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ABSTRACT: Biopolymer-based supramolecular hydrogels
cross-linked by host—guest interactions are usually mechan-
ically weak as shown in “inverted vials” instead of freestanding
3D constructs. Herein, we describe a novel host—guest
macromer (HGM) approach for preparation of biopolymer-
based freestanding supramolecular hydrogels. Host—guest
macromers are formed by molecular self-assembly between
adamantane-functionalized hyaluronic acid (AD,HA) guest
polymers and monoacrylated f-cyclodextrins (mono-Ac-fCD)
host monomers. Supramolecular hydrogels are readily
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prepared by UV-induced polymerization of the preassembled host—guest macromers. Such hydrogels are soely cross-linked
by in situ formed multivalent host—guest nanoclusters and show significantly reinforced mechanical properties yet still retain
desirable supramolecular features. They can self-heal and be remolded into freestanding 3D constructs which afford effective
protection on the encapsulated stem cells during the compression remolding, making them promising carriers for therapeutic
cells that can quickly adapt to and integrate with surrounding tissues of the targeted defects. We demonstrate that such hydrogels
not only sustain extended release of encapsulated proteinaceous growth factors (TGF-f1) but also support chondrogenesis of the
human mesenchymal stem cells (hMSCs) and promote cartilage regeneration in a rat model.

1. INTRODUCTION

Biopolymer-based hydrogels are widely used to emulate the
extracellular matrix (ECM) for controlling stem cell differ-
entiation and tissue regeneration because of the similarity
between such hydrogels and native ECM in terms of their
physical and biochemical properties.”” Although biopolymer-
based chemical hydrogels, with biopolymers covalently cross-
linked, have been widely used as scaffolds for tissue engineering
due to good stability, their permanent network structures and
brittleness limit their applications in repairing load-bearing
tissues, such as cartilage.’ In contrast, biopolymer-based
supramolecular hydrogels, which are usually formed via self-
assembly of physically interacting biopolymers, are usually weak
and less stable than chemical hydrogels.”” In spite of their
mechanical weakness, biopolymer-based supramolecular hydro-
gels are attractive biomaterials due to their dynamic network
structures. These hydrogels may better emulate the native
ECM, within which biopolymers such as hyaluronic acid (HA),
collagens, and proteoglycans are mostly interconnected by
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physical interactions rather than chemical bonding.~® Mean-
while, the reversible nature of their physical cross-links can give
rise to useful physical properties, such as self-healing and shear-
thinning, which are desirable in biomedical applications of
hydrogels.” "

Biopolymers can be cross-linked by many physical
interactions, including host—guest complexation, to form
supramolecular hydrogels."*™"® Cyclodextrin-based host—
guest interactions are of great interest due to the specificity
and effectiveness of host—guest molecular recognition under
the physiological condition.'” However, biopolymer-based
host—guest hydrogels are usually feeble and sloppy as shown
in the “inverted vials” instead of freestanding 3D constructs, "'
even when bivalent mode host—guest cross-linking was used.'®
Such mechanical weakness significantly limits their widespread
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Figure 1. Chemical structures and schematic illustrations of (a) the host monomer (mono-Ac-CD), (b) the guest polymer (AD,HA), and (c) the
host—guest macromer (HGM). (d) The typical translucent appearance of the freestanding HGM hydrogel (4 wt % AD,HA). (e) Schematic
illustration of the polymer network of HGM hydrogel cross-linked by the host—guest nanoclusters. (f) Schematic illustration of the in situ formed
host—guest nanoclusters as network cross-linking domains. (g) Chemical structure of the host—guest cross-linking domains.

biomedical applications and could be due to the following two
reasons. First, compared to chemical bonding, host—guest
interaction is intrinsically weak cross-linking force.” Second, the
restricted mobility of hosts and guests conjugated to bulky
biopolymer backbones will compromise the host—guest
complexation properties due to the unfavorable entropy of
binding.'®*® It has been proved that host—guest cross-linkers
preassembled from cyclodextrin monomers and adamantane
monomers can significantly reinforce the corresponding
supramolecular hydrogels, probably due to the more favorable
complexation properties of small molecular host/guest
monomers comparing to macromolecular host/guest poly-
mers.”"””* Such preassembled host—guest cross-linkers can be
applied to many hydrophilic momoners for preparing host—
guest supramolecular hydrogels. However, they are not suitable
for physical cross-linking of biopolymer macromers, which are
chemically functionalized with multiple polymerizable groups.
Such biopolymer macromers can be chemically cross-linked
upon polymerization, thus leading to the formation of chemical
hydrogels rather than supramolecular hydrogels.To overcome
the aforementioned challenges and reinforce biopolymer-based
host—guest hydrogels, we develop the host—guest macromer
(HGM) approach.

