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ABSTRACT

Polyrotaxane-based hydrogels with mechanically interlocked structures offer unique opportunities for designing biomaterials
with tunable mechanical properties in tissue engineering. However, the polyrotaxane structure based on poly(ethylene glycol)
(PEG) and g-cyclodextrin (3-CD) is considered negligible in the aqueous phase, limiting its integration into well-defined hydrogel
networks. Here, we report a series of hydrogels constructed from poly(ethylene glycol) diacrylate (PEGDA)-3-CD polyrotaxanes
and gelatin (Gel), loaded with curcumin as a therapeutic model. We demonstrate that the increasing number of threaded 3-CD
units on PEGDA chains induced an evolution of gel microstructure from disordered porous to ordered laminar morphology,
thereby transforming the mechanical behavior from highly elastic, low-dissipated (13.53%) to high-damping states (46.56%),
accompanied by enhanced toughness and modulus. Notably, low threading density variants exhibited desirable elasticity and
recovery suitable for skin wound dressings, while higher threading densities enabled mimicking of highly dissipative biological
tissues. In vivo studies further demonstrated the excellent wound healing performance of these hydrogels, due to their suitable
mechanical properties and anti-inflammatory properties. In summary, this study highlights the critical role of polyrotaxane
threading density in coupling supramolecular structure with mechanical and biological functions, providing a versatile strategy
for advanced tissue engineering materials.

1 | Introduction systems, often by mimicking the extracellular matrix (ECM),

for their application in wound healing and tissue regeneration
Hydrogels are hydrophilic and porous 3D networks of crosslinked [2, 3]. In addition to the fundamental parameter of biocompat-
polymers swollen in water and play a vital role in tissue engineer- ibility, the mechanical properties of hydrogels designed for TE
ing (TE) [1]. They bridge the gap between physical and biological ~ should be tunable across a wide range to match native tissues
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SCHEME 1 | (a)Pseudorotaxanes of different-sized cyclodextrins (a-, 8-, and y-CD) and PEG chains. (b) Illustration of the double network hydrogels
PsC,.3GCyy, comprising a photocrosslinked polyrotaxane structure and hydrophobic drug delivery functionality.

[4, 5]. At the cellular scale, cells sense and integrate mechanical
signals by anchoring and pulling on their surroundings, thereby
regulating important processes such as migration, proliferation,
and differentiation [6, 7]. Meanwhile, wounds of different organs
and tissues present distinct mechanical cues, including stiffness,
viscoelasticity, and hydrodynamic force, which require hydrogels
to exhibit mechanical compatibility [8]. Traditional hydrogels
usually improve the stiffness simply by adjusting the concentra-
tion of precursors or increasing the crosslinking density, which is
often accompanied by brittle fracture due to decreased toughness
[9]. An alternative method is to construct specific topologi-
cal structures, such as interpenetrating networks, mechanically
interlocked structures, dense entanglements, or nanocrystalline
domains [10]. Among them, polyrotaxanes (PRs), consisting of an
axial molecule threaded through the cavities of one or multiple
cyclic molecules, provide a unique mechanically interlocked
topology that enhances mechanical performance while maintain-
ing structural flexibility [11, 12]. In recent reviews, these design
principles and emerging applications of such polyrotaxane-based
networks and mechanically programmable biomaterials have
been comprehensively described [13-15].

Cyclodextrins (CDs) are a class of cyclic oligosaccharides that
consist of varying numbers of 6, 7, or 8 glucose units, which
are named a-, 3-, and y-CD, respectively, and hence possess
hydrophobic cavities with different diameters (Scheme 1a) [16].
Owing to their biocompatibility and ability for host-guest inter-

actions, CDs have been widely used in drug delivery and
mechanically interlocked systems. A polyrotaxane based on o-
CD and poly(ethylene glycol) (PEG) host-guest system was
first demonstrated by Harada and co-workers in 1992 [17].
Subsequently, a- and y-CD were shown to form PRs with PEG
derivatives due to their favorable cavity sizes: a-CD (4.7-5.3 A)
fit well and threaded tightly on the PEG chain with two C,H,O
segments per CD ring, while y-CD with a larger cavity (7.5-
8.3 A) can accommodate two PEG chains simultaneously, forming
hydrogel networks [12, 18, 19]. In contrast, 3-CD (6.0-6.5 A) is
often considered negligible due to its size mismatch with PEG
chains, despite its advantages in cost, production scale, and
biocompatibility [20, 21]. It has since been thought that 8-CD can
only form PRs with larger chains, such as polypropylene glycol
(PPG) or aromatic-containing backbones [12, 22]. However, a first
PR single-crystal structure of f-CD and PEG was reported by
Udachin et al. [18] accommodating three C,H,O segments per
CD. Yet, such an asymmetry situation between solid-state and
aqueous environments limits its application as PRs in hydrogel
systems.

At present, the molecular recognition between 5-CD and PEG
derivatives in low-concentration aqueous phases is still underex-
plored. Herein, we demonstrate that the 3-CD hydrophobic cavity
can recognize a short-chain PEG diacrylate (PEGDA) as an axial
guest, through a well-defined threading to form a polypseudoro-
taxane PEGDA-3-CD in the aqueous solution. Definitive evidence
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of its existence is provided by 1D and 2D NMR spectroscopy,
while electrospray ionization mass spectrometry (ESI-MS) is
used to analyze and evaluate the possible threading density. By
virtue of the photocrosslinking properties of acrylate groups,
PEGDA-B-CD (PC) with different threading densities is used as
the first network in a hydrogel to provide structural support
and mechanical programming. Meanwhile, the second network
is mainly composed of 5-CD-modified gelatin (Gel-3-CD, GC),
which is orthogonally used to achieve hydrophobic drug loading
and delivery. Finally, by interpenetrating these two networks at
5% PC and 10% GC, a kind of hydrogel P;C, ;GC,, (PEGDAy-
B-CDzero-mign-Gelatin-3-CDyqy) (Scheme 1b) is obtained, with
tunable mechanics, self-healing property, low swelling, and
high biocompatibility, which has potential applications in tissue
engineering with on-demand design. In addition, curcumin (Cur)
is selected as an unstable and water-insoluble drug model to
evaluate the drug-loading capability of the newly developed gel
matrix and further potential application as a wound dressing.

