). Moreover, cartilage samples from the control
group were prepared for Ki67 IF staining, which revealed a
similar percentage of proliferative cells to the click chemistry
method (Figure S3 in the Supporting Information).

Chondrocyte Metabolic Activities. Following traumatic
overloading and/or IL-1§ challenge, the anabolic activities of
chondrocytes in cartilage explants were measured and
compared using the click chemistry methods. Newly
synthesized GAG in 24 h was fluorescent-labeled. In the
confocal image of in situ chondrocytes, new GAG molecules
accumulated surrounding the cells after being synthesized and
formed a fluorescent halo around the plasma membranes. The
fluorescent intensity of the halo decreased from the membrane
to the ECM direction. By digesting the tissue and measuring
the fluorescent intensity of the digestion media, we compared
the GAG synthesis among groups. Collagen synthesis was
quantified with a similar protocol. Newly synthesized collagen
molecules, unlike the new GAG, were dispersed evenly across
the territorial/interterritorial ECM space in cartilage, with no
distinct green halo surrounding the cells (Figure 4c). IL-14
treatment at 1 ng/mL for 24 h had no significant effect on the
GAG or collagen synthesis of in situ chondrocytes (Figure 4e).
In contrast, overloading induced significant cell death,
especially in the top zone, and the dead cells showed little
GAG or collagen synthesis activities (Figure S4 in the
Supporting Information). This reduced both GAG and
collagen synthesis in the overloaded cartilage, which was
close to only 50% of the control (p < 0.05).

The longitudinal loss of GAG or collagen contents from the
cartilage was tracked for 10 or 42 days during in vitro culture,
respectively, in accordance with their differing release
kinetics.'> Compared to its prominent effects on proliferation
and ECM synthesis, overloading alone showed no significant
effects on the loss of GAG (11.7 & 2.6 vs 10.5 + 0.7% for ctrl,
p > 0.05) or collagen (15.3 + 9.4 vs 12.4 + 5.6% for ctrl, p>
0.05) content from the explants in the following long-term
culture (Figure 5c). In contrast, exposure to 1 ng/mL IL-15
induced a significant loss of GAG and collagen contents.
During IL-1f challenge, GAG loss was evident immediately on
day 2 of the treatment and culminated in a total release of 39.9
+ 6.2% after 10 days. In comparison to GAG loss, the loss of
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collagen contents was significantly delayed, not evident until
day 14 of the long-term culture. The total amount of collagen
released in the 42-day culture was 55.6 + 10.9%. Although
traumatic overloading alone induced little extra GAG or
collagen loss, IL-18 challenge after traumatic overloading
drastically exacerbated the loss of both GAG and collagen
contents (p < 0.001 vs the control). The total release of GAG
reached 67.9 + 7.9%, while the total collagen release was 80.1
+ 8.4% for the OL+IL-1f groups, significantly higher than the
IL-1/ alone groups (p < 0.001).

B DISCUSSION

New click chemistry-based methods were developed to
visualize and quantify the cell proliferation, protein synthesis,
and ECM degradation in cartilage explants during in vitro
culture. For the first time, this study adopted the click
chemistry-based proliferation labeling technique on native
cartilage tissues. Intact proliferating chondrocytes were
visualized in their native matrix, where cell morphology and
DNA integrity are better preserved compared to sliced
sections. Our proliferation staining protocol is based on the
same principles of commonly used antibody methods, ie.,
BrdU, but the traditional histological operations were avoided,
such as paraffin embedding, sectioning, and the use of
antibodies. Commercial assay kits based on similar click
chemistry technologies, such as Click-iT (Invitrogen), are now
available for proliferation staining, but most of these kits are
designed for monolayer cells.”””" The click chemistry-based
technique established in this study significantly increased the
convenience and reduced the cost (by ~90% relative to
commercial assays) of evaluating cell proliferation in cartilage
tissues or three-dimensional (3D) neo-tissues.

Click chemistry-based methods for labeling GAG and
collagen represent a sensitive new technique to measure both
anabolic and catabolic activities of in situ chondrocytes. The
methods are more convenient and cost-efficient than tradi-
tional chemical methods, such as isotopic labelingg, DMMB
assay for GAG content, and hydroxyproline assay for collagen
content. Moreover, the ECM click chemistry methods are
copper-free and bio-orthogonal,”> meaning that the click
reactions occurring inside of chondrocytes barely interfere with
the native biochemical behaviors of the cells, i.e., the labeling of
biomolecules in living cells has minimal cellular toxicity.” In
this study, newly synthesized GAG or collagen molecules in
cartilage explants during a 24—48 h period were visualized,
quantified, and compared between groups. To track the GAG
and collagen loss after click chemistry labeling, cartilage
explants were cultured for 10 and 42 days after the labeling,
respectively. The temporal profiles of GAG and collagen loss
under inflammatory challenge match well with previous studies
based on traditional chemical assays; IL-1/-induced GAG loss
saturates in 10 days and the collagen loss accelerates on day
14.'>** Longitudinal measurements of GAG and collagen loss
in this study are more convenient compared to the DMMB or
hydroxyproline assays, as reading the fluorescent intensity of
culture media every other day requires minimal effort.
Benefiting from its bio-orthogonality, the procedure is highly
adaptable to various physical or chemical treatment profiles on
cartilage tissues or other cells in 3D constructs.