In this study, the selected biopolymer is hyaluronic acid
(HA), which is functionalized by adamantane (AD) to form the
guest polymer AD,HA (x denotes different modification
degrees). f-Cyclodextrin (fCD) is monofunctionalized with
polymerizable acrylate (Ac) to form the host monomer, mono-
Ac-fCD (Figure 1lab). First, the photo-cross-linkable host—
guest macromers (HGMs) are formed via molecular self-
assembly between AD,HA and mono-Ac-fCD driven by the
host—guest interaction (Figure 1lc). Because the host
monomers are less bulky than host polymers, the host—guest
complexation is expected to be more efficient than that
between host polymers and guest polymers. Subsequently,
supramolecular hydrogels (termed HGM hydrogels) are
generated by using conventional UV curing. UV-initiated
polymerization of the acrylates leads to in situ clustering of
the preassembled host—guest complexes. The host—guest
nanoclusters act as the multivalent cross-linkers of the

freestanding HGM hydrogels (Figure le—g). Such hydrogels
are robust enough to be dried and reswelled to their original
shapes repeatedly but still retain the desirable physical
properties such as self-healing, compressible, and rapid stress
relaxation. By virtue of such supramolecular features, the HGM
hydrogels can be remolded to different shapes without
compromising the viability of the encapsulated cells, making
them ideal cell carrier materials for repairing tissue defects of
irregular geometries. We demonstrate that such HGM
hydrogels effectively suppress the fast leakage of encapsulated
proteinaceous growth factors (TGF-f1) and support chondro-
genesis of the human mesenchymal stem cells (hMSCs) and
promote cartilage regeneration in a rat model.

2. EXPERIMENTAL SECTION

2.1. Materials. Sodium hyaluronic acid (HA-Na, 74 kDa) was
purchased from Lifecore (Chaska, MN). 6-Monodeoxy-6-monoamino-
P-cyclodextrin (fCD-NH,) was purchased from Cyclodextrin-Shop of
AraChem. 1-Adamantaneacetic acid, 1-adamantanamine hydrochloride
(AD-NH;Cl), 4-dimethylaminopyridine (DMAP), carbon disulfide, 2-
(2-hydroxyethoxy)ethylamine, and acryloyl chloride were purchased
from Aladdin. Triethylamine (TEA), methacrylic anhydride (94%),
hydrogen peroxide, bovine serum albumin (BSA), and Dowex
(50WX8 hydrogen form, 100—200 mesh) were purchased from
Sigma-Aldrich. Tetrabutylammonium hydroxide (TBAOH), dimethyl
sulfoxide (DMSO), and dichloromethane (DCM) were purchased
from Fisher Scientific. Di-tert-butyl dicarbonate (BOC,0) was
purchased from TCIL Chloroform-d (CDCly), DMSO-ds;, and
deuterium oxide (D,0) were purchased from J&K. The BCA protein
quantification kit was purchased from Life Technologies. Mercapto-§-
cyclodextrin was purchased from Shandong Binzhou Zhiyuan
Biotechnology Co., Ltd.

2.2. Characterization. All 'H NMR spectra were recorded with a
Bruker Advance 400 MHz spectrometer at room temperature. Nuclear
Overhauser enhancement spectroscopy (NOESY) experiments were
performed using a mixing time of 300 ms, 256 ¢, increments, and 16
scans per t; increment on the same spectrometer as that of "H NMR.

The isothermal titration experiments were carried out on a
MicroCal iTC200 isothermal titration calorimeter (ITC) at 25.00 +
0.01 °C. The high viscosity and the gelation potential of the mixtures
of the host polymers and guest polymers preclude the use of polymers
at high concentration.'® Therefore, the binding between the guest
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Figure 2. Single injection mode ITC (isothermal titration calorimetry) using (a) the host polymer CD;sHA or (b) the host monomer mono-Ac-
PCD to titrate guest polymer AD,;HA (control titrations are also shown with PBS titrated by host monomer or host polymer, red curves). (c) SAXS
profiles of the equilibrium-swollen HGM hydrogels with or without N,N-dimethylacrylamide (DMA) as comonomer. (d) TEM image of the
multivalent cross-linking domains of host—guest nanoclusters in HGM hydrogel matrix. (e) The maintenance of the water content in the HGM
hydrogels after cyclic drying—swelling procedures. (f) The reproducible shapes of the swollen HGM hydrogels (AD,,HA) after the drying—swelling

cycles (the side length of the square grid is 1 cm).

polymer and host polymer was studied at low polymer concentrations
in order to avoid gelation or significant increase in viscosity. Therefore,
single injection mode titration was used because a single large injection
can generate clearer and more significant signals than multiple small
injections of highly dilute titrants. The concentration of the guest
polymer AD ;HA was fixed at 1.7 uM (containing 0.3 mM of HA
disaccharide units) in the ITC sample cell (200 uL). The host
monomer, mono-Ac-#CD, or host polymer, CD;sHA, containing an
equal amount of SCD (0.225 mM), were used to titrate AD;sHA in
one single injection (40 yL), respectively.

