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In Situ Covalent Reinforcement of a
Benzene-1,3,5-Tricarboxamide Supramolecular Polymer
Enables Biomimetic, Tough, and Fibrous Hydrogels and
Bioinks

Shahzad Hafeez, Monize Caiado Decarli, Agustina Aldana, Mahsa Ebrahimi,
Floor A.A. Ruiter, Hans Duimel, Clemens van Blitterswijk, Louis M. Pitet, Lorenzo Moroni,
and Matthew B. Baker*

Synthetic hydrogels often lack the load-bearing capacity and mechanical
properties of native biopolymers found in tissue, such as cartilage. In natural
tissues, toughness is often imparted via the combination of fibrous
noncovalent self-assembly with key covalent bond formation. This controlled
combination of supramolecular and covalent interactions remains difficult to
engineer, yet can provide a clear strategy for advanced biomaterials. Here, a
synthetic supramolecular/covalent strategy is investigated for creating a
tough hydrogel that embodies the hierarchical fibrous architecture of the
extracellular matrix (ECM). A benzene-1,3,5-tricarboxamide (BTA)
hydrogelator is developed with synthetically addressable norbornene handles
that self-assembles to form a and viscoelastic hydrogel. Inspired by collagen’s
covalent cross-linking of fibrils, the mechanical properties are reinforced by
covalent intra- and interfiber cross-links. At over 90% water, the hydrogels
withstand up to 550% tensile strain, 90% compressive strain, and dissipated
energy with recoverable hysteresis. The hydrogels are shear-thinning, can be
3D bioprinted with good shape fidelity, and can be toughened via covalent
cross-linking. These materials enable the bioprinting of human mesenchymal
stromal cell (hMSC) spheroids and subsequent differentiation into
chondrogenic tissue. Collectively, these findings highlight the power of
covalent reinforcement of supramolecular fibers, offering a strategy for the
bottom-up design of dynamic, yet tough, hydrogels and bioinks.
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1. Introduction

Regenerative medicine and tissue engi-
neering have the potential to change the
way we treat disease and degeneration.
Advancements in cellular reprogramming,
organoids, synthetic biology, and 3D fabri-
cation technologies have revolutionized the
field in the past 10 years; yet, our strug-
gle to recreate life-like mimics of the extra-
cellular matrix (ECM) slows progress. The
ECM around a cell provides a dynamic en-
vironment for spatiotemporal and recipro-
cal interactions (e.g., signaling, mechani-
cal properties) with other cells and tissue.[1]

This recapitulation of ECM complexity is
imperative to create environments that can
effectively communicate with living cells,[2]

impacting applications including tissue en-
gineering, implants, biosensors, and sus-
tainable materials. Incorrect communica-
tion can lead to, for example, cells com-
mitting to the wrong lineage, death of
the cells, improper immune response, or
insufficient maturation, which can shut
down tissue regeneration or block the de-
sired function of the device or organism.
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Hydrogels are important for many biological applications,
due to their ability to mimic many of the properties of the na-
tive ECM.[3] Key to this function is not only the biomimetic
nature (stiffness, bioactivity) of a designed hydrogel, but also
the importance of dynamic properties of hydrogels has re-
cently emerged. For example, studies on synthetic materials
clearly show that enzymatic degradation,[4] stress-stiffening,[5]

and stress-relaxation[6,7] have major effects on tissue formation.
We now know that dynamic mechanical properties are imperative
for controlling stem cell differentiation,[6] improving organoid
culture,[8] enhancing neural regeneration,[9] and controlling cell
fate.[10] Despite these breakthroughs, poor mechanical proper-
ties, and lack of hierarchical complexity in these hydrogels must
be addressed.[11]

Current synthetic hydrogels rely largely on either covalent
(static and strong) or dynamic (transient and weak) cross-linking.
By contrast, natural assemblies rely on both covalent and dy-
namic (supramolecular) interactions. Tissues such as cartilage,
muscles, tendons, and ligaments exhibit remarkable toughness,
elasticity, and fast recovery.[12] The exceptional mechanical prop-
erties of many tissues are often attributed to the hierarchical fib-
ril macromolecular structure. An excellent example of this hier-
archical structure, collagen is the backbone of many tough tis-
sues. Collagen fibrils are composed of a self-assembled struc-
ture of tropocollagen, mainly driven by noncovalent interactions.
These supramolecular fibrils are further stabilized by intra- and
intermolecular covalent cross-links (via aldol condensation and
aldimine cross-links).[13] Theoretical and molecular modeling
studies suggest that intermolecular hydrogen-bonding interac-
tions and permanent cross-links between the collagen fibrils are
mainly responsible for the impressive mechanical properties and
toughness.[14] In numerous biological assemblies, we can ob-
serve the powerful coevolution of covalent and supramolecu-
lar interactions. For example, the self-assembly of tropoelastin
into fibrous elastin, driven by lysine forming bifunctional and
tetrafunctional cross-links,[15,16] and 𝛼-actinin forming cross-
links between actin filaments.[17] To overcome the limitations of
poor mechanical properties in soft hydrogels, several synthetic
strategies for forming tough hydrogels are emerging and in-
clude double networks[18–20] dual cross-linking (covalent bonds
and H-bonding),[21] conjoined networks,[22] sacrificial H-bonding
interactions,[23,24] force-triggered reactive strand extension,[25]

and dense entanglements[26,27] However, the biomimetic strategy
of combining supramolecular structure with key covalent bond
formation has not been thoroughly studied in synthetic systems.

Supramolecular chemistry has rapidly advanced, enabling the
rational design of hierarchical and functional materials (vac-
cines, drug delivery, biomaterials[28–31]). Collagen has served as
an inspiration to the supramolecular chemist, and classic studies
show our ability to partially recreate its structure from synthetic
components.[32] Though recently postulated,[33] there are surpris-
ingly few studies on the modification of supramolecular assem-
blies via postassembly covalent modifications. Recent studies
combining supramolecular nanofibers with covalent networks
have created impressive materials and artificial muscles[34–36]

Others have briefly studied the synergy of supramolecular and
covalent bonds in hydrogels[37–40] and some via dual-network
approaches.[41] In other examples, fibrous protein-based hydro-
gels, which undergo force-induced unfolding, has been shown

as a novel toughening mechanism.[42] Several groups have re-
cently reported cross-linking of fibrous assemblies either to
create a reversible robust hydrogel[43] or enhance mechanical
properties[39,44–48] A tough hydrogel through tandem supramolec-
ular and covalent cross-linking has also been reported; however,
the hydrogel is made up of a double network lacking 1D self-
assembly.[49] Despite these initial attempts, introducing function-
ality and toughness under cytocompatible conditions in a pro-
cessable material is rare. This lack of knowledge is juxtaposed
with nature’s consistent use of the strategy to build functional
materials.

Self-assembling supramolecular and dynamic hydrogels are
attractive candidates for 3D printing with living cells,[50] due to
the benefits of the creation of multiscale hierarchically controlled
systems, being mechanically tunable, self-healing, and shear-
thinning.[51] The 3D bioprinting of hydrogels has been used to
fabricate complex tissue-like structures such as heart valves[52,53]

vascular networks[54–57] corneal domes,[58] and kidneys.[59] Yet,
balancing the dynamics of a hydrogel with stability and tough-
ness has created additional challenges toward bioprinting com-
plex 3D life-like structures. Consequently, most of the bioinks
developed are only marginally suited for extrusion bioprint-
ing since they are highly viscous liquids,[60] can sediment cells
at the bottom of ink cartridges, block the nozzle owing to
fast ultra-violet (UV) cross-linking,[41] involve large pH shifts
(for collagen gels), or have supraphysiological levels of cal-
cium ions (e.g., for alginate bioinks). Shear-thinning hydro-
gels have clearly been shown to increase cell viability during
bioprinting,[61] and this property has been rationally designed
using dynamic covalent bonds[62,63] and supramolecular host–
guest interactions.[64–66] Recent reports showed the engineering
of shear-thinning and 3D printing of self-assembled fibrous pep-
tide amphiphiles,[67] peptide inks,[68,69] and BTAs;[70] however, de-
signing a synthetic biomimetic bioink with 1D self-assembled
fibers that possess both shear-thinning and remarkable tough-
ness remains a formidable challenge.

To create a biomimetic, tough, and processable hydrogel,
we took inspiration from nature’s conjunction of self-assembly
and covalent reinforcement. We designed a benzene-1,3,5-
tricarboxamide (BTA) hydrogelator with norbornene (NB) func-
tional handles that we surmised could self-assemble into 1D
fibrils. We hypothesized that these biomimetic supramolecular
assemblies could be fixed/cross-linked, ultimately leading to a
tough hydrogel via intra- and interfiber cross-links. Via rheol-
ogy and mechanical testing (compression and tensile), we dis-
covered that the toughness, stiffness, and strength of the hydro-
gels could be tuned in biologically relevant regimes. Ultimately,
this supramolecular-co-covalent strategy allowed the creation of
remarkably tough 3D bioinks, which were explored for the 3D
printing of an in vitro cartilage tissue model.

2. Results and Discussion

2.1. Molecular Design and NB BTA Synthesis

We designed the norbornene BTA (NB BTA) macromonomer
with norbornene functionalities on the two outer ends of a
telechelic BTA polyethylene glycol (Figure 1a). The hydropho-
bic nature of the norbornene, in combination with a dodecane
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Figure 1. Molecular structures of NB BTA and cross-linkers employed in the study. a) Chemical structure of norbornene functionalized NB BTA
macromonomer. Cartoon representation of NB BTA macromonomer and proposed stacking of NB BTA macromonomer (middle) to form a fiber (right).
Blue chains represent 20K PEG. b) Thiol cross-linkers utilized for cross-linking supramolecular assemblies. c) Reaction scheme for thiol-ene chemistry
of norbornene and thiol. d) Cartoon of supramolecularly self-assembled fiber cross-linked using short dithiol cross-linker. e) Intra- and interfiber cross-
linking at molecular level. 20K PEG chains were not shown in (d) and (e) to clearly demonstrate cross-linking of the supramolecular fiber. f) Schematic of
the supramolecular hydrogel network (left), after cross-linking with a short 2-arm thiol cross-linker (middle left), 4-arm thiol cross-linker (middle right),
and MMP sensitive 2-arm thiol cross-linker (right). The green border on a supramolecular fiber represents the norbornene.

internal spacer,[71] was envisioned to provide a hydropho-
bic pocket upon self-assembly, while the poly(ethylene gly-
col) (PEG) would provide good water miscibility. The un-
saturated norbornene would also serve as a functional han-
dle on the macromonomer, enabling functionalization us-
ing the thiol-ene reaction. With a previously reported desym-
metrization strategy,[72] the dinorbornene BTA synthon was
readily obtained by desymmetrizing a benzene-1,3,5-triester
(tris(perfluorophenyl) benezne-1,3,5-tricarboxylate, BTE-F5Ph)
with two equivalents of 5-norbornene 2-methylamine (Figure S1,
Supporting Information). The target NB BTA macromonomer
was synthesized by covalently connecting two dinorbornene BTA
synthon molecules to amine-terminated PEG (20 kg mol−1,
PEG20K) (Figure S1, Supporting Information). We successfully
synthesized the pure macromonomer (1H NMR Figure S2, Sup-

porting Information) with an average molecular weight of ≈23 kg
mol−1 and dispersity of 1.2 (Ð, gel permeation chromatography,
Figure S3, Supporting Information). Schematics of the NB BTA
macromonomer, self-assembly, thiol-ene chemistry, and inter-
and intrafiber cross-linking using different thiol cross-linkers are
shown in Figure 1b–f.