2 | Results and Discussion

2.1 | Host-Guest Recognition and Formation of
Polypseudorotaxane PEGDA-3-CD

In pseudorotaxanes, 5-CD inclusion complexes are typically
obtained by mixing an aqueous solution of 3-CD with guest
molecules [23]. The formation of inclusion complexes is mainly
attributed to weak host-guest interactions, resulting in small
chemical shifts observable in the '"H NMR spectra [24]. Based
on this, we herein prepared aqueous solutions of PEGDA (700
Da) and $-CD at different molar ratios (1:1 to 1:10) in D,0O, and
the resulting solutions were analyzed by 'H NMR spectroscopy
(Figure 1a,b and Figure S1). By comparing free 5-CD and PEGDA-
B-CD complexes, upfield shifts were observed for H3 and H5
protons of 3-CD (Figure 1c), while all protons of 3-CD showed a
perceptible downfield shift with increasing 8-CD ratio, especially
the protons H2 and H4 on the outer side of the macrocyclic, due
to changes in solvent viscosity, polarity, and de-shielding effect.
However, the inner cavity protons H5 and H3 were most affected
with a predominant upfield shift, confirming that the PEG chain
was encapsulated as the guest molecule in the 3-CD cavity.

The Rotating frame Overhauser Effect SpectroscopY (ROESY)
was used for studying the interaction of CDs with guests,
reflecting their spatial interactions [25]. Notably, several ROESY
correlations appear at similar positions to those observed in
the COrrelation SpectroscopY (COSY) spectra of the individual
PEGDA and -CD, which can be attributed to protons that are
both J-coupled and spatially proximate. By comparing the ROESY
spectra of PEGDA-$-CD (1:4) (Figure 1d) with the COSY spectra
of the individual components (Figure S2), a clearly cross-ROE
peak was observed between H1 at 5.07 ppm and H6 at 3.89
ppm, suggesting the formation of new spatial proximities induced
by complexation. These observations suggested the presence of
multiple 8-CD units assembled along the PEGDA chain, which
may bring different cyclodextrins into close spatial proximity.

However, due to the limited resolution of the 2D ROESY
spectrum, 1D NOESY experiments were further conducted to
investigate host-guest interaction with its higher sensitivity

and resolution [26]. To investigate the interaction between the
aliphatic PEGDA chain (protons b and c¢) and the inner cavity pro-
tons of 3-CD (H3 and H5), selective 1D NOESY experiments were
performed by irradiating individual resonances (Figure le). Upon
selective irradiation of the proton at site c, clear NOE responses
were observed for both H3 and HS5, indicating close spatiality.
Then, irradiation at site b resulted in NOE enhancement at H5.
Additionally, selective excitation of H3 and H5 revealed that H3
showed NOE correlation with the proton at site ¢, whereas H5
exhibited correlations with both b and c sites on the PEGDA
chain. These results collectively support the inclusion of the
PEGDA chain within the 8-CD cavity, with differential proximity
of the guest protons along the chain to the inner cavity protons.

The inclusion complex PEGDA-3-CD (1:1-1:4) was characterized
by Fourier transform infrared (FTIR) spectroscopy and compared
with the physical mixture of PEGDA and $3-CD (Figure 1f and
Figure S3a). The overall signals of the inclusion complex were
similar to those of free PEGDA and 5-CD. However, blue shifts
were observed in the C—H stretching vibrations of PEGDA (from
2866 to 2920 cm™') and the O—H stretching vibrations of $-
CD (from 3270 to 3327 cm™) [27-29]. This may be due to the
transition of guest long chains from a hydrated environment to
a hydrophobic, spatially constrained microenvironment, which
was not observed in the physical mixture. The physical mixture
here referred to mixing equal amounts of PEGDA and 3-CD
precursors and testing immediately. To confirm the absence
of inclusion behavior, the FTIR spectrum of the mixture was
compared with the simulated FTIR spectrum of the mathematical
summation of two precursors (Figure S3b). The differential IR
spectrum of the mixture and the simulated one showed a very
small fluctuation range (AA <% 0.05), where the baseline close
to 0 proved that the physical mixture had not yet formed a host
guest interaction, exhibiting pure mathematical additivity.

After verifying the existence of PEGDA-3-CD polypseudorotax-
ane, the threading density was analyzed by electrospray ioniza-
tion mass spectrometry (ESI-MS). This soft ionization should
avoid the detachment of the 8-CD from the polypseudorotaxane,
in contrast to conventional chromatographic methods where its
strong interactions with the silicon column surface may disrupt
the host-guest interaction [30]. In the positive ion ESI-MS spectra
(Figure S4), PEGDA (700 Da) exhibited a Gaussian distribution
with the number of repeating units changing (n = 6 to 18),
while 5-CD displayed characteristic isotopic peak patterns [31,
32]. Various threading densities were found in PEGDA-3-CD
inclusion complexes at different molar ratios (1:1-1:4), rising from
one B-CD ring through one chain up to a structure of three
B-CD rings through one chain (Figure 1g and Figures S5-S7).
Based on these results, four types of PEGDA-3-CD (PCpeyo.mighs
with Zero, Z, 1:0; Low, L, 1:1; Medium, M, 1:2; High, H, 1:4
molar ratio) polypseudorotaxanes were identified and are in
the following abbreviated as PC,, PC;, PCy;, and PCy. Their
corresponding PEGDA:B-CD molar ratios, abbreviations, and
possible interlocking structural derivatives from ESI-MS spectra
are summarized in Table 1.