Dynamic viscoelasticity of the hydrogels was measured by an Anton
Paar MCR301 rheometer equipped with a 25 mm plate—plate. For
oscillatory time sweep experiments, the constant strain and frequency
were fixed at 1% and 10 Hz, respectively. For oscillatory frequency
sweep experiments, the constant strain was fixed at 1%. For oscillatory
strain sweep experiments, the constant frequency was fixed at 10 Hz.
For 3ITT (3-interval time test) experiment, the strain was controlled
at 10%, 300%, and 10% for the three intervals while the frequency was
fixed at 10 Hz.
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Compression tests of the hydrogels were conducted on a MACH-1
micromechanical system. Disk-shaped hydrogel samples (d = S mm, h
=2 mm) were made in custom-made molds and compressed at a fixed
rate of 0.04 mm/s to the target strain levels.

Synchrotron radiation small-angle X-ray scattering (SAXS) experi-
ments were performed on the BL16B beamline of the Shanghai
Synchrotron Radiation Facility (SSRF). The sample-to-detector
distance was 2000 mm, and the X-ray wavelength was A = 0.124
nm. 2D SAXS data were converted into 1D intensity I(q) as a function
of scattering vector q [q = (47/4) sin 6] by circular averaging, where
20 is the scattering angle. A hydrogel specimen with a disk shape (d =
S mm, h = 1 mm) was used for SAXS analysis.

The TEM images were acquired by using a Hitachi H7700
transmission electron microscope. Samples were prepared by directly
pressing carbon-coated TEM support grids onto the hydrogels to
remove a thin film of hydrogel matrix for further observation.™*

2.3. Synthesis of Guest Polymers AD,HA. AD,HA (x%
represents the degree of functionalization, i.e., the percentage of the
modified disaccharide repeating units of HA) was synthesized
according to the reported method with minor modification."’ As
illustrated in Figure S1, first, sodium hyaluronic acid (HA-Na, 2.0 g)
was treated by Dowex resin (6.0 g) for ion exchange in the water phase
and then neutralized by tetrabutylammonium hydroxide (TBAOH) to
produce the HA-TBA aqueous solution (pH = 7), which is soluble in
DMSO after lyophilization. Second, HA-TBA (1.0 g, 1.4 mmol
disaccharide repeat units, 1 equiv), 1-adamantaneacetic acid (0.82 g,
4.2 mmol, 3 equiv), and 4-dimethylaminopyridine (DMAP, 0.13 g,
1.05 mmol, 0.7 equiv) were dissolved in 100 mL of anhydrous
DMSO at room temperature, and di-tert-butyl dicarbonate (BOC,0, y
equiv) was added slowly under nitrogen protection at room
temperature. The mixture was heated to 45 °C and kept for 24 h.
After cooling down to room temperature, the reaction mixture was
directly dialyzed against DMSO, NaCl(aq), and then DI water to
remove all unreacted small organic compounds. The solution was then
frozen and lyophilized to yield the product as a white solid. The degree
of modification (x% = 15%, 40%, or 80% according to y = 0.4, 0.6, or
0.8) was quantified by 'H NMR (Figures S2—54) from the integration
ratio between the ethyl multiplet of adamantane (5 = 1.50—1.85, 12H)
and the HA backbone (§ = 3.20—4.20, 10H).

2.4. Synthesis of the Host Monomer, Mono-Ac-fCD. Mono-
Ac-fCD was synthesized according to Figure SS5. Briefly, the amino
group of 2-(2-hydroxyethoxy)ethylamine was first converted to
isothiocyanate according to the previously reported method,*” yielding
the intermediate HO-NCS (confirmed by '"H NMR in Figure S6). The
hydroxyl groups of the HO-NCS were converted to acrylates by
reacting with acryloyl chloride, thereby yielding Ac-NCS (confirmed by
'"H NMR in Figure S7). To synthesize mono-Ac-fCD, equivalent Ac-
NCS was mixed with fJCD-NH, in DMSO. The crude product was
precipitated in acetone after 12 h and purified by repeating the
precipitation in acetone three times. The coupling efficiency was
characterized by "H NMR (Figure S8, around 85%), and the molecular
weight (M,, 1334 Da) was confirmed by MALDI-TOF MS (M" + Na*:
1357, Figure S9).

