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Obesity leads to the development of many metabolic diseases, causing severe health problems. Menthol can
induce adipocyte browning and thus has been used to combat obesity. To deliver menthol with a sustained effect,
an injectable hydrogel that comprises carboxymethyl chitosan and aldehyde-functionalized alginate that are
crosslinked through dynamic Schiff-base linkages is developed to load menthol-cyclodextrin inclusion complexes
(IC). To render the as-developed hydrogel soluble after its payload is released, amino acid-loaded liposomes,
functioning as nanocontrollers, are covalently grafted onto networks of the hydrogel. Upon subcutaneous in-
jection in mice with diet-induced obesity, the as-developed hydrogel absorbs body fluids and spontaneously
swells, expanding and stretching its networks, gradually releasing the loaded IC. Menthol then disassociates from
the released IC to induce adipocyte browning, triggering fat consumption and increasing energy expenditure.
Meanwhile, the expanded hydrogel networks destabilize the grafted liposomes, which function as built-in
nanocontrollers, unleashing their loaded amino acid molecules to disrupt the dynamic Schiff-base linkages,
causing hydrogel to dissolve. The thus-developed nanocontroller-mediated dissolving hydrogel realizes the
sustained release of menthol for treating obesity and its related metabolic disorders without leaving exogenous
hydrogel materials inside the body, and thereby preventing any undesired adverse effects.

1. Introduction alternative approaches to weight management are urgently sought.

Obesity is a consequence of energy intake in excess of energy

The increasing prevalence of obesity is a serious health issue,
affecting a considerable population globally [1]. Obesity, a chronic
low-grade inflammatory condition, is strongly associated with the pro-
gression of numerous metabolic diseases, including type 2 diabetes and
nonalcoholic fatty liver disease [2]. Current clinical approaches to
tackling obesity include surgical intervention and the administration of
appetite suppressants or fat absorption inhibitors [3]. However, surgical
procedures, such as sleeve gastrectomy, are commonly accompanied by
gastroesophageal reflux [4]; appetite suppressants sometimes cause
dizziness, insomnia, and digestive problems; and fat absorption in-
hibitors reportedly induce nausea, indigestion, and steatorrhea [3].
These side effects may cause poor patient compliance. Accordingly,
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expenditure. The excess energy is stored as fats (mainly as triglycerides)
in white adipocytes, resulting in fat accumulation within white adipose
tissues (WAT) [5]. Numerous works have demonstrated that the sus-
tained exposure of white adipocytes in WAT to cold may induce their
transformation into brown-like adipocytes (beige adipocytes), a phe-
nomenon known as “adipocyte browning” [6]. Unlike white adipocytes,
which may function as energy depots, beige adipocytes are able to
consume fats and generate heat in a process that is catalyzed by a
thermogenic protein, mitochondrial uncoupling protein 1 (UCP1),
potentially increasing energy expenditure [6]. Consequently, various
strategies for converting white adipocytes into beige adipocytes for
treating obesity and its related metabolic disorders have been studied
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[7-9]. Among these, the cold-induced transformation of white adipo-
cytes into beige adipocytes has attracted substantial research interest.
However, in testing this strategy, test animals are typically housed at
cold temperatures, so translating results to human beings is difficult [6,
10,11].

Menthol reportedly activates the cold sensor of transient receptor
potential melastatin subtype 8 (TRPM8) on white adipocytes to produce
a sensation of cold [12]. Accumulating evidence demonstrates that a diet
with menthol can trigger the browning of white adipocytes in mice,
improving their metabolic activity, ultimately combating obesity
[13-15]. The effect of menthol-induced adipocyte browning on
diet-induced obese mice reportedly mimics that caused by exposure to
cold. However, cold-mimetic menthol is a more acceptable treatment for
human than is exposure to cold.

To render the effect of cold-mimetic menthol sustainable, an inject-
able hydrogel that comprises carboxymethyl chitosan (CMC) and
aldehyde-functionalized alginate (AA) that are crosslinked through dy-
namic Schiff-base linkages is developed for loading and controlled
release of cold-mimetic menthol (Fig. 1). A Schiff-base linkage (-C—=N-)
is typically formed by condensation between a primary amine (-NHj)
and an aldehyde group (-CHO) [16]. In this work, alginate is func-
tionalized with aldehyde groups (AA) by oxidation of its hydroxyl
groups, and then reacts with the primary amines on CMC, forming dy-
namic Schiff-base linkages, to yield a CMC-AA hydrogel. CMC and AA
have been extensively used in the biomedical field because of their
biocompatibility and biodegradability [17,18].

