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Formation of Supramolecular Gels from Host—Guest
Interactions between PEGylated Chitosan and

a-Cyclodextrin
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Twana Mohammed M. Ways, Vitaliy V. Khutoryanskiy, and Cécile A. Dreiss*

Chitosan-based hydrogels are prepared via the formation of
polypseudorotaxanes (PPR), by selectively threading a-cyclodextrin (@-CD)
macrocycles onto polymeric chains, which, through the formation of
microcrystalline domains, act as junction points for the network. Specifically,
host—guest inclusion complexes are formed between @-CD and PEGylated
chitosan (PEG-Ch), resulting in the formation of supramolecular gels.
PEG-grafted chitosan is obtained with a reaction yield of 79.8%, a high degree
of grafting (50.9% GW) and water solubility (%16 mg mL~"), as assessed by
turbidimetry. A range of compositions for mixtures of PEG-Ch solutions
(0.2-0.8% w/w) and a-CD solutions (2—12% w/w, or 0.04-0.2% mol) are
studied. Regardless of PEG content, gels are not formed at low a-CD
concentrations (<4%). Dynamic rheology measurements reveal stiff gels (G’
above 15k) and a narrow linear viscoelastic region, reflecting their brittleness.
The highest elastic modulus is obtained for a hydrogel composition of 0.4%
PEG-Ch and 6% a-CD. Steady-state measurements, cycling between low and
high shear rates, confirm the thixotropic nature of the gels, demonstrating
their capacity to fully recover their mechanical properties after being exposed
to high stress, making them good candidates to use as in-situ gel-forming
materials for drug delivery to topical or parenteral sites.