2.2. NB BTA Aggregates to form a Fibrillar Morphology

The self-assembly of the NB BTA macromonomer was first
investigated in an aqueous environment by dissolution in a
minimal amount of methanol and assembly via injection into
water. Utilizing the solvatochromic dye Nile Red[73] as a reporter,
we observed an increase in fluorescence, consistent with the
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Figure 2. Self-assembly studies. a) Nile red fluorescence as a function of NB BTA concentration in water. b) Nanofibres of NB BTA at 10 mg mL−1 as
observed via cryo-TEM. c) Supramolecular fibers in dilute solutions at 5 mg mL−1 aged for 30 d showed nanofiber bundles with a diameter around
5 nm. d) Nile red fluorescence for cross-linked versus non-crosslinked (supramolecular) NB BTA solutions at 5 mg mL−1. e) the supramolecular
structure is still observed by cryo-TEM after exposure to UV light (365 nm at ≈1 mW cm−2) for cross-linking. f) A dissolved supramolecular hydrogel
(to 5 mg mL−1) also showed bundles of fibrils around 10–15 nm in diameter.

formation of a hydrophobic pocket.[74] The fluorescence intensity
increased with increasing hydrogelator concentration from 1, 2,
and 5 milligmillilitre (mg mL−1), which suggested an increasing
volume of the hydrophobic pocket (Figure 2a). The fluorescence
intensity wavelength (𝜆max, ≈620 nm) remained constant for
all tested concentrations and was blue-shifted compared to a
PEG20K solution in water (Figure S4, Supporting Information).
The blue shift suggests a nonpolar environment and the sim-
ilar 𝜆max pointed to a consistent strength of the hydrophobic
pocket at all concentrations. These observations are in line with
previously reported 1D fibrous BTA structures with aliphatic
hydrophobic spacers and gave us confidence that we had a well-
behaved supramolecular assembly within a range of accessible
concentrations.[72]

In order to gain structural information on this self-assembly,
we investigated the self-assembled NB BTA macromonomer (at
10 mg mL−1) with cryo-transmission electron microscopy (cryo-
TEM). Cryo-TEM revealed NB BTA superstructures, the size
of which presumably points to the formation of bundled, par-
allel nanofibers in samples that had been aged between 16–
24 h (Figure 2b; Figure S5, Supporting Information). A single
nanofiber measured ≈1.5 nm in diameter, and the bundles varied
between 15 and 60 nm in diameter. Nanofiber bundling is likely
due to hydrophobic interactions between BTA molecules. Next,
an aged sample was examined after 30 d (5 mg mL−1, Figure 2c).
Immediately apparent are the high-aspect-ratio fibers formed in
these samples. The ageing of NB BTA resulted in the evolution
of fingerprint-like bundles into well-defined fibers, characterized
by diameters ranging from 5 nm to 15–50 nm. The length of the
nanofibers varied between a couple of hundred nanometers to
a micrometer. Aging the samples further did not provide signifi-
cant differences, as similar dimensions were observed after 270 d
(Figure S6, Supporting Information).

2.3. The Self-Assembled NB BTA Retained the Hydrophobic
Pocket and Fibrillar Morphology after Cross-Linking

Having established hydrophobic pocket formation and fibrous
morphology, we next tested if the self-assembled NB BTA struc-
tures underwent major changes to the hydrophobic pocket after
being subjected to cross-linking conditions (2 × 10−3 m lithium
phenyl-2,4,6-trimethylbenzoylphosphinate, LAP, photoinitiator,
365 nm UV light and ≈1 mW cm−2 for 1–4 min). Using a short
(8-atoms) dithiol cross-linker, we cross-linked a dilute solution
of the macromonomer. This cross-linked NB BTA displayed sim-
ilar Nile Red fluorescence to the non-crosslinked controls both
in intensity and 𝜆max (Figure 2d). Neither red nor blue shift was
detected, which suggests that the polarity of the hydrophobic
pocket was not majorly affected by the cross-linking reaction. The
fixed supramolecular assemblies were further probed by cryo-
TEM to examine any potential structural changes after the co-
valent cross-linking. No changes were observed in the structure
or fibrillar morphology on the micron and 10 s of nm scale.
(Figure 2e; Figure S5, Supporting Information). With this knowl-
edge in hand, we subsequently pursued uncovering the potential
of these macromonomers as hydrogel materials.

2.4. Formation and Cross-Linking of Hydrogels from
Supramolecular NB BTA

Next, we were interested to investigate the ability of the synthe-
sized NB BTA macromonomer to form hydrogels in water at dif-
ferent concentrations (2.5, 5.0, 7.5, and 10% w/v). Hydrogel for-
mation was confirmed at all tested concentrations via the vial
inversion test (Figure S7, Supporting Information). The lower-
concentration hydrogels were qualitatively soft and fragile with
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Figure 3. Cross-linking of the supramolecular hydrogel leads to strong, tough, and stretchable hydrogels. a,g) Optical image of NB BTA hydrogel at
5% w/v before (a) and after (b) cross-linking. c–h) Optical images of supramolecular and cross-linked hydrogel under extreme compression (c vs d),
cutting of the hydrogel using a spatula (e vs f), and cutting using a scalpel (g vs h). il) Stretching of extruded supramolecular (i and k) and cross-
linked filament (j and l). The supramolecular filament broke while the cross-linked filament can be stretched to 4.5× (450% strain) of its original length.
m–o) The supramolecular hydrogel (50 mg mL−1) showed anisotropic fibril morphology via cryo-SEM at low (m) and high (n) magnification, and the
hydrogel aged for 30 d (o) showed aligned bundle of fibers.

increasing stiffness upon increasing concentration. In order to
quickly test the feasibility of the cross-linking approach in the hy-
drogel, the hydrogels were cross-linked with a short dithiol after
equilibration at room temperature for ≈2 h (LAP, 365 nm for 30–
60 s, Figure 3a,b, Figure S7, Supporting Information). Immedi-
ately, we noticed that all concentrations transitioned from fragile
samples to remarkably tough, stretchable materials and offered
resistance to cutting with a spatula (Movies S1–S4, Supporting
Information).

We then further investigated the macroscopic properties of
the 5% w/v hydrogel before and after cross-linking with the short
dithiol at a 1:1 ratio of [NB]:[thiol] (Figure 3). While both the
non-crosslinked and cross-linked hydrogels were compressible
using a finger, the cross-linked hydrogel showed immediate

recovery upon removing the force (Figure 3c,d). Then we
compressed the cross-linked hydrogel using a spatula and the
hydrogel resisted a considerable load before cracking (Figure
S8, Supporting Information). Next, we compared the cutting of
the supramolecular versus cross-linked hydrogels using first a
spatula and then a sharp scalpel; the supramolecular hydrogel
could be cut easily using a spatula and scalpel (Figure 3e,g)
while the cross-linked hydrogel required substantially more
effort and was only severed after several cycles of aggressive
cutting (Figure 3f,h; Movie S5 in the Supporting Information
of scalpel cutting). Furthermore, the supramolecular hydrogels
(pre-crosslinking) were able to be extruded into uniform filament
shapes (Figure 3i,k), indicative of good injectability and potential
for 3D printing. After cross-linking, the originally weak filament
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Figure 4. Mechanical properties of hydrogels before and after cross-linking. a) Supramolecular hydrogel storage moduli (G′, filled symbols) and loss
moduli (G′′, open symbols) as a function of angular frequency at 2.5%, 5%, and 10% w/v NB BTA. b) Evolution of (G′, filled symbols) and loss moduli
(G′′, open symbols) over time for cross-linking of the supramolecular hydrogel when exposed to a UV-light source. c) Storage moduli (G′, filled symbols)
and loss moduli (G′′, open symbols) as a function of the angular frequency of the cross-linked hydrogels. d,e) Storage moduli as a function of the angular
frequency of uncross-linked and cross-linked hydrogels using different mole equivalents of short dithiol cross-linker (d) and using 2arm versus 4arm
cross-linkers (e). f) Diffusion coefficients of supramolecular and cross-linked hydrogels using short dithiol and PEG2K cross-linker remain similar before
and after cross-linking.

could then be extended to 4.5 times (450% strain) its origi-
nal length before breaking (Figure 3j,l; Movie S6, Supporting
Information). These qualitative changes suggested successful
cross-linking and prompted further studies.

2.5. The NB BTA Hydrogel Exhibited Fibrous Morphology

Next, the internal structure of the supramolecular hydrogel
before cross-linking was probed using cryo-TEM and cryo-SEM
in order to gain an understanding of the effects of cross-linking
on the fibrous morphology. One supramolecular hydrogel was
diluted (a 5% w/v hydrogel diluted to 5 mg mL−1) for cryo-TEM,
which revealed fibers with a diameter of around 15 nm and
lengths of several hundreds of nanometers (Figure 2f; Figure
S9, Supporting Information). These diluted supramolecular
hydrogel structures closely resembled the aged supramolecular
solutions seen in the dilute solution studies (vide supra). The
bulk hydrogel microstructure was visualized using cryo-SEM.
The supramolecular hydrogel (5% w/v in water) showed bun-
dles of fibers that appeared to be parallel (i.e., anisotropically
aligned) (Figure 3m,n; Figure S10, Supporting Information). The
supramolecular hydrogel retained this anisotropic alignment
and bundled fibril morphology in a sample aged for 30 d at room
temperature (Figure 3o; Figure S11, Supporting Information).
Despite repeated attempts, we were not able to observe fibrils
in the bulk cross-linked hydrogel via cryo-SEM. We observed,
unlike in the other samples, a patterned surface; this could
suggest that the fracture likely occurred at an ice crystal plane
and/or that fibrils are beneath the ice sheet.

