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Meniscus injuries are extremely common with approximately one million patients undergoing surgical treatment
annually in the U.S. alone, but no regenerative therapy exist. Previously, we showed that controlled applications
of connective tissue growth factor (CTGF) and transforming growth factor beta 3 (TGFp3) via fibrin-based bio-
glue facilitate meniscus healing by inducing recruitment and stepwise differentiation of synovial mesenchymal
stem/progenitor cells. Here, we first explored the potential of genipin, a natural crosslinker, to enhance fibrin-
based glue’s mechanical and degradation properties. In parallel, we identified the harmful effects of lubricin on
meniscus healing and investigated the mechanism of lubricin deposition on the injured meniscus surface. We
found that the pre-deposition of hyaluronic acid (HA) on the torn meniscus surface mediates lubricin deposition.
Then we implemented chemical modifications with heparin conjugation and CD44 on our bioactive glue to
achieve strong initial bonding and integration of lubricin pre-coated meniscal tissues. Our data suggested that
heparin conjugation significantly enhances lubricin-coated meniscal tissues. Similarly, CD44, exhibiting a strong
binding affinity to lubricin and hyaluronic acid (HA), further improved the integrated healing of HA/lubricin
pre-coated meniscus injuries. These findings may represent an important foundation for developing a trans-
lational bio-active glue guiding the regenerative healing of meniscus injuries.

1. Introduction

Approximately one million patients undergo meniscus repair or
partial meniscectomy each year in the U.S [1,2]. Tears in the vascular-
ized outer third region of the meniscus have a high rate of functional
healing after surgical repair. In contrast, tears in the inner avascular
region have low rates of functional healing after repair due to poor
intrinsic healing capabilities. Failure to achieve functional meniscus
healing frequently results in tear propagation, meniscus deterioration,
and osteoarthritis of the affected knee [3-5]. Despite the prevalence,
quality of life impact, and health care burden of meniscus injuries, there
is no clinically applicable treatment to reliably induce seamless healing
of avascular meniscus tears. Various bioengineering and regenerative
strategies have been tested to improve the healing of avascular meniscus
injuries, including biomaterial-based glues, stem/progenitor cells,
and/or bioactive cues [6-10]. Delivery of autologous mesenchymal
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stem/progenitor cells (MSCs) improved meniscus healing to some de-
gree in rats, sheep, and mini-pigs [10-13]. Recently, a mobilization of
cartilage progenitor cells (CPC) with CXCR4 modification improved the
healing of meniscus tears [14]. Chemotactic cues and/or softening cell
nuclei were also implemented to improve meniscus healing by pro-
moting endogenous cell migration [15]. In parallel, a growing body of
studies investigated various biomaterial grafts or tissue glues to promote
avascular meniscus healing [16,17]. However, functional healing of
avascular meniscus tears with a successful recapitulation of biochemical
composition and biomechanical properties has yet to be achieved.

Our group has recently devised an in-situ tissue engineering approach
for the regenerative healing of avascular meniscus tears [8,9]. We have
reported that a single application of connective tissue growth factor
(CTGF)-loaded fibrin glue mixed with poly(lactic-co-glycolic acids)
(PLGA) microspheres (pS)-encapsulating transforming growth factor
beta 3 (TGFB3) successfully recruited synovial mesenchymal
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stem/progenitor cells (syMSCs) into a surgically-created avascular
meniscus tear, followed by integrated healing with fibrocartilaginous
tissue [8,9]. Despite promising outcomes in both in vitro and in vivo
meniscus healing models, the previously used fibrin-based glue requires
significant improvements to meet the physio-chemical needs for its ap-
plications for meniscus healing in large animal models and human pa-
tients. Fibrin is biocompatible and suitable for delivering CTGF and
TGFB3-pS as per our previous studies. However, its weak bonding
strength and rapid degradation represent the translational hurdles of
fibrin as a bio-glue facilitating musculoskeletal tissue healing [18].
Particularly for meniscus healing, intrasynovial fibrinolysis is a critical
concern for the intra-articular application of fibrin glue [18]. To
circumvent the issue, this study explored the potential of genipin, a
natural crosslinker [19,20], in fortifying fibrin gel by improving the
mechanical properties and slowing the degradation rate. Genipin has
been widely used to crosslink various types of hydrogels with proven
safety and biocompatibility [19,20].

In addition, we took consideration of lubricin into the design of
bioactive glue for meniscus healing. Lubricin, also referred to as pro-
teoglycan 4 (PRG4), is a surface-active mucinous glycoprotein abundant
in the articular surfaces of cartilage and menisci, playing essential roles
in providing frictionless joint movement [21-23]. An in vitro experiment
showed that lubricin readily binds on the articular surface but not on a
radially incised surface of cartilage explants [22,24]. In contrast, human
biopsies from injured menisci revealed a notable expression of lubricin
on the torn surface of menisci [25]. Due to the intrinsic nature of lubricin
in preventing cell and protein adhesion [21], we hypothesized that
lubricin coating on the torn surface of menisci may prevent tissue
integration and healing. As human patients typically visit a physician
days to weeks after an initial meniscus injury [26,27], the injured
meniscus surface exposed to synovial fluids containing lubricin likely
ends up with lubricin-deposition on the injured surfaces [25]. Thus, it is
very important to mitigate the harmful effect of lubricin to achieve
successful healing of lubricin-deposited meniscus injuries, especially at
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the avascular inner zone. Beyond mitigation, here we explored strategies
to further strengthen the bonding and integration of lubricin-infiltrated
torn meniscus tissues by modifying the fibrin-based bioactive glue with
heparin and CD44. Heparin conjugation was adopted due to the exis-
tence of heparin-binding domain at the N-terminal of lubricin [21,28],
and CD44, a surface protein highly expressed in syMSCs and many other
cell types, was selected based on its strong binding affinity to lubricin
[29].

We first investigated the mechanism of lubricin binding on the torn
meniscus surface and then the harmful effects of lubricin coating on
engineered healing of avascular meniscus tears. Based on the findings,
we modified our bioactive glue to further improve meniscus healing by
tethering lubricin on the torn surface. As lubricin has been widely
investigated in regard to its positive roles in the protection of the
articular surface and delaying the onset of osteoarthritis [30,31], our
study represents the first attempt to address the potentially harmful
effects of lubricin infiltration on torn meniscus surface. This study has a
notable significance for developing translational bioengineering ap-
proaches for the functional healing of avascular meniscus tears.