1. Introduction

Interest in hydrogels for biomedical ap-
plications has exploded over the last sev-
eral decades, due to their attractive fea-
tures that include structural and me-
chanical similarity with natural tissues,
versatility in building blocks, architec-
ture, and functionality— including the po-
tential to respond to triggers—and their
capacity to encapsulate and release ac-
tive compounds in a controlled manner.["]
Hydrogels are typically formed by the
cross-linking of hydrophilic polymers, ei-
ther chemically (through covalent bonds),
or physically, through noncovalent ap-
proaches, including for instance hydrogen
bonds, electrostatic interactions, or host—
guest complexation.[?] In this work, we de-
velop hydrogel formulations based on chi-
tosan and poly(ethylene glycol) (PEG); both
polymers have been widely investigated for
biomedical applications, such as genel3~
and cell therapy/®’l wound dressing,®’!
tissue regeneration,®% and as delivery
systems!™] for the controlled release of
antibiotics('*1*] and macromolecules.(!
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The use of physical interactions to construct hydrogels is ad-
vantageous as it implies the presence of dynamic cross-links,
which can be broken and reformed, either under the action of ex-
ternal stimuli (such as temperature, irradiation, or ultrasound) or
shear (i.e., when going through a needle), making them attractive
for drug delivery applications where the gel can be applied to a
specific area by injection, reform in-situ and an active compound
can be slowly released where desired.] Amongst the type of in-
teractions used to build supramolecular gels, host—guest interac-
tions, which rely on the inclusion of a molecule, a pendant group
or a polymer chain within the cavity of a “host,” for instance,
cyclodextrins are particularly attractive.['*15] Cyclodextrins (CDs)
are cyclic oligosaccharides containing (a-1,4)-a-D-glucopyranose
units obtained from the enzymatic degradation of starch.'®] They
are toroidal molecules with a truncated cone structure having a
relatively apolar inner cavity, lined with alkyl groups and glyco-
sidic oxygen atoms, and a hydrophilic outer surface with hydroxyl
groups on the rim of the molecules.'”! This peculiar structure
explains their widespread use in pharmaceutical formulations
for the purpose of encapsulating poorly water-soluble drugs, in-
creasing their solubility, and therefore their bioavailability.'81°]
Supramolecular gels prepared using the complexation with cy-
clodextrins are broadly based on two approaches. The first re-
lies on host-guest interactions between small guest molecules
chemically grafted on a polymer chain and cyclodextrins (usu-
ally 8-CD) attached to another chain, leading to the “zipping” of
the two chains together due to their derivatization with comple-
mentary units.['12%21] This type of hydrogels has found applica-
tions as self-healing materials because they are injectable and
can autonomously restore their initial properties in situ.[202223]
The second strategy relies on the formation of polypseudorotax-
anes (PPR), also referred to as “molecular necklaces,” which are
formed by the selective threading of CD rings on polymer chains,
most often, a-CD (6 glucopyranose units) on PEG chains.[?*%]
The driving forces for the formation of PPRs include hydropho-
bic and van der Waals interactions between the cavity of a-CD
and the ~CH,CH,O- units of PEG, as well as hydrogen bond-
ing between the hydroxyl groups of adjacent a-CD molecules
threaded on the same polymer chain. In turn, hydrogen bonds
formed between a-CD molecules on neighbouring chains lead
to the formation of microcrystalline regions, which act as cross-
links for the network.[26281 CDs with a larger cavity (8-CD and
y-CD) cannot establish strong interactions with PEG and thus
hydrogel formation does not occur with this polymer.?*%! Based
on this concept, a range of supramolecular gels have been re-
ported with polymers that include PEG in their motifs. For in-
stance, a-CD has been used to self-assemble PEO-PHB-PEO tri-
block copolymers, forming a thixotropic and injectable hydro-
gel for the sustained and controlled delivery of macromolecu-
lar drugs.'¥] Multifunctional a-CD-PEG hydrogels formed be-
tween PEG chains and «-CD conjugated with genes, peptides,
or other macromolecules have been explored for controlled cell
delivery and gene therapy.'?] A thermoreversible gel based on
a polysaccharide, comprising PEG-grafted-dextran with a-CD,
has been formed via supramolecular assembly and dissociation
with a controllable transition temperature.[??) The same princi-
ple has also been utilized to incorporate PEG-modified nanopar-
ticles into nanocomposite gels,[*) such as silver, silica, and gold
nanoparticles.[11122731]
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In this work, we apply this design principle to build an in-
jectable material based on biocompatible components, by graft-
ing PEG moieties on chitosan. Chitosan is a linear polysaccharide
composed of randomly distributed g-linked D-glucosaminel’#!
and N-acetyl-D-glucosamine units. It is a relatively abundant,
natural biopolymer, which has attracted wide interest for its
wound-healing, adhesive, and antibacterial properties, as well
as the accessibility of functional groups, well-suited for further
chemical modifications.['”] Despite its attractive features as a
biomedical material, chitosan’s poor solubility under physiolog-
ical conditions (pH 6-8) limits its applicability, in addition to
the need to introduce a cross-linking process to generate chi-
tosan gels. An interesting approach to produce functional bio-
materials is to introduce hydrophilic groups without modify-
ing the initial chitosan skeleton, thus preserving the original
properties.??] PEG-modified chitosan enhances the solubility of
this polysaccharide in water,**! while at the same time giving
access to the formation of chitosan-based hydrogels by further
cross-linking the PEG chains.l’l PEG can be synthesized in vari-
ous molecular weights and functionalized with different terminal
end groups (aldehyde, carboxyl, carbonate, iodide, epoxy, acrylate,
N-hydroxysuccinimide, maleimide, and sulfonate groups).*? All
these PEG derivatives are commonly used for the PEGylation
of colloidal particles, proteins, and functional polymers.[**] The
PEGylation of chitosan is usually achieved by the reaction be-
tween a methoxy-poly(ethylene glycol) (mPEG) derivative and the
amine active group of chitosan.[>3¢] PEGylated chitosan hydro-
gels combined with TiO, nanoparticles have been explored, for
instance, for cardiac tissue regeneration, and have shown en-
hanced cell retention activity and adhesion of cardiomyocytes.!’!
Bioadhesive PEGylated chitosan hydrogels, modulated by en-
zymatic cross-linking, have also been proposed for wound-
healing applications, and shown superior healing effects in
a skin incision when compared with suture, fibrin glue, and
cyanoacrylate.!”]

There is a clear interest in developing chitosan-based hydro-
gels that would preserve the attractive features of chitosan, while
providing fast in-situ gelation after injection. The combination of
PEGylated chitosan with a-CD affords this possibility, imparting
injectability, ease of preparation, while circumventing the need
of chemical cross-linkers. There are, however, very few accounts
of hydrogels based on this strategy. One recent example has re-
ported injectable gels by mixing PEG with chitosan conjugated
with a-CD, for bone tissue engineering.'”) Huh et al. have also
proposed a gel consisting of chitosan modified with 2 kDa mono-
carboxylated PEG, using carbodiimide as a coupling agent, and
a-CD.’l X-ray diffraction measurements confirmed the pres-
ence of the channel-type crystalline structures typical of inclusion
complexes (IC) with cyclodextrins, and the gels displayed ther-
moreversibility, due to the temperature-sensitive break-up of the
host-guest junctions.