Subsequently, a series of P,C, hydrogels was prepared by adding
X% (W.v., 2.5, 5,10, 20%) of PEGDA and 5-CD into H,O at different
molar ratios y (1:0-1:5). The gelation time upon photocrosslinking
was studied systematically. As shown in Figure S8a,b, no gel
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FIGURE 1 | (a)Formation of the pseudorotaxanes PEGDA-S-CD and numbering of a glucopyranose unit in 3-CD. (b) 'H NMR spectra of pure 8-CD
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showing PEGDA trimer and the complex structure where one 3-CD ring is threaded onto the PEGDA short chain.
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TABLE 1 | Four ratios of the PEGDA-B-CD polypseudorotaxane.

Molar ratio of

Possible interlocking

PEGDA:3-CD Classification Abbr. structures

1:0 Zero (Z) PC, No polypseudorotaxanes
11 Low (L) PC, /e\/

1:2 Medium (M) PCy, /6\/ /6\@/

1:4 High (H)

re B P

was formed in 30 min at extreme low concentration (2.5%) of
PEGDA, while also a high ratio of 5-CD would prevent gelation
due to the steric hindrance of 3-CD macrocycles, which hindered
free radicals. By contrast, at 5/10% PEGDA (Ps/,,), most mixtures
formed gel states successfully within 30 min. To ensure that the
interlocked 3-CD would not dethread during photocrosslinking,
P5,10C,.y hydrogel samples were selected after gelation under
30 min irradiation, followed by purification via dialysis against
water. After 5 days of dialysis, any free 8-CD was completely
removed (Figure S9a-c). The remaining content of 8-CD inside
the network was determined using a phenol sulfuric acid col-
orimetric assay (Figure S10). Similarly, except for P;Cy, all other
ratios successfully formed gels, where the -CD was found to be
stably threaded inside the network, i.e., forming a polyrotaxane
(Figure S9d,e). These results demonstrate that Ps;,,C,.; can serve
as a stable first network for constructing polyrotaxane hydrogels.

2.2 | Preparation, Characterization and Drug
Loading of Gel-3-CD

A second network was designed for drug loading that was
composed of carboxymethyl-g-cyclodextrin (CM-3-CD) coupled
to gelatin chains, which was achieved via N’-ethylcarbodiimide
hydrochloride (EDC)/N-hydroxysuccinimide (NHS)-mediated
coupling (Figure 2a and Figure Slla) [33, 34]. After 3 days
of dialysis to completely remove ungrafted CM-3-CD (Figure
Slib,c), the successful coupling was confirmed by 'H NMR and
FTIR spectroscopy. Figure 2b shows in the 'H NMR spectrum
the presence of both gelatin and CM-3-CD features in conjugated
Gel--CD. Similarly, in the FTIR spectra (Figure 2c), Gel-3-CD
displayed strong absorption bands related to two reactants,
including amide I&II regions (1500-1700 cm™) from the gelatin
skeleton and C—O—C stretching vibration (1000-1200 cm™)
contributed by the ether group in CM-f3-CD [35-37]. Moreover,
the intensity of amide I&II in Gel-3-CD increased while the band
of the carboxyl group (1590 cm™) from CM-B-CD disappeared,
indicating the formation of new amide bonds. In contrast, the
signatures of an FTIR spectrum of a physical mixture Gel+CM-f-
CD remained unchanged. Since the amount of 3-CD conjugated
to the gelatin chains determines the drug-loading capacity,
three different feed ratios (Gel: CM-S-CD, w/w, see Table S1
for details) were attempted. After complete dialysis to remove
unreacted species, the CM-S-CD content in the final product was
estimated by the absorbance at 490 nm of a phenol-sulfuric acid
colorimetric assay (Figure 2d,e). The CM-3-CD contents obtained

for the ratios of 3:2, 3:4, and 3:6 were 29.78 + 2.67%, 34.57 + 3.53%,
and 44.37 + 1.15%, respectively, which are consistent with

previous reports [33].

Curcumin (Cur), as a hydrophobic drug, was loaded into Gel-$-
CD and compared with PBS and pure Gel in terms of fluorescence
intensity at around 530 nm (Figure S12c and Figure 2f,g). Cur
exhibited negligible fluorescence in PBS due to its poor solubility
in water, while its content in Gel-3-CD was about 7 times
higher than that in pure Gel. Notably, the emission peak of
Cur was around 538 nm, both in the curcumin fluorescence
calibration curve (Figure S12a,b) and pure gelatin (Figure 2f)
[38]. But it showed a significant blue shift (538-524 nm) after
loading into the 3-CD cavity, indicating the formation of the
inclusion complex [16]. To maximize the drug loading potential,
the highest CM-$-CD conjugation ratio (3:6) was selected for all
subsequent experiments and defined as Gel-3-CD (GC), with the
corresponding Cur-loaded was Gel-3-CD-Cur (GC-Cur).