2. Results

2.1. Genipin-crosslinked fibrin glue improved mechanical and
degradation properties at a dose dependent manner

Fibrin, despite being biocompatible and suitable for delivery of CTGF
and TGFB3-uS, has several limitations for application in pre-clinical
large animal models and patients, including its weak bonding strength
and rapid degradation. In particular, the intrasynovial fibrinolysis is a
critical concern for intra-articular application of fibrin. To circumvent
the issue, we applied genipin - a natural crosslinker - to fibrin gel
(Fig. 1A). With increasing genipin concentration up to 10 mg/mL in 100
mg/mL fibrin, compressive moduli increased proportionally (Fig. 1B).
Shear modulus and strength were also significantly increased by genipin
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Fig. 1. Genipin is a natural crosslinker (A). Fibrin crosslinked with genipin (FibGen) at various doses (2.5 mg/mL, 5.0 mg/mL, and 10 mg/mL) showed significantly
increased compressive and shear properties as compared to fibrin alone (B) (*:p < 0.0001 compared to Fib; n = 10 per group). In addition, genipin crosslinking
significantly delayed in vitro degradation (C). Fibrin alone was fully degraded in vitro by 7 days in PBS, whereas FibGen maintained its volume by 21 days (D).
However, genipin over 5 mg/mL resulted in too dense matrix leading to low cell viability (E) (PR: Picrosirius Red; AB: Alcian Blue). Quantitatively, live/dead assays
showed significantly lower cell viabilities in FibGen 5.0 and FibGen 10 (*:p < 0.0001; n = 10 per group).
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crosslinking (Fig. 1B). In addition, in vitro degradation of fibrin was
significantly delayed with genipin crosslinking (Fig. 1C and D). Without
genipin cross-linking, fibrin fully degraded in 7 days, not suitable for
meniscus healing (Fig. 1C and D). Although they still degrade over time,
FibGen showed significantly slower degradation with remaining struc-
ture by 21 days, making them more suitable as a bio-glue supporting
meniscus healing (Fig. 1C &D). FibGen However, genipin over 5 mg/mL
resulted in extremely dense matrix leading to cell death, significantly
lowering cell viability when syMSCs (2 M/mL) were encapsulated
within the gel, followed by undergoing fibrocartilaginous differentiation
as per our established protocols [8,9]. By 4 weeks, FibGen 5.0 (5 mg/mL
genipin) showed limited cellularity as compared to FibGen 2.5 and fibrin
alone (Fig. 1E). Quantitatively, the live/dead assay showed significantly
lower cell viabilities in FibGen 5.0 and FibGen 10 starting at day 3
(Fig. 1F) (p < 0.0001; n = 10 per group). Based on these findings, we
selected 2.5 mg/mL of genipin to improve the mechanical and degra-
dation properties of fibrin glue while maintaining cell viability and tis-
sue formation. Prior to its application for meniscus healing model, we
have tested the release kinetics of CTGF from FibGen (2.5 mg/mL gen-
ipin; 100 mg/mL fibrin). As compared to fibrin, FibGen showed a slower
release of CTGF for a prolonged duration (Suppl. Fig. 1A). In vitro cell
migration test showed that CTGF released from FibGen successfully
induced migration of syMSCs comparable to fibrin (Suppl. Fig. 1B and
C). To understand the mechanism of CTGF-induced migration of
syMSCs, we targeted CD44 abundantly expressed on the cell surface
(Suppl. Fig. 1D). When CD44 was neutralized using antibody,
CTGF-induced migration of syMSCs was significantly reduced (Suppl.
Fig. 1E) (*:p < 0.0001; n = 10 per group). This finding may suggest
CD44 can be a receptor for CTGF in synovial MSCs, likely consistent with
previous findings supporting CD44 as a cell surface receptor playing
essential roles in cell migration [32].

Fibrin FibGen 2.5

w

Bioactive Materials 28 (2023) 61-73
2.2. Genipin-crosslinked fibrin glue promoted meniscus healing ex vivo

When tested in our well-established explant healing model [8,9,33],
FibGen 2.5 loaded with 1000 ng/mL CTGF and 10 mg/mL TGF@3
encapsulated in PLGA microspheres (uS) (2.5 pg per 250 mg PLGA)
further facilitated integrated healing of avascular meniscus tears as
compared to fibrin (Fig. 2A). By 4 weeks, FibGen 2.5 resulted in a high
cellularity at the healing zone with improved tissue integration and
matrix formation (Fig. 2A). Low magnification images further support
the enhanced tissue integration over the defect with FibGen in com-
parison with fibrin (Suppl. Fig. 2A). Quantitative histomorphometry
measurements were conducted for % of lengths of tissue disintegration
(detached), apposition (integrated tissue but immature matrix), and
integration (mature tissue integration) per a previous method [34],
indicating significant improvement of tissue integration in FibGen 2.5
(Suppl. Fig. 2B).

Consistently, the tensile modulus and strength of healed menisci
were significantly higher with FibGen 2.5 than fibrin (Fig. 2B) (p <
0.001; n = 5 per group). Modulus mapping using our well-established
nanoindentation measurements [9] revealed an improvement in the
distribution of effective indentation modulus (Eg¢) over the healing zone
with FibGen 2.5 as compared to fibrin (Fig. 2C). Quantitatively, the
average Eggr in the healing zone was significantly higher with FibGen
than fibrin (Fig. 2D) (p < 0.0001; n = 25 per group). The improved
healing of avascular meniscus tears by genipin-crosslinking is likely
associated with the enhanced initial bonding strength and slower
degradation.