2.6. Tuning of the Mechanical Properties via Concentration and
Cross-Linker Type

With ample evidence for the impressive change in mechanical
properties and the conservation of supramolecular structure be-
fore/after cross-linking, we turned to the mechanical fine-tuning
of these hydrogels. We hypothesized that mechanical tuning
could be simply achieved via polymer concentration (2.5–10%
w/v). Investigated with shear rheology (Figure 4a), the hydrogels
possessed a rather large linear viscoelastic regime up to about
30% strain (Figure S12, Supporting Information). The storage
moduli increased monotonically with increasing polymer con-
centration, indicating an increase in elastic properties of hydrogel
which likely is due to increased physical interactions between the
fibers. The crossover points during a frequency sweep, which re-
flects the dynamicity of the supramolecular interactions and the
viscous properties of the hydrogel, decreased from 34 rad s−1 for
2.5% to 0.25 and 0.01 rad s−1 for 5% and 10% NB BTA hydro-
gels, respectively (Figure 4a; Figure S12, Supporting Informa-
tion). Moving of the crossover point to lower frequency can be
attributed the decrease in viscous/flow properties of the hydro-
gel.

After knowing the effect of concentration on the mechani-
cal properties, we wished to explore the in situ thiol-ene cross-
linking on a rheometer. Using a short thiol cross-linker in a 1:1
[NB]:[thiol] ratio, all formulations (2.5–10%) cross-linked quickly
as indicated via a sharp rise in the storage modulus (below 10 s,
365 nm and ≈10 mW cm−2 at 1% strain and 10 rad s−1, Figure 4b).
Under these conditions, the 2.5% w/v hydrogel was initially a
viscous liquid, but gelled rapidly after cross-linking; its storage
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modulus increased tenfold to 1 kPa. A twofold increase in stor-
age modulus was observed for 5% w/v and 10% w/v formula-
tions, with final values of 7 and 15 kPa, respectively. Looking into
the cross-linked hydrogels further, they showed a plateau storage
modulus across almost 4 orders of angular frequency, indicative
of their elastic nature. Of considerable note, the plateau moduli
for the cross-linked hydrogels are nearly identical to the high-
frequency equilibrium storage modulus for the non-crosslinked
hydrogels (Figure 4a,c; Figure S12, Supporting Information).
This equilibrium storage modulus is generally considered to be
the modulus outside of the timescale of materials dynamics and
is the modulus representative of the structure of the network. Ob-
serving identical moduli before and after cross-linking suggests
that the network/structure stayed largely the same; it appeared
that the cross-linking mainly shuts down the dynamics and does
not alter the network topology heavily. Additionally, we also ob-
served that the cross-linking does not change the self-assembled
nanostructure when comparing cryo-TEM images (in dilute so-
lution; vide supra, Figure 2; Figure S5, Supporting Information).

Subsequently, the molar ratio of the thiol cross-linker (0.25,
0.5, 1, and 2 equivalents) was explored as a handle to tune the me-
chanics of the hydrogel at a constant polymer concentration (5%
w/v). All formulations were initially viscoelastic (Figure S13, Sup-
porting Information). However, the equilibrium storage moduli
varied with the molar ratio of the thiol cross-linker: from ≈4 kPa
for the lowest and highest (0.25 and 2.0, respectively) molar
equivalents, to ≈8 kPa for 1 molar equivalent. Upon cross-linking
the hydrogels followed the common trend in traditional covalent
hydrogels of an increase in storage modulus with increasing de-
gree of cross-linking, until equimolar ratios, followed by a drop
once the cross-linker is in excess; however, this trend was also ob-
served in the pre-crosslinked samples. All of the hydrogels transi-
tioned to being dominantly elastic after cross-linking (Figure 4d;
Figure S13, Supporting Information), and the equilibrium stor-
age modulus of each formulation remained constant, again sug-
gesting that the cross-linking did not significantly change the un-
derlying hydrogel’s network.

To probe the effect of cross-linking on the storage modulus,
topologically more complex cross-linkers were employed. We
compared 5K-PEG-4-arm and 2K-PEG-2-arm variants, keeping
the arm length roughly constant. We observed that the 4-arm
PEG cross-linked slowly when compared to the 2-arm PEG dur-
ing rheology. However, both exhibited a similar storage moduli
of 4.5 kPa. The similar storage moduli between the two sam-
ples indicated that the extra topological cross-link in the 5K-
PEG-4arm did not contribute significantly to the modulus of
the hydrogel (Figure 4e; Figure S14, Supporting Information) at
low strains. This again suggests that the covalent network topol-
ogy does not appreciably influence the storage modulus at low
strains, prompting us to further investigate the effect of cross-
linker length on mechanical properties.

We then proceeded to explore the molecular length of the
cross-linker and its influence on mechanical properties. In prin-
ciple, a shorter cross-linker would preferentially form intrafiber
connections, while longer cross-linkers could form more inter-
fiber cross-links. The hydrogels were cross-linked using dithi-
ols of varying lengths: short, 2K-PEG-2-arm, 5K-PEG-2-arm, and
20K-PEG-2-arm. The molar ratio (1:1 of [NB]:[thiol]) and con-
centration (5% w/v) were kept constant in all cases. Each sam-

ple showed elastic behavior after cross-linking, and marginal
changes in the mechanical properties were observed as a func-
tion of length. A delayed speed of cross-linking was observed with
an increasing molar mass of the cross-linker, and the moduli of
the hydrogels dropped stepwise from ≈8 kPa for the short thiol
cross-linker to 4 kPa for the 20K-PEG-2-arm cross-linker (Figure
S15, Supporting Information). The experiments do not support
an increase in interfiber cross-linking with the higher lengths,
yet do show that the mechanical properties are slightly perturbed
by larger polymers. Again, the supramolecular hydrogels (before
cross-linking) displayed similar equilibrium storage moduli to
the cross-linked hydrogels(Figure S15a–c, Supporting Informa-
tion). These results further reinforced the observation that the
shear moduli of the hydrogel formulations are not dependent on
the covalent cross-linker as much as the initial supramolecular
network formed.

If the stress on the network is not transferred to the cova-
lent bonds until high strains, the cross-linker length series may
be interesting for large deformations. We did start to observe a
relative trend in the strain at break, increasing with increasing
cross-linker length. The shorter cross-linkers showed a gel-to-
sol transition between 200% and 400% strain, while the longer
cross-linkers could withstand up to 500% strain on the rheome-
ter (Figure S15e, Supporting Information). Since shear rheol-
ogy becomes less accurate at high strains, we explored the me-
chanics in more depth with tensile testing. During uniaxial ex-
tension, the failure strain increased with increasing cross-linker
length: ≈225% for short, 425% for 2K-PEG, and 550% for 5K-
PEG (Figure 5a–c). Unfortunately, the 20K-PEG sample could not
withstand the handling forces required reliably to fix the sample
in the grips. Considering that the pre-crosslinked supramolecu-
lar hydrogel stretched very little (and could not withstand loading
on the tensile tester), connecting the self-assembled structures
through molecular bridges resulted in tunable stretchability cor-
related with the cross-linker length. We also observed that the
tensile modulus was dependent on the cross-linker length with
a larger modulus (≈25 kPa) for the short cross-linker when com-
pared to the two longer cross-linkers (≈2–5 kPa, Figure S16, Sup-
porting Information). There were less clear trends for the work
of extension across the series, yet the PEG5K cross-linker was the
largest (55 kJ m−3, Figure S16, Supporting Information), suggest-
ing that the longer cross-linker may allow more strain energy.

Next, we wished to investigate these supramolecular/covalent
hydrogels further using compression testing, to understand their
ability to withstand the compression forces found in many load-
bearing tissues. We first tested the supramolecular hydrogel,
since this was precluded from the tensile testing. A 10% w/v
supramolecular hydrogel was observed to have an elastic com-
pressive modulus of 7 kPa, while the strength and strain en-
ergy at 90% strain was 327 kPa and 30.49 kJ m−3, respectively
(Figure S17, Supporting Information). Then, after cross-linking
(short dithiol, 1:1 ratio), this same sample exhibited an approxi-
mately tenfold increase in elastic compressive modulus (90 kPa),
an approximately sevenfold increase in strength (≈2 MPa), and
an approximately sixfold increase in strain energy (180 kJ m−3,
Figure 5d,e,f; Figure S17, Supporting Information). We also in-
vestigated the cross-linked hydrogel (using the short dithiol) at
5% w/v with a 1:1 and 1:0.25 ratio of [NB]:[thiol] in order to
probe both the effect of concentration and cross-link density,
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Figure 5. Mechanical properties of hydrogels before and after cross-linking. a–c) Stress–strain curves of the cross-linked hydrogels during a tensile test
(a), and optical images of the short (b) and PEG 5K (c) hydrogels during the test. d,e) Elastic moduli (d) and strain energies (e) calculated from the
compression tests. f) Compression stress-strain curves of the cross-linked hydrogels until 90% strain loaded at 1 mm min−1. g) Compression stress-
strain curves for ramped cyclic loading of the 10% (w/v, 1:1 NB/thiol) cross-linked hydrogel of varying strain loaded at 1 mm min−1 and released at
0.2 mm min−1. The same sample was reloaded immediately for the next cycle without any waiting time. h) Strain energy, relaxation energy, and hysteresis
energy calculated for each cycle in the graph (g). Of note, three values from the triplicate 80% strain are shown in order to show the lack of fatigue in
these cycles. i,j) Proposed mechanisms for energy dissipation during high strain loading include rearrangement of the network via mechanisms like BTA
unstacking in BTA fibers (i) and BTA fiber sliding (j).

observing elastic moduli of 20 and 5 kPa and compressive
strengths of ≈0.5 and ≈1 MPa, respectively (Figure 5d,e,f). These
results indicated the ability to tune the compressive moduli as a
function of both the concentration of the macromonomer and the
concentration of the cross-linker. Important for tissue engineer-
ing applications, these elastic moduli (between 5 and 90 kPa) fall
within the range observed for various native tissues,[75] and the
compressive strengths (≈0.5–2.5 MPa) are within in the range of
biological tissues such as cartilage[76] and the human Annulus
Fibrosus.[77]