3. RESULTS AND DISCUSSION

3.1. Fabrication of the Host—Guest Macromer Hydro-
gels. UV-mediated photo-cross-linking has been commonly
used to prepare chemical hydrogels from biopolymers due to its
excellent temporal and spatial control.”*~** Biopolymers used
for photo-cross-linking are usually chemically functionalized
with polymerizable groups, such as acrylates, acrylamides,
methacrylates, methylacrylamides, etc., on their backbones,
yielding the photo-cross-linkable macromers.”*~* Photo-cross-
linking of such macromers produces biopolymer hydrogels
cross-linked by hydrophobic domains of synthetic polymer
backbones such as polyacrylates corresponding to the grafted

polymerizable functional groups.””~>"

Herein we use the photo-cross-linkable host—guest macro-
mers (HGMs) instead of conventional chemical macromers
(Figure 1). We choose HA as the biopolymer backbone
because it is a key structural component in native extracellular
matrix (ECM) and an influential regulating factor of cellular
behaviors.””** f-Cyclodextrin (SCD) is used as the supra-
molecular host to complex with the guest adamantane (AD) for
its well-known biocompatibility, good water solubility, and
appreciable binding strength.””** AD-functionalized guest
polymer AD,HA is synthesized by simple esterification
reaction.'’ x denotes the modification degree of AD. Guest
polymers with low (x = 15), medium (x = 40), and high (x =
80) modification degree are prepared (Figures S1—S4). In
order to avoid chemical cross-linking generated from the
photoinitiated radical reaction during gelation, we have
designed and synthesized the host monomer with exactly one
acrylate group. The amine reactive isothiocyanate derivative
(HO-NCS) is first acrylated by acryloyl chloride to yield Ac-
NCS, which is then coupled to the only amine group of 6-
monodeoxy-6-monoamino-f-cyclodextrin  (fCD-NH,), yield-
ing the mono-Ac-fCD host monomer (Figures S5—S9). By
simply dissolving AD HA and mono-Ac-fCD in the same PBS
(pH 7.4) solution, the HGMs are formed driven by the specific
host—guest complexation as verified by the NMR analysis
(Figures S13 and S14). Upon complexation, the chemical shift
of the ethyl multiplet of AD changes significantly, and the
corresponding peak is broadened. The specific host—guest
interaction is further confirmed by 2D NOESY NMR, where
the AD proton peaks are found correlated with the inner
protons (C(3)-H and C(5)-H) of CD.

During the conventional preparation of host—guest hydro-
gels, the direct self-assembly of host polymers and guest
polymers entails the decrease of host—guest complexation
properties due to the unfavorable entropy of binding.'” In
contrast, our HGM approach produces more efficient and
thorough host—guest complexation between the freely diffusing
host monomers and guest polymers as evidenced by the ITC
(isothermal titration calorimetry, Figure 2ab) studies.’>*°
Because of the requirement of ITC testing that no precipitates
should be formed during titration, the final concentration of the
host polymer CDsHA (see Figures S10—S12 for synthesis and
characterization) and guest polymer AD;;HA is fixed at 1.7 uM
(0.024 wt % of polymers in the final solution after titration),
which is far lower than that used to form the hydrogels. In spite
of this, the presence of the HA backbone apparently impairs the
host—guest complexation as evidenced by the slow and noisy
generation and recovery of the exothermic signal during the
titration of guest polymer with host polymers (Figure 2a). In
contrast, the quick and smooth generation and recovery of the
exothermic signal during the titration of guest polymers with
host monomers indicates that the host—guest complexation is
more efficient and thorough (Figure 2b). This finding is in
agreement with the reported results of the decreased
complexation properties of fJCD and AD when fixed on the
polysaccharide backbone.'” This efficient host—guest complex-
ation is essential to the formation of the cross-linkable HGMs
and the subsequent UV induced hydrogelation. Lastly,
freestanding HGM hydrogels are readily created with varied
AD_HA concentration (1, 2, and 4 wt %). The low solid
content of the HGM hydrogels (only 1.4 wt % for AD;;HA
hydrogels, Figure S15a) demonstrates the efficacy of the HGM
strategy in preparing robust supramolecular hydrogels. Such
robustness is attributed to the multivalent host—guest cross-
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linkers produced by the polymerization of acrylates on the
preassembled host—guest complexes. The host—guest nano-
clusters, rather than the spatially isolated host—guest complexes
obtained from the self-assembly of host polymers and guest
polymers, act as the multivalent cross-linkers for HA polymer
chains (Figure le—g).

