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Restoration of partial thickness chondral defects (PTCDs) may be achieved with a synthetic substitute
that mimics the discrete mechanical properties of the superficial and transitional chondral layers.
Moreover, innate adhesivity of the two components would enable the facile construction and integrity
of this bilayered system. Herein, we report a PTCD bilayered substitute formed by triple network (TN)
hydrogels that leverage electrostatic charge interactions to achieve mechanical mimicry and self-
assembly. TN hydrogels were formed with a polyampholyte 3rd network of five different charge
composition (i.e., ratio of cationic and anionic monomers), as well as two crosslink densities. All TN
hydrogels exhibited cartilage-like hydration. A single superficial-like chondral layer TN hydrogel, with a
somewhat more anionic 3rd network, was identified having mimetic compressive modulus (~1.8 MPa)
and strength (~13 MPa). Additionally, three transitional-like chondral layer candidates were identified,
including two TN hydrogels with a more cationic 3rd network in addition to the TN hydrogel with a
‘cationic-only’ 3rd network. The adhesivity of the superficial layer and the three transitional layer
candidates was found to be robust (~>100 kPa), wherein the bilayered construct exhibited cohesive

rsc.li/materials-b rather than adhesive failure.

Introduction

Articular cartilage of the knee and other joints provides low-
friction motion, shock absorption, and stability.’ Its function-
ality stems from discrete, spatially-dependent biomechanical
properties conferred by the alignment and density of collagen
fibers, producing distinct compressive modulus [E¢] and com-
pressive strength [oc] values. Three major zones comprise
articular cartilage: (i) superficial [Ec ~ 1 MPa; 6¢c ~ 15 MPa],
(ii) transitional [Ec ~ 2-4 MPa and oc ~ 20-40 MPa], and
(iii) deep [Ec ~ 5 MPa and o ~ 50 MPa] zones (Fig. 1a).">*”
Focal chondral defects of the knee joint are extremely prevalent,
with an incidence of more than 60% among patients under-
going knee arthroscopy.®® Due to the avascular nature of
cartilage, these defects are unable to heal,>'°™* leading to
pain, loss of joint function, and eventually osteoarthritis
(OA).**" Classification of these defects is based on depth:
partial-thickness chondral defects (PTCDs) [reaching up to the
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deep layer, diameter <1.5 cm] (Fig. 1b), full thickness chondral
defects (FTCDs) [reaching beyond the deep layer to calcified
layer, diameter >1.5 cm], and osteochondral defects (OCDs)
[reaching beyond the calcified layer to subchondral bone].>*">*
More recently, the clinical significance of PTCDs has been
noted.>®*® While individuals with PTCDs may be asympto-
matic, knee joint pain can result and is worsened if a load-
bearing region of the knee is affected. It has also been con-
cluded that PTCDs and FTCDs of the knee contribute equally to
additional cartilage damage and OA.*>*® Thus, PTCDs are a
major contributing factor to the eventual need for a total knee
replacement (TKR). Repair of PTCDs is therefore of significant
consequence but necessitates the demanding recapitulation of
the transitional and superficial chondral layers.

The treatment of PTCDs of the knee represents a particular
challenge as, unlike FTCDs and OAs, there is a total absence of
blood supply and bone marrow exudation at the defect, and
surfaces contain anti-cell adhesive proteoglycans.?>*” The only
surgical treatment specific for PTCDs is the removal of the
lesions via chondroplasty (i.e., debridement) and ablation.>*?®
Debridement and ablation treatments have varied success rates,
ranging from 30% to 70%.>***3> Numerous other surgical treat-
ments have been broadly applied to treat the loss of articular
cartilage of the knee. Cell- and tissue-based approaches such
as microfracture, autologous chondrocyte implantation (ACI),
and osteochondral grafting with harvested cylindrical plugs
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Fig. 1 (a) Articular cartilage highlighting depth-dependent mechanical
properties of the superficial and transitional deep zones, (b) depiction of
partial thickness chondral defect (PTCD) with loss of superficial and
transitional zones, and (c) the proposed utility of the bilayered hydrogel
implant to treat a PTCD.

(e.g., osteochondral autograft [OATS] and mosaicplasty) are
commonly utilized.****> However, these are limited by a myriad
of issues, including formation of fibrocartilage (mosaicplasty),
cost (ACI), and donor site morbidity and delamination
(OATS).>*® Cartilage regeneration involving the use of a scaf-
fold, and exogenous growth factors and/or cells has been
proposed with varying success.’*?°™** Cartilage substitutes
have emerged to provide a lubricating surface, including decel-
lularized cartilage sheets, stem-cell loaded cellulose, and
collagen meshes.**™*” However, the inclusion of cells and
biological factors makes them expensive, reduces shelf lives,
and risks an on-target response.*®>* Both regenerative scaf-
folds and biopolymer-based cartilage substitutes are also gen-
erally constrained by their inability to withstand the immediate
load-bearing articulation of the knee.'®'**® Thus, clinical
cartilage resurfacing is performed with implants based on
metal, ceramic, and hard plastic components (e.g., BioPoly®,
BIOLOX", and PEEK-OPTIMA™).>*">” The mechanical mismatch
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between these resurfacing devices (e.g., BioPoly®: UHMWPE [E ~
200 MPa] and titanium alloy [Ti-6Al-4V] [E ~ 100 GPa]; BIOLOX®
ceramic [E ~ 400 GPaJ; and PEEK-OPTIMA™ [E ~ 3.5 GPa]), and
the much weaker native articular cartilage (E ~ 1-5 MPa) can give
rise to further tissue damage.’®*** However, implant loosening
can occur due to tissue loss stemming from ultra-high molecular
weight polyethylene (UHMWPE) wear debris, as well as from
stress-shielding.***®* Owing to the difficulties in treating chondral
defects, a total knee replacement (TKR) is often necessary.®®

