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Molecular engineering of biological tissues using synthetic mimics
of native matrix molecules can modulate the mechanical properties of the cellular
microenvironment through physical interactions with existing matrix molecules,
and in turn, mediate the corresponding cell mechanobiology. In articular
cartilage, the pericellular matrix (PCM) is the immediate microniche that
regulates cell fate, signaling, and metabolism. The negatively charged osmo-
environment, as endowed by PCM proteoglycans, is a key biophysical cue for cell
mechanosensing. This study demonstrated that biomimetic proteoglycans
(BPGs), which mimic the ultrastructure and polyanionic nature of native
proteoglycans, can be used to molecularly engineer PCM micromechanics and cell
mechanotransduction in cartilage. Upon infiltration into bovine cartilage explant,
we showed that localization of BPGs in the PCM leads to increased PCM
micromodulus and enhanced chondrocyte intracellular calcium signaling. Applying molecular force spectroscopy, we revealed
that BPGs integrate with native PCM through augmenting the molecular adhesion of aggrecan, the major PCM proteoglycan,
at the nanoscale. These interactions are enabled by the biomimetic “bottle-brush” ultrastructure of BPGs and facilitate the
integration of BPGs within the PCM. Thus, this class of biomimetic molecules can be used for modulating molecular
interactions of pericellular proteoglycans and harnessing cell mechanosensing. Because the PCM is a prevalent feature of
various cell types, BPGs hold promising potential for improving regeneration and disease modification for not only cartilage-
related healthcare but many other tissues and diseases.

BPG10-Aggrecan Integration
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’ stem

ver the past decades, there has been increasing

appreciation of the biophysical and biomechanical

cross-talk between the extracellular matrix (ECM)
and residing cells.' > In particular, the immediate cell
microenvironment plays a pivotal role in regulating mechano-
sensitive cellular activities such as adhesion,” migration,5 solute
transport,6 mechanotransduction,” and metastasis.® In turn,
owing to its immediate contact with cells, the microniche is
often the initiation point of disease onset, contributing to
disrupted cell mechanobiology and more widespread tissue
degeneration.” This immediate cell microniche thus emerges as
a promising therapeutic target for modulating cell mechano-
transduction, detecting, or amelioratin% early disease onset as
well as improving tissue regeneration.'”""

For many tissue types, the immediate cell microniche,
termed the “pericellular matrix (PCM)” or “glycocalyx layer”,
has distinct composition and structure relative to the bulk
ECM. Examples include articular cartilage,12 meniscus, >
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intervertebral disc,'* injured tendon,"® endothelium,’
cell niche,'”” and solid tumors.® This microenvironment is
characterized by exclusive localization or a preferred
distribution of proteoglycans and proteoglycan—hyaluronan
(HA) complexes.'”'® These proteoglycans have a wide
spectrum of interactions with cell surface receptors, growth
factors, and cytokines, and thus, play key roles in mediating
cellular metabolism, signaling, and cell-matrix cross-talk.””
Additionally, they endow cells with a highly negatively charged
environment, a key biophysical cue governing cell mechano-
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Figure 1. Localization of BPG10 in cartilage pericellular matrix (PCM) augments the micromechanics of PCM. (a) Molecular architecture of
BPG10, containing ~7 CS-GAG side chains (schematic shown for chondroitin-4-sulfate GAG) conjugated to the PAA backbone. (b)
Immunofluorescence (IF) images of adult bovine cartilage explants infiltrated with fluorescently labeled BPG10 and co-stained with collagen
VI demonstrate the diffusion of BPG10 throughout all zones of the tissue (SZ, superficial zone; MZ, middle zone; DZ, deep zone) and
preferred distribution within the PCM and nearby territorial domain (T-ECM). (c) (left panel) Representative indentation modulus (E;,4)
maps of control and BPG10-treated cartilage in 20 X 20 gm? regions of interest (ROIs) either containing well-defined PCM rings (40 X 40
indents) or interterritorial domains (IT-ECM) further removed from cells (20 X 20 indents). Moduli corresponding to cell remnants were
removed (white voids). (right panel) Schematic illustration of IF-guided AFM nanomechanical mapping on bovine cartilage cryosections
using a microspherical tip (R ~ 2.25 gm), the PCM is immunolabeled with collagen VI. (d) Box-and-whiskers plots of the PCM, T-ECM, and
IT-ECM micromodulus for control and BPG10-treated cartilage (>600 locations for each region, n = § animals). Each matched pair of
circles represents the average modulus of untreated and BPG10-treated cartilage of the same animal.

sensing in vivo.”” However, given their high susceptibility to
catabolic enzymes, degradation of proteoglycans upon disease
onset often precedes that of other matrix constituents, such as
collagens,”" rendering proteoglycans an emerging target for
restoring cell microniche integrity and modifying disease
progression. Indeed, many efforts have been dedicated to
developing proteoglycan-based biomedicine. These studies
have primarily focused on exploiting the biological functions
using either native proteoglycans or biomimetic proteoglycan
constructs that recapitulate their biological binding activities.””
In contrast, there have been very limited attempts in
modulating the biophysical and mechanobiological roles of
proteoglycans in the pericellular microniche.