3.2. Nanostructure and Robustness of the Host—
Guest Macromer Hydrogels. The host—guest clusters form
nanometer scale heterogeneity in the HGM hydrogel matrix,
and this is similar to the heterogeneous domains in the
chemical hydrogels prepared from UV cross-linked macro-
mers.”” Such heterogeneity is reflected by the translucent
appearance of the HGM hydrogels (Figure 1d). We use small-
angle X-ray scattering (SAXS) and transmission electron
microscopy (TEM) to studgr the nanostructure of the HGM
hydrogels (Figure 2¢,d).*”** The heterogeneous domains of
host—guest nanoclusters are formed during UV-induced
polymerization of the HGMs with the host—guest complexes
randomly preorganized along the HA chains since the AD
functionalization of HA is not position specific. Accordingly,
SAXS analysis shows broad correlation peaks within the g
(scattering vector, q = (47/4) sin ) range from 0.4 to 1 nm™"
(Figure 2c). Such broad peaks are attributed to the random
distribution of scattering centers in the HGM hydrogel matrix.
The peak positions depend on the modification degree of
AD,HA. The peak center shifts to higher g values for higher
modification degrees. By using Bragg’s law (eq 1)

A 2z

2 sin @ 9o (1)

where d is the spacing between the scattering centers and g,,,, is
the peak positions, we can estimate the spacing between the
host—guest nanoclusters (Table 1). In accordance with the

Table 1. Nanostructural Parameters of the HGM Hydrogels
Prepared with AD, HA®

x n Gmax (N ™) d (nm) d* (nm) d*/d
15 28 0.56 11.21 6.25 0.57
40 74 0.65 9.66 243 0.26
80 148 0.75 8.37 1.23 0.15

“x% denotes the modification degree of hyaluronic acid (HA, My, =
74 kDa). ’n denotes the average number of AD residues per chain, n =
(Mya/400) X x% .

shorter HA chain length between adjacent ADs, the nanocluster
spacing is smaller for AD ,HA with higher x. By adding a certain
amount of N,N-dimethylacrylamide (DMA, 1 M) as the
comonomer during the polymerization of the HGMs, we are
able to reduce the clustering effect and to more evenly disperse
the copolymerized host—guest complexes in the hydrogel
matrix, thereby leading to the disappearance of the correlation
peaks (Figure 2c, AD,HA + DMA). This phenomenon
confirms that the heterogeneous scattering centers are host—
guest nanoclusters formed by UV-induced radical polymer-
ization.

The TEM examination also indicates the existence of sub-10
nm heterogeneous domains of host—guest nanoclusters in the
HGM hydrogel matrix (Figure 2d). Considering that HA
polymer backbone is a rigid chain and the length of each
disaccharide unit is about 1.04 nm, the averaged chain length
between adjacent ADs can be described as d* = 100/(x + 1)
nm.” The comparison between d and d* is summarized in

Table 1. The value of d*/d reflects the conversion ratio of
host—guest complexes to host—guest nanoclusters. If the
conversion ratio is 100% so that every grafted AD contributes
to the host—guest nanoclusters, d*/d should be close to 1.
Incomplete conversion leaves some ADs excluded from the
host—guest nanoclusters and gives rise to a larger intercluster
spacing than the inter-AD spacing, ie, d*/d < 1. It is
noteworthy that freestanding hydrogels are formed even at low
conversion ratios, i.e. low concentrations of multivalent
nanoclusters, and a substantial amount of host—guest
complexes remains isolated from the nanoclusters. This
demonstrates the robustness of the host—guest nanoclusters
as the multivalent cross-linkers in reinforcing the supra-
molecular hydrogels. The reinforcing effect of the host—guest
clusters is also demonstrated by the maintenance of the initial
water contents and shapes after repeated drying and swelling of
the HGM hydrogels (Figure 2e,f). Such robustness enables the
convenient storage of the dried hydrogels and the easy use of
the reswelled hydrogels and is rarely seen in conventional
host—guest polymeric hydrogels.