The treatment of PTCDs could be revolutionized by an off-
the-shelf surgical product that could effectively recapitulate
superficial and transitional zones. While conventional hydro-
gels may exhibit high hydration akin to native cartilage
(60-90%),°*” providing the potential for lubricity, they lack
the requisite modulus and strength. For instance, poly(ethylene
glycol) diacrylate (PEG-DA) is a broadly studied biomaterial,
including cartilage regeneration,””"® but lacks sufficient
mechanical properties (PEG-DA 3.4 kDa; Ec ~ 200 kPa, and
oc ~ 130 kPa).”®”' Hydrogels with substantially improved
mechanical properties have emerged. J. P. Gong et al. reported
a double network (DN) design, leveraging electrostatic repulsive
charge interactions, and an asymmetric network.”>”’* This DN
was comprised of a tightly crosslinked, 1st network formed
from an anionic 2-acrylamido-2-methylpropane sulfonic acid
(AMPS), and a loosely crosslinked 2nd network based on
neutral acrylamide (AAm). The resulting PAMPS/PAAm DN
achieved ultra-high strength (6 ~ 17 MPa), but a low modulus
(Ec ~ 300 kPa). In our prior work, multi-network hydrogels
were formed with an anionic PAMPS 1st network, but also
included hydrophobic associations as additional dynamic
bonds in the 2nd network via the inclusion of N-isopropylacryl-
amide (NIPAAm). Means et al. prepared a DN wherein the
loosely crosslinked 2nd network was a copolymer prepared
from NIPAAm and AAm [P(NIPAAm-co-AAm)].”>’® This DN
PAMPS/P(NIPAAm-co-AAm) produced not only ultra-high
strength (6c ~ 25 MPa) but a high modulus (Ec ~ 1 MPa).
Demott et al. produced triple networks (TN), wherein a cationic
3rd network based 3-(acrylamidopropyl)trimethyl-ammonium
chloride solution (APTAC) additionally afforded intra-network
electrostatic repulsive forces (within the 3rd network), and
inter-network electrostatic attractive forces (between the anio-
nic 1st network and a cationic 3rd network).”” A resulting
TN hydrogel (TN-APTAC) exhibited both exceptional strength
(6c ~ 30 MPa) and modulus (Ec ~ 3 MPa),”” as well as
excellent lubricity.”®”® Additionally, these mechanically robust
hydrogels were confirmed to be cytocompatible via lactate
dehydrogenase (LDH) assays.”>”” While our reported DN and
TN hydrogels mimicked the mechanical properties of the
superficial and transitional zones of articular cartilage, respec-
tively, their inability to be readily merged limits their potential
to form a bilayered PTCD implant.

Fabrication of multilayered hydrogel constructs that mimic
the regional mechanical properties of cartilage, such as the
superficial and transitional zones, is a challenging task. In situ,
multistep curing methods used to form layered hydrogels”
have been explored, but for a PEG system whose mechanical

This journal is © The Royal Society of Chemistry 2025
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properties were inferior to native cartilage.*® Adhesive hydro-
gels that leverage electrostatic attractive forces may be formed
from polyelectrolytes or polyampholytes. Anionic or cationic
polyelectrolytes achieve adhesivity via electrostatic attraction to
oppositely charged surfaces,® while polyampholytes, having
both anionic and cationic charge,® can potentially adhere to
either type of charged surface. The sequential curing of multi-
network hydrogels leads to the charge of the final network
dominating surface properties.®*®> Thus, adhesivity was not
observed between the aforementioned TN-APTAC (cationic 3rd
network) and the DN [PAMPS/P(NIPAAM-co-AAm)] (neutral 2nd
network). However, in our subsequent studies, the TN-APTAC
was adhesive to a TN hydrogel having an anionic 3rd network
[PAMPS/P(NIPAAM-co-AAm)/PAMPS] (TN-AMPS).*® Yet, while
the TN-AMPS exhibited a modulus (Ec ~ 1 MPa) analogous
to that of the superficial articular cartilage, it had low com-
pressive strength (6c ~ 5 MPa). Thus, to prepare a PTCD
implant, a hydrogel representing the superficial zone must be
fabricated to be both mechanically mimetic and adhesive to a
transitional zone hydrogel (e.g., TN-APTAC).