2.3. Detrimental effect of lubricin on meniscus healing

Then we investigated effects of lubricin on the avascular meniscus
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Fig. 2. In a bovine meniscus explant healing model via timely controlled delivery of CTGF and TGFf3, FibGen significantly enhanced healing as compared to fibrin
(A) (PR: Picrosirius Red; Saf-O: Safranin O; arrows indicate healing zone; boxes show high magnification). In addition, FibGen significantly increased tensile modulus
and strength (B) (*:p < 0.0001; n = 5 per group). Effective indentation moduli (Eg¢) measured with nanoindentation show a more even distribution (C) and higher
average value (D) with FibGen compared to fibrin (*:p < 0.001; n = 25 per group).
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healing. Tissue samples from dogs with untreated meniscus injuries
showed lubricin expression extended to the torn surface of meniscus
rather than confined on the articular surface (Fig. 3A). Then we applied
1 M NaCl for 1 h to deplete surface lubricin (Fig. 3B). The dose and
duration of NaCl were adopted from literature [22]. NaCl pre-treated
meniscus explant showed a modest improvement in healing per histo-
logical evaluation (Fig. 3C). Modulus mapping by nanoindentation
showed the distribution of indentation modulus in 220 pm x 120 pm
area at 20 pm intervals (Fig. 3D), suggesting the improved healing of
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NaCl pre-treated meniscus explants. Quantitatively, the effective
indentation modulus (Egg) was significantly higher in NaCl pre-treated
group compared to the control (Fig. 3E). To understand the effect of
lubricin on meniscus healing, we established lubricin coating on the
radially-cut surface of bovine menisci (Fig. 3F). Up to 24 h, the longer
time of incubation at 37 °C in synovial fluids (SF) resulted in the more
robust coating of lubricin in comparison with no coating & no antibody
controls and incubation at 4 °C (Fig. 3F and G). Then we applied fibrin or
FibGen with CTGF and TGF@3-uS in our well-established ex vivo inner
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Fig. 3. Untreated, injured dog menisci showed lubricin infiltration on the torn surface (arrow) (A). Treatment with 1 M NaCl for an hour depleted lubricin on the
meniscus surface (B) that led to improvement in healing by 4 weeks (C). Nanoindentation-mediated modulus mapping, showing indentation moduli in 220 pm x 120
pm area at 20 pm intervals (D) revealed a modest improvement in healing of NaCl pre-treated explants. Effective modulus (Egg) from the nanoindentation mea-
surements also showed significant increase in NaCl pre-treated group (E) (*:p < 0.001; n = 25 per group), suggesting an improved functional recovery. Then lubricin
coating was established on meniscus explants by incubating with synovial fluids (SF) up to 24 h, resulting in robust lubricin coating on cut surface of bovine menisci
as compared to negative controls (no coating and no antibody) (F & G). The lubricin coating for 24 h at 37 °C led to impaired tissue integration and healing both with
fibrin and FibGen, delivered with CTGF and TGFp3-uS (PR staining) (H) (images are from two magnification per group; all samples were lubricin pre-coated).
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meniscus healing model. After 4 weeks’ culture with syMSCs,
lubricin-coated meniscus hardly showed any tissue integration or heal-
ing (Fig. 3H). This finding strongly suggest the detrimental effect of
lubricin coating on meniscus healing likely by impairing cell and tissue
adhesion, consistently with clinical observation [25,35].

2.4. Heparin-conjugated bioactive glue improves healing of lubricin pre-
coated meniscus

To improve the initial tissue integration and healing of lubricin-
deposited avascular meniscus tears, we devised a strategy to tether
lubricin on the torn surface of meniscus. Given the existence of heparin
binding domain at N-terminal of lubricin (Fig. 4A), we implemented a
heparin-conjugation to our FibGen bio-glue. Heparin conjugation has
been applied for controlled delivery of growth factors [36-38] but never
been used for tethering lubricin. We synthesized heparin-conjugated
fibrinogen by establishing covalent bonding via standard carbodiimide
chemistry as shown in Fig. 4B [38]. Briefly, heparin (100 mg) was dis-
solved in a 0.05 M 2-morpholinoethanesulfonic acid, and 0.04 mM
N-hydroxysuccinimide (NHS) and 0.08 mM 1-ethyl-3-(3-dimethylami-
nopropyl)-carbodiimide hydrochloride (0.08 mM) were applied to
activate the carboxylic acid groups of the heparin for 12 h at 48 °C. The
solution was then precipitated with excess anhydrous acetone and
lyophilized. Then fibrinogen was dissolved in PBS and reacted with
activated carboxyl acid groups of the heparin for 4 h. After precipitating
with acetone and lypholization, the powder was dissolved in PBS, dia-
lyzed and then lyophilized for 48 h. The prepared heparin-conjugated
fibrinogen was used to form fibrin, followed by crosslinking with geni-
pin as per our established methods.

To validate the effect of heparin conjugation, we tested four different
bio-glues: (i) fibrin (100 mg/mL fibrinogen and 100 U/mL thrombin),
(ii) fibrin crosslinked with 2.5 mg/mL genipin (FibGen), (iii) fibrin
mixed with 37.5 mg/mL heparin and 2.5 mg/mL genipin (free Hep-
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FibGen), (iv) heparin conjugated fibrin crosslinked with 2.5 mg/mL
genipin (Conj-Hep-FibGen). Lap shear test with meniscus strips (Fig. 5A)
showed that the Conj-Hep-FibGen showed a significant increase in shear
modulus as compared to Fib, FibGen, and free Hep-FibGen (Fig. 5B) (n
= 8-15 per group; p < 0.0001). Fib-Gen and free Hep-FibGen resulted in
marginal increases in the shear modulus as compared to Fib control, as
tested with lubricin-coated meniscal tissue strips (Fig. 5B). As compared
to the shear strengths tested without lubricin coating, Fib, FibGen, and
free Hep-FibGen showed significant decreases when tested with lubricin
coated tissues (Fig. 5C). In contrast, conjugated Hep-FibGen led to
~68% increase in shear modulus on lubricin coated tissues (Fig. 5C) (n
= 8-15 per group; p < 0.0001). By 4 weeks of explant culture, all the
tested bio-glues delivered with CTGF and TGFp3, including Fib, FibGen,
free Hep-FibGen, and conjugated Hep-FibGen, improved tissue inte-
gration of avascular meniscus tears through MSC recruitment (Fig. 5D),
consistently with our previous works. However, lubricin coating resul-
ted in larger remaining gaps between incised tissues with Fib, FibGen
and free Hep-FibGen as compared to control without lubricin coating
(Fig. 5D). Only the Conj-Hep-FibGen showed a notable improvement in
tissue integration of lubricin-coated avascular meniscus tears as
compared to control without lubricin coating (Fig. 5D). Quantitatively,
the tensile modulus of healed meniscus was significantly higher with
conjugated Hep-Fib-Gen as compared to Fib, Fib-Gen, and free Hep-
FibGen (Fig. 5E) (n = 8-15 per group; p < 0.001). Lubricin coating
resulted in significant increase in tensile modulus with Conj-Hep-
FibGen, whereas Fib, FibGen, and free Hep-FibGen showed significant
decreases in tensile modulus (Fig. 5E). Similarly, tensile strength was
significantly decreased with lubricin coating in Fib group (Fig. 5F).
FibGen and free Hep-FibGen showed marginal increase in tensile
strength with lubricin coating as compared to control without coating
(Fig. 5F). Conj-Hep-FibGen showed a significantly higher tensile
strength with lubricin coating as compared to all the other bio-glue
groups (Fig. 5F) (n = 8-15 per group; p < 0.001). These data strongly
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Fig. 4. Heparin-conjugated bio-glue to improve meniscus healing with lubricin infiltration. We target the heparin binding domain (HEP) at N-terminal (A). Heparin-
conjugated fibrinogen was synthesized by establishing covalent bonding via standard carbodiimide chemistry (B).
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suggest the efficiency of heparin conjugation on promoting initial tissue 2.5. Matrix components involved with lubricin binding on torn meniscus
bonding and healing of meniscus tears pre-deposited with lubricin. surface