Menthol is lipophilic [19]. Direct incorporation of the poorly
water-soluble menthol into a hydrophilic hydrogel matrix is chal-
lenging. To increase the efficiency of loading water-insoluble menthol in
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the hydrophilic hydrogel, cyclodextrin (CD) is used in the inclusion
complexation of the lipophilic menthol [20]. CD, a cyclic poly-
saccharide, is derived from starch by enzymatic hydrolysis, and has been
widely used as a drug carrier in the pharmaceutical industry [21]. CD
has the shape of a truncated cone, whose hydrophobic interior offers a
space to complex with lipophilic drug molecules, while its hydrophilic
exterior surface renders the drug water-soluble [21].

An ideal hydrogel delivery system should be dissolved and adsorbed
after releasing its payload, without leaving the exogenous hydrogel
materials inside the body [22]. To make the as-developed hydrogel
soluble, amino acid-loaded liposomes, functioning as nanocontrollers,
are covalently grafted onto its networks. As the formation of a
Schiff-base linkage may proceed reversibly, the coupling and uncou-
pling of the Schiff-base linkages in the hydrogel networks occur
dynamically [23]. Therefore, an added amino acid, such as glycine, may
compete with the amine groups on CMC to react with the aldehyde
groups on AA to generate new Schiff-base linkages, resulting in disso-
lution of the CMC-AA hydrogel [24].

Fig. 1 displays the composition/structure of the nanocontroller-
mediated dissolving hydrogel, the operating mechanism of the nano-
controller (amino acid-loaded liposome), and the therapeutic function of
cold-mimetic menthol for the treatment of obesity. Upon subcutaneous
injection, the as-developed hydrogel absorbs body fluids and gradually
swells, enlarging its mesh and releasing its loaded menthol-CD inclusion
complexes (IC). The cold-mimetic menthol then disassociates from the
released IC to transform white adipocytes into beige adipocytes that
exhibit enhanced UCP1 expression, triggering fat consumption and
increasing energy expenditure. Meanwhile, the swelled (stretched)
hydrogel networks drag the grafted liposomal nanocontrollers,
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Fig. 1. Composition/structure of nanocontroller-mediated dissolving hydrogel that contained IC (IC@cLip-Gel), operating mechanism of nanocontroller, and
adipocyte browning by released menthol for combating obesity and its related metabolic disorders in high-fat diet (HFD)-induced obese mice.
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destabilize their lipid membrane, and thus cause the release of their
loaded amino acid molecules. The released amino acid (glycine) mole-
cules subsequently compete with the amines on CMC to react with
aldehyde groups on AA, switching the dynamic Schiff-base linkages,
ultimately causing hydrogel to dissolve. The thus-developed nano-
controller-mediated dissolving hydrogel realizes the sustained release of
menthol for treating obesity, lowering body weight, improving obesity-
related metabolic disorders, reducing the likelihood of type 2 diabetes
and nonalcoholic fatty liver disease. Moreover, the built-in amino acid-
loaded liposomal nanocontrollers make the hydrogel soluble after its
payload is released, preventing the accumulation of hydrogel materials
inside the body and consequent undesired adverse effects.

2. Materials and methods
2.1. Materials

Sodium alginate, sodium periodate (NalO4), menthol, hydrox-
ypropyl-p-cyclodextrin (HP-B-CD), glycine, and choleserol were ac-
quired from Sigma-Aldrich (St. Louis, MO, USA). CMC was purchased
from Santa Cruz Biotechnology (Dallas, TX, USA). 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine (DPPE) and 1,2-dipalmitoyl-sn-glyc-
ero-3-phosphocholine (DPPC) were procured from Avanti Polar Lipids
(Alabaster, AL, USA). The murine preadipocyte cell line (3T3-L1) was
obtained from the Bioresource Collection and Research Center of the
Food Industry Research and Development Institute (Hsinchu, Taiwan).
All other chemicals and reagents were analytical grade.

2.2. Synthesis and characterization of AA

AA was synthesized by a method that has been previously described
[25]. In brief, sodium alginate (5 g) was dissolved in ethanol (20%).
NalO4 (5.7 g) was then added to the as-prepared alginate solution,
stirred for 7 h at room temperature in the dark. The reaction mixture was
then terminated by adding ethylene glycol (10 mL) and sodium chloride
(5 g). A mixture was precipitated out by adding cold absolute ethanol,
and the precipitate was collected by filtration, before being dissolved in
deionized (DI) water and purified by dialysis against DI water for three
days. It was then lyophilized to obtain the AA. The as-obtained AA was
characterized using Fourier-transform infrared (FT-IR) spectrometry
(Nicolet iS50 spectrometer, Thermo Fisher Scientific, Waltham, MA,
USA) and proton nuclear magnetic resonance (‘"H NMR) spectrometry
(Bruker AVANCE 600 MHz NMR spectrometer, Bruker BioSpin, Bill-
erica, MA, USA).