This work investigates the formation of a supramolecular
hydrogel based on the spontaneous association of a-CD with
short PEG chains (5 kDa) grafted on chitosan. Oscillatory rhe-
ological measurements are employed to characterize the elastic
properties of the gels as a function of composition and steady-
state measurements to explore their capacity to recover after be-
ing submitted to high shear rates, and thus their suitability for
injection.
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Table 1. Characteristics of the synthesized PEG-chitosan.

Degree of PEGylation Yield [%] GW [%] DS [%,'"H NMR]
Low (LPEG-Ch) 80 28 1
High (HPEG-Ch) 83 51 16

2. Results and Discussion

2.1. Synthesis and Characterization of PEGylated Chitosan
(PEG-Ch)

PEGylated chitosan with a high degree of grafting (51% GW) was
synthesized with a reaction yield of 80%. Unmodified chitosan,
PEG-COOH and PEG-Ch were characterized using proton NMR
and FTIR to assess the reaction and determine the structure and
degree of substitution (Table 1).

The 'H NMR spectrum of unmodified chitosan shows the
presence of peaks at 3.06, 3.57-3.80, and 1.97 ppm corresponding
to H2, H3-6, and NHCOCH,, respectively (Figure 1). The NMR
spectra of both types of PEG-chitosan showed a peak at 3.33 ppm
due to the OCH; group of CH;0-PEG- and the intensity of this
peak in HPEG-chitosan was higher than that of LPEG-chitosan.
Peaks related to H3, H4, H5, and H6 overlapped with the peaks
of OCH,CH, and OCH, groups (b, ¢, and d) at (3.35-3.89 ppm)
(Figure 1). The peaks of PEG-COOH and PEG-Ch were identified
as highlighted in the literature.[*®! The peak at 2.03-2.04 ppm in
PEGylated chitosan belongs to methyl of residual acetate groups

www.mame-journal.de
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Figure 2. FTIR spectra of unmodified chitosan, LPEG-Ch, and HPEG-Ch.

and the peak at 1.88-1.90 ppm, present in both spectra of PE-
Gylated chitosan, was reported previously but was not given any
assignment.!*! It may be related to a residual isourea by-product
of a coupling reaction involving EDC. Based on the 'H NMR anal-
ysis and Equation 3, a degree of substitution of 11% and 16% was
established for LPEG-Ch and HPEG-Ch, respectively (Table 1).
The FTIR spectra of the unmodified chitosan and PEG-Ch are
shown in Figure 2. The unmodified chitosan presents peaks at
3000-3600 cm™! generated by the stretching vibration of O-H
and N-H bonds and at 1649 cm™ due to the amide group
(N—=C=0) stretching. For both LPEG- and HPEG-chitosan, the
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Figure 1. "H NMR spectra of unmodified chitosan, PEG-COOH, LPEG-chitosan, and HPEG-chitosan.

Macromol. Mater. Eng. 2023, 308, 2200646 2200646 (3 of 9)

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH

85UB017 SUOWWIOD aAITea1D) 8|qeo! [dde aup Aq peuienob aJe Sapiie YO 8sn JO SNl 10j AIq18UIUO A8]IM UO (SUORIPUOD-PUR-SLLIBY/LICD" A | IM A RIq 1 BUI|UO//SNY) SUORIPUOD pue SWe 1 8y} 89S *[£202/90/9T] U0 Ariq1TaulluO A8]IM eleneN 8p pepsieAlun Ad 979002202 9UWreW/Z00T OT/I0p/Luod" A3 (1M Aeiq Ul |uo//Sdny Woly pepeojumod ‘9 ‘s20Z ‘¥S0Z6ErT



ADVANCED
SCIENCE NEWS

MRS

Olecular
Matterials and Engineering
— D

www.advancedsciencenews.com

~ 0.14

s e Unmodified chitosan

& 0.12 1 .

£ o LPEG-chitosan

c 0.1 » HPEG-chitosan 5 &

=3 d &

S 0.08- .