This proof-of-concept study aims to demonstrate that
biomimetic proteoglycans (BPGs), which mimic the nanoscale
architecture of native proteoglycans, can be used to
molecularly engineer the pericellular microniche, thereby
modulating cell mechanosensitive activities in a minimally
invasive approach. Here, we used articular cartilage as the
model system, as the PCM of cartilage has been studied
%12 allowing us to pinpoint the molecular
mechanisms of BPGs in engineering the PCM. Cartilage

extensively,

1221

PCM is characterized by exclusive localization of type VI
collagen,” perlecan,” and biglycan.”
proteoglycan of cartilage matrix, is also preferentially localized
in the PCM.”® In vivo, aggrecan undergoes faster turnover in
the PCM than in the bulk matrix,”” with newly synthesized
aggrecan primarily localized therein.”® Aggrecan has a “bottle-
brush”-like ultrastructure, with a ~400 nm core protein
decorated with ~100 densely packed, 40 nm long chondroitin
sulfate glycosaminoglycan (CS-GAG) side chains and a few
shorter keratan sulfate (KS)-GAGs.”” The fixed negative
charges on CS-GAGs of aggrecan are the primary determinant
of cartilage osmotic environment and PCM-mediated chon-
drocyte mechanosensing.’® Recently, we have synthesized
BPGs by conjugating CS-GAGs onto a poly(acrylic acid)
(PAA) synthetic backbone.”’ ™ BPGs partially mimic the
bottle-brush nanostructure and polyanionic nature of native
aggrecan. Here, we tested the capability of the BPGs in
modulating chondrocyte mechanotransduction behaviors in
situ. Our results show that BPGs can integrate with native
cartilage PCM through molecular adhesion interactions with
the residing aggrecan. In doing so, BPGs can augment the
PCM micromechanics and chondrocyte mechanotransduction,

Aggrecan, the major
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Figure 2. Infiltration of BPG10 into bovine cartilage explants promotes intracellular spontaneous calcium signaling, [Ca?*], activities of
chondrocytes in situ. (a) Representative cell live/dead assay images of control and BPG10-treated adult bovine cartilage after 24 h exposure,
with methanol-treated, devitalized cartilage as internal positive control. Cell viability is quantified on >1750 cells per treatment from n = 3
animals (mean + 95% CI). (b) Representative confocal images of chondrocyte [Ca®*]; signaling and corresponding [Ca*]; oscillation
intensity curve of a single cell over a 15 min time frame illustrating the definition of ... Chondrocytes were labeled with Cal-520*M and
time series images were recorded using a confocal microscope with a 20X objective submerged in DMEM at 37 °C. (c—e) Comparison of
[Ca?*]; signaling characteristics between BPG10-treated and control cartilage explants in both isotonic and hypotonic media: (c) percentage
of responding cells, %R, (mean & 95% CI), (d) number of peaks within the 15 min testing time frame, Mpeak (mean + 95% CI), and (e)
duration of each peak, t,.,; (box-and-whisker plot, outliers are not shown to increase clarity, red cross represents the mean value). Data
represent >44S5 responding cells pooled from n = 3 animals for each group.

thereby enabling us to molecularly engineer cartilage via a To determine the impact of BPG10 localization on PCM
minimally invasive strategy for potential osteoarthritis treat- micromechanics, we applied immunofluorescence (IF)-guided
ment. AFM nanomechanical mappingg’g7 on unfixed, sagittal

cryosections of bovine cartilage after 24 h immersion in 10
mg/mL BPG10 versus the untreated control. In brief,
Of our suite of synthesized BPGs, we used BPG10 as the immediately following BPG10 diffusion, 8 pm thick, unfixed

model biomimetic proteoglycan. BPG10 consists of a ~10 kDa cryosections of bovine cartilage were prepared via the
synthetic PAA core, decorated with ~5—7 CS-GAG bristles Kawamoto’s film-assisted cryosectioning.”® We performed the
(Figure 1a). The focus of BPG10 here was due to its capability nanomechanical mapping on 20 X 20 um?” regions with well-
of effectively diffusing into cartilage following intra-articular defined PCM rings and then separated the micromoduli of
injection into rabbit knees in vivo™* or after 24 h incubation of PCM and its nearby T-ECM based on the IF-labeling of
hum:érsl or bovine explants in BPG10 aqueous solution in collagen VI (Figure 1c). The tests were also performed in 20 X
vitro.”> Also, similar to aggrecan, BPG10 exhibits the “bottle- 20 pm? regions further removed from the PCM and cells,

brush” architecture, V,‘,'lith CS-GAGs packed at 3—4 nm spacing which represent the IT-ECM, or the bulk matrix. Infiltration of
along the PAA core,” comparable to the 2—3 nm spacing of

CS-GAGs along aggrecan core protein,” indicating that
BPGI10 may partially mimic the biophysical characteristics of
native aggrecan. After immersion of normal adult bovine
cartilage explants in 10 mg/mL fluorescently labeled BPG10
for 24 h, we investigated the colocalization of BPG10 and