During these compression tests, we noticed that the
supramolecular hydrogels exhibited pseudoplastic deforma-
tion (Figure S17, Supporting Information, shown for 10% w/v),
while none of the cross-linked hydrogels fractured even under
90% compression (Figure 5f). Visually, we observed elastic recov-
ery rates corresponding to their moduli and cross-link density
after these compression tests. Near instantaneous recovery was
observed for the 10% (w/v, 1:1 [NB]:[thiol]), while the 5% (w/v,
1:1 [NB]:[thiol]) recovered ≈93% of its original height in under 2
min and the 5% (w/v, 1:0.25 [NB]:[thiol]) recovered greater than
90% of its height in 20–30 min. This elastic recovery behavior

can be expected since the covalent cross-links store energy
elastically, and the elastic recovery can be enhanced with the
increasing number of covalent cross-links.[18]

Seeing this clear trend in elastic recovery after the compres-
sion test, the combination of supramolecular and covalent cross-
links were investigated for their ability to effectively dissipate en-
ergy in a reversible fashion. Performing cyclic loading from 20%
to 80% strain revealed that the 10% 1:1 ratio hydrogel had en-
hanced hysteresis (area between loading and unloading curves)
with increased strain, consistent with an effective dissipation
mechanism. The loading cycle curves matched well, demonstrat-
ing elastic recovery and no appreciable change in the elastic
modulus was observed (Figure 5g). Interestingly, during a con-
stant strain of 80% in three consecutive cycles without any lapse
time, the maximum stress and strain energy remains the same
(Figure 5h) and no softening was observed,[78] which usually oc-
curs in the classical double network[49] and hybrid hydrogels.[18]

The data suggested that the supramolecular interactions are dis-
rupted with the applied strain, yet were able to rapidly and re-
versibly recover without rupturing covalent bonds. Furthermore,
while individual molecules may pull out of fibers during high
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strain, fibril sliding (like in collagen fibrillar sliding[12]) could also
contribute significantly to energy dissipation (Figure 5i,j). Dur-
ing this energy-dissipating rearrangement of the supramolecu-
lar polymers and network, the covalent bonds resist deforma-
tion by storing elastic energy and enabling elastic recovery. Us-
ing the above-proposed mechanism, we could also rationalize the
bimodal stress–strain response observed during compression: a
compliant response at low strains and a stiff response at higher
strains like the load-bearing soft collagenous tissues.[79]

2.7. The Supramolecular and Cross-Linked Hydrogels Showed
Similar Diffusion Coefficients

So far, our experiments have suggested that the topology of the
underlying supramolecular hydrogel network after cross-linking
is not noticeable at low deformation, yet is only discernible upon
the application of larger amounts of force or strain. To fur-
ther understand the nanoscale structure before and after cross-
linking, we surmised that the diffusion coefficient should also
remain relatively constant if there are no significant changes to
the low-strain moduli. We turned to fluorescence recovery af-
ter photobleaching (FRAP) experiments with two different dex-
trans sizes (3–5 and 70 kDa) to probe this hypothesis. No sig-
nificant difference in diffusion coefficient was observed between
the supramolecular NB BTA hydrogel and those samples cross-
linked with short dithiol or 2K-PEG (Figure 4f; Figure S18, Sup-
porting Information). We did observe the normal decrease in dif-
fusion coefficient as a function of the dextran size. Our observa-
tions differ from traditional covalent hydrogels in which network
density and topology typically influence the diffusion coefficient
of analytes;[80] however, our strategy closely mimics Nature’s ap-
proach of cross-linking semi-flexible bundles of fibers with an
open porous network without appreciable changes in the open
structure.[81] Our results point to a similar mechanism in these
synthetic supramolecular/covalent materials. Altering the topol-
ogy and connectivity of the network on a molecular level is only
seen at higher forces and strains, yet still allows the free diffusion
of analytes throughout the sample.

2.8. The Supramolecular and Cross-Linked Hydrogels are
Self-Healing

With a biomimetic and tough hydrogel in hand, we then pro-
ceeded to investigate the self-healing capability of the NB BTA
hydrogels. Mainly, could the supramolecular self-assembly still
impart self-healing, and what were the limits when subjected to
covalent bond formation? Furthermore, self-healing is an impor-
tant property required for hydrogels to quickly reform the net-
work and maintain shape fidelity in a variety of applications from
reprocessable materials, to injectability and 3D printing. The
supramolecular NB BTA hydrogels (5% and 10% w/v) showed
self-healing in under 2 min after cutting into two pieces and then
pressing firmly together (Figure S19, Supporting Information).
More quantitatively, the self-healing of the networks was inves-
tigated using shear rheology and determined to be within a few
seconds (Figure S19, Supporting Information).

We subsequently determined the ability of hydrogels cross-
linked with short dithiols to self-heal after 2 and 24 h (5% w/v

with dithiol 0.5, 1, and 2 equivalents, Figure 6a; Figures S20
and S21, Supporting Information). The hydrogels were cut into
two pieces, which were then manually rejoined. While 1-mole
equivalent provided little resistance to separation, 2-mole equiva-
lents provided relatively more. The sample with 0.5-mole equiva-
lents offered the most resistance and required repeated mechan-
ical stretching to separate the two pieces. A similar trend was
observed for longer time points; however, the self-healing was
slightly more pronounced after 24 h and required more force
to disrupt cohesion (1 equiv Movie S7, Supporting Information,
2 equiv Movie S8, Supporting Information, 0.5 equiv Movie S9,
Supporting Information). The self-healing behavior of the cross-
linked sample can be attributed to the reversible supramolecular
associations of NB BTAs; however, it is worth noting that all sam-
ples eventually broke at the original defect. The samples with 0.5
and 2 molar equivalents likely showed better self-healing due to
fewer covalent cross-links and more mobility of the supramolec-
ular macromonomers within the hydrogel.

Finally, we investigated the self-healing of the hydrogels us-
ing the shear rheology of cross-linked hydrogels at 2.5%, 5%,
and 10% w/v with an equimolar amount of short cross-linker (1:1
[NB]:[thiol]). In contrast to qualitative self-healing, the shear rhe-
ology showed near-instantaneous self-healing/recovery. We also
tested the longer cross-links (2K-PEG-2-arm, 5K-PEG-2-arm, and
20K-PEG-2-arm) and found rapid self-healing (Figure S22, Sup-
porting Information). In line with previous experiments, we find
that self-healing kinetics on the rheometer do not translate well
into macroscopic self-healing of hydrogel monoliths.

2.9. The NB BTA Supramolecular Hydrogels Exhibited
Shear-Thinning Properties

Shear-thinning behavior is highly beneficial for injectability and
bioprinting. Steady shear rheology was performed and viscosity
as a function of shear rate was recorded. A continuous flow sweep
for the 5% w/v NB BTA hydrogel showed a Newtonian plateau
at the low shear rates and then a continuous and almost linear
decrease in viscosity with an increasing shear rate (Figure 6b).
A decrease in viscosity with increasing shear rate indicates the
shear-thinning of the hydrogel. These rapid shear-thinning prop-
erties can be attributed to fast exchange rates (i.e., low lifetimes)
of NB BTA molecules between fibers. This shear-thinning and
self-healing forecasted a promising potential for these hydrogels
in injectable and 3D bioprinting applications.

2.10. The NB BTA Hydrogel is Injectable, Possesses Yield Stress,
and Creates Anisotropically Aligned Fibers after Injection and
Cross-Linking

Knowing that the NB BTA hydrogel exhibits good self-healing
and shear-thinning, we next moved to investigate the injectabil-
ity of the hydrogel and the postinjection hydrogel morphology
before and after cross-linking. For both the 5% and 10% w/v
hydrogels, manual injection with a 22-gauge needle led to the
extrusion of continuous filaments with good shape fidelity
(Figure 6c; Figure S23 and Movie S6 in the Supporting Infor-
mation for 5% hydrogel). Overall, the 5% hydrogel provided
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Figure 6. Self-healing, shear-thinning, injectability, and 3D printability of the NB BTA hydrogel. a) A self-healing visual test showed the self-healing
behavior of hydrogels after 24 h in a closed environment. b) Decrease in viscosity with increasing shear rate showed shear-thinning behavior of the
hydrogels. c) Extruding of supramolecular hydrogel (5% w/v) into a continuous uniform fiber with 1 equivalent of a short thiol cross-linker and 2 × 10−3 m
LAP photoinitiator. The extruded fiber was cross-linked using 365 nm UV-light. d) The cross-linked fiber was observed to be strong and stretchable. e,f)
Cryo-SEM images of non-crosslinked (e) and cross-linked (f) hydrogels after extruding through a 22 gauge syringe showed fibril morphology before and
after cross-linking. g–i) The supramolecular hydrogel extruded into a single filament (g), hexagonal (h), and hollow tube structures (i). j,k) Hollow (j)
and solid (k) meniscus cartilage models were 3D printed using the supramolecular hydrogel. l) Schematic of the 3D printing of a cartilage model using
the extrusion printer. m,n) The meniscus cartilage model printed with 5% hydrogel, then cross-linked after printing each layer. o,p) A cartilage model
printed with 5% hydrogel with inks with different equivalents of thiol cross-linker. The green ink (top part in o and bottom part in p) has a 1:1 ratio of
NB to thiol and the clear ink (bottom part in o and top part in p) has a 1:0.5 ratio of NB to thiol. q) The meniscus cartilage model recovery before (left)
and after (right) 60 kg of weight exerted three times.

easier injection (less pressure) and more continuous fiber
formation upon injection compared to the 10%. The pressure
required to initiate a flow, i.e., extrude these hydrogels indicated
that the hydrogel possesses yield stress. Considering the low
pressure required and continuous smooth filament formation,
the 5% w/v hydrogel has more relevance for 3D printing. The
Herschel–Bulkley model fitting resulted in a yield stress of
78 kPa. Next, we discovered that the extruded filament was
stretchable after cross-linking (Figure 6d; Movie S6, Supporting

Information). These hydrogels can also be shaped upon injec-
tion; we were capable of extruding different institute names
(BIOMATT, MERLN, CTR) by hand (Figure S23, Supporting
Information).

The micron-scale structural features of the extruded gels were
investigated after injection and before or after covalent cross-
linking using cryo-SEM (Figure S23, Supporting Information).
Of note these hydrogels are purely supramolecularly cross-linked
before injection; the covalent reinforcement is only performed
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after injection. The extruded supramolecular hydrogels showed
anisotropically aligned bundles of fibers that were more com-
pact and strongly bundled when compared to the nonextruded
supramolecular hydrogel (vide infra, Figure 6e; Figure S24 in
the Supporting Information. After cross-linking, the fiber bun-
dles were slightly distorted, yet were largely retained as in pre-
vious experiments. Of note, during the sample preparation for
cryo-SEM, the cross-linked hydrogel took a large amount of
force to break, which could result in the observed nonuni-
form and distorted structures (Figure 6f; Figure S24, Supporting
Information).