To understand how lubricin is deposited and coated on the torn
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Fig. 6. Injured menisci from dog and human (A) showed lubricin expression on torn surface, largely co-localized with HA and some of COL-II (B). Consistently,
radially cut meniscus strips (C) showed a higher binding of lubricin on the HA pre-coated surface as compared to COL-II pre-coating and no pre-coating (D).
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surface of menisci, we performed immunofluorescence labeling with
multiple matrix proteins expressed in joint tissues. The lubricin
expression on torn surface of unrepaired, injured dog and human
menisci (Fig. 6A) was largely co-localized with HA (Fig. 6B). COL-II was
also partially co-localized with lubricin expression both on dog and
human injured menisci (Fig. 6B). Lubricin expression on the articular
surface of healthy human meniscus with no injury was also co-localized
with HA and COL-II, similarly with degenerating human meniscus
(Suppl. Fig. 3). To confirm the role of HA and COL-II on lubricin binding
on torn meniscus surface, we treated radially cut meniscus explants with
NaCl to remove any lubricin residue which were then pre-coated with
HA or COL-II for an hour, following by washing with PBS and incubation
in SF for an hour (Fig. 6C). There was abundantly more lubricin depo-
sition on the HA pre-coated tissue surface as compared to samples
without pre-coating (Fig. 6D). Pre-coating with COL-II also showed a
modest increase in the lubricin deposition (Fig. 6D). These findings
suggest that HA and/or COL-II pre-deposition precede the lubricin
deposition on the tear surface of meniscus, likely consistent with pre-
vious findings suggesting roles of HA and COL-II on binding of lubricin
articular surface [23,39].

2.6. Incorporation of CD44 to further strengthen the tethering through
lubricin and HA

Given the pivotal role of HA in the lubricin deposition and retention
on torn meniscus surface (Fig. 6), we adopted CD44 into our bioactive
glue to further strengthen the initial bonding. CD44 is a transmembrane
glycoprotein present in many different types of cells including synovial
MSCs [29] that shows a strong binding affinity to lubricin as well as HA
[29,40]. CD44 can be readily prepared as incorporated in FibGen given
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the well-described binding mechanism between CD44 and fibrin(ogen)
through O- & N-linked glycosylation [41,42] (Fig. 7A). Given the CD44’s
HA-binding motif (BX7B) likely distinct to its lubricin-binding site [41]
(Fig. 7A), we hypothesized that incorporation of CD44 in our FibGen
glue will further strengthen the tissue bonding by providing tethering
with lubricin and HA (Fig. 7B). To first confirm the CD44’s binding to
lubricin, we applied 5 pg/mL of CD44 [42] on lubricin-rich articular
surface of bovine meniscus that resulted in abundant coating of CD44 on
lubricin™ surface (Fig. 7B). However, when surface lubricin was
depleted by 1 M NaCl treatment, CD44 was hardly bound on the
meniscus surface (Fig. 7B).

To measure the binding force between CD44 and the proteins of
interest, we established a quantitative measurement method using
PIUMA™ nano-indenter (Optics11, Amsterdam, The Netherlands). The
probe tip (with 0.2-0.6 N/m stiffness and 45-60 pm tip radius) of the
nano-indenter was functionalized by CD44 as per the manufacturer
protocol and previously published procedure [43] (Fig. 7C). Briefly, the
probe was brought down by controlling the microstepper motors to
immerse the tip into the protein G (10 pg/mL) droplet on a glass slide for
5 min. The probe tip was air dried for 30 min after removing the excess
solution by briefly dipping the probe in the solution. Then CD44 Fc
chimera protein (10 pg/mL, R&D, Minneapolis, MN) was coated, fol-
lowed by crosslinking between protein G and CD44 using bis(sulfo-
succinimidyl) suberate (50 mM BS3, Thermo Fisher Scientific, Waltham,
MA). Finally, CD44 coated probe tip was washed three times with DI
water for 2 min each time. Then a series of indentations were performed
under a maximum force of 10 mN and 20 pm step size on the hydrogels
for adhesion force measurement between CD44 and fibrin, HA, COL-I,
COL-II, and lubricin overcoating on those hydrogels (Fig. 7C). All
indentation measurements were performed in PBS at room temperature.
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Adhesion force was determined from the maximum deflection from
baseline in the force vs displacement output retraction curve (Fig. 7D).
As result, CD44 showed the higher binding force to HA as compared to
fibrin and COL-II (Fig. 7D). Lubricin overcoating on fibrin, COL-II, and
HA layer significantly increased binding force to CD44 (Fig. 7D). Among
all the tested groups, CD44 showed the highest binding force to HA and
lubricin double coating (Fig. 7D) (p < 0.0001; n = 25 per group), sug-
gesting the potential of CD44 for integrating meniscal tissues by teth-
ering HA and lubricin.

Heparin conjugated FibGen with CD44 as an advanced bioactive glue
facilitating healing of HA/lubricin-coated meniscus injuries.