BPG10 was found to significantly increase the PCM micro-
modulus (79 + 13 kPa) by 53 & 32% (mean + 95% CL n = §,
p = 0.021) relative to the untreated control (54 + 16 kPa).
Meanwhile, the territorial domain (T-ECM) also exhibited an
increase of the micromodulus (44 + 32%, p = 0.043) (Figure

collagen VI, one key biomarker of cartilage PCM.>> BPG10 1d). In contrast, we did not detect marked changes in the
was found to be more concentrated in the PCM, with reduced micromodulus of the IT-ECM after BPG10 infiltration (Figure
concentration in the territorial domain of ECM (<10 ym from lc,d). These changes in the local micromodulus corroborate
the PCM outer rim, or the T-ECM). In the bulk of ECM that the preferred distribution of BPG10 in the PCM (Figure 1b)
is further removed from cells, or the interterritorial domain and clearly illustrate BPG10’s capability in augmenting the
(IT-ECM), we did not detect appreciable fluorescent signal of chondrocyte microenvironment without substantially altering
BPG10, indicating its low presence in this region (Figure 1b). the bulk matrix (IT-ECM) properties.

1222 https://doi.org/10.1021/acsnano.1¢09015

ACS Nano 2022, 16, 1220-1230


https://pubs.acs.org/doi/10.1021/acsnano.1c09015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09015?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09015?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

Wwww.acsnano.org

a Aggrecan-Aggrecan
(Control)

R=2.25pum

"Aifthig

<

Aggrecan-Aggrecan
+ Free CS-GAG

Aggrecan-Aggrecan
+ Free BPG10

($] L
8 approach .
o T _—~—_ | gl 2
retract L o
D
el
8 Fad Ead E
()
[=]
N [01
>
P4
800 400 0 800 400 0 800 400 0
Distance (nm)
b 16 0 sec 20 sec
| p <0.001 | p <0.001
12 1r n.s. n
Z +
M
£ 8¢ n.s. 4F = g
GoLF ' 1L N |
+ *
4 - ! I % _
ol é == 1L 1
C
10 b 1L p <0.001
L 1L n.s. |
8t 1+ I
:
—_— B r * 7
= L JL _
i 6 i p < 0.001 - . |
mm 4 L e I .y x I —
2 . 1F -
== == il ]

Control CS-GAG BPG10

Control CS-GAG BPG10

Figure 3. BPG10 increases the molecular adhesion of aggrecan. (a) Colloidal force spectroscopy for the measurement of molecular adhesion
between opposing aggrecan—aggrecan molecules in 1X PBS (control) or 1X PBS with the addition of free CS-GAGs at 3.3 pg/mL or free
BPGI10 at 3.5 pg/mL. (top panels) Schematic illustration of experimental setup. (bottom panels) Representative force—distance curves
illustrate the long-range adhesion behaviors between opposing aggrecan molecules at both 0 and 20 s dwell time, as well as the definition of
maximum adhesion force, F,q, and total adhesion energy, E 4. (b,c) The addition of free BPG10 significantly increases (b) F,4 and (c) E,4,
between aggrecan—aggrecan molecules at both 0 and 20 s dwell times. In comparison, addition of free CS-GAG does not have a significant
impact, except for a mild decrease in F,q at 0 s dwell time (1 > 180 measurements from three technical repeats for each condition, red cross

represents the mean value).

Given the pivotal role of PCM in mediating cell-matrix
interactions, we next queried the effects of BPG10 on
chondrocyte viability and mechanotransduction in situ. Using
the live/dead assay, we found that infiltration of BPG10 had
only a marginal impact on cell viability (1.93 + 1.90% increase
relative to the control, p = 0.017), demonstrating minimal

1223

cellular toxicity (Figure 2a). We then studied the intracellular
calcium signaling, [Ca®'], activities of cartilage explants in
both physiological (isotonic) and osmotically instigated
(hypotonic) Dulbecco’s Modified Eagle Medium (DMEM).
For both BPG10-treated and untreated controls, we observed
spontaneous [Ca®*]; oscillations (Figure 2b) from which we
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Figure 4. Comparison of molecular adhesion interactions between BPG10 and aggrecan. (a) Colloidal molecular force spectroscopy for the
measurement of molecular adhesion between BPG10—aggrecan molecules (aggrecan-coated tips versus BPG10-coated substrates, BPG10-
coated tips versus aggrecan-coated substrates), and between BPG10-BPG10 molecules in 1X PBS. (top panels) Schematic illustration of
experimental setup. (bottom panels) Representative force—distance curves illustrate the long-range adhesion behaviors between aggrecan—
aggrecan, BPG10—aggrecan, and BPG10—BPG10 at 20 s dwell time. (b,c) Comparison of (b) maximum adhesion force, F,, and (c) total
adhesion energy, E 4, between aggrecan—aggrecan, BPG10—aggrecan, and BPG10—BPG10 molecules in 1X PBS. Insets illustrate the zoom-
in comparisons of F 4 and E 4 at 0 s dwell time. At 0 s dwell time, BPG10—aggrecan interactions yield lower F,4 but similar E_; relative to
aggrecan—aggrecan and BPG10—BPGI10 interactions. At 20 s dwell time, BPG10—aggrecan interactions show similar F 4 but lower E 4
relative to aggrecan—aggrecan interactions, as well as lower F,; and mildly lower E 4 relative to BPG10—BPG10 interactions (n > 190
measurements from three technical repeats for each condition, red cross represents the mean value). Different letters indicate significant
differences between groups. Data of aggrecan—aggrecan adhesion are replotted from the control experiment from Figure 3.