2.11. The NB BTA can be used as a Biomaterial Ink for the 3D
Printing of a Cartilage Structure

After establishing that syringe-extruded hydrogel retained an
aligned bundle morphology, hydrogels at 5% and 7.5% w/v were
tested for 3D printing using pressure-based extrusion BIO X bio-
printer. The hydrogel at 5% w/v displayed more continuous and
uniform filaments compared to the 7.5% w/v hydrogel, and at a
lower pressure (90 kPa for 5% w/v vs 200 kPa for 7.5% w/v).[63]

Correspondingly, hydrogels at 5% w/v were used for 3D print-
ing of a single filament, a grid-like structure, 6 layers of a hollow
cube, a hexagonal structure, and then 8 layers of a circular hol-
low tube (Figure 6g–i). All of the structures were printed with
uniform filaments and retained their shapes postprinting. Sub-
sequently, a solid-tissue-like structure was printed, namely a 3D
model of a human meniscus. The meniscus was chosen given the
hydrogel’s toughness and fast elastic recovery. A meniscus carti-
lage model (meniscus shape, 15×17 mm, 6 layers, and rectilin-
ear infill pattern) was 3D printed (using the 5% w/v) into several
meniscus shapes (Figure 6j,k; Figure S25, Supporting Informa-
tion); in all cases, the hydrogel printed easily, the transitions from
thick to thin edges were made smoothly, and the hydrogel shape
remained stable postprinting.

Next, we investigated the effect of cross-linking on the res-
olution, retention of fine structural details, and mechanical ro-
bustness during printing. A meniscus was 3D printed using the
5% w/v hydrogel with the short dithiol cross-linker. The hydro-
gel was cross-linked by irradiation using 365 nm UV-light from
30 to 60 s between each layer (Figure 6l–n; Figure S26, Sup-
porting Information). The 3D printed and cross-linked hydro-
gels retained fine details of the 3D cartilage model when com-
pared to the supramolecular hydrogel (vide supra). To demon-
strate toughness, the printed cartilage model was placed be-
tween two glass plates, and a student weighing 60 kg was
placed on the plates for 30 s repeatedly (three times). After un-
loading, we observed that the hydrogel did not break and re-
covered more than 90% of its original height within 5 min
(Figure 6q).

Tissues and especially tissue interfaces are rarely uniform.
They often possess spatial gradients of mechanical properties;
for example, the stiffness increases in cartilage tissue from the
superficial soft zone to the calcified deep zone.[75] In line with
this reality, we wondered if this platform could enable zonal gra-
dients by printing using a layer-by-layer approach. Utilizing the
self-healing capacity of our hydrogels, along with the knowledge
that the equilibrium storage modulus can be tuned by changing

cross-linker mole equivalents (vide supra), we aimed to create
a prototype of a zonal construct. Toward this aim, we created a
NB BTA cartilage model with two different moduli by varying the
short thiol cross-linker ratio while keeping the NB BTA 5% w/v
constant. The different biomaterial inks were deposited at differ-
ent sites on the cartilage model to show that the inks can be de-
posited spatially with desired mechanical properties. The printed
gradient was then cross-linked as a single solid entity without any
discontinuities or cracks (Figure 6o,p).

2.12. The NB BTA Hydrogels Maintained Cell Viability in Bulk,
after Injection, and During Bioprinting

To evaluate the bioprintability of the NB BTA hydrogels, rel-
evant for tissue engineering applications, we determined the
cell viability of printed cell-laden hydrogels. Towards this aim,
we chose to work with ATDC5 chondrocytes, a widely stud-
ied cell type for cartilage tissue engineering and cartilage-like
matrix production. ATDC5s were encapsulated within the NB
BTA hydrogels (5% w/v) and cell viability was observed in
the supramolecular hydrogel before and after cross-linking (1:1
NB/thiol, schematically shown in Figure 7a). After 2 h, the hy-
drogels were stained with calcein-AM (green = live cell) and
ethidium homodimer (red = dead cell) to determine cell viabil-
ity. Quantification of the cells showed that >80% of cells were
alive after 2 h in both the supramolecular and cross-linked hy-
drogel (Figure 7b,c; Figure S27, Supporting Information). Simi-
lar cell viability (>80% by manual counting and >90% of the to-
tal cell area) between the supramolecular and cross-linked sam-
ples demonstrated that exposure to the cross-linking conditions
did not detrimentally affect the cell viability. Of note, we chose
to quantify cell viability via the area of live-dead stain due to
the prohibitive automation of this quantification in 3D, and the
move by other groups to use this metric in 3D biofabrication
techniques.[82]

Many studies have shown that shear-thinning and self-healing
hydrogels protect cells from shear stresses during injection and
extrusion bioprinting,[61,62,83] so we investigated the NB BTA hy-
drogel as a potential injectable cell carrier. ATDC5 cell-laden hy-
drogels (4% w/v) were extruded manually (using hand pressure)
through a 22 gauge syringe (ID = 0.41 mm, schematically shown
in Figure 7a), and cell viability was determined before and af-
ter cross-linking. We observed that >80% via cell counting and
>90% via cell area were alive before and after cross-linking; this
result suggested that cells remained highly viable in the NB BTA
hydrogel after extrusion and the postextrusion cross-linking did
not decrease cell viability (Figure 7d,e; Figure S27, Supporting
Information).

After demonstrating that the NB BTA hydrogel was a suitable
carrier for cell viability and extrusion, we investigated the bio-
printing of a complex meniscus shape using a BIO X bioprinter
(Figure 7f). Bioprinting (4% w/v) the same meniscus shape as
above, yet now using a bioink with ATDC5 chondrocytes, allowed
the determination of cell viability by staining with a live-dead as-
say at day 1, 5, and 11. We observed that the cells remained highly
viable (green color: live cells) through day 11 (Figure 7g–j), pro-
viding confidence to pursue further bioprinting studies with this
material.
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Figure 7. Cell viability after injectability and in 3D bioprinted hydrogels. a) Schematics representing the bulk hydrogel and injectability method employed
for cell viability in (b)–(e). b,c) Live-dead images of ATDC5 chondrocytes in the supramolecular and cross-linked hydrogel after 2 h. The green color
represents live cells and the red color represents dead cells. d,e) Live-dead images of ATDC5 chondrocytes after injection through 22 gauge after 2 h of
injection. f) schematics representing 3D bioprinting of chondrocytes and hMSC spheroids employed in (g)–(j) and (l)–(r), respectively. g) Visual image
of the NB BTA hydrogel bioprinted cartilage construct. A cartilage model was printed using 22 gauge and with ATDC5s encapsulated. h–j) Live-dead
images of cartilage model from day 0 until day 11. k) hMSC spheroids retain spherical morphology after mixing in NB BTA hydrogel. l–n) hMSC spheroid
image after 1 d in culture (l), macroscopic hydrogel (cross-linked using short dithiol) picture (m), and spheroid picture (n) after 28 d in culture under
chondrogenic differentiation conditions. o–r) Immunostaining for collagen II after 1 day (o) and 28 days (p) and immunostaining for collagen I after 1
day (q) and 28 days (r) of culture in bioprinted NB BTA hydrogel under chondrogenic differentiation conditions.

2.13. The NB BTA Hydrogel Supported Primary Cartilage-Specific
Proteins in a Bioprinted Construct

Finally, we studied the potential of the biomimetic and tough NB
BTA hydrogel with controlled degradability for the differentia-
tion of human mesenchymal stromal cells (hMSCs) towards the
chondrogenic lineage in a bioprinted scaffold. Here we chose to
use hMSCs spheroids (mini tissue blocks, schematically shown
in Figure 7f) as they are a promising platform for chondro-
genic differentiation and have widespread therapeutic poten-
tial. Uniform hMSC spheroids were produced using a micro-
molded nonadhesive agarose hydrogel (Figure S28, Supporting
Information), then the encapsulated spheroids in the 4% w/v
NB BTA hydrogel (Figure 7k) were bioprinted in a meniscus
shape. In this study, we chose to introduce matrix metallopro-
teinase (MMP) degradable cross-links into the material (CGDG-
VPLSLYSG-GDGC), which we observed created a biodegrad-
able matrix for this supramolecular-covalent system (degradation
shown in Figure S29 in the Supporting Information). In the fi-
nal bioink, we employed a partially degradable (half MMP sensi-
tive and half short dithiol cross-linker) and nondegradable (fully
short dithiol) cross-linked bioinks in order to study the degrada-
tion capabilities of the bioprinted constructs. The spheroids re-
mained stable and maintained their near-spherical morphology
in both hydrogels; however, we did observe some elongation of
the spheroids in the fully short dithiol hydrogel, likely due to

shear forces during extrusion (Figure 7l; Figure S30, Support-
ing Information). The bioprinted constructs were cultured under
both basic and chondrogenic differentiation conditions through
day 28. The hydrogel partially cross-linked with MMP-sensitive
cross-linkers degraded in 14 d in the chondrogenic differentia-
tion media and 21 d in the basic media (Figures S29 and S30,
Supporting Information); however, the short dithiol cross-linked
hydrogel stayed stable for 28 d in both the basic and chondrogenic
media cultures at 37 °C (Figure 7m,n; Figure S31, Supporting
Information). Degradation of these MMP-sensitive constructs in
the presence of hMSCs spheroids indicated that the hMSCs were
actively secreting MMP2 and MMP9 enzymes.