3.3. Supramolecular Feature of the Host—Guest
Macromer Hydrogels. 3.3.1. Physical Nature of the
Interpolymer Cross-Linking. Along with the reinforced
mechanical strength, the desirable supramolecular features of
the HGM hydrogels are still retained. It is noteworthy that the
preformation of HGMs via molecular self-assembly is critical
for the HGM hydrogel preparation because the reversed
preparation procedure, in which the mixture solution of mono-
Ac-fCD and photoinitiator is UV-irradiated prior to mixing
with AD,HA, fails to generate hydrogels (Figure 3a, “reversed-
HGM” strategy). Moreover, the addition of competitive guests
(i.e, AD-NH;Cl) into the HGM solution (Figure 3a,
competitive inhibition) also effectively blocks the hydrogel
formation. These results confirm that the HA polymers are
solely cross-linked by the host—guest clusters at the AD-
modified positions. Such network structure is also evidenced by
the identical swelling kinetics of the HGM hydrogels composed
of the AD,HA with the same AD modification degree (Figure
S15b,c). Moreover, dynamic oscillatory rheological studies
show that both the storage modulus (G’) and damping factor
(tan 6 = G"/G') of the HGM hydrogels are frequency
dependent in contrast to the frequency independency of the
MeHA hydrogel (prepared from methacrylated HA with 37%
modification degree, Figure S11) properties (Figure 3b,c). This
finding indicates that HA polymers are physically cross-linked
by reversible host—guest interactions in HGM hydrogels. The
strain sweep shows that such physically cross-linked HGM
hydrogels have a broad linear viscoelastic region without
rupture before reaching the strain of 10% (Figure 3d). Such
good processability can be attributed to the reversible nature of
the host—guest interactions, which enables the dissociated hosts
and guests moieties to meet neighboring complementary parts
and re-form the host—guest cross-links, thus preventing the
polymer network from early rupture.

3.3.2. Compressive Properties of the HGM Hydrogels.
More importantly, the reversible nature of the host—guest
interactions allows for easy chain rearrangement and
reassociation upon compression. Therefore, unlike the brittle
chemical MeHA hydrogels, the HGM hydrogels are compres-
sible with much faster stress relaxation rate. MeHA hydrogels
are brittle and rupture below 50% strain. In contrast, the HGM
hydrogels (4 wt % AD,HA) are capable of withstanding a much
greater strain, up to at least 80% (Figure 4a). In contrast to the
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Figure 3. (a) Schematic illustration of the HGM strategy (upper row), inhibition of HGM formation by the competitive guest molecules (middle
row), and the reversed-HGM strategy (lower row). Frequency dependency of (b) the storage modulus (G’) and (c) the damping factor (tan ) of
the HGM and MeHA hydrogels. (d) The strain sweep of the HGM hydrogels.

irreversible destruction of the static network structure in the
chemical hydrogels under compression, the compressive force
rearranges the physically associated polymer chains in the
dynamic network structure of HGM hydrogels, thereby giving
rise to the energy dissipation before breakage of the polymeric
networks (Figure 4b). Such energy dissipation is revealed by
the stress relaxation analysis (Figure 4c—g).40 For comparison
with chemical MeHA hydrogels (modification degree is 37%),
AD,,HA is used for HGM hydrogel preparation hereafter. We
stepwisely increase the compressive strain and study the stress
relaxation behavior in the following S min. Compared to the
MeHA hydrogels, which slowly relax about 10% of the peak
stress in the first 2 min, the HGM hydrogels rapidly relax over
80% of the peak stress during the same time interval at all strain
levels (Figure 4c,d). Since the stress relaxation of chemical
hydrogels is dominated by migration of water molecules in the
static networks, the relaxation curves of MeHA hydrogels are
well fitted to an exponential equation (eq 2) where o, is the
stress at a certain time t, o, is the peak stress, A is a constant,
and k; is the relaxation rate (Figure 4e).

6, =0, + AeHt

)
In contrast, the HGM hydrogels can relax the compressive
stress by two modes, i.e., the slow mode and the fast mode.
Their relaxation curves are well fitted to a double-exponential
equation (eq 3)

—kyt

0, =0, + Be ™™ + Ce (3)

where o0, and o, are as previously defined, B and C are
constants, and k, and k; are the fast and slow relaxation rate,
respectively (Figure 4f).*' As sumarized in Figure 4g, k, is
about 1 order of magnitude higher than k;, and they both show
clear strain dependency, indicating that the stress relaxation of
the HGM hydrogels are faster at the higher strain levels.
Meanwhile, k; well matches k; at low strains, indicating that the
slow relaxation mode dominated by the migration of water
molecules also exists in HGM hydrogels as in the chemical
hydrogels. We propose that the fast relaxation mode (k,) of the
HGM hydrogels is related to the dissociation of the host—guest
complexes, and this is similar to the stress relaxation behavior of
a gel with reversible ionic cross-links.”” After fast stress
relaxation mediated by the host—guest dissociation and
polymer chain rearragement, the host—guest reassociation
happens almost instantaneously, preventing the macroscopic
rupture of the HGM hydrogels (Figure 4b). Such rapid host—
guest reassociation is revealed by the 3ITT (3-interval time
test) experiment (Figure 4h). The storage modulus (G') is
higher than the loss modulus (G”) of the HGM hydrogel under
a low shear strain (10%). The loading of a high shear strain
(300%) immediately disrupts the physical network of the HGM
hydrogels, as evidenced by a sharp decrease of G’ and G” and
the higher G” compared to G'. The rapid recovery of the “gel
state” upon the removal of high strain reveals the almost
instantaneous host—guest reassociation and self-healing of the
disrupted physical networks, albeit with a minor decrease in the
moduli which may be due to the insufficient rematching
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Figure 4. (a) Compressive tests of the HGM and MeHA hydrogels. (b) The top view and the side view of the HGM hydrogels (AD,,HA) before
and after compression. Stress relaxation behavior of (c) the MeHA hydrogel and (d) the HGM hydrogels (AD,,HA). The exponential fitting of the
stress relaxation curves (black: data; red: fitting) of (e) the MeHA hydrogels and (f) the HGM hydrogels (AD,,HA). (g) The relaxation rates (kj, k,,
and k;) depending on the strains. (h) The dynamic rheological 3-interval time test (3ITT) of the HGM hydrogel (AD,HA).