extracted the temporal parameters including the percentage of instigated condition, as expected, chondrocytes exhibited
responding cells, %R, the total number of [Ca*']; peaks, enhanced [Ca**]; activities relative to the isotonic condition
Noealy and the average duration of peaks, t,., from each for both groups. Meanwhile, the BPG10-treated group also
responding cell over a 15 min observation period. In isotonic showed increased %R but had no changes in 7., and only a
DMEM, BPGI10 treatment significantly enhanced the in situ mild increase in t,., relative to the control (Figure 2c—e).
[Ca®]; activities, as marked by increased %R, Npeals 20d Collectively, our results showed that localization of BPG10 in
reduced t,., (Figure 2c—e). In hypotonic DMEM, the the PCM augments chondrocyte mechanosensing of its native
electrical double layer (EDL) repulsion between sGAGs is microenvironment under both physiological and osmotically
amplified, resulting in increased compressive strain on ECM stimulated conditions.
constituents®” as well as residing chondrocytes,* similar to the In native cartilage ECM, aggrecan adapts a highly com-
case of physiologic joint compression. Under this osmotically pressed conformation, with ~50% molecular compressive
1224 https://doi.org/10.1021/acsnano.1¢09015
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strain in unloaded tissue.*’ This densely packed aggrecan
moiety endows cartilage with its specialized load bearing and
energy dissipation functions.” Given the higher concentration
of aggrecan in the PCM, it may seem counterintuitive that
BPG10, which also possesses fixed negative charges, can diffuse
throughout the negatively charged matrix and localize within
the PCM. However, we have previously shown that in a
cartilage matrix, despite the presence of strong EDL repulsion,
aggrecan can undergo self-adhesion under its highly com-
pressed conformation, which is enabled by its “bottle-brush”-
like ultrastructure and contributes to its retention in vivo.*” We
thus investigated if BPG10 also exhibits similar adhesion
behaviors with aggrecan by applying AFM molecular force
spectroscopy to two opposing layers of aggrecan biomimetic
assemblies in vitro at near-physiological packing densities (~50
mg/mL), following the established procedure.””*> Magnitude
of adhesion, as characterized by the maximum adhesion force,
F, and total adhesion energy, E 4, was quantified after holding
the compression of two aggrecan layers at their physiological
strain in unloaded cartilage (~50%)*" in 1x PBS for 0 and 20
s, respectively (Figure 3a). In comparison to the control
system without BPG10, addition of free BPG10 to the solution
was found to significantly increase both E 4 and F,4 at both 0
and 20 s equilibration durations (Figure 3b,c). These results
evidenced the capability of BPG10 to undergo molecular
adhesion with aggrecan, thereby forming molecular complexes
with the aggrecan networks and strengthening its integration
with the native matrix. In contrast, when CS-GAGs were added
to the solution at a CS-GAG concentration equivalent to that
of BPG10, we did not detect appreciable changes in aggrecan—
aggrecan adhesion, except for a mild decrease in F,4 at 0 s
equilibration. Thus, the increased adhesion by BPG10 could be
endowed by its “bottle-brush”-like, aggrecan-mimicking
nanostructure.

Next, we quantified the magnitude of BPG10—BPG10 and
BPG10—aggrecan molecular interactions. We constructed the
biomimetic assembly of BPG10 through chemical attachment
onto gold-coated planar substrates and colloidal AFM tips
(Figure 4a). We then measured the adhesion between
opposing layers of BPG10—aggrecan and BPG10—BPGI10 in
1X PBS and compared the results with aggrecan—aggrecan
adhesion measured in the absence of free BPG10 or CS-GAG
(Figure 3). For BPG10—aggrecan interactions, we tested the
adhesion between both aggrecan-coated tips versus BPG10-
coated planar substrates and between BPG10-coated tips versus
aggrecan-coated substrates (Figure 4a). These two experiments
yielded similar F,y and E,4 at both 0 and 20 s equilibration
durations (Figure 4b,c), confirming the consistency and
repeatability of the biomimetic assembly of BPG10. For all
four cases, the magnitudes of F,4 and E 4 were relatively low at
0 s equilibration, but substantially increased at 20 s.
Comparing the four cases, BPG10—BPGI10 interactions
showed higher F,q (4.22 = 0.44 nN, mean + 95% CI, p <
0.001) than those of aggrecan—aggrecan (2.42 + 0.15 nN) and
BPG10—aggrecan (2.10 + 0.26 nN by aggrecan-coated tips,
2.30 + 0.52 nN by BPG10-coated tips) (Figure 4b). On the
other hand, the magnitudes of E,4 were similar across these
conditions, except for a moderately lower adhesion between
BPG10—aggrecan (1.22 = 0.15 fJ by aggrecan-coated tips, 1.10
+ 0.26 {] by BPG10-coated tips) in comparison to aggrecan—
aggrecan (1.80 + 0.10 f]) and BPG10—BPG10 (1.51 + 0.24 f])
(Figure 4c). Taken together, these results indicate that BPG10
can undergo direct adhesion interactions with aggrecan

1225

molecules, with an adhesion energy at a similar magnitude as
that of aggrecan—aggrecan self-adhesion. In addition, similar to
native aggrecan, BPG10 can undergo self-adhesion, which
could result in a physically interconnected network of BPG10
molecules that are integrated with the aggrecan network,
thereby increasing the stability and retention of BPG10 in the
PCM microenvironment.