2.3. Preparation and characterization of nanocontrollers (cLip)

Nanocontrollers (amino acid-loaded liposomes, cLip) were prepared
using a thin-film hydration procedure with some minor modifications
[26]. Briefly, DPPE and DPPC in a molar ratio of 1:4 were mixed in
chloroform in a round-bottom flask. Upon removal of chloroform using a
rotary evaporator (N-1200 A, EYELA, Tokyo, Japan), a lipid film formed
in the round-bottom flask. This was then hydrated with aqueous glycine
(1500 mM) under sonication to yield the glycine-loaded liposomal
particles. These were extruded through a polycarbonate filter with a
pore size of 100 nm using a mini-extruder (Avanti Polar Lipid) to obtain
the cLip. Free glycine was removed by dialysis against DI water for three
days.

The size and zeta potential of the obtained cLip were determined by
dynamic light scattering (DLS, Litesizer 500, Anton Paar, Graz, Austria).
The efficiency of loading glycine in the as-prepared cLip was measured
using a glycine assay kit (MET-5070, Cell Biolabs, San Diego, CA, USA),
and the physical stability of the cLip was evaluated by monitoring
changes in their particle size and the amount of glycine that leaked into
the solution over time.

Biomaterials 297 (2023) 122120
2.4. Preparation and characterization of CMC-AA hydrogel (Gel)

The CMC-AA hydrogel (Gel) that was crosslinked through dynamic
Schiff-base linkages was prepared from AA (2.5% by mass) and CMC
(4%) at room temperature. The nanocontroller-mediated dissolving
hydrogel was prepared by adding cLip (0.5%) into the Gel (cLip-Gel).
The formed Schiff-base linkages between AA and CMC in the hydrogel
were detected using high-resolution X-ray photoelectron spectrometry
(XPS, ESCALAB 250, Thermo Fisher Scientific). The mechanical prop-
erties of the as-prepared hydrogel were determined using a rheometer
(HR-2, TA Instruments, New Castle, DE, USA). Strain sweep measure-
ments were made using a strain range from 1% to 1000% at a constant
frequency of 1 Hz, and cyclic step-strain measurements were made at
two strains (600% and 1%) at a frequency of 1 Hz [27].

To investigate the swelling and dissolution behaviors of the as-
prepared hydrogels, test samples (200 pL) that were weighed immedi-
ately after gelation were incubated in a phosphate-buffered saline (PBS,
2 mL, pH 7.4) at 37 °C. Then, the incubated hydrogels were weighed
after pre-determined durations (1 h, 6 h, 24 h, 48 h, 72h,96 h, 120 h, or
144 h). The swelling ratio was calculated as follows.

WPBS_Wi

Swelling Ratio (%) = x 100%

where Wi is the initial weight of the hydrogel and Wpgs is the weight of
the hydrogel after incubation in PBS for a particular time. The dissolu-
tion of a hydrogel in a body fluid reduces its remaining mass [28]. To
determine its dissolution behavior, the test hydrogel was lyophilized and
weighed after incubation in PBS for a particular time.

2.5. Preparation and characterization of IC

The menthol/HP-B-CD inclusion complex (IC) was prepared by a
previously described procedure [20]. Briefly, menthol and HP-B-CD in a
molar ratio of 1:1 were placed in DI water, stirred for 4 h at 40 °C, and
then lyophilized to obtain the as-prepared IC, which was further
analyzed using FT-IR spectroscopy and thermogravimetry (TGA,
Mettler-Toledo, Columbus, OH, USA).

The loading content of menthol in the IC was determined using a
colorimetric method that has been reported elsewhere [29]. Briefly, the
as-prepared IC was dissolved in DI water (4.2 mg/mL, 50 pL), which was
then mixed with methanol (50 pL) and a sulfuric acid solution (sulfuric
acid:DI water = 1.6:1, by volume, 500 pL) that contained p-dimethyl
amino benzaldehyde (DMAB, 0.5% by mass). The mixture was reacted in
boiling water for 2 min. After cooling, the absorbance value of the
mixture was measured at a wavelength of 550 nm using a spectropho-
tometer (Synergy HTX, BioTek, Santa Clara, CA, USA).