We then investigated the cartilage-specific protein production,
i.e., collagen II in the surviving constructs. The presence of col-
lagen II was observed clearly after day 28 (compared to day 1) in
culture, and indicated the in vitro maturation and chondrogenic
differentiation of the hMSCs (Figure 7o,p; Figure S32, Support-
ing Information). We also observed a very small amount of col-
lagen I on day 1 and after day 28 in culture, usually on the outer
edge of the spheroids Figure 7q,r. In the negative control sample
(after 28 d in basic medium), a limited amount of collagen II and
collagen I were observed (Figure S32, Supporting Information).
Overall, these results showed that the hMSC spheroids success-
fully produced collagen II, a cartilage-specific ECM protein, in
the bioprinted NB BTA hydrogel scaffolds, and that the spheroids
stayed stable and functional in the bioprinted constructs.
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2.14. Outlook

Nature has extensively utilized the synergistic effect of com-
bining 1D supramolecular fibril assembly with covalent cross-
linking for designing materials with unique mechanical proper-
ties. Our findings suggest this ubiquitous, yet overlooked, strat-
egy may be highly relevant in the design of synthetic biomate-
rials. Herein, we designed a synthetic hydrogel that combined
the synergism of supramolecular assembly (first step) and cova-
lent cross-linking (second step). The hydrogel mimicked the fi-
brous architecture of the native ECM, and the cross-linking of
1D supramolecular assemblies allowed tuning of the mechani-
cal properties without affecting the fibrous morphology or dif-
fusion of sample analytes through the material. Notably, the hy-
drogel platform allowed for tuning of the stiffness (5–100 kPa),
toughness (50–180 kJ m−3), and strength (0.5–2 Mpa) of the hy-
drogels. The NB BTA hydrogel also exhibited room temperature
recovery during ramped cyclic loading tests (between 20% and
80% strain), and no softening was observed. These NB BTA hy-
drogels were highly stretchable to ≈550% strain, and exhibited
excellent shear-thinning, self-healing, and injectable properties.
The reversible self-assembly in the supramolecular hydrogel en-
abled extrusion and 3D bioprinting, while the thiol-ene modifica-
tion offered instantaneous cross-linking to retain sharp features
on the printed construct. The supramolecular hydrogel can be
3D printed in many types of shapes ranging from a single fila-
ment to a complex cartilage model with good shape fidelity, with
and without secondary cross-linking. Furthermore, the NB BTA
hydrogel allowed the 3D printing of gradient, yet cohesive, struc-
tures with distinct mechanical properties such as stiffness and
toughness, and can remove the need to print different materials
with different cross-linking mechanisms for each bioink. While
tough supramolecular hydrogels have been reported before, this
is the first synthetic 1D fibrillar and tough supramolecular hy-
drogel with the capacity to be bioprinted into complex 3D struc-
tures. The NB BTA hydrogel exhibited excellent biocompatibil-
ity with chondrocytes (ATDC5) and supported hMSC differenti-
ation to produce cartilage-specific proteins. In addition, just like
in the natural ECM, we were able to engineer cell-mediated ma-
trix degradation and remodelability by cross-linking with a MMP
cleavable peptide cross-linker.

Our approach opens up a conceptual framework to tailor
supramolecular interactions for the design of nanoscale archi-
tecture, followed by covalently (but reversible or degradable) fix-
ing the hierarchical structure. This strategy provides access to
supramolecular assemblies for obtaining (bio)materials with de-
sired structures and mechanical properties previously unattain-
able by only supramolecular or covalent network strategies. Our
approach thus can be generalized to build a 1D fibrous struc-
ture with a given set of structure–property relationships and
can be expanded not only into the design of hydrogels within
bioinks and biomaterials but also in numerous other applica-
tions where strength and structure are needed. For example,
this approach can likely be generalized to other supramolecu-
lar polymers, and allows access to harnessing the specificity and
reversibility of supramolecular interactions to design novel ma-
terials with unique architectures, multiple functionalities, and
mechanical properties. Specific to bioinks, the design of modu-
lar inks with controlled structure, tunable mechanical properties,

and 3D bioprinting for creating spatiotemporal mechanical and
biological gradients will be an exciting, challenging, and essential
future step.

3. Experimental Section
Materials: All chemicals were purchased from Sigma-Aldrich unless

otherwise stated. Bicyclo[2.2.1]hept-5-en-2-ylmethanamine, also known
as, 5-norbornene-2-methylamine, a mixture of isomers, was purchased
from TCI Chemicals. Silica gel (precoated 0.25 mm, 60-F254) was pur-
chased from Merck. N, N-Diisopropylethylamine (DIPEA) used in the
desymmetrization reaction was dried using sodium hydroxide pellets.

Synthesis of Bis-Norbornyl Amide Mono-Pentafluoroester BTA
Precursor (Perfluorophenyl 3,5-Bis((Bicyclo[2.2.1]Hept-5-en-2-
Ylmethyl)Carbamoyl)Benzoate: The bis-norbornyl amide mono-
pentafluorphenyl ester was synthesized according to our previously pub-
lished protocol and reproduced for this study.[72] In a dry, round-bottom
flask, maintained under a nitrogen atmosphere tris(perfluorophenyl)
benzene-1,3,5-tricarboxylate (510 mg, 0.720 mmol, 1 equiv.) was dis-
solved in 40 mL anhydrous dichloromethane (DCM). The above solution
was cooled in a water-ice bath for 20 min and then a solution of anhy-
drous N,N-diisopropylethylamine (DIPEA) (376 μL, 2.16 mmol, 3 equiv.) in
18 mL anhydrous DCM was added into the reaction flask. Next, a solution
of bicyclo[2.2.1]hept-5-en-2-ylmethanamine (186 μL, 1.44 mmol, 2 equiv.)
in DCM (36 mL) was added drop-wise to the reaction flask in ≈20 min
under nitrogen atmosphere. The reaction was stirred for 2 h at 4 °C, after
which the reaction mixture was vacuum-dried to remove excess solvent.
The desired molecule (perfluorophenyl 3,5-bis((bicyclo[2.2.1]hept-5-en-2-
ylmethyl)carbamoyl)benzoate) (from crude) was separated on silica gel
using eluent DCM/acetonitrile (92.5/7.5) by volume. The product was
obtained as a white powder in a 52% (222 mg) isolated yield, and the 1H
NMR matched the previous report.[72]

PEG20K-Bisamino Dodecane Synthesis: PEG-bisamino dodecane was
resynthesized according to our previously published protocol.[72] Briefly,
in the first step, carbonyldiimidazole (CDI) activated PEG20K was syn-
thesized by using bishydroxy PEG20K and CDI. In the second step, the
polymer solution was added dropwise to the excess solution of 1,12 di-
aminododecane for creating PEG20K-bisamino dodecane. The final poly-
mer was precipitated in excess diethyl ether and characterized using 1H
NMR.

NB BTA Macromonomer Synthesis and Characterization: In a
dry, round-bottom flask, the BTA precursor (perfluorophenyl 3,5-
bis((bicyclo[2.2.1]hept-5-en-2-ylmethyl)carbamoyl)benzoate) (0.25 g,
0.43 mmol, 2.2 equiv) was dissolved in 10 mL anhydrous DCM and
DIPEA (101 μL, 0.58 mmol, 3 equiv) was added into the reaction flask.
Subsequently, PEG20K bisaminododecane (4 g, 0.2 mmol, 1 equiv.)
solution, dissolved in anhydrous DCM (10 mL) by vigorous stirring, was
added dropwise to the reaction flask. The reaction mixture was stirred for
40 h at room temperature (≈20 °C) under a nitrogen atmosphere. Excess
solvent was removed in vacuo and the crude reaction mixture was precip-
itated in excess cold diethyl ether twice and NB BTA macromolecule was
obtained as a white powder in 94% yield (3.9 g). A second purification was
done by dialyzing the sample in methanol against methanol to remove
any unreacted small molecule impurities and the target compound was
NB BTA obtained in 88% yield after the two step process . Gel permeation
chromatography (GPC) analysis showed a molecular weight of around
23 000 g mol−1 with a Ð of 1.2. H1 NMR shows the expected peaks and
supports purity. H1 NMR and GPC characterizations are shown in Figures
S2 and S3 in the Supporting Information.

Self-Assembly Studies Sample Preparation for Nile Red and cryo-TEM:
NB BTA (1, 2, and 5 mg) was weighed and dissolved in 50–100 μL methanol
with the help of heating using a heat gun. The NB BTA solution in methanol
was either injected into water or water was added into the methanol solu-
tion, and the final volume of the solution was adjusted to 1000 μL (1 mL).
The solution was heated (until it become opaque using a heat gun) and
vortexed. The same procedure was repeated two times and then the NB

Adv. Mater. 2023, 35, 2301242 2301242 (13 of 18) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

 15214095, 2023, 35, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202301242 by U
niversiteit H

asselt, W
iley O

nline L
ibrary on [27/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advmat.de

BTA solution was placed on a heating plate maintained at 80 °C. The tem-
perature was turned off for gradual cooling of the NB BTA solution to room
temperature. The NB BTA solution was aged overnight (16–20 h) at room
temperature before investigating Nile Red and cryo-TEM studies.

For cross-linking NB BTA self-assemblies, NB BTA at 5 mg mL−1 was
dissolved in 50–100 μL and then the total volume was adjusted to 900 μL.
A similar heating, vortexing, and cooling procedure was repeated as above
for supramolecular solutions. After overnight (16–20 h) aging of NB BTA
solution at room temperature, LAP photoinitiator and cross-linker solu-
tions in Milli Q water were added and the total volume was adjusted to
1000 μl. LAP final concentration was 2 × 10−3 m and NB to thiol was in
a 1:1 equimolar ratio to the amount of norbornene groups. The solution
was cross-linked in a 365 nm UV oven at ≈1 mW cm−2 for 1–4 min.

Nile Red: For Nile red studies, 200 μl sample was taken from the
solutions prepared above for supramolecular assemblies at 1, 2, and
5 mg mL−1, and 3 μL Nile red solution (from a stock solution of
315 × 10−6 m) was added to adjust final Nile red concentration to
5 × 10−6 m. The samples, protected from light, were left at RT for a min-
imum of 30 min and fluorescence was recorded using a ClarioStar plate
reader (BMG LabTech) nm) at excitation wavelength 500 nm and emission
wavelength 550–740 nm.

Similarly, for the cross-linked sample at 5 mg mL−1, after exposure to
UV, 3 μL Nile red solution was added to 200 μL of NB BTA solution pre-
pared above and incubated for a minimum of 30 min. Nile red final con-
centration was 5 × 10−6 m. The supramolecular NB BTA sample without a
cross-linker was used as a control and also has Nile red final concentration
of 5 × 10−6 m.

Cryo-TEM: NB BTA sample was prepared either at 5 or 10 mg mL−1 in
water as described above in the self-assembly sample preparation section.
The cryo-TEM experiments were performed on a FEI Technai 20. The grid
preparation, sample vitrification, and imaging procedure was performed
as described in the study.[72]

Cryo-SEM: Hydrogel samples were made in water at 4% and 5% wt
using the heating-cooling procedure described below in the hydrogel for-
mation section. High-pressure freezer planchettes were used to embed
the hydrogel sample and the hydrogel sample was cooled in liquid Ethane
. Very quickly, the sample was transferred to liquid nitrogen (−196 °C) and
freeze-fractured by pulling the planchettes inside the liquid nitrogen bath.
Using a vacuum cryo-transfer shuttle of the SCIOS system, the specimen
carrier was transferred to the CRYO-SEM (SCIOS from FEI) and cooled to
−187 °C. The sample was sputter-coated using in-built platinum coater.
The cryo-scanning electron microscope was operated at an accelerating
voltage of 2 kV.