Herein, we report a bilayered hydrogel construct that reca-
pitulates the superficial and transitional zones of articular
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cartilage, and that are ‘self-assembled’ due to innate adhesivity
to one another (Fig. 1c). The diameters may be readily adjusted
to fit into surgically created, drilled defects within lesions, as
with autografting. To do so, a hydrogel was developed to serve
as the superficial layer, with mimetic mechanical properties as
well as adhesivity to the transitional layer hydrogel (TN-APTAC).
Superficial layer candidates were formed as TN hydrogels with a
polyampholyte 3rd network (Fig. 2). The molar ratio of cationic
APTAC to anionic AMPS in the 3rd network was systematically
tuned (ie., 90:10, 70:30, 50:50, 30:70, and 10:90 molar
ratio). The charge character of the polyampholyte 3rd network
was anticipated to have competing effects. A more anionic 3rd
network was expected to produce TN hydrogels with greater
adhesivity, via electrostatic attraction, to the cationic surface of
TN-APTAC. Yet, an increasingly anionic 3rd network would
diminish rigidity and strength due to greater inter-network
repulsion with the anionic 1st network, leading to greater
swelling. The effect of crosslink density of the polyampholyte
3rd network was also explored by using two different cross-
linking levels by varying the crosslinker content. Compared to
the highly crosslinked 1st network, both 3rd network crosslink
densities were relatively loosely crosslinked as this was expected to
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Fig. 2 Design of a PTCD replacement: (a) superficial layer candidates: TN hydrogels formed with polyampholyte 3rd network of varying molar ratios of
cationic APTAC to anionic AMPS; (b) transitional layer: TN-APTAC hydrogel with cationic 3rd network; (c) self-assembly of bilayered superficial-
transitional cartilage mimetic construct via electrostatic attraction between charged 3rd networks.
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avoid brittleness. However, varying the 3rd network crosslink
density was hypothesized to potentially impact charge mobility,
and hence mechanical properties and adhesivity.

Experimental
Materials

Acrylamide (AAm, >99%), 2-acrylamido-2-methylpropane
sulfonic acid (AMPS, 97%), (3-acrylamidopropyl)trimethyl-
ammonium chloride solution (APTAC; 75 wt% in H,0), N,N’-
methylene-bis-acrylamide crosslinker (BIS, 99%), N-isopropyl-
acrylamide (NIPAAm; 97%), 2-oxoglutaric acid photoinitiator
(2-oxo, 99.0-101.0%), were obtained from Millipore-Sigma.
Deionized (DI) water (18.2 MQ cm, Thermo Scientific™ Barn-
stead™ E-Pure™ Ultrapure Water Purification System) was
used for hydrogel fabrication. Water-resistant 60 grit sandpaper
and " x 3” (thickness x width) multipurpose 6061 aluminum
bars were purchased from McMaster Carr.

Triple network (TN) hydrogel fabrication

TN hydrogels were fabricated through a multi-step process in
which each network was subsequently UV cured. The hydrogels
were cured beginning with a single network (SN) precursor
solution formulated from AMPS (1.5 M), BIS crosslinker
(4 mol% w.r.t. AMPS), and 2-oxo photoinitiator (0.1 mol%
w.r.t. AMPS) in DI water. A custom mold was created consisting
of glass slides separated by silicone spacers (~1 mm thick-
ness), the solution was cured in the molds on a UV plate (UV-
transilluminator, 6 mW cm ™2, 365 nm) for 5 hour, flipping the
mold every 15 min for the first hour and on the hour for
4 subsequent hours to promote uniformity. The SN cured
hydrogels’ edges were trimmed then submerged in the double
network (DN) precursor solution. When initially submerging
the SN hydrogels in the precursor solution, the surface was
irrigated with the DN solution to avoid curling and fracture of
the SN hydrogels. DN solution was formulated from NIPAAm
(2.0 M), AAm (10 wt% w.r.t. NIPAAm), BIS (0.10 mol% w.r.t.
NIPAAm), and 2-oxo (0.10 mol% w.r.t. NIPAAm) in DI water.
Following submersion for 48 hour, the hydrogels were UV-cured
in glass molds separated by polycarbonate spacers (~1 mm
thickness) for 5 hour in an ice bath (~7 °C), following the SN
hydrogel ‘flipping pattern’. Cured DN hydrogels were soaked in
triple network (TN) precursor solutions composed of a total
monomer concentration of 2.0 M. The TN polyampholyte (PA)
3rd network precursor solution was fabricated with varied
molar ratios of cationic APTAC to anionic AMPS denoted X:Y,
(e.g, 90:10, 1.8 M APTAC to 0.2 M AMPS). In addition,
TN hydrogels were likewise formed with either a cationic-only
(TN-APTAC) or anionic-only (TN-AMPS) 3rd network with a
monomer concentration of 2.0 M.*® In addition to the mono-
mers, BIS crosslinker (0.10 mol% or 0.05 mol% w.r.t. total
monomer concentration in the designated network) and 2-oxo
photoinitiator (0.10 mol% w.r.t. total monomer concentration
in the designated network) were added to the 3rd network
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precursor solution. Following 48 hour soaking hydrogels were
UV-cured as above. The resulting TN hydrogels were removed
from the mold and placed in DI water for at least 7 days prior to
testing described below.