5 0.06

@ 0.06 4

2

8 0.041

2 L

0.02 - é

BT teem ey d gty v e

2 4 6 8 10

pH

Figure 3. Effect of pH on the aqueous solubility of unmodified, LPEG-
chitosan, and HPEG-chitosan.

characteristic peaks of PEG-Ch are observed at 841, 957, and 2878
cm~! and attributed to PEG groups. The peak at 1658 cm™~! could
correspond to the amide groups in the linker between PEG and
chitosan. A weak ester peak at 1745 cm™' was also observed, as
also reported elsewhere.[**] The intensity of these specific peaks
in HPEG-chitosan was higher than LPEG-chitosan, indicating
a higher degree of PEGylation of HPEG-chitosan than LPEG-
chitosan.

2.2. Aqueous Solubility of PEG-Ch as a Function of pH (UV/Vis
Spectroscopy)

The solubility of chitosan and PEG-grafted chitosan solutions
was measured at a fixed concentration (0.05% w/w) and over a
range of pH values. Figure 3 shows that unmodified chitosan is
soluble (illustrated by low turbidity or absorbance) at acidic pH,
as expected due to the protonation of chitosan at low pH. How-
ever, it undergoes rapid precipitation (indicated by high turbid-
ity or absorbance) at pH higher than 7.2. The solution of LPEG-
chitosan is totally clear up to pH 7.4, but at pH 7.8, a very slight
turbidity is observed (0.017 a.u.), which gradually increases by a
further increase in the pH. Despite this, LPEG-chitosan shows
a much higher solubility compared with unmodified chitosan.
In contrast, HPEG-chitosan displays full aqueous solubility (il-
lustrated by low turbidity) over the range of pH studied,*-*! thus
showing that a grafting of 50% PEG imparts solubility to the con-
struct at pH values where chitosan is unprotonated.

Next, the solubility of HPEG-Ch in water (natural pH) was de-
termined by measuring the turbidity using UV-Vis spectroscopy.
In the absence of aggregates, scattering from the samples is
nearly zero; the onset of aggregation is denoted by a break in
the slope, with turbidity increasing linearly with concentration.
Figure 4 presents the changes of absorbance at 600 nm against
PEG-Ch concentration, up to 2% w/w. The intersection of the
two linear profiles is used as an estimation of the critical ag-
gregation concentration (CAC) (1.6% w/w HPEG-Ch, equiva-
lent to 0.8% PEG content). Previous studies have reported PE-
Gylated chitosan (PEG 550-2000 Da) with DS of 16-20%, PEG
content of 35-63%, and an aqueous solubility of 5 mg mL™"
at pH below 8.12] Tn another study, the solubility of chitosan
(MW 10 kDa) was enhanced when conjugated with methoxy-
PEG (2 kDa) (DS ranging from 5% to 19%), as reported from
turbidimetry measurements.33! Sugimoto et al. found that mod-
ified chitosan with high molecular-weight PEG (5 kDa), low DS
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Figure 4. UV—Vis absorbance as a function of concentration of HPEG-Ch
(n = 3). The blue line is the linear regression fit and the yellow lines are
the 95% confidence intervals. The intersection of the two linear models
provides an estimate of the critical aggregation concentration.

(5-8%), and high GW (60-71%) was insoluble at pH 4-10.14!]
Despite the high grafting densities, methoxy-PEG (MW 550 and
5000 Da) grafted on chitosan with molecular weight of 400 kDa
could not dissolve in aqueous solution at pH 7, while PEG
grafted on trimethyl chitosan produced clear solutions regardless
of grafting density and PEG molecular weight.**] Our HPEG-
Ch shows remarkably high water solubility (%16 mg mL™!) com-
pared with the reported values. This could be attributed to the
molecular weight of PEG grafts (5000 Da) combined with the
high DS of 16% and high GW of 50%. Tuning the degree of sub-
stitution (DS) and molecular weight of the grafted PEG (GW)
leads to pH-independent solubility of PEGylated chitosan.3*]

2.3. Phase Diagram and Gel Formation

Given the much higher solubility of HPEG-Ch compared with
LPEG-Ch, all studies presented in the rest of this work are per-
formed on HPEG-Ch, which is therefore simply referred to as
PEG-Ch.