2.6. Release profile of menthol

The cumulative release profiles of menthol that were released from
the test hydrogels in PBS at 37 °C for pre-determined durations were
determined using the aforementioned colorimetric DMAB method.

2.7. Cytotoxicities of IC and test hydrogel

The cytotoxicity of IC was assessed by incubating it with 3T3-L1
cells, a murine preadipocyte cell line, in 96-well plates (5 x 10* cells
per well). Twenty-four hours later, the cells were incubated with specific
concentrations of IC (0, 25, 50, 100, and 250 pM, equivalent to the
concentrations of the encapsulated menthol) for another 48 h. Cell
viability was determined using a CCK-8 assay kit (Dojindo, Kumamoto,
Japan). The cytotoxicity of the test hydrogel was evaluated using an
elution test method [30]. In this investigation, the test hydrogel was
incubated in Dulbecco’s Modified Eagle’s medium (DMEM, Corning,
Glendale, AZ, USA) that contained 10% bovine calf serum (BCS, Sigma)
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at 37 °C for 48 h to obtain the hydrogel extract, which was then
co-cultured with 3T3-L1 cells for another 48 h so that the cell toxicity
could be quantified.

2.8. Preparation of white adipocytes

To obtain white adipocytes, 3T3-L1 cells were subjected to a differ-
entiation process [31]. Briefly, 3T3-L1 cells were grown in an expansion
medium (DMEM with 10% BCS) for two days (approximately 100%
confluence), incubated in a differentiation medium [DMEM with fetal
bovine serum (FBS, 10%, Corning), 3-isobutyl-1-methylxanthine (0.5
mM), dexamethasone (1 pM), and insulin (10 pg/mL)] for two days, and
then exposed to a maintenance medium [DMEM with FBS (10%) and
insulin (10 pg/mL)] for another nine days. Following differentiation,
cells were fixed with formaldehyde (4%) for 30 min at room tempera-
ture, stained with Oil Red O (ORO, 0.3% by volume) for 30 min, and
observed under an optical microscope (Axio Observer 7, Carl Zeiss, Jena,
Germany). Cell differentiation was verified by observing the accumu-
lation of ORO-stained oil droplets inside the cells, which is a significant
feature of white adipocytes [31].

2.9. Adipocyte browning induced by IC@cLip-Gel

The potential of the nanocontroller-mediated dissolving hydrogel
that contained IC (IC@cLip-Gel) to induce the browning of white adi-
pocytes was evaluated in vitro. The hallmark feature of adipocyte
browning is the formation of beige adipocytes that express thermogenic
UCP1, accompanied by the reductions in the amounts of contained oil
droplets and triglycerides [32]. Therefore, the intracellular levels of
UCP1, oil droplets, and triglycerides can be used to determine the degree
of browning [32].

White adipocytes that had been treated with (IC@cLip-Gel) for 48 h
were immunofluorescently stained with anti-UCP1 antibody (ab234430,
Abcam, Cambridge, MA, USA) and then stained with secondary antibody
(Alexa Flour 488-conjugated goat anti-rabbit IgG, abcam). The level of
intracellularly expressed UCP1 was observed using a confocal laser
scanning microscope (LSM 780; Carl Zeiss) and that of triglycerides was
determined using a commercially available assay kit (ab65336, Abcam).
To quantify the intracellular level of oil droplets, cells were stained with
ORO and then eluted in absolute isopropanol; the absorbance of the
obtained eluate was determined at a wavelength of 520 nm using a
spectrophotometer (Synergy HTX, BioTek).

2.10. Animal study

Six-week-old male C57BL/6 J mice (National Laboratory Animal
Center, Taipei, Taiwan) were used in an animal study. Animal experi-
ments were carried out in a manner consistent with the “Guide for the
Care and Use of Laboratory Animals” that was provided by the Institute
of Laboratory Animal Resources, National Research Council, and pub-
lished by the National Academy Press in 2011. The Institutional Animal
Care and Use Committee of Academia Sinica approved the animal study
protocols. To establish an obese animal model, mice were fed a high-fat
diet (HFD, 60% of calories from fat, 58Y1, TestDiet, St. Louis, MO, USA)
for nine weeks. Mice that had been fed a normal diet (13.5% of calories
from fat, 5001, LabDiet, St. Louis, MO, USA) served as healthy controls.