between host and guest moieties and the resultant lower
effective cross-linking density.

3.3.3. Self-Healing and Easy Moldability of the HGM
Hydrogels. Such superior compressibility and fast stress
relaxation property facilitate the press-fitting and conforming

of the HGM hydrogels into voids of irregular geometries
without compromising the hydrogel integrity (Figure 4b). This
makes the HGM hydrogels ideal remoldable materials that can
better integrate with the surrounding tissues of irregular defects
and minimize the mechanical irritation to the surrounding
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tissues by relaxing the stress rapidly. To demonstrate this, we
use two halves of ruptured HGM hydrogels stained by blue and
red dyes, respectively. They can self-heal and reunite to form a
new monolithic hydrogel after being kept in contact for 2 min
due to the successful restoration of the dissociated host—guest
complexes on the interface. Futhermore, the dissociation and
restoration of the host—guest interactions allow for the
rearrangement of polymer chains in the hydrogel matrix during
compression, thereby allowing the self-healed disk-shaped
HGM hydrogel to be remolded into a rectangular shape with
ease (Figure Sa,b).

Jat =24
& p—-#)

- 5 . 5 ‘
AD,H.-'--. AD,HA chain re-arrangement

Figure S. (a) A demonstration of the self-healing and remolding of the
HGM hydrogel (AD,HA). (b) Schematic illustration of the
restoration of host—guest interactions upon the self-healing of two
pieces of ruptured HGM hydrogels and the polymer chain
rearrangement upon remolding.

3.4. Host—Guest Macromer Hydrogels for Cartilage
Regeneration. 3.4.1. Enhanced Chondrogenesis of hMSCs
in HGM Hydrogels. To demonstrate that such HGM hydrogels
are promising biomaterials for tissue regeneration, we use
HGM hydrogels to encapsulate human mesenchymal stem cells
(hMSCs), which are a promising cell source for tissue
regeneration due to their potential to differentiate into several
mesenchymal lineages including cartilage.*” The gelation
process is found not affected by cells under such conditions,
indicating that host—guest complexation is robust enough for
cell-related applications. The as-prepared cell-laden hydrogels
are then remolded into rectangle shape by press-fitting into a
rectangle mold within 2 min (Figure 6a, inset). We evaluate the
viability of cells encapsulated in the remolded HGM hydrogels
at 24 h after the remolding procedure, and it shows that the
majority of cells are viable (Figure S16). Even after 21 days of
culture, the majority of the encapsulated hMSCs remain viable
(Figure 6a), indicating that the cells are effectively protected by
the hydrogel matrix during hydrogel deformation. Moreover,
the HGM hydrogels better support the chondrogenesis of the
encapsulated hMSCs compared to the MeHA hydrogels likely
due to the enhanced retention of growth factors in the HGM
hydrogels. Instead of being added continuously to the culture
medium, TGF-f1 is encapsulated in the hMSC-laden hydrogels
during the hydrogel fabrication. After 7 days of culture in the
TGF-f1-free medium, the expression levels of chondrogenic
marker genes including type II collagen (COL2), aggrecan
(AGG), and sex determining region Y-box 9 (SOX9) are
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Figure 6. (a) Viability assay of cells encapsulated in the remolded HGM hydrogels after 21 days of culture (green: living cells; red: dead cells; inset:
photo of the remolded hMSC-laden HGM hydrogels with rectangle shapes, one original disk like hydrogel is also presented). (b) Gene expression
level of type II collagen (COL2), SOX9, and aggrecan (AGG) in hydrogels after 7 days of culture in TGF-f1-free medium. (c) GAG content
normalized by total protein content (ug/mg) in hMSC-laden hydrogels after 21 days of culture. (d) Immunohistochemical staining of type II
collagen (COL2) and chondroitin sulfate (CS) in hMSC-laden hydrogels after 21 days of culture. (e) Cumulative relase of BSA encapsulated in the
MeHA and HGM hydrogels. **P < 0.00S, *P < 0.05 vs the control group (n = 4
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significantly elevated in HGM hydrogels (Figure 6b).”” In
contrast, the expression levels of these marker genes in the
MeHA hydrogels are not significantly different from those of
undifferentiated hMSCs (“undifferentiated”) except that the
expression of type II collagen (COL2) is slightly increased.
Moreover, after 21 days of culture in the TGF-f1-free medium,
the glycosaminoglycan (GAG) content in the HGM hydrogels
is around 3 times that in the MeHA hydrogels (Figure 6c).
Immunohistochemical staining also shows that much more
cartilage specific matrix components, including type II collagen
(COL2) and chondroitin sulfate (CS), are deposited in the
HGM hydrogels than in the MeHA hydrogels (Figure 6d). It is
noteworthy that under continuous medium supplementation of
TGF-f1 the expression levels of these marker genes in the
MeHA hydrogels are also significantly increased (Figure S17),
indicating that the fast leakage of TGF-f1 from the MeHA
hydrogels is responsible for the poor chondrogenic induction in
the TGF-f1-free medium. We postulate that the domains of the
host—guest nanoclusters in the HGM hydrogels, which are
more hydrophilic than those polyacrylate nanodomains of the
MeHA hydrogels, may have contributed to the improved
retention of the soluble growth factors within the HGM
hydrogels. This speculation is supported by the fact that after a
similar initial burst release, which is likely dominated by the
release of the proteins trapped outside the nanodomains, the
HGM hydrogels release the encapsulated model proteins
(bovine serum albumin, BSA) more slowly than the MeHA
hydrogels (Figure 6e). Findings from these in vitro studies
suggest that the HGM hydrogels are more promising than the
MeHA chemical hydrogels for in vivo applications, where
continuous addition of growth factors is impractical.