Methods

Equilibrium water content (EWC). EWC of the TN hydrogels
was determined from the swollen and dry masses of disc
specimens. Hydrogel discs (N > 5) were punched with a
6 mm biopsy punch, and surface water was removed by blotting
the surface with a Kim Wipe. Discs were placed in an oven at
60 °C and dried for 12 hour under vacuum (30 in. Hg). Water
content was calculated by taking the swollen mass (M,,) and dry

. My — M,
mass (My), then calculating water content as WTd
w

x 100.

‘Post-cure’ mass swelling and diameter increase. Immedi-
ately following TN hydrogel curing, samples (N > 3) were
punched from sheets using a 6 mm biopsy punch, and the
initial diameters (D.) and masses (M. were immediately
recorded. Hydrogel discs were then immersed in DI water for
7 days. Swollen hydrogel discs were then blotted with a Kim
Wipe to remove surface water, and swollen masses (M) and
diameters (D) were recorded. Hydrogel post-cure mass swelling

M.

M. — . .
was calculated by % x 100, and post-cure diameter increase
Cc

D. - D
was calculated by % % 100.
Cc

Compression testing. Unconfined compressive mechanical
properties of the TN hydrogels were evaluated using an Instron
5944 in ambient conditions. TN hydrogel samples (N > 5) were
punched using a 6 mm biopsy punch, and surface water was
blotted off with a Kim Wipe off just prior to testing. Samples
were preloaded with a 0.2 N force and strain was zeroed.
Samples were compressed at a rate of 1 mm min ' until
fracture. Compressive modulus values were calculated from
designated slopes of linear regions (0-10% strain, 40-50%,
and 70-80%). Compressive strength was designated as the
stress at the point of fracture, and ultimate compressive strain
corresponded to the strain at fracture. Compressive toughness
was calculated from the area under the stress-strain curve prior
to fracture.

Dynamic mechanical analysis (DMA). Viscoelastic mechan-
ical properties (e.g., loss modulus, storage modulus, tan ¢) of
the TN hydrogels were evaluated using a TA Instruments DMA
Q800. Specimens (N > 5) were prepared following parallel
protocol to the unconfined compression specimens. Testing
was conducted under a multi-frequency strain mode from
1-30 Hz at an amplitude of 10 pm with a preload of 0.1 N.

Values reported from 10 Hz, in which tan 6 was calculated with
!

the loss (G’) and storage modulus (G”), tand = %

Tensile testing. Tensile mechanical properties of the TN
hydrogels were evaluated using an Instron 5944 in ambient
conditions. TN hydrogel bone specimens (N > 3) were punched
using a certified dog bone punch (ASTM D1708-18).%” Surface

water was blotted with a Kim Wipe just prior to testing.

This journal is © The Royal Society of Chemistry 2025
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Sandpaper was attached to tension clamps to prevent specimen
slippage during testing. Samples were preloaded with a 0.2 N
force, and strain was zeroed. Samples were elongated at a rate
of 10 mm min " until fracture. The tensile modulus was
defined as the slope of the linear region (0-10% strain). Tensile
strength and ultimate tensile strain were defined as the stress
and strain at the point of fracture, respectively. Tensile tough-
ness was determined by area under the stress—strain curve prior
to fracture.

Qualitative adhesion testing. Hydrogel specimens [5 mm x
10 mm (width x length)] were blotted with a Kim Wipe to
remove surface water and aligned to have a 5 mm x 5 mm
(width x length) contact area (i.e., connection). Pressure was
applied by hand to the connection for 60 s. Qualitative adhe-
sion was immediately evaluated in terms of the response of the
connection when the construct was orientated by hand verti-
cally (ie.,, along a tensile axis): (i) no adhesion [N] (i.e., no
adherence by the connection), (ii) slight adhesion [G] (i.e., the
connection could only withstand gravity), (iii) adhesive failure
[A] (i.e., when tension applied by hand, the connection fails),
and (iv) cohesive failure [C] (i.e., when tension applied by hand,
weaker hydrogel fails prior connection). In this way, adhesivity
of the connection increased as follows: N < G < A < C.

Lap shear testing. The adhesivity of TN hydrogels was
quantitatively measured via lap shear testing. A custom mold
was employed to ensure constistent alignment and contract
area among adhered hydrogel specimens per a previous
report.®® Rectangular specimens [1 cm x 4 cm (width x length)]
were first blotted with a Kim Wipe to remove surface water, and
then placed in the custom mold to ensure a 1 cm” contact area
(i.e., connection). Pressure was subsequently applied by hand to
the connection for 1 min. The resulting constructs were
removed from the mold, and soaked in DI water for 48 hour.
Constructs (N > 3) were subjected to lab shear testing
under ambient conditions. A modified lap shear set-up was
employed,®® wherein aluminum supports were added to the
upper and lower clamps to maintain alignment hydrogel
specimens. These supports were fabricated from % inch thick
aluminum bars (McMaster Carr) cut to a length of 2.75 inches.
Each support and tension clamp had sandpaper attached to
prevent hydrogel slippage during testing. A length of 1 cm of
the rectangular hydrogel construct was secured into the clamp
and aligned by the support. Next, a preload of 0.2 N was
applied and strain was zeroed. Specimens were elongated at a
rate of 10 mm min~" until failure. Shear strength was defined
as the stress at the point of failure of the interface or fracture
of hydrogel. Shear strength was calculated based on the area
of the connection (1 cm?).