2.3 | Design and Characterization of
Polyrotaxane-Based Hydrogel P;C; 1;GC,

For application in tissue engineering, which requires on-demand
customization and inclusion of biological functions, PC,; with
its polyrotaxane structure was used as the primary structural
network, while Gel-3-CD (GC) served as the drug loading compo-
nent. As a result, a series of hydrogels P;C,;GC,, (Figure S13a)
was synthesized in a water/glycerol binary solvent with 5% PC,
and 10% GC, ranging from P;C,GC,, without polyrotaxane to
P;C;GC,, with high threading density. Here, at the molecular
level, the host-guest interactions served as structural templates
for microstructural regulation. Scanning electron microscopy
(SEM) images showed that the network changed from an
isotropic disordered porous structure to an anisotropic laminar
flow-like morphology (Figure 3a). This is because when an
increased number of 5-CD rings threaded onto the PEGDA chain,
B-CD would arrange in a one-by-one arrangement on the chain,
resulting in a high threading density. The hydrophilic outer layer
of 3-CD rings is rich in hydroxyl groups, which interact with other
B-CD rings on adjacent PEGDA chains through hydrogen bond-
ing, pulling the PEGDA chains closer and oriented. This indicated
that the molecular recognition via host-guest interaction drove
the topological evolution of the gel microstructure. Hence, such
adjustable morphology of gels provides the possibility of adapting
the mechanical properties to different organs and tissues.
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FIGURE 2 | Synthesis and characterization of Gel-3-CD for drug loading. (a) Synthesis route of Gel-3-CD. (b) 'H NMR spectra of gelatin (Gel), CM-
B-CD and Gel-5-CD in D, 0 at 298 K. (c) FTIR spectra of gelatin (Gel), CM-3-CD, Gel-8-CD and physical mixture Gel+CM-3-CD. (d) UV-vis spectra of
phenol-sulfuric acid colorimetric assay for Gel-8-CD at different feeding weight ratios. Peaks at 490 nm were used for estimation of (e) the modification
rate of CM-B-CD on Gel-3-CD. (f) The emission spectra of PBS, Gel, Gel-3-CD loaded with curcumin, and the fluorescence intensities around 530 nm
were used to calculate (g) the loading capacity of curcumin. In (e, g), data are presented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ns denotes

non-significant difference. n = 3 replicates.

Rheological tests were carried out on a series of hydrogels
P;C,.;GC,, to analyze their viscoelasticity and self-healing abil-
ity. A dynamic strain sweep (DSS) test at a constant frequency of
1 Hz was first performed on P;C; GC,, before and after UV irra-
diation to determine the mechanical enhancement during photo-
crosslinking (Figure 3b). In the initial strain region, the storage
modulus G’ was greater than the loss modulus G’ for both UV-
irradiated and non-irradiated samples, showing the elasticity of
the gel. After photo-crosslinking, both moduli increased slightly,
and the crossover point (yield point, T;) jumped from 26.71% to
138.34%, indicating that the photo-crosslinked network can bear
more strain while maintaining intrinsic elasticity. Subsequently,

the dynamic self-healing ability of P;C;GC,, was confirmed
through continuous-step strain measurement (Figure 3c). Under
lower strain (1%), G’ was higher than G/, showing the integrity
of the self-supporting network. Conversely, the values of modulus
were reversed (G'’> G’) under high strain (300%), demonstrating
that the gel changed into the sol state with a flowing tendency.
But once switching back to low strain (1%), G’ immediately raised
again, greater than G”’. In these cyclic tests, the gel showed
instantaneous self-healing and recovery, which was attributed
to abundant hydrogen bonding and supramolecular stacking
between 3-CDs on chains. In a “cut and heal” test (Figure 3d),
P;C,; GC,, was able to self-heal after cutting and reconnection,
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Morphology and rheological characteristics of hydrogels. (a) SEM images showing morphology changes guided by molecular

recognition, with schematic diagrams of the corresponding network. (b) Dynamic strain sweeps of PsC; GC;, before and after photocrosslinking. (c)

Continuous step-strain measurements of PsC;1;GC;y with high strain (300%) and low strain (1%) confirming self-healing ability. (d) Digital images of

exhibiting self-healing behavior. Rheological behavior of (¢) dynamic strain sweep, (f) dynamic frequency sweep, and (g) viscometry analysis for all

formulations of PsC, 1GCyg.
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and did not break even when knotted or stretched. The com-
parison of FTIR spectra (Figure S14b) of P;C; GC,, at different
states (original, cutting, self-healing) showed a highly reversible
transformation. The stretching vibration of the O—H group (3300
cm™) and the C—H group on the PEGDA skeleton (2800-3000
cm™) [28] showed slight shifts of 2-4 cm™ after cutting. More
interestingly, the amide II region at 1550 cm™" disappeared after
cutting and reappeared in the self-healed sample. The originally
ignorable bands of restricted C—O—C glycosidic bridge from 5-CD
rings (1150 cm™!) [39] were exposed after cutting, and significantly
weakened again after healing.

Dynamic strain sweep (DSS) and dynamic frequency sweep (DFS)
measurements were carried out on all hydrogel formulations of
P;C,.;GC,, with different threading densities to explore their
stability and differences. As shown in Figure 3e-g, P;C;GC,,
exhibited significantly higher G’ and complex viscosity compared
to the other formulations, due to the presence of isolated 5-CD
crystals, as observed by SEM (Figure 3a). For all formulations
in DSS, G"’ was elevated with the increase of threading density
caused by more dynamic interactions, such as -CD sliding on
the chains in polyrotaxanes and hydrogen bonding between each
other [12]. However, the yield points of P;Cy,GC,, and P;C;GC,,
were lower than those of P;C,;GC,,, which were consistent
with the previous results of PsCy; (Figure S8), as excessive (-
CDs blocked partial photocrosslinking at low concentrations of
PEGDA. Interestingly, in the initial strain stage, the G’ value of all
formulations was one order of magnitude higher than G”’, while
the tan 8§ (G’’/G’) was between 0.1 and 0.2, which resembled the
characteristics of naturally occurring tissues, especially muscle
and skin [8, 40]. In the DFS experiment of all samples (Figure 3f),
the G’ consistently remained higher than G’ over a broad
frequency range, indicative of a stable gel state. Meanwhile,
the composite viscosity gradually decreased with increasing fre-
quency, reflecting a shear-thinning effect caused by the alignment
of polymer chains along the flow direction. Overall, these results
demonstrated that P;C,_; GC,, gels possess tissue-like rheological
properties and excellent self-healing ability.