Hydrogel Formation: NB BTA hydrogelator as solid polymer was
weighed and added in a clear glass vial (size of 2–4 mL) and milli-Q wa-
ter was added to adjust concentration to either 2.5%, 5%, and 10% w/v.
Briefly, for 5% w/v, 10 mg of NB BTA hydrogelator was weighed in a glass
vial and 200 μL of water was added and heated until the solution become
opaque, due to the lower critical solution temperature (LCST ≈80 °C) of
the PEG20K. Next, opaque solutions were vortexed. The same procedure
was repeated twice. The hydrogel was centrifuged at 2000 g for around
10 min to ensure any residues on the glass walls settled down at the bot-
tom of the glass vial. In the last step, the gel was cooled with a controlled
decrease in temperature: the gel mixture was placed on a heating plate set
to 80 °C and the temperature was turned off and the gels gradually cooled
to lab temperature set to ≈20 °C.

For cross-linked hydrogels, the hydrogel was made initially at a higher
concentration and aged overnight. The next day photoinitiator (LAP) and
short thiol cross-linker solution were added to adjust the final concentra-
tion to 2.5%, 5%, and 10% w/v. For example, for 5% w/v and 1:1 ratio
of norbornene to thiol for a short cross-linker, 10 mg were dissolved in
125 μL water (3.76 × 10−3 m, 8% w/v initial concentration,) and the hydro-
gel was made with the above-described procedure heating, vortexing, and
aging overnight. Then 25 μL of 3.76 ×10−2 m of short thiol cross-linker,
25 μL of 1.60 × 10−2 m of LAP photoinitiator solution, and 25 μL of Milli-
Q water was added to adjust the final concentration of hydrogelator to
2.35 × 10−3 m (5% w/v), LAP to 2 × 10−3 m and short thiol final concen-
tration to 4.7 × 10−3 m. The hydrogel was broken and thoroughly mixed

with the LAP and cross-linker solutions and the hydrogel was then equili-
brated between 1 and 3 h before cross-linking for uniform distribution of
cross-linker.

For 2K, 5K, and 20K PEG dithiol cross-linkers, the same above proce-
dure was repeated and for equimolar concentration, the required mass of
the cross-linker was weighed; for example, 1.88 mg 2K dithiol was weighed
and dissolved in 50 μL milli-Q water. The 2K dithiol solution and LAP pho-
toinitiator solution (25 μL of 1.6 × 10−2 m) was added to NB-BTA solution
(125 μL of 3.76 × 10−3 M, 8% w/v initial concentration) for adjusting con-
centration (× 10−3 m) values as described above. The rest of the procedure
was the same for making a hydrogel. For MMP-sensitive hydrogels, the
cross-linker CGDGVPLS↓LYSGGDGC was used. The peptide cross-linker
1.4 mg was dissolved in 50 μL Mili-Q water and mixed with LAP photoini-
tiator solution and NB BTA polymer solution as described above. Final
concentrations of different cross-linkers and NB BTA polymer for 1:1 ra-
tio of thiol were adjusted based on the molecular weight of the thiol. For
different ratios of NB to thiol, mole equivalents and the concentration of
cross-linkers were adjusted accordingly.

Rheology: Rheological measurements were performed using a DHR-2
rheometer (TA instruments). We used 20 mm cone-plate geometry with
a 2.002° angle. All measurements were performed at room temperature
(≈20 °C). For removing any mechanical history, a rejuvenation protocol
was performed, which was composed of a strain amplitude sweep until
400–1000% strain (at frequency 1 rad s−1) for rupturing the network fol-
lowed by a time sweep (at 1% strain) for observing aging kinetics. Os-
cillatory strain amplitude sweeps from 1% to 1000% was carried out at
an angular frequency of 1 rad s−1. A frequency sweep was performed at
1% oscillation strain ranging from 0.1 to 627 rad s−1. Self-healing mea-
surements, in the first step network, were ruptured at 400% strain fol-
lowed by a recovery phase at 1% strain. A minimum of 3 cycles were
done for the self-healing test. Cross-linking of hydrogel was performed
in a time sweep at 1% strain and 10 rad s−1 using UV light intensity of
≈10 mW cm−2. For observing shear-thinning behavior, ascending logarith-
mic flow sweeps were carried out. Viscosity and shear stress were recorded
as a function of shear rate and the shear rate was increased from 0.01 to
500 s−1. Per decade, 10 points were recorded and equilibration time and
averaging time were set to 5 and 30 s, respectively.

Uniaxial Compressive Tests: All uniaxial compressive tests were per-
formed at room temperature using the Shimadzu AGSX universal me-
chanical testing instrument equipped with a 500 N load cell. Hydrogel
specimens for mechanical testing were prepared using cylindrical-shaped
PDMS molds with a diameter of 10 mm and height of 2 mm or a diam-
eter of 8 mm and height of 3 mm. The round PDMS mold was placed
inside 12 well plates and then the mold was filled with hydrogel using
a spatula. The well plate was covered with the lid and centrifuged at
3000 g to remove any possible trapped air bubbles. The well plate lid
was covered with parafilm and stored overnight in the fridge at 4 °C be-
fore testing to avoid any water evaporation A preload force of 0.01–0.2 N
was applied to ensure good contact between hydrogel and compression
plate. Each sample was deformed to 90% strain at a constant strain rate
of 1 mm min−1. Cross-linked hydrogel tests were carried out in tripli-
cate and supramolecular gel at 5% w/v and 10% was done in dupli-
cate. Elastic modulus was calculated as the slope of the stress–strain
curve between either 0–10% or 0–20% strain region since correlation stays
linear.

Cyclic Compression Tests: To characterize the mechanical behavior of
the materials in the loading condition close to the working conditions
and to evaluate the reversible behavior of hydrogels and their ability to
recover, besides the compression measurements, multiple cyclic loading-
unloading compression experiments were performed using the Shimadzu
AGSX universal mechanical testing instrument equipped with a 500 N load
cell. The specimens were compressed to 20% of the initial height in the
first cycle at a deformation speed of 1 mm min−1 and then released im-
mediately at the velocity of 0.2 mm min−1. Then, the strain progressively
increased to 40%, 60%, and 80% in the following cycles. Moreover, three
cycles of compression were applied from 0% to 80% strain. Strain energy
and relaxation energy were calculated by the integration of the areas under
the curve for a given strain cycle.
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Uniaxial Tensile Tests: All uniaxial tensile tests were performed at room
temperature using the Shimadzu AGSX universal mechanical testing in-
strument equipped with a 500 N load cell. Hydrogel samples were pre-
pared in dog bone PMMA molds (dimensions L = 26 mm, W = 2 mm,
D = 4 mm). All the tensile tests were repeated at least 3 times and each
hydrogel was stretched at a strain rate of 5 mm min−1 until failure.

Fluorescence Recovery after Photobleaching (FRAP): Hydrogels of
200 μL in volume were prepared in 4-chamber 35 mm glass-bottom dishes
(D35C4-20-0-N, Cellvis), 1 mL of FITC-labelled dextran solution (3–5 or
70 kDa at 0.1 mg mL−1, Sigma-Aldrich, FD4-250MG and 46945-100MG-
F) was added and incubated overnight at 4 °C in the dark. Fluorescent
recovery after photobleaching (FRAP) imaging was performed on a Le-
ica TCS SP8 STED using the FRAP modules of Leica Application Suite X
software (LAS X FRAP). FRAP bleaching was performed on a z-height of
40 μm in each hydrogel. Parameters were set as followed: bleaching point
of 60 μm diameter, pre/post bleaching laser at 5%/ 488 nm/ 800 gain,
and a time per frame of 0.223 s. After 5 frames prebleach (1.2 s), sam-
ples were bleached for 90 frames (21.2 s), and fluorescent recovery was
gathered for 400 frames postbleaching (110.5 s). ROI data were extracted
in Fiji ImageJ-win64. Area and mean grey values were obtained for the
bleach, total and background ROIs. The obtained values were imported
into the open-source application FrapBot[84] to obtain the 𝜏1/2 (half-time)
of the fluorescent recovery curve. Obtained 𝜏1/2 was used to calculate the
diffusion coefficients by the Soumpasis equation, with D = diffusion coef-
ficient, r = radius of the bleaching area, and 𝜏1/2 = the halftime of recovery
(Equation 1). Statistical analysis was performed in GraphPad Prism 8.2.0,
one-way ANOVA

D = 0.224
⎛
⎜
⎜
⎝

r2

𝜏 1
2

⎞
⎟
⎟
⎠

(1)

Printing: NB BTA hydrogels, without photoinitiator, at a final concen-
tration of 5% w/v was tested. To investigate printability, the extrusion-
based BioX bioprinter (CellInk, Sweden) was used. All printing was per-
formed at room temperature. Conical plastic needles (VIEWEG GmbH,
Germany) were fixed to 3 mL syringes with a 22 gauge nozzle diameter
(ID = 0.41 mm). The pressure applied to form a continuous filament de-
pends on the hydrogel formulation, which was around 90 kPa. The infill
density was set to 100% and the distance from the needle to the print sur-
face was optimized so that the leading edge of the flow was in line with the
needle. To explore the printability of NB BTA hydrogels, 4 structures were
printed: (a zigzag path, 10 mm in width and 32 mm in length), a 3-layer
hollow cube (10 mm in width and length and 2 mm in height), grid-like
structures (two layers 10×10 grid, 15 mm in width and length), and 3D
meniscus (10.8 mm x 8.9 mm x 1.4 mm). Printability tests were carried
out using a plastic petri dish as the printing surface. We then imaged each
print (16-megapixel camera) and used ImageProPlus (MediaCybernetic,
USA) software to threshold images and measure dimensions.