Statistical analysis

One-way and two-way ANOVA with Tukey’s multiple compar-
isons tests were used to statistically analyze all data sets.
Analyses were conducted with GraphPad Prism (Version 9.4.0)
using a standard o level of 0.05. All comparisons with a
p < 0.05 was statistically significant.

This journal is © The Royal Society of Chemistry 2025
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Results and discussion
Hydrogel fabrication

A series of TN hydrogels with a polyampholyte 3rd network
were fabricated as potential superficial layer candidates with
mimetic mechanical properties and adhesivity to the transi-
tional layer (TN-APTAC) (Fig. 2 and Table S1, ESIt). The 3rd
network charge composition was tuned based on the molar
ratio of cationic APTAC to anionic AMPS (90: 10, 70:30, 50: 50,
30:70, and 10:90). Given the dominance of the final network
charge of multi-network hydrogels,**®> 90:10 and 70:30
would possess a cationic-dominant surface, 30:70 and 10:90
an anionic-dominant surface, and 50:50 a ‘charge-balanced’
surface. In addition to the TN-APTAC having a cationic-only 3rd
network, TN-AMPS was formed with an anionic-only 3rd net-
work as a control. TN hydrogels with a more anionic polyam-
pholyte 3rd network (ie., increased AMPS) would exhibit
increased inter-network electrostatic repulsion with the anionic
1st network while those with more cationic 3rd networks
(i.e., increased APTAC) would exhibit increased inter-network
attraction. All TN hydrogels were fabricated through a multi-
step, sequential curing process in which the 1st network was
composed of tightly crosslinked anionic PAMPS (4 mol% BIS),
and the 2nd network was loosely crosslinked and neutral
P(NIPAAm-co-AAm) (0.1 mol% BIS). Thus, the 1st network
exhibited intra-network repulsive forces, and the 2nd network
exhibited intra-network hydrophobic associations. These afore-
mentioned interactions effectively served as dynamic crosslinks
to impart robust mechanical properties. The 3rd network total
monomer concentration (2.0 M) was maintained across all TN
hydrogel compositions, and was selected to be used based on
TN-APTAC as it was previously noted to produce a plateau in com-
pressive modulus (Ec ~ 3 MPa) and strength (¢ ~32 MPa).””
The 3rd network crosslink density was varied by employing the
crosslinker (BIS) at two levels (0.10 or 0.05 mol% BIS), but both
were relatively loosely crosslinked versus the 1st network. The
higher crosslinker level (i.e., 0.10 mol% BIS) represents that used
to prepare the 3rd network of the TN-APTAC transitional layer.””
A reduction in crosslinking (i.e., 0.05 mol% BIS) was considered to
potentially increase chain and charge mobility of the 3rd network.

Hydrogel water content and swelling

Hydrogel hydration is an essential property in terms of both
cartilage mimicry and impact on mechanical properties.®® The
effect of 3rd network charge composition on TN hydrogel
properties was thoroughly assessed. In terms of gravimetric
water content, both the TN-APTAC and the TN-AMPS exhibited
values between 74 and 90 wt%, within the range of cartilage
tissue (60-90 wt%) (Fig. S1 and Table S2, ESIt). TNs with a
polyampholyte 3rd network likewise produced water content
values in this range, irrespective of charge composition or
crosslink density (i.e., 0.10 or 0.05 mol% BIS) of the 3rd network.
Hydration was further assessed in terms of swelling behaviour (via
mass swelling and diameter increase) following equilibration of
freshly cured specimens (initial diameter ~6 mm) in DI water
(Fig. 3, Fig. S2 and Table S3, ESIf). Likely due to electrostatic
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repulsion with the anionic 1st network,”>””%® as the 3rd network
became more anionic (i.e., increased AMPS), swelling increased.
This led to notable increases in post-swelling mass and diameter.
For instance, for TN hydrogels prepared with a relatively higher
crosslink density 3rd network (i.e., 0.10 mol% BIS), swollen mass
increased as follows: ~55% (50:50) < ~155% (30:70), <
~230% (10:90) < ~300% (TN-AMPS). Overall, swelling was
not substantially changed for analogous TN hydrogels prepared
with a reduced crosslink density of the 3rd network (ie.,
0.05 mol% BIS) (Fig. 3, Fig. S2 and Table S3, ESI}). This result
is attributed to both 0.10 and 0.05 mol% BIS producing rather
loosely crosslinked 3rd networks, particularly as compared
to the tightly crosslinked 1st network that was prepared with
4.0 mol% BIS.