Visual observation of a series of PEG-Ch and a-CD mixtures in
aqueous solution was used to build a phase diagram. The sam-
ples were classified according to their appearance as: liquid, weak
gel, gel, and biphasic system (Figure 5). Gels, defined here as ma-
terials that did not flow when turned upside down after a few min-
utes of observation, were obtained for intermediate-to-high con-
centrations of grafted PEG and a-CD, specifically ranging from
0.1% to 0.4% PEG (corresponding to PEG-Ch concentrations of
0.2-0.8%) and 6-12% a-CD. Regardless of PEG content in the
mixture, gels were not formed at low concentrations of a-CD
(2% and 4%), probably due to the resulting insufficient number
of junctions for the network. At low PEG content (0.1%), either
weak gels were obtained at intermediate a-CD concentration (8%
a-CD), or biphasic systems with higher amounts of a-CD (10%
and 12%), presumably due to phase separation between a cross-
linked PEG-rich phase and a water phase.

To confirm the nature of the gels, X-ray diffraction patterns
were measured for two samples, comparing a mixture of PEG
with @-CD and the same PEG/a-CD ratio for a mixture with PEG-
Ch instead, for a composition in the gel phase area of the dia-
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Figure 5. Phase diagram for mixtures of HPEG-Ch and a-CD in aqueous
solution: liquid (x), biphasic system (gray circles), weak gel (open circles),
and gel (black circles) together with images showing the typical appear-
ance of these samples for the corresponding states. The axis of the ternary
plot represents the fraction of HPEG-Ch, a-CD, and water in each sample.
The concentration of grafted PEG in chitosan (0.1-0.4% w/w) corresponds
to HPEG-Ch of 0.2-0.8% w/w. The PEG axis has been modified by mul-
tiplying the values by 10. The mole percentage range of a-CD used was
0.004-0.2% that corresponds to the 2-12% w/w used in the diagram.

gram (Figure 6). In CD-PEG polypseudorotaxanes, the arrange-
ment of macrocycles along the polymer axis and further packing
produces channel-like structures with distinctive reflections in
the XRD patterns, markedly different from the crystalline cage-
type structure of the CD. The most intense peaks are at 20 =
20.0° (d = 4.44 A) and 22.6° (d = 3.96 A), assigned to the 210
and 300 reflections from the hexagonal lattice with a = 13.6 A,
and are the fingerprint of the CD channels.[*] In this case, the
similar diffraction patterns obtained for both samples (Figure 6)
confirm the presence of the channel-type crystalline structures in
the PEG-Ch gels, which, acting as cross-links between the poly-
mer chains, explain the formation of the gels.

2.4. Rheology: Oscillatory Measurements

PEG-Ch/a-CD mixtures that were visually observed to form self-
sustaining gels (phase diagram, Figure 5) were assessed for their
rheological properties. The linear viscoelastic region (LVR) was
first evaluated by performing strain amplitude sweeps. Repre-
sentative curves for gels comprising 0.3% grafted PEG and 6-
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Figure 6. X-ray diffraction patterns comparing a mixture of 0.8% PEG with
4% a-CD and the same PEG/a-CD ratio for a PEG-Ch gel.
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Figure 7. Oscillatory shear amplitude sweep measurements for mixtures
of PEG-Ch (0.3% PEG equivalent in solution) with increasing amount of
a-CD. The horizontal line is added as the guide to the eye to identify the
linear viscoelastic region (LVR).

12% a-CD are shown in Figure 7. It was found that the LVR
extends to ~0.2% strain for all gels, a relatively narrow region
that reflects quite fragile gels. While the LVR is rarely reported
for hydrogels built from PEG/a-CD inclusion complexes (IC),
the observed brittleness of the gels is not surprising. The net-
works rely on hydrogen bonds between a-CD threaded on adja-
cent (short) PEG chains, which induce the bundling and connec-
tion of the chains (or PPRs).[2*l In other words, the gels are made
of loosely connected particulates, whose solubility (and therefore
capacity to hold water in their network) rely on the ability of the
threaded «-CD and PEG to also form hydrogen bonds with the
solvent molecules; when these interactions are inhibited, phase
separation occurs, as observed with some of the compositions
studied (Figure 5). It has also been observed experimentally that
this structure does lead to some solvent leaching out of the gels
over time (syneresis).
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Figure 8. Effect of PEG-Ch on the rheology of the gels obtained from dynamic frequency sweep measurements for 6, 8, 10, and 12% of a-CD with
increasing PEG content: 0.2, 0.3, and 0.4% (displayed as averages between n = 4 measurements).