Using these techniques, the metabolism of inflammatory
challenged cartilage following traumatic overloading was
evaluated. IL-1f inflammatory challenge alone had more
influence on the catabolic activities than on the anabolic
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activities of chondrocytes. Overexpression of inflammatory
cytokines during the acute inflammation phase alone, although
lasting only a few days to 2—4 weeks, can cause irreversible
cartilage degeneration and initiate osteoarthritis.”> ™" In this
study, IL-1f at 1 ng/mL induced a significant loss of GAG and
collagen contents from the cartilage explants during con-
tinuous in vitro culture. There was a 40% loss of GAG during
the 10-day culture and a 61% loss of collagen in 6 weeks. IL-1/3
challenge showed no significant effects on the proliferation of
chondrocytes, which could be related to the low dosage and
short treatment time of IL-14.** In addition, the treatment
reduced neither the GAG nor collagen synthesis. IL-18
challenge has been shown to suppress the anabolic capability
of chondrocytes, but most of these studies employed a much
high§r4goncentration than 1 ng/mL, usually at or above 10 ng/
mL.”™

Traumatic overloading induced significant cell death in
cartilage explants, affecting the overall metabolic and
proliferative capabilities of the tissue. More widespread cell
death was evident in the top zone than in the middle zone.
Superficial zone cartilages can act as a protective layer for the
rest of the tissue when subjected to mechanical injury.*'~*
Due to its low proteoglycan content, superficial zone cartilage
has a compressive modulus ~10% of the middle zone. The
superficial zone strain and deformation therefore are several
times higher than the middle zone causin§ significant cell
death, in alignment with previous studies.*”** The reduced
number of live cells in the overloaded samples resulted in low
proliferation and caused reduced synthesis of GAG and
collagen in the top zone. However, despite the high number
of dead cells, overloading alone induced similar ECM
degradation to the control group. During serum-free in vitro
culture of cartilage, loss of GAG and collagen is mainly due to
the enzymatic degradation of ECM molecules, where enzymes
and proteases are generated by the only cell population,
chondrocytes, in the explant. Due to the high cell death in the
overloaded samples, there were few metabolically active cells to
produce proteases, which resulted in the nonelevated loss of
ECM from the overloaded alone samples compared to the
control.

Traumatic overloading exacerbated the catabolic effects of
IL-15 on cartilage. It could be because a damaged ECM with
compromised mechanical integrity is easier to degrade or the
cells that survived from overloading became more vulnerable
or responsive to IL-18 challenge with elevated catabolic
activity or both. Either way, the ease of acute inflammation is
essential for the protection of cartilage after joint injuries.
According to the present data, severe inflammation for a few
weeks following joint injury could induce significant and
irreversible loss of GAG and collagen contents, which
compromises the mechanical functions of cartilage and
eventually leads to cartilage erosion. As acute inflammation
after joint trauma is potentially controllable or at least
modifiable,**° it could represent a feasible disease modification
option for PTOA prevention.

A few limitations to this study should be discussed. First,
bovine calf cartilage was used as an alternative to young
healthy human cartilage. This is primarily due to the limited
access to human tissues, but juvenile bovine tissues provide
additional benefits such as the higher number of chondrocytes
within the tissue and a superior proliferative rate and anabolic
activity.”> Second, IL-1/3 was selected to induce inflammatory
challenge. While IL-1/ is one of the most prevalent cytokines
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present during animal joint inflammation,” it cannot represent
the overall effects of all pro-inflammatory cytokines, including
TNF-a and the IL-1a and IL-6 families.”*® Third, apart from
ECM degradation, this study primarily focused on the short-
term responses of chondrocytes, i.e., 1—2 days following injury.
While the acute inflammation phase could be as short as a few
days in young animals,*”** it can last for weeks in the human
knee joint and then be sustained at a lower level for months to
years after the initial injury.**” In addition, the longitudinal
GAG and collagen loss measured in this study represent the
loss of the newly synthesized proteins labeled by click
chemistry. Although the data showed the turnover of a
subpopulation of total GAG or collagen in the tissue, it enabled
the comparisons between different groups and yielded insights
into how cytokines and injurious mechanical stresses affect
cartilage degradation.

B CONCLUSIONS

Click chemistry-based techniques were developed to visualize
cell proliferation in native cartilage. The method avoided tissue
microsectioning and the use of antibodies, which improved
efficiency and reduced the experimental cost. As the cells were
labeled in their original 3D environment, the methods can also
be applied for biomaterials on which histological sectioning is
technically difficult. New click chemistry methods were also
adopted to quantify the synthesis of GAG/collagen content in
cartilage during in vitro culture. The highly sensitive method
can be readily used for tissue engineering research, especially
those involving cell culture in 3D scaffolds. The protein
synthesis of cells can be quantified in a determined period
while the tissue or scaffold is undergoing various chemical or
physical stimulations. Using the new methods, this study
evaluated the cell viability, proliferation, and anabolic and
catabolic activities of in situ chondrocytes in cytokine
challenged and traumatically damaged cartilage. The data
offered new insights into the major causes of cartilage
degeneration during the acute inflammation phase after joint
injuries. Dead chondrocytes alone in cartilage cause little ECM
degradation due to the lack of proteases. In contrast,
metabolically active cells under cytokine challenge can cause
severe loss of GAG and collagen in a short time. Such
destructive effects of inflammation can be exacerbated
significantly in mechanically damaged cartilage. Therefore,
shortening of the acute inflammation phase could be essential
to avoid irreversible degradation of cartilage after traumatic
overloading.
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