This study demonstrates biomimetic proteoglycans as a
promising molecular therapy target for engineering the PCM
micromechanics (Figure 1) and cell mechanotransduction
(Figure 2) through interactions with native aggrecan (Figures
3 and 4). These findings indicate that BPGs can potentially be
used for improving tissue engineering of cartilage and possibly
other load-bearing tissues as well. When chondrocytes, without
their PCM, are cultured in vitro, a soft hydrogel (<10 kPa) is
required for maintaining cell viability and preventing
dedifferentiation.** In vivo, however, despite being surrounded
by the native PCM that is much stiffer (~50 kPa in human,*’
~1 MPa in mice™”), residing chondrocytes are able to maintain
their phenotype and metabolic activities. This highly negatively
charged osmotic microenvironment, as endowed by aggrecan
in the PCM, is a crucial biophysical cue for chondrocyte
mechanosensing, as loss of the PCM fixed charges leads to
markedly demoted chondrocyte [Ca®"]; activities in situ.’’
Although outcomes of active [Ca®']; signaling do not reveal
direct downstream biological pathways, these parameters are
positively correlated with chondrocyte anabolism,** pointing to
a key role of PCM in regulating cell phenotype and metabolic
homeostasis. To this end, the capability of BPG10 to enhance
[Ca®"]; activities in both physiological (isotonic) and osmoti-
cally instigated (hypotonic) environments (Figure 2c—e)
suggests that its localization in the PCM can modulate
chondrocyte mechanosensing. Thus, BPG10 may promote
chondrocyte biosynthesis and cartilage regeneration, either
alone or in combination with other biomechanical stimuli. In
osteoarthritis, loss of PCM mechanical integrity and demotion
of chondrocyte [Ca®']; activities are among the earliest events
of disease initiation, preceding histolo§ical damage or loss of
overt tissue biomechanical functions.”””** BPG10 could thus
be used to restore the osmo-environment in degenerative
cartilage, thereby alleviating the disruption of chondrocyte
mechanotransduction and degradation of cartilage. Because the
synthetic PAA core of BPG10 does not contain peptide
sequences susceptible to catabolic enzymes (Figure la),'
BPG10-based therapy has the potential to achieve robust
rescue outcomes by resisting aggravated enzymatic catabolism.

The function of BPG10 in molecularly engineering the PCM
arises from its interactions with aggrecan. One key biophysical
characteristic of cartilage matrix is the high degree of nanoscale
heterogeneity in the electrical potential."”*° Within cartilage,
the Debye length, k™', which characterizes the exponential
decay distance of EDL repulsion effect, is ~ 1 nm,”" of the
same order as the CS-GAG packing distance along aggrecan
core protein (~ 2—3 nm).*® As a result, the electrical potential
is highly heterogeneous, and thus, the EDL interactions within
the tissue can be quantitatively described by the unit cell
model* or charged rod model® that account for the nanoscale
heterogeneity but not the continuum Donnan model.”" This
heterogeneity not only determines the tissue-level compressive
modulus but also contributes to the intermolecular interactions
of aggrecan. In vivo, aggrecan undergoes molecular adhesions
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Figure 5. Schematic illustration of the working hypothesis of biomimetic proteoglycans in mediating pericellular microniche mechanics and
cell mechanobiology. The biophysical adhesion interactions between BPG10 and aggrecan enables the integration of BPG10 with the
aggrecan-enriched cartilage PCM, and thus, the preferred localization of BPG10 in the PCM. Such localization augments the
micromechanical properties of cartilage PCM, and thus, promotes chondrocyte mechanotransduction. Therefore, BPG10 could potentially
affect downstream cell signaling and metabolic activities through molecularly engineering the pericellular microniche.

with other aggrecan molecules, decorin, and collagen II fibrils,
which are attributed to nonspecific interactions such as
hydrogen bonding, Ca**-mediated ion bridging, van der
Waals, and physical entanglement.””*>>* These interactions
enhance the integration and retention of aggrecan—HA
supramolecular aggregates within the porous collagen fibrillar
network of cartilage matrix. BPG10, with CS-GAG bristles
packed ~3—4 nm apart along the PAA core (Figure 1), mimics
not only the ultrastructure of aggrecan but also the
heterogeneity of electrical potential therein. Therefore, similar
to the case of aggrecan, BPG10 undergoes self-adhesion with
other BPG10 molecules, which could lead to the formation of
physically connected networks of BPG10. Additionally, BPG10
executes pronounced adhesion with aggrecan (Figure 4),
possibly driven by physical interactions between the CS-GAGs
of BPG10 and those of aggrecan via chain interpenetration and
interdigitation.”>** This partially explains the preferential
distribution of BPGlO in the PCM, where aggrecan is also
more concentrated.”® The association of BPG10 with aggrecan
thus contributes to its preferred localization in the PCM. Given
its negatively charged nature, the localized BPG10 increases
the fixed charge density within the PCM microenvironment. In
cartilage, Poisson—Boltzmann interactions arising from the
fixed negative charges of aggrecan are the dominant factor of
aggrecan compressive resistance’’ and a major determinant of
the tissue modulus (~50% of compressive modulus).” Thus,
we hypothesize that when localized in the PCM, BPG10 not
only directly increases the local fixed charge density and PCM
micromodulus but provides additional physical linkages to
enhance the integrity and stability of aggrecan network therein.
In turn, this BPG10-augmented microniche promotes chon-
drocyte mechanosensitive activities (Figure 5).