Hydrogel mechanical properties

To serve as a cartilage substitute, a hydrogel must mimic the
mechanical properties of the native superficial layer, including
stiffness and strength. Towards identifying a TN hydrogel
having a polyampholyte 3rd network that can serve as the
superficial layer, unconfined compression tests were utilized
to assess the effect of 3rd network charge composition as well
as crosslink density (Fig. 4, Fig. S3, Fig. S4 and Table S4, ESIT).
PEG-DA (3.4 kDa) hydrogels have been extensively studied as a
biomaterial for a variety of applications including cartilage;
however, its limited mechanical properties (e.g., Ec ~200 kPa
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Fig. 3 Post-swelling behavior TN hydrogels: (a) swelling photo series of select compositions, (b) mass swelling (%), and (c) increase in diameter (%). Solid
bars represent TNs with a 3rd network prepared with 0.10 mol% BIS, and dashed bars represent TNs with a 3rd network prepared with 0.05 mol% BIS.
*p < 0.05 for TN hydrogels (0.10 mol% BIS) vs. TN hydrogels (0.05 mol% BIS); $ p > 0.05 for TN-APTAC (0.10 mol% BIS) vs. TN hydrogels (0.10 mol%
BIS); and # p > 0.05 for TN-APTAC (0.05 mol% BIS) vs. TN hydrogels (0.05 mol% BIS). (Results for all TN hydrogels shown in Fig. S2 and Table S3, ESI+).
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and oc ~130 kPa) make it not suitable for immediate load-
bearing.”®”" For all TN hydrogels, the compressive modulus
and strength values far exceed that of PEG-DA (note: PEG-DA
indicated with a red star [%] in Fig. 4). Overall, compressive
modulus (Eg) values of TN hydrogels decreased when the 3rd
network became more anionic (i.e., increased AMPS). This was
largely attributed to increased swelling and hydration, stem-
ming from electrostatic repulsion between the anionic 1st and
3rd networks. Among TN hydrogels formed with a higher
crosslinked density 3rd network (i.e., 0.10 mol% BIS), E¢ values
decreased from TN-APTAC (Ec ~ 3.0 MPa) to TN-AMPS (E¢ ~
1.5 MPa). A reduction of crosslink density of the 3rd network
(i.e., 0.05 mol% BIS), generally led to somewhat of an increase
in Ec for TN hydrogels, particularly when the 3rd network
was more cationic. A transitional layer-like Ec was achieved
by not only TN-APTAC [0.10 mol% BIS], but also by TN-APTAC
[0.05 mol% BIS] (Ec ~ 3.2 MPa), 90:10 [0.10 mol% BIS]
(Ec ~2.3 MPa), 90:10 [0.05 mol% BIS] (Ec ~ 2.9 MPa), and
70:30 [0.05 mol% BIS] (Ec ~ 2.4 MPa). In terms of a superficial
layer-like Ec, several TN hydrogels with polyampholyte 3rd
networks were mimetic: 50:50, 30:70, and 10:90 (each at
0.10 mol% and 0.05 mol% BIS). Their similarity in E; (~1.3 MPa)
is despite a notably increased swelling as the 3rd network
became more anionic, suggesting that swelling-induced strain
stiffening may have contributed. While strains >10% exceed
the physiological range of normal or impact loading, modulus

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Compressive mechanical properties of TN hydrogels: (a) representative schematics for TN hydrogel compositions, (b) compressive modulus, and
(c) compressive strength. Solid bars represent TNs with a 3rd network prepared with 0.10 mol% BIS, and dashed bars represent TNs with a 3rd network
prepared with 0.05 mol% BIS. Blue dashed region highlights native-like values of transitional cartilage, and purple dashed line highlights native-like values
of superficial cartilage.**~® % Denotes PEG-DA (3.4 kDa, 10 wt%) mechanical properties.”® * p < 0.05 for TN hydrogels (0.10 mol% BIS) vs. TN hydrogels
(0.05 mol% BIS); $ p > 0.05 for TN-APTAC (0.10 mol% BIS) vs. TN hydrogels (0.10 mol% BIS); and # p > 0.05 for TN-APTAC (0.10 mol% BIS) vs. TN
hydrogels (0.05 mol% BIS).””8® (Compressive mechanical properties also shown in Fig. S3, Fig. S4 and Table S4, ESI¥).

of TN hydrogels were also evaluated at higher strains as typical
for robust hydrogels (Table S4, ESIt).5*°® An increase in the
slopes of stress versus strain curves at higher strains were
notably apparent (Fig. S4, ESIt). These were associated with
marked increases in stiffness due to strain hardening effects,
with modulus values increasing to ~5-11 MPa (40-50% strain)
and ~26-73 MPa (70-80% strain). The moduli at 70-80%
strain of certain TNs hydrogels with highly anionic 3rd net-
works [TN-AMPS (0.10 mol% and 0.05 mol% BIS) and 10:90
(0.10 mol% BIS)] could not be determined as they fractured just
prior to ~70% strain.