3.4.2. Cartilage Regeneration in a Rat Model. To confirm
the efficacy of our HGM hydrogels in vivo, we use the HGM
hydrogels to deliver rat mesenchymal stem cells (rMSCs) and
chondrogenic growth factors (TGF-f1) for repairing of
osteochondral defects in the knees of Sprague—Dawley rats.
The hydrogels are prepared with the encapsulation of rMSCs
and TGF-$1 as above-mentioned and then implanted in
osteochondral defects in the knees of rats. Six weeks after
implantation, compared to the control defects treated with the
chemical MeHA hydrogels, those treated with our HGM
hydrogels show a more congruent and smooth articular surface
(Figure 7a, arrows). Histology staining reveals the better
regeneration of the subchondral bone in the defects treated
with our HGM hydrogels than that treated with the chemical
MeHA hydrogels. Moreover, a layer of hyaline cartilage tissue is
generated in the defects treated with our HGM hydrogels. This
can be ascribed to the unique nanostructures and physical
properties of the HGM hydrogels, which enable better
retention of TGF-f1 and better integration with the
surrounding tissues.

4. CONCLUSION

We have developed the HGM approach for preparing
supramolecular hydrogels reinforced by in situ formed multi-
valent host—guest nanoclusters as the cross-linking junctions of
biopolymers. Such HGM approach combines the efficient
host—guest complexation and in situ clustering of the host—
guest complexes, thus producing robust HGM hydrogels. Our
HGM hydrogels are robust enough as reswellable freestanding
3D constructs and retain useful physical properties. By virtue of
the reversible host—guest interactions, our HGM hydrogels are
self-healable and compressible. They can relax the compressive

MeHA hydrogel HGM hydrogel

normal treated

treated

Figure 7. (a) Photos of the knee cartilage surface of rats, from left to
right: normal cartilage, cartilage with defect (white arrows) treated by
implanting MeHA hydrogel or HGM hydrogel loaded with rMSCs and
TGF-B1 for 6 weeks. (b) Safranin O/fast green staining of the
histological sections of the cartilage defects after 6 weeks of healing
presented in panel a. (c) Partial enlargement of the areas marked with
red-dashed lines in panel b (n = 4 for each group).

stress rapidly via fast host—guest dissociation and afford
effective protection on the encapsulated stem cells during the
compression remolding, making them promising biomaterial
that can quickly adapt to and integrate with surrounding tissues
of the targeted defects. Furthermore, the HGM hydrogels
reduce the fast leakage of the encapsulated growth factors,
leading to the enhanced chondrogenesis of hMSCs and
neocartilage formation. A preliminary in vivo study shows that
our HGM hydrgogels better support cartilage resurfacing in a
rat model compared to conventional chemically cross-linked
hydrogels. These results demonstrate that the HGM hydrogels
are promising carrier materials of stem cells and therapeutic
agents for tissue repair and regeneration.
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