2.4 | Mechanical Performance of Hydrogels
PsCz.uGCyo

To evaluate the mechanical adaptability of hydrogels PsC, ;GC,,
in tissue engineering, the effect of polyrotaxane on mechanical
properties was also studied through tensile and compression
tests. First, the increase in threading density gradually enhanced
the tensile strength, toughness, and elongation (Figure 4a,b and
Figure S15). This improvement arose from the flexible mechanical
interlocking of polyrotaxane, which is a topological constraint
rather than a fixed chemical crosslinking. Because the host-
guest interaction between the §-CD ring and PEGDA chain is
dynamic and relatively weak, §-CD rings could move freely on
the PEGDA chain as an axis, similarly to pulleys. Such pulley effect
can equalize the tensions of threading polymer chains and avoid
stress localization, thereby improving elongation and toughness
[15]. Interestingly, after stretching and releasing, the four for-
mulations exhibited different morphologies. Both P;C,GC,, and
P,C, GC,, showed full reversibility with no obvious deformation,
whereas wrinkles appeared in P;C,,GC,,, and P;C;GC,, twisted
into a helical shape (Figure 4c and Figure S16, Movie S1).

This behavior was precisely regulated by the threading density
at the molecular level and the different morphologies at the
microscale level. When few or no 5-CD rings were threaded
onto the PEGDA chains, the gel could recover immediately after
stretching and releasing, ignoring the strong interaction between
B-CDs. Conversely, high threading density triggered hydrogen
bonding interactions occurring between 8-CD rings on adjacent
chains (Figure 4c green). During stretching, the interactions
would be disrupted and re-assembled with another §-CD ring
in a new equilibrium position (Figure 4c red), preventing the
macroscopic structure from reverting to its original state after
release. The formation of wrinkles and helices can therefore be
interpreted as morphological instabilities from a stress mismatch,
caused by the breaking and recombination of non-covalent bonds
in a polyrotaxane-based network [41, 42]. The cyclic loading-
unloading tests (Figure 4d) were used to further explore the
energy dissipation mechanism of dynamic bonds quantitatively.
The dissipated energy per cycle is determined by the area of the
hysteresis loop between loading and unloading, representing the
actual amount of mechanical energy lost, which is converted into
heat or used for molecular rearrangement [43].

Given the microstructural changes, P;C,GC,, and P;C,;GC,,
were compared (Figure 4d). In the first cycle, pronounced
hysteresis loops were observed on both formulations, mainly
attributed to the Mullins effect, which states that the internal
structure of the material is tamed during initial stretching
[45]. The higher dissipated energy was observed in P;CyGC,,
than that in P;C,GC,, (Figure 4e), with an energy dissipation
coefficient () close to 80% in the first cycle (Figure 4f), indi-
cating that most of the mechanical energy during loading was
effectively absorbed and converted. In the subsequent 9 cycles,
the dissipation coefficients of P;C,GC,, and PsC,;GC,, quickly
reached a stable plateau, representing rapid reconstruction after
unloading and repeatable self-healing ability. Notably, P;C,GC,,
displayed a stable, highly elastic, and reciprocating material,
maintaining low energy dissipation (13.53 + 1.41%). In contrast,
P;C,;GC,, retained a high-energy dissipation coefficient (46.56 +
3.00%), demonstrating its potential for damping application in
TE. Leveraging its advantage, the samples with high threading
density of polyrotaxane can serve as promising ECMs for tissue
engineering where high energy dissipation is required [46]. For
example, they could be utilized as treatments for cartilage or joint
wound [47], shock-absorbing implants of plantar fat pads [48],
or for noise suppression and vibration mitigation in wearable
electronic devices, such as respiratory monitoring [49, 50].

Subsequently, as shown in Figure 4h,g, representative compres-
sion curves with corresponding modulus and strength revealed
the different performances before and after irradiation. The result
emerged in the enhanced compressive strength and modulus of
P;C; GC,, after photo-crosslinking, consistent with the previous
rheological results (Figure 3b). A comparison of G,,, G;,-Gly, and
hydrogels P;C,_;; GC,, with four formulations exhibited a gradual
improvement in compressive modulus (Figure 4i,j). Compared
with traditional gelatin, which is fragile, all hydrogels showed
compression resistance (Figure S17a) and maintained structural
integrity even at strains exceeding 80%. Notably, PsC,;GC,,
displayed a significantly higher compressive modulus, which
is attributed to the formation of crystals within the network
(Figure 3a). But the compressive strength of P;C,.;GC,, was
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FIGURE 4 | Mechanical characterization of the hydrogels. (a) Tensile stress—strain curves of four formulations PsCy.1;GCyo, compared with G, and
Gjo-Gly. (b) Ultimate strength obtained based on the corresponding tensile curve, and a digital image of the experimental setup with a stretchable sample.
(c) Digital images of PsC, 1;GCq released after stretching to about 100% elongation, showing reversible morphology in PsC, 1 GCyo, with wrinkles
appearing in PsCy;GCy, and helix structure in PsCyGCyq. (d) Cyclic loading-unloading curves with corresponding (e) dissipated energy and (f) energy
loss coefficient () of the hydrogels PsC;GC,q and P5CyGC;y during 10 cycles at 180% strain. (g) Compressive strength and modulus of PsC;GCy,
before and after photocrosslinking, obtained from their (h) compressive stress-strain curves. (i) Representative compressive stress—strain curves and (j)
compressive modulus of four formulations PsCy_ 1;GC;o compared with G,y and G;o-Gly, which were calculated from the average slope of the stress-strain
curve in the strain range of 5%-15% [44]. Data in (b, g, j) are presented as mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001, and ns denotes non-significant
difference. n = 3 replicates.
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lower than that of P;C; GC,, because the photo-crosslinking was
partially blocked (Figure S17b). The widely adjustable compres-
sion modulus of around 50-250 kPa is important for simulating
tissues with different physiological stiffness. For example, the
physiological stiffness range of dermal tissues is between 12
and 60 kPa [51], while cartilage and bone exhibit significantly
higher stiffness (> 100 kPa) [52]. Accordingly, PsC,;GC,, with
its low modulus, high elasticity, reversibility, and low dissipation,
is more inclined toward dynamic tissues such as skin. In con-
trast, gels with higher threading density, PsC,, 3GC,, are better
suited for simulating high-dissipating and stiffer tissues. All key
mechanical parameters of samples are listed in Table S2.