Given the strong binding affinity of CD44 with HA and lubricin, we
prepared CD44 incorporated, heparin conjugated FibGen (Hep-FibGen)
(Fig. 8A) and tested its functionality for meniscus integration and
healing. On lubricin-coated meniscal tissues, incorporation of CD44 in
Hep-FibGen showed no statistically significant improvement in the lap
shear modulus and strength as compared to Hep-FibGen without CD44
(Fig. 8B) (p < 0.001; n = 8 per group). On HA/lubricin-coated meniscus
surface, CD44 incorporation resulted in significant improvements in the
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lap shear modulus and strength (Fig. 8C) (p < 0.001; n = 8 per group).
When applied for our well-established meniscus explant injury healing
model with CTGF and TGFp3-puS delivery, both FibGen-CD44 and Hep-
FibGen-CD44 resulted in promising tissue integration and healing by 6
weeks as compared to FibGen with some remaining tissue gap (Fig. 8D).
FibGen-CD44 and Hep-FibGen-CD44 showed ~1.8 and ~2.7-fold in-
creases in the tensile modulus and strength, respectively, compared to
FibGen (Fig. 8E) (p < 0.001; n = 8 per group). Hep-FibGen-CD44
showed significantly higher increases in the tensile properties than
FibGen-CD44 (Fig. 8E), suggesting the combinational effect of heparin
conjugation and CD44 incorporation. Modulus mapping with nano-
indentation showed no significant differences between FibGen, FibGen-
CD44, and Hep-FibGen-CD44 (Suppl. Fig. 4).

3. Discussion

Lubricin is a surface-active mucinous glycoprotein, an essential
component of synovial joints playing an irreplaceable role in providing
near frictionless joint motion [21]. As referred to as superficial zone
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Fig. 8. Heparin conjugated FibGen incorporated with CD44 (Hep-FibGen-CD44) (A) showed significantly higher lap shear modulus and strength compared to FibGen
on lubricin-coated meniscal tissues, with no significant difference from FibGen-CD44 (B) (*:p < 0.001; n = 10 per group). In contrast, Hep-FibGen-CD44 showed
significantly higher lap shear and modulus as compared to Hep-FibGen on HA/lubricin-coated meniscal tissues (C) (*:p < 0.001 compared to FibGen, #:p < 0.001
compared to Hep-FibGen; n = 10 per group). Histologically, delivery of CTGF and TGFpP3-uS via Hep-FibGen-CD44 and Hep-FibGen improved the healing of
avascular meniscus tears as compared to FibGen (D) (dash-line: healing zone). Quantitative histomorphometry measurements show significant improvement of tissue
integration with FibGen-CD44 and Hep-FibGen-CD44 (E) (*:p < 0.001 compared to FibGen, #:p < 0.001 compared to FibGen-CD44; n = 5 per group). By 6 weeks,
the tensile modulus and strength (F) of healed meniscus were significantly higher with CD44 incorporation and heparin conjugation than FibGen (*:p < 0.001
compared to FibGen, #:p < 0.001 compared to FibGen-CD44; n = 6-7 per group).
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protein (SZP), lubricin is predominantly expressed by the cells at the
superficial zone of articular cartilage and meniscus [21]. Given its
unique function and spatial expression pattern, the roles of lubricin in
protecting joint tissues from degenerative changes in osteoarthritis have
been widely investigated [22-24,28,30,31]. Previous studies reported
that depletion of lubricin further accelerates cartilage damage while
over-expression of lubricin prohibits the progression of osteoarthritis
[28,30,31]. Lubricin expression has also been a focus in the tissue en-
gineering of joint tissues [23]. In contrast, this study suggested lubricin’s
new, detrimental role in tissue healing, likely derived from its unique
functions preventing cell and tissue adhesion that enables
near-frictionless joint movements. As torn menisci are exposed to
lubricin-rich synovial fluid until being surgically treated days to weeks
after the injury, lubricin inevitably infiltrates into the torn surface. We
confirmed consistent lubricin deposition on torn surfaces of injured
menisci from dogs and human patients. These new observations realized
the importance of lubricin for developing a clinically applicable bioen-
gineering approach to facilitate functional healing of meniscus injuries.
In addition, our observations may advocate for the necessity to consider
lubricin for regenerative approaches for other intra-synovial tissues such
as intra-articular tendons and ligaments.

Our first approach to address the harmful effects of lubricin depo-
sition on torn meniscus surfaces was a chemical modification to our
bioactive glue to add tethering through pre-coated lubricin. We adopted
heparin-conjugated fibrinogen to achieve this goal given the existence of
the heparin-binding domain (HEP) at the N-terminal of lubricin [21,28].
As fully extended lubricin monomers/dimers bind to the articular
cartilage via the C-terminal [21,22,24], we hypothesized that binding
through HEP at the N-terminal provides additional adhesion force. As
demonstrated by our data, heparin conjugation in our bioactive glue
significantly improved the initial bonding strength and integrated
healing of lubricin-coated menisci. Previously, heparin-conjugated
fibrin was used to enhance the efficacy of fibrin gel as a drug delivery
carrier [36-38]. Heparin-conjugated fibrin shows a prolonged release of
various growth factors by providing binding sites for the proteins
[36-38]. Since no previous study has implemented heparin-conjugation
for tethering lubricin or enhancing the physical properties of the
hydrogel, our approach represents a novel application of
heparin-conjugation in fibrin-based hydrogel.

Interestingly, heparin conjugation not only added binding affinity to
lubricin but also further increased the mechanical properties of FibGen
hydrogel. Genipin crosslinking happens through ring opening attacked
by amine groups, followed by covalent bonding and re-closure of rings.
As both fibrin and heparin have an amine group, pre-conjugation with
heparin likely resulted in additional crosslinks leading to improved
mechanical properties. Thus, we speculate that the refined controls of
heparin conjugation and genipin crosslinking would be necessary to
avoid excessive crosslinking resulting in a highly dense matrix that was
unsuitable for tissue ingrowth. The ratio of heparin to fibrin and genipin
pre-optimized in this study appeared to be effective for increasing me-
chanical properties and lubricin-binding affinity without interfering
with the biocompatibility of bioactive glue. However, those concentra-
tions and ratios may need to be re-visited for in vivo studies in consid-
eration of the species, size, and metabolism of the preclinical animal
model chosen.