The biomimetic “bottle-brush” nanostructure of BPGI10 is
crucial to its molecular functions. While free BPG10 increases
aggrecan—aggrecan adhesion through providing additional
physical linkages, individual CS-GAG chains do not have
such effect (Figure 3). In comparison to BPG10, linear CS-
GAGs do not possess the heterogeneous electrical field or the
more complex architecture that provides the basis for increased
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molecular contact and entanglement. Therefore, interactions
between CS-GAGs and aggrecan are possibly dominated by
the EDL repulsion, which minimizes any potential adhesion
interactions with aggrecan (Figure 3). Meanwhile, the more
sparsely packed CS-GAG bristles on BPG10 experience weaker
EDL repulsion than that of aggrecan. This could explain the
higher adhesion force measured between BPG10—BPG10 than
that of BPG10—aggrecan or aggrecan—aggrecan under near-
physiological conditions (Figure 4b). On the other hand, given
that the synthetic PAA core is shorter than aggrecan core
protein, BPG10 also exhibits shorter interaction distances
(Figure 4a). Collectively, the adhesion energy between
BPG10—BPG10 is only mildly higher than that of BPG10—
aggrecan (Figure 4c). Thus, by mimicking the structure of
aggrecan, BPGI10 is able to replicate the biophysical
interactions of aggrecan with similar adhesion interaction
magnitude, and thus, integrates with the native matrix.

The design of BPG10 primarily mimics the biophysical
characteristics of proteoglycans, including the molecular
structure and polyanionic nature. Given the absence of a
protein core, we do not expect BPG10 to replicate specific
biological binding activities of native proteoglycans like other
peptide-based biomimetics.**™** Our primary focus is thus on
the interactions between BPG10 and aggrecan, as well as its
impact on tissue micromechanics and cell mechanotransduc-
tion. However, we do not rule out that BPG10 may also have
other biological or biophysical roles by interacting with other
quantitatively minor matrix constituents. For instance, the
structure of BPG10 is also similar to that of perlecan, a PCM-
specific heparan sulfate (HS) proteoglycan that contains three
HS-GAG/CS-GAG chains.”” In cartilage, perlecan is exclu-
sively localized in the PCM,***" where it regulates cell surface
mechanosensing and activation of fibroblast growth factor
(FGF)-2 s1gnahng While BPG10 does not possess the same
binding activities as perlecan, it may interact with perlecan in a
manner similar to that of aggrecan, and thus, could influence
the availability and bioactivity of perlecan. In addition,
turnover of cartilage matrix involves endocy‘cosm of HA in
the PCM through CD44/HA receptors.’” Binding of aggrecan
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to HA in the PCM mediates this process by limiting CD44—
HA interactions.”® It is possible that BPG10 could also affect
HA internalization by engineering the PCM molecular
landscape.

Building on current findings, our future studies will
investigate how BPGI10 influences the activities of other
matrix constituents and chondrocyte signaling, in addition to
its marked impact on mechanotransduction (Figure 2). For
instance, BPGs could be conjugated with small molecule
growth factors or potential disease-modifying drugs using
environmentally responsive, “smart” linkers, such as pH- or
matrix metalloproteinase (MMP)-sensitive linkers.”**> BPGs
could thus potentially serve as a carrier for facilitating the
delivery of drugs to the PCM to promote cell anabolism or
rescue degeneration. Furthermore, by modifying the synthesis
conditions of BPGs, we can control the size of the synthetic
core, as well as the type, number, density, and length of GAG
side chains. For example, we have previously synthesized
BPG250%* and BPGO.5,** and each of these molecules has
distinctive molecular architecture, which could endow
specialized molecular interactions and cell mechanoresponses.
In vivo, aggrecan exhibits marked variation in glycosylation and
sulfation pattern, packing density, and length of CS-GAGs
during development and aging, which contribute to age-
associated cartilage maceration and increased susceptibility to
OA.°"%® Thus, our ongoing studies aim to modulate the
molecular structure and composition of these biomimetic
molecules and study the impacts of their interactions with
native matrix molecules on the pericellular microniche integrity
and cell mechanotransduction.

This study demonstrates the proof-of-concept that biomimetic
proteoglycans can be used to molecularly engineer the
pericellular microniche. By mimicking the “bottle-brush”-like
ultrastructure and polyanionic nature of proteoglycans, we
show that BPGIO can integrate with aggrecan in native
cartilage through biophysical adhesions. These interactions
contribute to the preferred localization of BPG10 in the PCM
and lead to increased PCM micromodulus and enhanced
chondrocyte [Ca®']; signaling (Figure S). Given the pivotal
role of PCM in cell-matrix interactions, our results provide a
foundation for using biomimetic proteoglycans to harness cell
mechanoresponses and modify disease progression. Notably,
the negative charge-rich pericellular matrix is a prevalent
feature in many tissue types, such as other musculoskeletal
tissues,"'* stem cell niche,'” and solid tumors,® and has been
shown to play key roles in their homeostasis and pathogenesis.
The applications of BPGs are thus not limited to articular
cartilage and can be further extended to other tissues and
diseases.