2.5 | Physiochemical Adaptability and Drug
Release of Hydrogels P5CZ-HGC10

The development of hydrogels suitable for tissue engineering also
requires consideration of appropriate physiochemical properties,
including adhesiveness, swelling ability, and degradability. The
adhesive performance of hydrogels P;C, ;GC,, was evaluated
through the lap-shear test (ASTM F2255) with porcine skin as
the substrate, forming a sandwich structure with gels in between
(Figure 5a and Figure S18). The adhesive properties of all samples
were similar to previous hydrogel-based wound dressings, which
can avoid pain during peeling [53], and slightly increased at
body temperature (37°C), as the surface-modified Gel-5-CD still
kept the inherent thermo-responsive behavior of gelatin. Further,
all gels could adhere to finger joints comfortably, maintaining
flexibility and complete adhesion even during finger movement
(Figure 5b).

The swelling, water retention, and dynamic dehydration behavior
of hydrogel P;C, ;GC,, was studied by gravimetric analysis. For
wound healing, gels need to quickly absorb tissue fluid, and
hence, most hydrogels will be highly swollen after absorbing
fluid, resulting in expansion of the wound, potentially causing
secondary damage [54]. Figure 5c shows that all four gels,
PsC, 3 GCy, exhibited rapid liquid uptake within the initial 30
min due to the presence of hydrophilic glycerol and cyclodextrin.
The final swelling ratio was only between 100% and 150%, which
can be contributed to the short-chain PEGDA. In contrast, gels
based on high molecular weight PEG (20 kDa) can swell up
to 45 times [55]. Therefore, the PEGDA with low molecular
weight (700 Da) limited the excessive expansion of the networks.
Then, the gels swollen to equilibrium (i.e., after 2 h) were placed
in an ambient environment to evaporate the free water until
equilibrium, exploring the water retention capacity (Figure 5d
and Figure S19b). The moisture content reached equilibrium
after 10 h and remained almost unchanged for the next 14 days.
Notably, the hydrogels with larger 5-CD content maintained a
higher equilibrium moisture content, which may be due to the
hydrogen bond interaction between its rich peripheral hydroxyl
groups and water molecules, thus effectively suppressing water
evaporation. The main reason for the mass decline was that the
glycerin in the gels was washed away during the swelling process
and lost part of the water retention capacity. In fact, if the gels
were only placed in an ambient environment without swelling,
the samples containing glycerol remained flexible and elastic for
at least 11 days, while pure gelatin without glycerol (G,,) became
dry and brittle after one day (Figure 5e and Figure S19c, Movie

S2). Overall, the hydrogels PsC, ;;GC,, have the good properties of
rapid absorption of tissue fluid, low swelling, and high moisture
retention, which can be applied for long-term use.

As a representative hydrophobic drug, curcumin (Cur) was
loaded into 5-CD cavities in the network Gel-3-CD (GC) as previ-
ously proved in Section 2.2, then mixed with P;C,_y; polyrotaxane
to form the final drug-loaded hydrogels PsC, ;;GC,,-Cur (Figure
S13a), and their release in vitro was monitored within 72 h. As
shown in Figure 5f, a burst release behavior of Cur in G, was
observed within 8 h, while all formulations PsC,_;GC,,-Cur pro-
vided a sustained and steady release profile over 72 h. This relied
on Cur slowly detaching from the 3-CD cavities, followed by its
diffusion from the gel network into the surrounding medium. The
capacity to maintain a drug concentration within wounds for an
extended duration is beneficial for the repair of infectious wounds
and avoids dosage toxicity [56]. To further understand the drug
release mechanism, P;C; GC,,-Cur was picked as an example and
fitted with three commonly used drug release models: zero order,
first order, and Higuchi models (Figure 5g). The release pattern
of the Cur in PsC,GC,, was fitted to a first-order model (R* =
0.99), indicating that the release rate was primarily governed by
the residual drug concentration within the matrix. Meanwhile,
a relatively high correlation with the Higuchi model (R? = 0.95)
suggested a dominant diffusion-controlled process, indicating
that Cur was released more through diffusion from insoluble
matrices rather than matrix erosion [57]. In order to further prove
the universality of the hydrogel as a hydrophobic drug delivery
platform, two widely used hydrophobic model drugs, berberine
hydrochloride (BBH) and quercetin (QCT), were used to evaluate
their loading and release performance (Figures S20 and S21). The
abundant 3-CD cavities in the Gel-3-CD could form host-guest
complexes with the hydrophobic end of the drug, significantly
increasing the loading capacity of BBH and QCT to 4.2 and 3.8
times that of pure gelatin, respectively (Table S3). In addition,
P,C; GC,,-BBH/QCT, as the representative drug-loaded hydrogel,
showed sustained release characteristics for both drugs within
72 h (Figures S20f and S21f). The release kinetics of BBH and
QCT in P;C, GC,, were similar to those of Cur, which fitted well
to a first-order model, showing a concentration-dependent and
diffusion-controlled process. These results together confirmed
that the hydrogel can be used as a universal and efficient delivery
platform for various hydrophobic drug therapies.

In addition, stable drug release is also governed by the structural
integrity of the network and its appropriate degradation kinetics
[58]. Meanwhile, biodegradation within a physiologically relevant
timeframe is a prerequisite for tissue engineering biomaterials
[59]. For this reason, the hydrogels were incubated in PBS (pH
7.4) or collagenase solution (2.5 U/mL) as a degradation medium
at 37°C under constant oscillation to simulate an in vitro envi-
ronment. The biodegradation of all samples was quantitatively
assessed by measuring the mass loss at specific intervals of 3, 7,
and 14 days, with Gel,, and Gel,,-Gly serving as control groups.
As shown in Figure 5h, different from the rapid degradation of
Gy and G,,-Gly, all formulations P;C,_;;GC,, exhibited controlled
degradation between 52% and 66% within 72 h, still maintaining
certain structures. After 14 days, the gels degraded over 90%,
which could be gradually replaced by newly generated tissue
within an acceptable time range. Afterward, the enzymatic
degradation of biomaterials was validated in a high-concentration
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FIGURE 5 | Physiochemical adaptability and drug release of hydrogel PsCy 13GCyo. (a) Adhesion strength of G,y and PsCy.;; GC,, applied on porcine

skin after 30 min of pressing at room temperature and 37°C. (b) Digital images of P;C; GC as an example adhering to finger joints during movement.