Next, dynamic frequency sweep measurements were carried
out to characterize the viscoelasticity of the gels. Figure 8 presents
the effect of PEG-Ch (expressed as the concentration of grafted
PEG in solution) on hydrogels containing different concentra-
tions of a-CD: 6, 8, 10, and 12% w/w. The data show a remark-
able independence of the elastic modulus (G’) with frequency,
and a slight dip in the viscous modulus G”. The data also sug-
gest very long relaxation times for these materials, which can
be estimated to be of the order of (or above) ~100 s, as G’ and
G” do not cross within the range of frequencies measured. The
elastic modulus ranges between ~3 300 and 15 500 Pa for 12—
6% a-CD, taken at a frequency of 10 rad-s~! (Figure 9), reflecting
very stiff gels, for comparatively low concentrations of polymer
(0.4-0.8% PEG-Ch). At all four a-CD concentrations studied, in-
creasing polymer concentration leads to increasing values of G’
and G”. Regardless of a-CD concentration, gels with the highest
(0.4% PEG) and lowest (0.2% PEG) polymer content present the
highest and lowest values of the elastic modulus, respectively. For
a fixed polymer concentration, itis observed that decreasing a-CD
concentration leads to larger values of G’ and G”, with the high-
est values obtained with 0.4% PEG-Ch. Based on the observation
that gels could not be formed with 4% a-CD, this highlights the
fact that there is an optimum PEG/a-CD ratio that achieves the
highest elasticity. This means that beyond a threshold concentra-
tion, additional a-CD molecules do not contribute to build addi-
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Figure 9. Effect of increasing a-CD content for a range of PEG (0.2, 0.3,
and 0.4% grafted PEG in solution, corresponding to 0.4, 0.6, and 0.8 PEG-
Ch) on the elastic modulus (G’) at a frequency of 10 rad s™'. Each point is
an average between n = 4 measurements.

tional elastically active junctions; they lead even, at very high a-
CD concentrations and low PEG-Ch (0.1%) to phase separation
(Figure 5), as explained by the polymer coming out of solution
due to extensive threading of the macrocycles on the chains and
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Figure 10. Shear-recovery viscosity curve for gels made of 0.3% PEG-Ch

(expressed as grafted PEG content) with 10% a-CD, performed over four
cycles, alternating high shear rate (10 s™', 10 s) and low (0.01s7', 30 s).

thus a reduction of hydrogen bonds between the polymer and
water.

2.5. Rheology: Recoverability of the Gels After Stress

As these materials are built of weak, dynamic interactions, it
is expected that these junctions can break and reform, making
these gels suitable for application and recovery at the site of ap-
plication. To assess their capacity to “heal” after strong shearing,
steady-state shear measurements were conducted; this mimics
the process of the gels recovering their structure and mechanical
properties after the application of stress, experienced for instance
by injection through a needle or spreading on the skin. Time-
dependent viscosity curves were measured while alternating the
shear rate from high (10 s7') to low (0.01 s7!) for short periods
of time (Figure 10). Due to the dynamic nature of the cross-links
sustaining the networks, all gels present shear-thinning proper-
ties and a very low viscosity at high shear rate. Upon dropping
the shear rate, gels recovered their high viscosity instantaneously,
with values of #6000 Pa-s. This thixotropic behavior was observed
over the four consecutive cycles measured—with a small loss of
viscosity (x0.5%) from the third cycle, which was observed for all
gel compositions studied (additional gel formulations are shown
in Figure S1, Supporting Information).

3. Conclusion

This work reports the successful fabrication of supramolecu-
lar hydrogels based on chitosan grafted with polyethylene gly-
col moieties (5 kDa) and a-cyclodextrin (a-CD). These chitosan-
based hydrogels are generated via the formation of polypseu-
dorotaxanes (PPR) between a-CD and PEG grafted on the chi-
tosan backbones. The complexation and packing of these macro-
cycles along the PEG polymeric chains, and further interactions
between a-CD threaded on PEG attached to different chitosan
chains, leads to the formation of microcrystalline domains, which
actas junction points for a 3D network. XRD measurements con-
firmed the existence of the typical channel-like crystalline struc-
tures formed by the packing of the CDs, well-documented in
PEG-a-CD gels and here present in these PEG-modified chitosan
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gels. The generation of a hydrogel is dependent on the extent
of grafting (it failed here with the lower degree of substitution
of 11% but succeeded at 16%) and the ratio between polymer
and a-CD; specifically, gels were not formed with low amounts
of CDs, while at low concentration of PEG, either weak gels
were obtained (intermediate CD concentration) or phase sepa-
ration occurred (high amount of CD), likely corresponding to a
cross-linked polymer-rich phase and water. Oscillatory rheology
measurements demonstrated a remarkable independence of the
elastic modulus with frequency, suggesting very long relaxation
times (>100 s) and remarkably stiff gels, with G’ reaching val-
ues of ~15 kPa, with moderate polymer concentrations (0.8%).
Since the hydrogels are built on host-guest interactions, they are
able to reform rapidly after being submitted to high stress, as
demonstrated by steady-state rheological measurements where
the shear was alternately set to a high and very low value, over
several cycles, demonstrating their capacity to “heal.”