One of the interesting findings from the previous studies on lubricin
is that lubricin readily binds to the articular surface of cartilage but not
the deep cartilage zone [22,24]. Follow-up studies suggested that
lubricin binding on the articular surface is mediated by other matrix
proteins, including HA, COL-II, and cartilage oligomeric matrix protein
(COMP), that are abundant on the superficial zone [22,39,44]. Our in
vitro experiment confirmed that pre-coating with HA is likely necessary
for the proper binding of lubricin on the torn surface of the deep
meniscus zone. However, the timing for HA and lubricin to deposit on
the torn surface is still unknown. In addition, because HA is predomi-
nantly produced by superficial zone cells [45], it is still unclear if deep
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zone meniscal cells may produce HA upon contact with synovial fluid or
HA is sourced from synovial fluid. Unfortunately, it is very difficult to
obtain tissues from torn menisci within days to weeks of injury such that
the canine and human torn meniscus tissues available for this study had
months-old injuries. Thus, follow-up studies with conditional HA
knockout mouse models [46] may be necessary to answer those
questions.

Nonetheless, the revealing of HA pre-deposition leading to lubricin
deposition on torn meniscus surfaces led us to an additional intervention
using CD44 to enhance the tissue integration further. CD44 is a surface
receptor expressed in various cells, including synovial MSCs, with a
strong binding affinity to lubricin and HA [29]. As CD44 forms strong
binding to fibrin(ogen) via a specific binding site, CD44 incorporation
into Hep-FibGen significantly enhanced the initial bonding and inte-
grated healing of HA/lubricin-coated meniscal tissues. As a surface re-
ceptor, binding of CD44 with lubricin may be involved with various
intracellular signaling associated with inflammatory responses [40].
However, we used recombinant CD44 as a separate matrix component
outside cell for providing tethering with HA and lubricin, without a
concern of causing undesired biological activities. We speculate that
CD44 and heparin provide a synergistic effect on binding to torn
meniscus through multiplexed interactions between CD44, heparin, HA,
and lubricin, as depicted in Fig. 9. One of the remaining questions is
whether CD44 shares its binding motifs for HA, fibrin(ogen), and
lubricin. If CD44 binding is competitive among these three types of
matrix proteins, it would be technically challenging to quantitatively
evaluate the effects of CD44 incorporation on meniscus integration and
healing. However, our quantitative measurement using nanoindentation
suggested that CD44 binding is not competitive among these matrix
proteins by showing a significantly higher binding affinity on
HA/lubricin-coated substrates.

The limitations of this study include the complexity of bioactive glue
containing multiple factors such as FibGen, heparin, and CD44, which

Lubricin

CD44

HA

Fig. 9. Speculated mechanism for synergistic effect of heparin conjugation and
CD44 incorporation on yielding strong binding to HA- and lubricin-coated
meniscus surface. Although specific binding domain, mechanism, and affinity
between each other components have been incompletely described, the cross-
binding affinity between HA, lubricin, fibrinogen, heparin, and CD44 may
have potential to achieve a strong initial binding of our bioactive glue on HA/
lubricin-deposited meniscus surface.
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may serve as a translational barrier. Nonetheless, our heparin-
conjugated FibGen with CD44 can be produced as a ready-to-use pack-
age like the clinically available fibrin sealants that would not include
any unnecessary operational difficulties for surgeons. The foreseeable
translational step will include a reduction process to simplify the final
product by replacing the major components with alternative chemical
compounds. Another limitation of this study is the lack of in vivo tests.
Although our previous study demonstrated the fibrin-based glue deliv-
ered with CTGF and TGFp3 pS successfully guided integrated healing of
avascular meniscus tears in rabbits [9], the in vivo efficacy of the present
bioactive glue in lubricin-infiltrated, untreated meniscus injuries has not
been validated in vivo. To validate the roles of HA/Col-II on lubricin
deposition after injury and detrimental effect of lubricin infiltration into
the torn surface, we may consider mouse models with conditional HA or
Col-II knockout. However, the surgery for meniscus injury and repair is
not feasible in such a small animal model. Use of large animal models is
limited by the high cost. Accordingly, we focused on ex vivo models to
perform the proof-of-concept study for the newly devised bioactive glues
addressing the harmful effect of lubricin infiltration into meniscus in-
juries. Future studies will explore the in vivo efficacy of our bioactive
glue in clinically relevant animal models with untreated meniscus
injuries.

To conclude, this study suggests a novel and effective approach to
promote the healing of avascular meniscus tears using advanced
bioactive glue, providing a strong bonding to HA/lubricin-coated torn
meniscus surface and guiding regenerative healing via stem/progenitor
cells recruitment. In addition, our study identified a novel application of
heparin conjugation and CD44 as an effective tool to support the binding
of HA/lubricin-deposited tissue surface. Our bioactive glue with heparin
conjugation and CD44 incorporation may be effective for healing other
intra-articular tissues such as flexor tendons, rotator cuffs, cruciate lig-
aments, and temporomandibular joint (TMJ) disc.