In terms of compressive strength (o), TN-APTAC [0.10 mol%
BIS] displayed an impressive value (oc ~ 32 MPa), within the
range of transitional cartilage. In contrast, the strength of TN-
AMPS [0.10 mol% BIS] was notably decreased (oc ~ 5 MPa) to
well below that of superficial cartilage. For TN hydrogels with a
polyampholyte 3rd network (0.10 mol% BIS), oc generally
decreased with greater anionic charge of the 3rd network to a
minimum of 6c ~7 MPa (10:90). As 3rd network crosslink
density was decreased (0.05 mol% BIS), there was a decrease in
oc that can also be related to an increased swelling. This
reduction was dramatic for TN-APTAC [0.05 mol% BIS]| whose
oc was reduced to ~14 MPa, below that of transitional cartilage.
A transitional layer-like oc was achieved by not only TN-APTAC

This journal is © The Royal Society of Chemistry 2025

[0.10 mol% BIS], but also 90:10 [0.10 mol% BIS] (¢¢c ~21 MPa),
90:10 [0.05 mol% BIS] (6c ~15 MPa), 70:30 [0.10 mol% BIS]
(6c ~23 MPa), 70:30 [0.05 mol% BIS] (o ~23 MPa), 50:50
[0.10 mol% BIS] (6c ~30 MPa), and 50:50 [0.05 mol% BIS]
(6c ~24 MPa). In contrast, only 30:70 (0.10 mol% BIS) achieved
superficial layer-like o¢ (~13 MPa).

All TNs were notably non-brittle, as marked by ultimate
strain at fracture values ranging from ~70 to ~90%, and
toughness values that ranged from ~1.0 to ~4.5 MJ m®
(Table S4, ESIt). In terms of viscoelasticity, native articular
cartilage exhibits an elastic response to cyclical loading.’*
Likewise, when evaluated via compressive dynamic mechanical
testing, all TNs demonstrated a dominant elastic response
(tand < 1) (Fig. S5 and Table S5, ESIt). While articular cartilage
experiences compressive loading, TN hydrogel modulus and
strength was also assessed under tension, and similar trends
were observed (Fig. S6, Fig. S7 and Table S6, ESI). When the
3rd network was prepared with the higher crosslink density
(0.10 mol% BIS), the tensile strength (o) increased from
~1.1 MPa (TN-APTAC) to ~1.4 MPa (90:10, 70:30, and
50:50), then decreased to ~0.8 MPa (30:70 and 10:90), and
further down to ~0.6 MPa (TN-AMPS). The tensile properties
were not substantially altered when the crosslink density of the
3rd network was reduced (0.05 mol% BIS).

J. Mater. Chem. B, 2025, 13, 5613-5623 | 5619
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Overall, achievement of both mimetic E, (strain <10%) and
oc was achieved by specific TN hydrogels. For the transitional
layer, this was limited to TN-APTAC [0.10 mol% BIS] as well as
90:10 [0.10 mol% BIS] and 70:30 [0.05 mol% BIS], while for
the superficial layer, this was limited to 30: 70 [0.10 mol% BIS].
Mechanical mimicry to the surrounding tissue is critical to
healing and to the host-tissue response, as mismatch results in
unequal strain responses to applied loads that can cause
further tissue deterioration.”>**

Adhesivity

To create a self-assembled, PTCD bilayered implant, a super-
ficial layer hydrogel must robustly adhere to the transitional
layer hydrogel. Initially, to provide broad insight to TN hydrogel
adhesivity, all compositions were screened via qualitative tests.
Rectangular specimens (5 mm x 10 mm) were blotted of
surface water, contact made, and pressure applied by hand in
the overlapping contact area (5 mm x 5 mm) for 60 seconds.
Upon immediately orientating vertically (i.e., along a tensile
axis), the observed results were assigned to one of four cate-
gories: (i) no adhesion (i.e., no adherence by the connection),
(ii) slight adhesion (i.e., the connection could only withstand
gravity), (iii) adhesive failure (i.e., when tension applied by
hand, the connection fails), and (iv) cohesive failure (i.e., when
tension applied by hand, the weaker hydrogel fails prior con-
nection) (Table S7, ESIt). The 50: 50 [0.10 mol% and 0.05 mol%
BIS] was notably neither adhesive to the cationic TN-APTAC nor
the anionic TN-AMPS. This indicates that the charge balance
within the 3rd network of 50: 50 limited electrostatic attraction
to the contacting surface. The desired cohesive failure was
notably observed between TN hydrogels that leveraged electro-
static attractive forces between oppositely charged surfaces.
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This occurred for TN hydrogel pairs wherein one had an
anionic-only 3rd network (i.e., TN-AMPS) or an anionic-
dominant polyampholyte 3rd network (i.e., 70:30 and 90:10),
and the other had a cationic-only 3rd network (i.e., TN-APTAC)
or a cationic-dominant polyampholyte 3rd network (i.e., 70:30
and 90:10). This demonstrated efficacy of a polyampholyte
3rd network to establish cohesive adhesion, despite a lack of
a singular charge type, is notable.