Overall, this simple strategy based on host—guest recognition
and biocompatible molecules provides a way of generating useful
materials with a remarkably high elastic modulus that can gel in-
situ immediately after application to a topical or parenteral site,
and thus have great potential for healthcare or cosmetic applica-
tions.

4. Experimental Section

Materials:  a-Cyclodextrin (98%) was purchased from Sigma-Aldrich
(UK). Ultrapure water with a specific resistivity of 18.2 MQ-cm was pro-
duced by a Purelab Ultra machine from ELGA Process Water (Marlow, UK).

Medium molecular-weight chitosan (190-310 kDa based on vis-
cosity, 75-85% degree of deacetylation), trifluoroacetic acid (TFA),
D,0, methoxy-PEG-COOH (5 kDa), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDAC), and N-hydroxysuccinimide (NHS)
were purchased from Sigma-Aldrich (Gillingham, UK). Sodium hydroxide
was purchased from Fisher Scientific (UK). Dialysis membranes with a
molecular cutoff 12-14 kDa were purchased from Medicell International
Ltd., UK.

Synthesis of PEGylated Chitosan (PEG-Ch): PEGylated chitosan (PEG-
Ch) was synthesized according to a published method with minor
modifications.[4®43] | PEG-chitosan (LPEG-Ch, lower degree of PEGyla-
tion) was synthesized by initially dissolving chitosan (960 mg) in acetic
acid (1% v/v, 138 mL). The mixture was continuously stirred for 20 h at
room temperature. The pH of chitosan solution was increased to 6 using
a5 M NaOH solution. Then, PEG-COOH (702 mg) was added to the chi-
tosan solution. After 15 min, NHS (81 mg) was added and stirred for 30
min. EDAC (134.4 mg) was then added and stirred for 24 h. The product
was dialyzed against deionized water (4 L, eight total changes, 12-14 kDa)
at room temperature for 3 days. The product was recovered by lyophiliza-
tion using Heto Power Dry LL 3000 freeze-drier (Thermo Electron Corpo-
ration).

HPEG-chitosan (HPEG-Ch, higher degree of PEGylation) was synthe-
sized, following the same procedure using 800 mg chitosan, 115 mL acetic
acid, 1170 mg PEG-COOH, 135 mg NHS, and 224 mg EDAC. Note that
HPEG-Ch is also referred to as PEG-Ch in the text, as it was studied more
extensively due to its much higher solubility.

The % of yield was calculated according to Equation (1).

W'I
—1_ %100 )
W, + W;

Yield (%) =
where W, W,, and W; were the weights of the freeze-dried PEG-chitosan,
weight of native chitosan, and PEG-COOH in the reaction mixture, respec-
tively.
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The percentage of grafting in weight (GW%) was calculated according
to the method reported by Bhattarai et al.[46]

W, — W,
GW%:%wa @

t

where W, was the weight of the freeze-dried PEG-chitosan and W, was the
initial weight of chitosan used in the reaction mixture.

Characterization of PEG-Ch:  "H NMR spectra were recorded using
a Bruker Nanobay 400 MHz NMR spectrometer. Unmodified chitosan
(5 mg) was dissolved in acidified D,O (1 mL D,O with 10 uL TFA). PEG-
Ch (5 mg) was dissolved in 1 mL D,0. The mixtures were stirred for 16
h at room temperature. The degree of substitution (DS) of PEG-Ch was
calculated using "H NMR spectroscopy by integrating a specific peak of
PEG against specific chitosan peak in PEG-Ch using Equation 3:

ps% = HOCHI/3 40 3)
I(Hp) /1

FTIR spectra were recorded using a Spectrum 100 FTIR spectropho-
tometer (Perkin-Elmer, UK). The spectra were collected from an average of
16 scans, with a resolution of 16 cm™" over the range of 4000-650 cm™".