The behaviors of four formulations, PsC7.;;GCyo, compared with G, and Gyo-Gly, in (c) swelling tests, (d) water retention ability after swelling for 2

h, and (e) dynamic dehydration at room temperature for 11 days. (f) Curcumin release profile of G;q and PsC.1;GCy in vitro over 72 h. (g) Evaluation

of release mechanisms and kinetics of curcumin in PsC; GCy as a representative sample by fitting to zero-order, first-order, and Higuchi models. (h)
Biodegradation behavior of G, G;o-Gly and PsC,.5GC,q in PBS at 37°C after 3, 7, 14 days. In (a, h), data are presented as mean + SD; *p < 0.05, **p <

0.01, ***p < 0.001, and ns denotes non-significant difference. n = 3 replicates.

collagenase (2.5 U/mL in PBS) environment [60, 61], and the
accelerated and complete degradation of all samples occurred
within 3 days, demonstrating excellent enzymatic responsive
biodegradability (Figure S19d).

2.6 | Evaluation of Cytocompatibility In Vitro and
Wound Healing In Vivo

Excellent biocompatibility is a fundamental requirement for
any material being used in TE applications. Therefore, the in
vitro cytocompatibility of all drug-loaded hydrogels PsC,.;;GC,,-
Cur was evaluated using cell counting kit-8 (CCK-8) assays
in an indirect way and compared with gelatin (Figure 6a).

Gelatin itself is highly advantageous for cell adhesion and
growth due to the presence of the RGD peptide sequence,
making it commonly used in TE [62, 63]. Notably, most sam-
ples in this study were outperformed by gelatin in terms
of NIH/3T3 fibroblast activity. Among them, P;C,GC,,-Cur
showed significant differences, with 24-h cell viability reach-
ing 175.5 + 18.7%. This enhancement is likely due to the
synergistic effect of the biocompatibility of polymer precur-
sors and the anti-inflammatory property of loaded curcumin.
Although the cell viability slightly decreased (175.5 + 18.7%-—
121.88 + 19.1%) with increasing $-CD content, as excessive
CDs may cause disturbances of cell membranes [64]. Yet,
the results demonstrated better biocompatibility than the con-
trol group. Therefore, all samples PsC,;;GC,,-Cur possessed a
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FIGURE 6 | Cytocompatibility and in vivo wound healing effects of hydrogels. (a) Cell viability of NIH/3T3 cells after being treated with extracts
of Gyp-Cur, Go-Gly-Cur and P5sCy 1;GCy-Cur for 24 h. Data are presented as mean + SD; *p < 0.05, **p < 0.01, **p < 0.001, and ns denotes non-
significant difference. n > 3. (b) Live/dead staining of NIH/3T3 cells after being treated with PsC, | GCyo-Cur for 1 day and 3 days. Scale bar: 200 um. (c)
Representative images of Phalloidin staining of F-actin in NIH/3T3 cells cultured on the tissue culture plate (Control) and various hydrogels PsC;GCq-
Cur (50.16 kPa), PsC; GCy-Cur (67.12 kPa), PsCy; GC,o-Cur (250.68 kPa). Scale bars: 100 um. (d) Representative images of the scratch area of NIH/3T3
cells after being treated with P5Cy; GCyo-Cur for 3 days. Scale bar: 200 pm. (e) Schematic diagram of the healing experiment of wounds. n = 6. (f)
Representative photographs of wounds in rats treated with PBS, PsC,GC,q, PsC; | GC;o-Cur hydrogels on days 0, 1, 3, 7, and 14. Scale bar: 0.5 cm.
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(g) Histological images of H&E staining and Masson trichrome staining of wounds at days 7 and 14 for each treatment group. Scale bar: 200 pum. (h)
Immunohistochemistry of control and hydrogels PsC;GC;, PsC7.; GCyo-Cur treated wounds on day 7 and 14, stained for F4/80. F4/80-positive cells (red
fluorescence) identified the infiltration of macrophages. Scale bar: 100 um.
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broad safety window and excellent cytocompatibility for TE
applications.

Based on the mechanical analysis, PsC,;GC,,-Cur was con-
sidered a promising candidate for skin wound dressings due
to its elastic, reciprocating, and low-dissipating properties. To
further investigate the actual functionality of these hydrogels,
P;C,.; GC,y-Cur samples were further explored through live/dead
cell staining, cell migration, and in vivo wound healing. Figure 6b
shows that most cells were alive and spaced regularly with
spindle-like morphology and significantly proliferated from day 1
to day 3. In addition, the adaptability of cells to matrix mechanics
was reflected by corresponding alterations in actin cytoskeleton
arrangement [65]. It was previously reported that NIH/3T3 cells
had no detectable stress fibers on soft gels (e.g., 180 and 1600
Pa), with a slower growth rate than on a stiffer gel (55 kPa)
[66]. Here, the morphology and spreading behavior of NIH/3T3
cells were visualized via F-actin staining after being plated on
four substrates: tissue culture plate (Control), PsC,GC,,-Cur
(50.16 kPa), P;C; GC,,-Cur (67.12 kPa) and P;C;;GC,,-Cur (250.68
kPa) (Figure 6¢c). NIH/3T3 cultured on hydrogel P;C,;GC,,-
Cur, which resembled a stiffness close to dermal tissues (12-60
kPa) [51], showed spreading and an elongated shape with well-
organized stress fibers. The cells on P;C;GC,y-Cur exhibited a
more rounded shape and poor actin filaments, due to mechanical
mismatch. Quantitative analysis (Figure S22) confirmed that
the cells on P;C,GC,,-Cur achieved the highest spreading area
and polarization, significantly better than the harder P;C;;GC,,-
Cur variant. In the migration test (Figure 6d), the scratch area
decreased over time for all groups. According to semi-quantitative
analysis (Figure S23), the extractions of P;C,GC,y-Cur could pro-
mote the migration of fibroblasts more effectively (80.98 + 7.69%).