Based on compressive mechanical properties, potential
transitional layers included TN-APTAC [0.10 mol% BIS],
90:10 [0.10 mol% BIS], and 70:30 [0.05 mol% BIS], while the
potential superficial layer was limited to 30:70 [0.10 mol%
BIS]. These three pairs, representative of potential PTCD
bilayered constructs, demonstrated cohesive failure in the quali-
tative assessment. Thus, they were subsequently subjected to lap
shear tests to quantify adhesion. For lap shear testing, constructs
were formed by connecting the transitional layer candidates each
to the superficial layer. Planar hydrogel strips (10 mm x 40 mm)
which were blotted, pairs placed in contact with a 1 cm? overlap,
and the construct subjected to tensile strain (Fig. S8, ESIt). Lap
shear strength was calculated at the point of fracture (Fig. 5 and
Table S8, ESIt). Cohesive failure was likewise observed during this
test, with failure occurring within the 30:70 [0.10 mol% BIS]
owing to its relative lower tensile strength (o1 ~ 0.85 MPa) versus
the adhesivity of the connection. All pairs exhibited robust lap
shear strengths of ~100 kPa. These values are even higher that
the lap shear strength (~80 kPa) of a TN-APTAC and TN-AMPS
construct.®® However, this may be attributed to the greater
tensile strength of the 30:70 [0.10 mol% BIS] versus TN-AMPS
(o1 ~0.6 MPa) that allows the former to withstand greater force
during the lap shear test. Overall, the 30:70 [0.10 mol% BIS]
superficial layer was able to form robust adhesion to all three

I Transitional )
0.05 mol% BIS !
in 3" network !

Transitional
0.10 mol% BIS
in 3 netwok

Superficial
0.10 mol% BIS !
! in 3" network '

Superficial
0.10 mol% BIS
in 3" network

Fig. 5 Lap shear testing of TN hydrogels representing the superficial and transitional layers: (a) shear strength at fracture: representative image of
cohesive fracture of (b) 30 : 70 (0.10 mol% BIS) paired with either TN-APTAC (0.10 mol% BIS), 90 : 10 (0.10 mol% BIS), or 70 : 30 (0.05 mol% BIS). Solid bars

represent (0.10 mol% BIS) in transitional layers and dashed bar represents (0.05 mol% BIS) in transitional layer.

denotes lap shear strength between

TN-APTAC and TN-AMPS.8¢ ns p > 0.05 vs. all compositions. (Results shown in Table S8, ESIt).
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potential transitional layers (TN-APTAC [0.10 mol% BIS], 90:10
[0.10 mol% BIS], and 70:30 [0.05 mol% BIS]).

Conclusions

Towards treating PTCDs, a desirable approach is a bilayered
hydrogel implant that recapitulates the regional mechanical
properties of the superficial and transitional chondral layers
and can be readily assembled. This work demonstrates an
approach to achieve this by leveraging TN hydrogels prepared
with a polyampholyte 3rd network. Inter- and intra-network
electrostatic as well as hydrophobic associations were lever-
aged as dynamic bonds to impart mechanical robustness and
surface adhesivity. All TN hydrogels were formed with an
anionic, highly crosslinked 1st network [“PAMPS”], and a
neutral, loosely crosslinked 2nd network crosslinked 2nd
network [P(NIPAAm-co-AAm)]. Thus, the 1st and 2nd networks
produce intra-network electrostatic repulsion and hydropho-
bic associations, respectively. TN hydrogels with a polyam-
pholyte 3rd network were formed with 5 charge compositions
by varying the molar ratio of cationic [APTAC] to anionic
[AMPS] monomer: 90:10, 70:30, 50:50, 30:70, and 10:90
molar ratio. TNs with an exclusively cationic [TN-APTAC] and
anionic [TN-AMPS] 3rd networks were also formed as controls.
Additionally, for each composition, the 3rd network was
formed with 0.10 mol% or 0.05 mol% BIS to slightly tune
crosslink density of the loosely crosslink 3rd network. Thus,
the 3rd network introduces intra-network electrostatic inter-
actions as well as inter-network electrostatic interactions with
the anionic 1st network. All TN hydrogels exhibited cartilage-
like hydration (>74%). As the 3rd network became more
anionic (i.e., increased AMPS), TN hydrogels exhibited greater
swelling marked by a larger specimen diameter increase. TN
hydrogels with mimetic compressive modulus and strength
were identified. For the transitional layer, this was achieved
by TN-APTAC [0.10 mol% BIS] as well as 90:10 [0.10 mol%
BIS] and 70:30 [0.05 mol% BIS], whereas for the super-
ficial layer, this was limited to 30:70 [0.10 mol% BIS].
The capacity of the superficial layer and transitional layer
candidates to be joined was evaluated. When connected via
simple pressing together by hand, these TN hydrogel pairs
exhibited robust adhesion in both qualitative adhesion tests
and in lab shear tests. Specifically, lap shear strengths of
~100 kPa were demonstrated by all three constructs, with
failure occurring away from the connection (i.e., cohesive
failure rather than adhesive failure). This result is attributed
to the dominance of the 3rd network charge composition on
surface properties. It demonstrates that the surface charge
does not need to be exclusively cationic and anionic to give
rise to adhesivity, but may also be achieved by polyampholyte
3rd network having a ‘cationic-dominant’ and ‘anionic-
dominant’ charge composition. Overall, this approach repre-
sents robust strategy to constructing PTCD implants with
mimetic regional mechanical properties of the superficial
and transitional layers.

This journal is © The Royal Society of Chemistry 2025
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