Synthesis and Functionalization of BPG10. BPG10 was
synthesized and fluorescently labeled, following established proce-
dures.*"** Briefly, BPG10 was synthesized by reaction of commercial
CS-GAG (~22 kDa, mixture of chondroitin-4-sulfate and chon-
droitin-6-sulfate GAGs, Sigma) in aqueous buffer and poly(acryloyl
chloride) (PAC) (~10 kDa, in 25% dioxane, PolySciences) in ethzl
acetate (Fisher Scientific) at a 1:10 CS:PAC molar ratio.”’
Fluorescently labeled BPG10 was synthesized by periodate oxidation
of the CS-GAG chains of BPG10 and subsequent conjugation with 7-
diethylaminocoumarin-3-carboxylic acid, hydrazide (DCCH,
Sigma).* In addition, BPG10 was thiol-functionalized in a two-step
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process. First, BPG10 was aminated (NH,-BPG10) by 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide (EDC/
NHS, Sigma) coupling with polyethylene glycol (PEG) diamine (~2
kDa, Sigma) in a 1:5 CS:diamine ratio and then purified via dialysis
and lyophilized. Then, NH,-BPG10 was reacted with 3,3’-dithiobis-
(sulfosuccinimidyl propionate) (DTSSP, Sigma) to form disulfide
bonds and then reduced with dithiothreitol (DTT, Sigma) to produce
thiol-functionalized BPG10.

BPG10 Diffusion Model. Femoral condyles from adult bovine
knee joints (n 5, Research 87) were processed into 10 mm
osteochondral plugs and equilibrated in 1X PBS at 4 °C overnight.
Following equilibration, randomly selected plugs from each animal
were incubated for 24 h with 2.5 mL of 10 mg/mL DCCH-BPGI10 in
1X PBS, or in PBS alone as the control, following the previously
established one-dimension (1D) diffusion model.>* In brief, during
the incubation, cartilage surface was placed downward to be in
contact with the solution surface, while the underlying subchondral
bone was clamped to a support. This setup minimized any direct
contact of plug lateral sides with the solution, and thus, ensured that
the diffusion takes place predominantly through the depth of cartilage
tissue.> Following the incubation, articular cartilage was dissected,
embedded in optimal cutting temperature (OCT) media, and unfixed,
8 um thick sections were obtained via Kawamoto’s film-assisted
cryosectioning.®® The sections were rinsed with 1X PBS to remove
OCT and blocked with 10% goat serum (Life Technologies) for 20
min at room temperature. The sections were first fluorescently labeled
with collagen VI primary antibody (70R-CR009X, Fitzgerald, 1:100
dilution) for 20 min, rinsed twice with 1X PBS for 5 min each, and
then incubated with secondary antibody (goat antirabbit Alexa Fluor
488, AB150077, Abcam, 1:200 dilution) for 20 min in darkness.
Sections were then rinsed twice for S min each with 1X PBS and
mounted with FluorSave reagent (345789, EMD Millipore). For
confocal microscopy, images were obtained using a Zeiss LSM 700
confocal microscope (Zeiss) at ex:405 nm for visualization of DCCH-
BPG10 and ex:488 nm for collagen VI (repeated for n > S animals).
Internal negative control was included following the same procedure
but without the incubation of primary antibody.

Immunofluorescence-guided AFM Nanomechanical Map-
ping. Cryosections of adult bovine cartilage at ~8 ym thickness in
the sagittal plane were prepared in OCT media using Kawamoto’s
film-assisted method (n = S for each group).38 The sections were first
fluorescently labeled with collagen VI, following the same procedure
described above. Samples were then tested using the total internal
reflection fluorescence (TIRF) guided-AFM (MFP-3D, Asylum
Research) in 1Xx PBS, following the established procedure.” To
delineate the micromodulus of PCM and T-ECM, within each 20 X
20 um? region of interest (ROI) with well-defined, ring-shaped PCM
terrains, AFM nanomechanical mapping was performed in a 40 X 40
grid (1600 indentations) using polystyrene microspherical tips (R =
2.25 pm, nominal k 0.6 N/m, HQ:NSC36/tipless/Cr—Au,
cantilever C, NanoAndMore) up to ~120 nN maximum indentation
force at 10 um/s rate (>3—5 ROIs for each sample). To quantify the
modulus of IT-ECM, nanomechanical mapping was performed on 20
X 20 um* ROI with a 20 X 20 grid (400 indentations) in regions
further removed from cells or PCM rings (>5—7 ROIs for each
sample). The effective indentation modulus, E, 4, was calculated by
fitting the entire loading portion of the indentation force—depth (F—
D) curve to the finite thickness-corrected Hertz Model.*” Using
corresponding IF images of collagen VI, we separated the E; 4 of PCM
and T-ECM using a custom MATLAB (Mathworks) program, and
excluded values corresponding to cell remnants.