The in vivo wound healing effect of hydrogels was evaluated by a
rat skin full-thickness skin defect model. A circular holodermal
wound (8 mm in diameter) was created on the back skin of
rats, and either left untreated (control) or treated with P;C,GC,,,
P;C,GC,y-Cur, and P;C;GC,,-Cur (Figure 6¢,f). The inclusion
of the curcumin-free P;C,GC,, group served to distinguish
the contributions of the hydrogel’s mechanical cues from the
pharmacological effects of curcumin. On Day 1, the astringent
effects of the P;C,GC,,-Cur group began to be evident and
became more pronounced in the following days. By Day 7, obvious
scabs were observed in the control group. Interestingly, the drug-
free P;C,GC,, promoted wound closure as well compared to
the control, confirming that the hydrogel matrix itself provides
a favorable moist microenvironment and structural support
for tissue repair. Whereas P;C,; GC,,-Cur significantly avoided
scarring and accelerated wound healing due to the synergistic
contribution of the anti-inflammatory and antibacterial proper-
ties of curcumin [56]. By day 14, quantitative analysis (Figure
S24) revealed clear differences between groups across all pairwise
comparisons, where the wounds in the P;C,GC,,-Cur groups
were almost completely closed (95.36 + 0.84%), demonstrating
good therapeutic efficacy.

Histological analysis was carried out to gain further insight
into the healing status of skin wounds. The H&E staining and
Masson staining results of the tissue sections are shown in
Figure 6g, along with an immunofluorescence staining of F4/80
for marking the infiltration of macrophages (Figure 6h). On day 7,

all groups were in the transitional stage from inflammation to
proliferation. However, the control group still showed significant
inflammatory cell infiltration and sparse collagen accumulation
with fine fibers and low mechanical strength. This was also
the reason for the appearance of scabs on the wound surface
(Figure 6f), as inflammation and disorderly collagen deposition
would lead to scar formation [67]. According to quantification
of inflammatory cells and collagen fibers on day 7 (Figure S25),
the P;C,GC,,-Cur groups exhibited the best performance of an
attenuated inflammatory response (11.12 + 0.21%) and enhanced
collagen deposition (67.89 + 4.28%), compared to the control
and Cur-free P;C,GC,, group, demonstrating guidance for early
wound repair. Corresponding results were also shown in F4/80
immunofluorescence staining (Figure 6h), with a high density of
F4/80 positive cells (red fluorescence) in the control and Cur-
free P;C,GC,, group, which indicated a strong inflammatory
response. The signal of infiltrating macrophages was significantly
attenuated in the P;C,GC,,-Cur group, suggesting its regulatory
effect on inflammation. Then, on day 14, all wounds in each
group had basically completed re-epithelialization. The control
group had a relatively thin epidermal layer, loose and disordered
collagen fibers in the dermis layer, as well as the persistence
of residual inflammatory cells. The drug-free P;C,GC,, group
outperformed the control slightly, suggesting that the mechanical
cues of the hydrogel alone effectively guided tissue remodeling.
Conversely, the wounds of P;C,; GC,,-Cur samples were more
mature, with more granulation tissue replaced and accompanied
by regeneration of skin appendages. Especially in the P;C,GC,,-
Cur sample, the inflammatory signal nearly vanished, and
collagen fiber bundles became thicker and highly organized,
which even surrounded newly formed appendages, exhibiting
a promising tissue regeneration effect. Therefore, collectively
in vitro and in vivo, both P;C,; GC,,-Cur effectively promoted
wound healing. A better performance of P;C,GC,y-Cur is likely
related to a more suitable 3-CD content and mechanical cues that
are more compatible with fibroblasts at the wound site.

3 | Conclusion

In summary, we have prepared a series of hydrogels based
on PEGDA-3-CD polyrotaxane and gelatin derivative in glyc-
erol/water binary solution with tunable mechanical properties
by adjusting the threading density of polyrotaxane, enabling
the design on-demand in tissue engineering. A PEGDA-3-CD
polypseudorotaxane, formed via host-guest recognition, was
first captured in a low-concentration aqueous environment.
Meanwhile, the results demonstrated that the threading density
at the molecular level guided the evolution of the hydrogel’s
microstructure and further transmitted to macroscopic mechan-
ical properties. The introduction of a PEGDA-3-CD polyrotax-
ane structure enhanced the toughness and elastic modulus of
gels, allowing customization to tissues or organs with different
stiffness. In addition, the gel with high threading density of -
CD enabled a dynamic bond motif with a sliding-ring effect
during stretching. The final four formulations of hydrogels
P;C,.;GC,o-Cur exhibited different directions of usage in TE:
P;C;; GC,y-Cur, characterized by highly elastic, recoverable, and
low dissipation materials, was suitable for joint skin dressings,
while P;CyyGC,y-Cur preferred to mimic special biological
tissues with high modulus and high damping properties. All
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samples exhibited excellent biocompatibility, and PsC,GC,,-Cur
featured the best wound healing effects with fibroblasts NIH/3T3
proliferation and migration, anti-inflammation, and promotion of
collagen accumulation. Overall, this study established not only a
clear structure-property-function relationship across molecular,
microscale, and macroscale levels but also the critical role of
polyrotaxane threading density in governing mechanical adapt-
ability and biological performance. This strategy provides general
design principles for mechanically programmable supramolecu-
lar biomaterials and opens new avenues for engineering dynamic
tissue-mimetic systems.
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