Degradation Mass Loss Studies: The cross-linked hydrogel was made
following the procedure mentioned in the hydrogel formation section
above. Hydrogel cross-linked with short dithiol (1:1 ratio of NB to thiol),
MMP sensitive dithiol (1:1 ratio of NB to thiol), and cross-linked with the
0.5-mole equivalent of short thiol and the 0.5-mole equivalent of MMP sen-
sitive thiol cross-linker was made. Degradation was studied in DMEM me-
dia without FBS and with 10% FBS. Degradation media has 200 ng mL−1

of type IV collagenase (MMP-2 and MMP-9) until day 3 and then increased
to 500 ng mL−1 from day 3 to day 20. Collagenase IV concentration was
increased for accelerating degradation since hydrogel barely degraded un-
til day 3 in 200 ng mL−1 collagenase IV. The hydrogel was taken out of the
media, and extra water on the surface was cleaned with tissues and then
the wet weight of the hydrogel was recorded at days 1, 2, 3, 4, 7, 10, 13,
20. Data for each sample is normalized to day 1 for calculating mass loss
percentage (%) or degradation over 20 d. The mass loss % of the hydrogel
was quantified using the following equation.

Mass loss (%) =
mi − m1

m1
(2)

Where mi is the wet mass at a specific time point and m1 is the wet mass
of the gel after 24 h in DMEM.

ATDC5 Chondrocytes Cell Culture: ATDC5 cells were cultured at 37°C
in a humidified incubator with 5% CO2. Chondrocytes cell culture me-
dia for ATDC5 expansion consists of Gibco® DMEM/F-12 (1:1) with
no glutamine, and with 10% fetal bovine serum, and 1% P/S. ATDC5
were passaged at 75–80% confluent. Using 0.05% trypsin-EDTA cells
were detached and washed with PBS. Cells were re-suspended in the re-
quired amount of chondrocyte cell culture media for encapsulation in
hydrogels.

ATDC5 Cell Encapsulation in NB BTA Hydrogel and Bioink Preparation:
Chondrocytes (RIKEN cell bank, Japan) were encapsulated in NB BTA hy-
drogel at a concentration of 5 million (M) cells per mL of hydrogelator.
For cell culture studies, the hydrogel was prepared in DMEM/F-12 (1:1)
with 1% Penicillin–Streptomycin (P/S) at an initial concentration of 8%
w/v following the method described in the hydrogel-making section above.
The next day cell suspension was added to adjust the final concentration
to 4% w/v for supramolecular hydrogel. For cross-linked hydrogel, LAP
photoinitiator, cross-linker solution, and cell suspension were added to
adjust the final concentration to 4% w/v. For example, NB BTA was dis-
solved in 375 μL DMEM (with 1% P/S) at the initial concentration of 8%
w/v (3.76 × 10−3 m). The next day, short thiol 75 μL of 3.76 × 10−2 m
and 75 μL of 1.6 × 10−2 m LAP solution were added and mixed by break-
ing the hydrogel. After equilibration, a time of ≈2 h, cell suspension in
225 μL was mixed in hydrogel using the self-healing method described be-
low. For mixing cell suspension in the hydrogel, a uniform hydrogel layer
covering an entire surface area of the well plate (48-well plate, nonadher-
ent) was made by centrifugation at 2000 g. Cell suspension in DMEM was
uniformly spread on top of the hydrogel, and another layer of the same
hydrogel was added on top of the previous layer. After a waiting time of
5–10 min when two layers are self-healed, the gel was broken gently into
small pieces using a spatula and put the pieces together to ensure uni-
form cell distribution. After a waiting time of ≈30 min in a sterile flow
hood, which allows sufficient self-healing of small pieces of hydrogel, in the
presence of cell suspension, the hydrogel was transferred to a 3 mL sterile
syringe for injectability and bioprinting. Thiol to NB was in 1:1 ratios and
short thiol final concentration was 3.76 × 10−3 m, and NB BTA final con-
centration was 1.88 × 10−3 m. LAP photoinitiator final concentration was
1.6 × 10−3 m.

Cell Culture Conditions and Production of hMSC Spheroids: Human
mesenchymal stromal cells (hMSC, 8F3543, Lonza) were expanded in al-
pha MEM medium with GlutaMAX (32561-029, Gibco) supplemented with
10% v/v of fetal bovine serum (FBS, F7524, Sigma-Aldrich) by culturing
3000 cells cm−2 until they reached 70% of confluence up to passage 5,
at 37 °C under a 5% CO2 atmosphere. The microwell array insert used to
produce hMSC spheroids was previously described.[85] Briefly, 5×105 cells
were seeded in each microwell array to obtain 164 spheroids containing an
average of 3048 cells each. The cells were cultured in these arrays (37 °C,
5% CO2 atmosphere) until day 5 to form highly spherical spheroids. The
culture medium was refreshed every 48 h.

MSC Spheroids Encapsulation for Bioink Preparation: The hMSC
spheroids were collected from the microwell array inserts, washed twice
with PBS, and mixed into the hydrogel. Two types of hydrogel were used
for the encapsulation of spheroids; a hydrogel cross-linked fully with short
thiol and a 0.5-short:0.5-MMP hydrogel which is partially cross-linked with
short thiol (0.5-mole equivalent) and partially with MMP sensitive cross-
linker (0.5-mole equivalent). Around 2500 hMSCs spheroids were mixed
per milliliter of hydrogel, giving a total cell suspension of around 7.6 × 106

cells mL−1. A similar procedure of bioink preparation was repeated for the
short thiol cross-linker as described above for chondrocytes.

For a 0.5-short:0.5MMP hydrogel volume of 750 μL, 30 mg NB BTA
polymer was dissolved in 375 μL of MEM (1% P/S) at an initial concen-
tration of 8% w/v (3.76 × 10−3 m), and hydrogel was aged overnight. The
next day, 38 μL of short and 38 μL of MMP-sensitive cross-linker, each
with an initial concentration of 3.76 × 10−2 m, and 75 μL of LAP with
1.6 × 10−2 m initial concentrations were mixed in the hydrogel by breaking
the hydrogel. After an equilibration time of ≈1 h, MSC spheroids suspen-
sion in 225 μL DMEM was mixed with hydrogel with described steps above

Adv. Mater. 2023, 35, 2301242 2301242 (15 of 18) © 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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in the procedure of bioink preparation for chondrocytes. Each cross-linker
and NB BTA polymer have a final concentration of 1.88 × 10−3 m in the
hydrogel. LAP final concentration in the hydrogel was 1.60 × 10−3 M.

Injectability: The ATDC5-laden hydrogel was transferred to a sterile
3 mL syringe and then injected through a 22 gauge conical needle. Hy-
drogels were cross-linked using UV light at ≈1 mW cm−2 between 30 and
60 s.

Bioprinting: After MSC spheroids were encapsulated within hydrogels,
3D meniscus structures (stl file, 10.8 mm x 8.9 mm x 1.4 mm) were printed
using the BioX extrusion printer (CellInk, Sweden). All printing was per-
formed at room temperature. Conical plastic needles (VIEWEG GmbH,
Germany) were fixed to 3 mL syringes with a 22 gauge nozzle diameter
(ID = 0.41 mm). The pressure applied to form a continuous filament was
90 kPa. The infill density was set to 100% and the distance from the needle
to the print surface was optimized so that the leading edge of the flow was
in line with the needle.

Morphological Analysis of Spheroids after Mixing and Bioprinting Pro-
cess Over 28 d: To evaluate the impact of the bioprinting and spheroid
encapsulation inside the hydrogel cross-linked with short thiol cross-
linker and 0.5-short and 0.5-MMP sensitive cross-linkers, bioprinted con-
structs were cultured for up to 28 d in alpha MEM basic medium and
chondrogenic differentiation medium. Images of the constructs were
taken using an optical microscope (Eclipse Ti-E Nikon, Japan) after
the bioink preparation step, and on days 3, 7, 14, 21, and 28 after
bioprinting.

Chondrogenic Differentiation Performed on Bioprinted Constructs: First,
the validation of hMSCs used in this work for chondrogenic differen-
tiation was confirmed according to the published protocol by Penick
et al..[86] Then, spheroid-based bioprinted constructs were differentiated
for 28 days in a post-bioprinting process as previously described by De-
carli et al.,[87] using a chondrogenic culture medium initially defined by
Johnstone et al.[88] with some modifications. The chondrogenic culture
medium was freshly prepared every week and composed of 4.5 g L−1 high-
glucose DMEM medium (31966-021, Gibco) supplemented with 50 mg
mL−1 of Insulin–Transferrin–Selenium (ITS premix, 41400-045, Gibco,
USA), 40 mg mL−1 of proline (P5607, Sigma-Aldrich), 57.8 μg mL−1 of
ascorbic acid (A8960, Sigma), 0.1 × 10−6 m of dexamethasone (D8893,
Sigma-Aldrich), 10 ng mL−1 of TGF-ß1 (100-21, PeproTech) and 1% v/v of
P/S.

Cell Viability (Live/Dead): LIVE/DEAD Viability/Cytotoxicity Kit from
Thermofisher (Netherlands) was used for evaluating cell viability. ATDC5
cultured gels were transferred to a glass-bottom well plate, and a solution
of calcein-AM (final concentration 1 × 10−6 m) and ethidium homodimer-
1 (EthD-1, final concentration 2 × 10−6 m) was added to cover the whole
gel. The gels were incubated for 45 min in the dark at 37 °C and im-
aged using an inverted fluorescence microscope (Nikon Eclipse TI-E mi-
croscope, Japan). Live and dead cell area was quantified using image J.
At places where cells were clumped together and formed aggregates they
were counted as one cell in ImageJ analysis, and this could affect the ratio
between live and dead cell numbers. To overcome this we calculated the
area of live and dead cells.

Immunochemical Analysis: Immunohistochemical analysis was per-
formed to determine the presence of collagen types I, II, and nuclei.
The assays were performed in fixed samples containing the whole bio-
printed constructs. Due to the complex composition of the spheroid-
based constructs, some modifications were implemented in the im-
munostaining procedure to ensure efficient stain penetration through-
out the sample, as previously described.[87] Briefly, the primary antibod-
ies anti-mouse collagen-I (Abcam 6308), and anti-rabbit collagen-II (Ab-
cam 34 712) diluted in 1% BSA and 0.05% Tween-20 in PBS (1:200) were
used. The incubation with the first antibody was performed overnight
at 4 °C. The samples were washed three times with PBS and incubated
with the secondary antibody diluted (1/500) in the same buffer for 1 h
at room temperature. After three washes, samples were incubated with
4′,6-diamidino-2-phenylindole (DAPI) for DNA stain (1:100) for 1 h and
15 min, at room temperature. The samples were then analyzed on a glass
slide using a fluorescence microscope (Nikon Eclipse TI-E microscope,
Japan).
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