AFM Molecular Force Spectroscopy. Native aggrecan mole-
cules were extracted from juvenile bovine cartilage via the 4 M
guanidine hydrochloride method,”® purified, and chemically end-
functionalized with thiol-groups, following the established proce-
dure.*” We chemically end-attached thiol-functionalized aggrecan and
thiol-functionalized BPG10 onto gold-coated planar silicon substrates
or gold-coated microspherical colloidal tips (R & 2.25 ym, AFM tip:
Arrow-TL1Au, nominal k ~ 0.03 N/m, NanoAndMore) via 48 h
incubation in 1 mg/mL aggrecan or 1 mg/mL BPGI10 aqueous
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solutions, respectively. To assess the impact of free BPG10 or CS-
GAG on aggrecan—aggrecan adhesion, the aggrecan-coated tip was
programmed to compress the aggrecan-coated planar substrate at 1
um/s rate up to =15 nN force, resulting in ~50% molecular
compressive strain of aggrecan. The tip was either immediately
retracted (0 s dwell time) or held at the constant position for 20 s
dwell time and then retracted from the surface at the same rate. For all
experiments, from each pair of approach—retract force—distance
curves, the maximum adhesion force, F,4 in (nN), and the total
adhesion energy, E,4 (in {]), were quantified (n > 180 measurements
per condition from at least three experimental repeats).*” The
adhesion was measured in 1X PBS (without Ca**, Mg**), added with
free BPG10 at 3.5 pug/mL, or CS-GAG at 3.3 ug/mL, and control with
no BPG10 or CS-GAG added. The concentration of free CS-GAGs
represented a molar equivalent of CS-GAGs on BPGI10, and thus,
ensured similar concentrations of CS-GAGs at the interfaces of two
opposing aggrecan layers. To quantify BPG10—aggrecan molecular
interactions under physiologic-like molecular packing, molecular
adhesion was measured between (1) aggrecan-coated colloidal tips
and BPG10-coated planar substrates, (2) BPG10-coated colloidal tips
and aggrecan-coated substrates, and (3) BPG10-coated colloidal tips
and BPG10-coated substrates, all in 1X PBS (without Ca®*, Mg*"),
following the same molecular force spectroscopy experiment
procedure at 0 and 20 s surface dwell time.

Intracellular Calcium Signaling ([Ca*']) and Cell Viability
Assays. Cylindrical cartilage explants (4 mm diameter, 1 mm
thickness) were harvested from fresh adult bovine knee joints
(Research 87) at the controlled depth of ~2 mm from the superficial
layer. The plugs were cultured in chemically defined chondrogenic
DMEM, 1% ITS+Premix, S0 pg/mL L-proline, 0.1 #M dexametha-
sone, 0.9 mM sodium pyruvate, SO pg/mL ascorbate 2-phosphate),
following the established procedure.”" The cylindrical cartilage plugs
were immersed in fresh DMEM with or without UV-sterilized BPG10
(1 mL of 4 mg/mL BPG10 in 1x PBS) for 24 h. Explant samples were
then halved, with one half used for cell viability assay and the other
half for spontaneous [Ca*]; signaling imaging,.

Cell viability was assessed with a live/dead viability/ cytotoxicity kit
(L3224, Invitrogen) (>6 explants from n > 3 animals for each group).
For [Ca*], halved cartilage plugs were incubated in Cal-520* (5
UM, AAT Bioquest) at 37 °C for 50 min, washed twice for S min each
in phenol-red-free-DMEM (PRF-DMEM) and allowed to equilibrate
for 15 min before imaging. Time-series of confocal [Ca*"]; images
were taken at 37 °C on the same group of cells every 1.5 s for 15 min
using a LSM 700 laser scanning confocal microscope with a 20X
objective (Zeiss) in isotonic (330 mOsm, ionic strength (IS) = 0.15
M), and then hypotonic (165 mOsm, IS = 0.075 M) PRE-DMEM.
For each treatment condition and osmolarity, 100—120 chondrocytes
in each field-of-view were analyzed, following the established
procedure.” From the images of each ROIL, we extracted the
percentage of responding cells, %R, and for the cells that were
responsive, the total number of [Ca?*]; peaks, Mpealy during the 15 min
observation period, and the average duration of peaks, f,,. A total of
>445 responsive cells from 9 explants per condition (from n > 3
animals) were analyzed for each group.

Statistical Analysis. To test the significance of BPG10 infiltration
on cartilage micromodulus within each region, nonparametric
Wilcoxon signed rank test was applied to compare the matched
pairs of average micromodulus measured from each animal. For cell
viability, 7., and £, given >445 cells were studied for each group,
based on the central limit theorem, we applied the unpaired, two-
sample t-test to test the significance of BPG10 infiltration or osmotic
condition, followed by Holm—Bonferroni correction to adjust for
family wise type I errors when applicable. For %R, the chi-squared
test of proportions was applied, followed by Holm—Bonferroni
correction. For F,4 and E,4 from molecular force spectroscopy, one-
way ANOVA followed by Tukey—Kramerposthoc comparison was
applied to detect differences between each group. In all the tests, the
significance level was set at a = 0.0S.
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