Aqueous Solubility of PEG-Chitosan (UV/Vis Spectroscopy): ~ Solubility of
the unmodified chitosan and PEG-chitosan was measured at different pH
values and fixed concentration at room temperature using a turbidimet-
ric technique. The polymers were dissolved (0.05% w/w, 20 mL) in 1%
v/v acetic acid and left stirring for 24 h. The turbidity (absorbance) of the
systems was measured at room temperature using a BioTek Epoch plate
reader at 400 nm using 1% v/v acetic acid as a blank. A total of 200 uL
aliquots were used. The pH was adjusted by the addition of either 1 m
NaOH solution or 1% v/v acetic acid. The results are reported as the aver-
age of the turbidity of three samples at each pH point + standard deviation.
Chitosan with the lower degree of PEGylation (LPEG-Ch) did not form gels
with a-CD and therefore was not analyzed further.

The aggregation and solubility of HPEG-Ch in water (natural pH) was
assessed by turbidimetry using UV/Vis spectroscopy. HPEG-Ch solutions
with increasing concentration (0.05-2% w/w) were prepared by mixing
the freeze-dried product with water for 3 h (350 rpm) at 22 °C and 1 h at
75 °C. The mixtures were left to rest for 15 min, followed by sonication for
10 min using a water bath sonicator (281 FB11203, Fisher Scientific, UK).
They were left to rest for 24 h and then centrifuged for 25 min at 6000 rpm
before further use. The absorbance of the mixtures was recorded at 600 nm
on a Lamda 2 spectrophotometer (Perkin Elmer, UK), at 22 °C.

The absorbance was plotted as a function of HPEG-Ch concentration.
When in solution, the turbidity from the samples was nearly zero and ag-
gregation was detected by the linear increase of turbidity against concen-
tration. The intersection of the two linear profiles was used as an estima-
tion of the aggregation concentration.

Preparation of Supramolecular Gels from HPEG-Ch and a-CD:
Supramolecular gels were prepared by mixing a stock solution of
HPEG-Ch (1.6% w/w) and either stock solutions (<12% w/w) or suspen-
sions of a-CD (up to 24% w/w) to achieve a range of compositions of
HPEG-Ch (0.2-0.8% w/w) and a-CD (2-12% w/w). The mixtures were left
under mild stirring (350 rpm) for half an hour at room temperature and
left to rest before further use (typically within a couple of days).

Phase Diagrams: HPEG-Ch solutions of 0.2-0.8% w/w concentration
(corresponding to PEG content ranging between 0.1% and 0.4% w/w)
were mixed with 2—12% w/w a-CD solutions (0.04-0.2% mol). The so-
lutions were mixed and stirred for 5 min at 350 rpm and the phase of the
mixtures was assessed visually. The mixture was characterized as liquid,
weak gel or gel (based on the observation of immediate flow, delayed flow,
or no flow, respectively), and biphasic systems (where phase separation
was observed). The phase diagram was built using R (version 3.6.0) and
R studio (IDE version 1.1.463). The data were loaded and formatted us-
ing the package “readr” and the ternary graph was generated using the
package “plotly.”

Powder X-Ray Diffraction Measurements: The freeze-dried samples
were deposited on a glass holder and the X-ray diffractograms recorded
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with a Bruker D8 Advance diffractometer, using the Cu K, radiation
(1.5406 A), from 5° to 40° (20), with a step of 0.02° for a total time of
384 s (0.2 s per step).

Rheological Measurements: Oscillatory measurements were per-
formed on an ARES strain-controlled rheometer (TA Instruments) fitted
with a parallel plate geometry (8 mm diameter). Dynamic strain sweep
tests (also known as amplitude sweeps, AS) were performed at a fixed
frequency of 6.28 rad s™' to establish the linear viscoelastic region
(LVR). Dynamic frequency sweep measurements (FS) were carried out
in quadruplets with oscillation frequencies within the range 0.1-100 rad
s7! and a fixed strain of 0.1% (within the LVR). Finally, steady-state
measurements were performed in triplicates to assess the recovery of the
gels after shearing, by alternating short periods of high shear rate (10
s7") and very low shear rate (0.01 s™'). All rheological measurements
were done at 20 + 0.1 °C (controlled by a Peltier unit).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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