4. Methods
4.1. Preparation of FibGen, Hep-FibGen, and Hep-FibGen-CD44

FibGen was prepared by mixing an equal volume of 200 mg/mL
fibrinogen (MW: 340 kDa; Sigma-Aldrich, St. Louis, MO) with 200 U/mL
thrombin (40-300 NIH units/mg protein; Sigma-Aldrich, St. Louis, MO)
with 2.5 mg/mL (final concentration) of genipin (>98% HPLC; Sigma-
Aldrich, St. Louis, MD) mixed with thrombin. Heparin-conjugated
fibrinogen was synthesized by establishing covalent bonding via stan-
dard carbodiimide chemistry as per previous methods [38]. Briefly,
heparin (200 mg) was dissolved in DI water, and 0.04 mM N-hydrox-
ysuccinimide (NHS) and 0.08 mM 1-ethyl-3-(3-dimethylaminopropyl)--
carbodiimide hydrochloride (EDAC) were applied and kept for 12 h at
4 °C to activate the carboxylic acid groups of the heparin. Fibrinogen
solution (100 mg in 20 mL phosphate-buffered saline (PBS)) was then
added to the above heparin solution and kept at 4 °C for 3 h to complete
the reaction with the activated carboxyl acid groups of the heparin. This
heparin-conjugated fibrinogen solution was then dialyzed against DI
water through a semi-permeable membrane (12,000-14,000 Da mo-
lecular weight cutoff; Sigma) at 4 °C for 48 h with changing the DI water
every 12 h. Finally, heparin-conjugated fibrinogen powder was collected
after lyophilization for 48 h. The prepared heparin-conjugated fibrin-
ogen was used to form fibrin by mixing heparin-conjugated fibrinogen
(200 mg/mL) and thrombin (200 U/mL), followed by crosslinking with
genipin as described above. As a comparison group, free heparin
fibrinogen was prepared by simply mixing fibrinogen (200 mg/mL) in
heparin (200 mg/mL) in PBS. To prepare CD44-incorporated hydrogels,
CD44 (5 pg/mL; R&D Systems, Minneapolis, MN) was mixed with
thrombin using repeated pipetting before preparing the bioactive glue.
Our pilot experiment confirmed the even distribution of CD44 in fibrin
using image-based analysis (data not shown). The prepared solution of
fibrinogen (w/heparin+CD44) and thrombin/genipin were co-injected
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in between the incised tissue surfaces using FibriJet® dual-injector
with a blending applicator (Nordson Micromedics, Westlake, OH).

4.2. Meniscus explant for avascular healing by MSCs recruitment

A meniscus explant model was used to study in vitro healing of
avascular meniscus tears. Menisci were isolated from skeletally mature
(18-24 months old) bovine knee joints obtained from Animal Technol-
ogies, Inc (Tyler, TX). The isolated menisci were rinsed twice with 10X
antibiotics (100 units/mL of penicillin & 100 pg/mL of streptomycin),
twice with 1X antibiotics 10 units/mL of penicillin & 10 pg/mL of
streptomycin), and then washed in PBS, with each washing step for 5
min. The inner third zone of the menisci were cut and prepared as
wedge-shaped tissue explants in a thickness of 2-3 mm. Then full-
thickness longitudinal incisions were made in the middle of the inner
third zone, and prepared bioactive glues loaded with 1000 ng/mL CTGF
(BioVendor, Asheville, NC) and 10 mg/mL PLGA pS-encapsulating
TGFp3 (R&D systems) (2.5 pg per 500 mg PLGA) was applied to the
incised tissues. Then the meniscus explants were placed on top of
monolayer-cultured P2 — P3 syMSCs or hBMSCs (AllCells, Alameda, CA)
at 80-90% confluence per our previous methods [8,9]. Supplements for
fibrogenic and chondrogenic differentiation were applied as described
in our recent publication [8,9]. By 4-6 weeks, tissue healing and inte-
gration were evaluated using histology with H&E, Picrosirius Red
(PR)/polarized microscopy, and Safranin O (Saf-O) as per our prior
methods [47-50].

4.3. Preparation of TGFf3 encapsulated in PLGA microspheres

PLGA (66,000-107,000 Mw) with a PLA/PGA ratio of 75:25 was
purchased from Sigma-Aldrich (St. Louis, MO). PLGA puS encapsulating
recombinant human TGFp3 were prepared by a modified double-
emulsion technique [49,51], a well-established control-delivery
vehicle demonstrating preserved bioactivity of growth factors. Briefly,
500 mg PLGA was dissolved into 5 mL chloroform, followed by adding
250 pL of diluted TGFf3. This solution was then emulsified (primary
emulsion) by ultrasonication for 5 min to reduce the size of uS(52). The
primary emulsion (w/0) was then added to 10 mL 4% (w/v) PVA (poly
vinyl alcohol) solution to form the second emulsion (w/0/w) by 2 min of
ultrasonication followed by 1-min vortexing. This double emulsion so-
lution was then added to 250 mL of 0.3% PVA solution, followed by
continuous stirring for 2 h to evaporate the solvent. Finally, the pS were
filtered, washed with DI water, resuspended in DI water, and then
lyophilized. Release kinetics of TGFf3 was reported in our previous
studies [49,50].

4.4. Release kinetics of CTGF

For release rate measurement, CTGF-loaded (30 ng/mL) fibrin and
FibGen gel mixed with CTGF were incubated at 37 °C with gentle
agitation for 6 wks in PBS. Equal volume of fibrinogen (50 mg/mL) and
thrombin (50 U/mL) was mixed to make fibrin and fibgen gels. The
concentration of genipin in the FibGen was 2.5 mg/mL. At selected time
points, incubation media was collected and concentration of CTGF was
measured using ELISA as per our previous works [9,50].

4.5. Lap shear test

Strips of bovine menisci will be cut into 40 x 4 mm dimensions for
the lap shear test. 20 pL bio-glue was applied in between the bovine
meniscus tissue strips. The adhered strips were mounted by tensile jigs in
BioDynamics testing system (TA instruments, New castle, DE), followed
by applying displacement at 0.02 mm/s. From load-displacement
curves, lap shear modulus and strength were obtained.
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4.6. Blot migration assay

To measure the migration of syMSCs, 100 pL of fibrin- or FibGen-
loaded with 1000 ng/mL CTGF were applied on one side of 6 well cul-
ture plates, followed by 30-mins incubation for crosslinking. Then
CFDA-labeled syMSCs were plated on the other side of the culture well.
Up to 48 h, the number of migrating cells toward the hydrogel was
counted using fluorescence microscopy and quantified. To test the role
of CD44 in CTGF-induced cell migration, we blocked the CD44 by
applying 5 pg/mL neutralizing antibody (#103012, BioLegend, San
Diego, CA) and repeated the migration assay above.

4.7. Invitro degradation assay

Fibrin and FibGen with 2.5 mg/mL - 10 mg/mL genipin were pre-
pared as described above. The 30 pL of each hydrogel was incubated at
37 °C in PBS, and then the fibrin degradation products were measured
using ELISA for up to 21 days with a commercial kit (Novus Biologicals,
LLC, Centennial, CO).

4.8. Tensile tests

Following a well-established testing protocol for meniscus ex-
plants'®, samples for the tensile tests were prepared as 8 mm in length, 2
mm in width, and 1 mm in thickness, as modified from our prior works
[9,33,49]. Upon mounting with tensile jigs in an isotonic saline bath at
RT, a 0.02-N tare load will be applied to the samples, and then the
samples will be elongated at 10%/min until failure. From the force vs.
elongation curve, the ultimate strength and tensile modulus were ob-
tained. All pull-out tests were performed using BioDynamics testing
system.

4.9. Modulus mapping and surface congruency

Nanoindentation experiments were conducted using a PIUMA™
nano-indenter (Optics11, Amsterdam, The Netherlands) with a probe tip
diameter of 8-10 pm with the sample loaded to a maximum force of 10
mN. All nanoindentation tests were carried out on fixed and unstained
tissue sections [53]. A series of indentations were performed to deter-
mine the effective indentation modulus (Egg) across a healed region at
every 20 pm distance from the original defect site, using the embedded
high-precision mobile X-Y stage.

4.10. Nanoindentation-based binding force measurement

Adhesion force measurement was performed using PIUMA™ nano-
indenter. The probe tip (with 0.2-0.6 N/m stiffness and 45-60 pm tip
radius) of the nano-indenter was functionalized by CD44 as per the
manufacturer protocol and previously published procedure [43].
Briefly, for protein G coating, the probe was brought down by control-
ling the microstepper motors directly from the PIUMA software so that
only the probe tip gets immersed into the protein G (10 pg/mL) droplet
on a glass slide for 5 min. The probe tip was air-dried for 30 min after
removing the excess solution by briefly dipping the probe in the protein
G solution. Similarly, CD44 Fc chimera protein (10 pg/mL, R&D Sys-
tems, Minneapolis, MN) was coated, followed by crosslinking between
protein G and CD44 using bis(sulfosuccinimidyl) suberate (50 mM BS3,
Thermo Fisher Scientific, Waltham, MA). Finally, CD44 coated probe tip
was washed three times with DI water for 2 min each time. Then a series
of indentations were performed under a maximum force of 10 mN and
20 pm step size on the hydrogels for adhesion force measurement be-
tween CD44 and fibrin (a mixture of 100 mg/mL fibrinogen and 100
U/mL thrombin, HA (hyaluronic acid) (2% methacrylated HA, Mw 50,
000-70,000), type I collagen (2.5 mg/mL) and type II collagen (2
mg/mL) gels w/o lubricin (2 pg/mL) (MyBiosource, San Diego, CA)
overcoating on those hydrogels. The hydrogel coating was applied on
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the surface of the tissue culture plate by applying an un-crosslinked
hydrogel solution, followed by incubation for an hour for crosslinking.
Double coating, we first coated the first hydrogel (fibrin, HA, and
COL-II), crosslinked for an hour, washed away the residue solution, and
then applied the second coating protein (e.g., lubricin). All hydrogels
were purchased from Sigma (St. Louis, M O) except type I collagen
(ThermoFisher Scientific, Waltham, MA). Hydrogels were incubated
with lubricin solution for 30 min at room temperature for lubricin
coating, followed by washing with DI water three times. All indentation
measurements were performed under PBS at room temperature. Adhe-
sion force was determined from the maximum deflection from baseline
in the force vs displacement output retraction curve.

4.11. Dog and human meniscus samples

Injured medial and lateral menisci were recovered from skeletally
mature purpose-bred female hound-mix dogs (n = 3) humanely eutha-
nized at the University of Missouri Thompson Laboratory for Regener-
ative Orthopaedics following completion of an IACUC-approved study
performed for reasons unrelated to the present study. The menisci un-
derwent arthroscopically-assisted creation of 5 mm longitudinal tears in
the red-white zone of each meniscus 3 months prior to recovery.

With IRB-approval and documented informed consent, injured
human medial menisci were obtained from patients (n = 2; 51 yM, 59
yF) undergoing open knee surgery for symptomatic post-traumatic
osteoarthritis with pre-operatively diagnosed chronic meniscal tears.
With IRB approval and documented donor family consent for research
use, intact medial and lateral menisci were recovered from healthy
human tissue donors (n = 2; 21 yM, 33 yF) as non-implanted tissues that
would otherwise be discarded after osteochondral and/or meniscus
allograft transplantation surgeries. Meniscus tissues were delivered to
Columbia University for histological analysis without disclosure of any
identifying patient or donor information.

4.12. Immunofluorescence

Following our prior methods [50,52,54], immunofluorescence was
performed to image tissue sections using monoclonal antibodies and
isotype-matched Alexa Fluor® secondary antibodies, with nucleus la-
beling with DAPI. All the tissue sections were made in 5-pm thickness,
and the antigen retrieval procedures were performed following the
manufacturer’s protocols. CD44 (3660-CD-050, R&D Systems), lubricin
(aall51-1241, LSBio, Seattle WA), hyaluronic acid methacrylate
(914800, SigmaAldrich), and/or type II collagen (COL-II) (C9301,
Sigma-Aldrich) were co-labeled with multiple fluorescent secondary
antibodies to track recruitment and differentiation of endogenous
syMSCs. All primary antibodies and secondary antibodies were pur-
chased from Abcam (Cambridge, MA), Santa Cruz Biotechnology (Dal-
las, Texas) or Life Technologies (Grand Island, NY). All images were
acquired using an inverted fluorescence microscope (Olympus IX73,
Waltham, MA).

4.13. Histomorphometry analysis

The quality of meniscus tissue repair was evaluated using a modified
quantitative histomorphometry measurement [34]. Briefly, % of disin-
tegration, unbound interface with no apposition or bonding between
meniscal tissues, was calculated as the length of disintegrated interface
in pm divided by total length of healing interface, multiplied by 100 (%).
Similarly, % of apposition was calculated for the length of issue interface
joined and continuous but with no clear sign of matrix remodeling. In
addition, % of integration was calculated for the length of interface with
fully bonded and matrix remodeling. To ensure unbiased data acquisi-
tion, three blinded examiners evaluated the tissue section slides.
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4.14. Statistical analysis

For all the quantitative data, following confirmation of normal data
distribution, one-way analysis of variance (ANOVA) with post-hoc
Tukey HSD tests was used with p-value of 0.05. Sample sizes for all
quantitative data were determined by power analysis with one-way
ANOVA using a level of 0.05, power of 0.8, and effect size of 1.50
chosen to assess matrix synthesis, gene expressions, and mechanical
properties in the regenerated meniscus tissues and controls upon veri-
fication of normal data distribution.
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