2.11. In vivo therapeutic efficacy

The therapeutic efficacy of IC@cLip-Gel in cases of obesity was
investigated in HFD-fed mice. Test mice were randomly divided into
four groups; each was subcutaneously injected into the inguinal areas
with PBS (100-150 pL, depending on animal body weight, as an un-
treated control), free IC (100-150 pL, containing 30 wt% of IC equiva-
lent to menthol at 60 mg/kg), cLip-Gel (100-150 pL), or IC@cLip-Gel
(100-150 pL, containing 30 wt% of IC equivalent to menthol at 60
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mg/kg), twice weekly for two weeks.

During the period of treatment, animals continued to be fed with
HFD; the body weight and food intake of each mouse were monitored. At
the end of the experiment, the body composition of test mice was
analyzed using time-domain (TD)-NMR (Minispec LF50, Bruker). Sub-
sequently, the animals were sacrificed, and their subcutaneous WAT
(SWAT) and epididymal WAT (eWAT) were harvested, weighed, and
photographed to observe grossly their extent of fat accumulation. The
harvested WAT was then divided into two parts; one part was homog-
enized to analyze pro-inflammatory cytokines and for UCP1 immuno-
blotting, while the other was fixed in formaldehyde (4%), embedded in
paraffin, and sectioned for the histological (H&E) or immunohisto-
chemical staining of UCP1.

For the pro-inflammatory cytokine and UCP1 immunoblotting ana-
lyses, WAT was lysed by RIPA lysis buffer (Merck-Millipore, Rahway,
NJ, USA) with protease inhibitor cocktail (Merck-Millipore) using the
gentleMACS Dissociator (Miltenyi Biotec, North Rhine-Westphalia,
Germany). The levels of pro-inflammatory cytokines (IL-1f, TNFa, and
IFNy) in the homogenized tissues were measured by a multiplex assay
(Bio-Plex Pro, Bio-Rad Laboratories, Hercules, USA). The expression of
UCP1 in the homogenates was analyzed by immunoblotting. Briefly,
proteins in the homogenates were separated on Bis-Tris gel electro-
phoresis (4-12%, SMOBIO, Hsinchu, Taiwan), and transferred to a
polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories),
which was then blocked with bovine serum albumin (2.5%) at room
temperature for 1 h. The membrane was stained with anti-UCP1 anti-
body (ab234430, Abcam) at 4 °C overnight and then with secondary
antibody (HRP-conjugated anti-rabbit IgG, Biolegend, San Diego, CA,
USA). The expression of UCP1 was visualized by enhanced chem-
iluminescence substrates (Bio-Rad Laboratories) using a biospectrum
imaging system (UVP, Upland, CA, USA).

2.12. Determination of levels of metabolic parameters

At the end of treatment, mice were challenged in an intraperitoneal
glucose tolerance test (IPGTT). Briefly, the animals were fasted over-
night (16 h) and then intraperitoneally injected with a glucose solution
(2 g/kg body weight). Blood glucose levels were measured at pre-
determined time points using a glucose meter (Accu-Chek Instant S,
Roche, Basel, Switzerland). The serum levels of cholesterol, tri-
glycerides, aspartate transaminase (AST), and alanine transaminase
(ALT) were measured using a chemistry analyzer (Dri-Chem 4000i,
Fujifilm, Tokyo, Japan), and serum concentrations of insulin and leptin
were determined using an insulin ELISA assay kit (10-1249-01, Merco-
dia, Uppsala, Sweden) and a leptin ELISA assay kit (10007609, Cayman,
Ann Arbor, Michigan, USA), respectively.

2.13. Energy expenditure and body surface temperature

To study the influence of IC@cLip-Gel on the metabolic rate of test
mice, their whole body energy metabolism was measured using a
CLAMS-home cage system (Columbus Instruments, Columbus, OH,
USA). The body surface temperature of each test mouse was monitored
when it was fully awake, using an infrared thermal imaging camera
(F30S, NEC Avio Infrared Technologies, Tokyo, Japan).

2.14. Statistical analysis

All results are presented as mean + standard error. The unpaired
Student t-test was used to compare data from two groups while one-way
ANOVA followed by Tukey’s post hoc test was used to identify differ-
ences among three or more groups. A P value of less than 0.05 was
regarded as statistically significant.
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3. Results and discussion
3.1. Characteristics of AA and CMC-AA hydrogel (Gel)

The C2 and C3 hydroxyl groups on sodium alginate were oxidized by
NalO4 to form aldehyde-functionalized alginate (AA, Fig. 1). As shown
in the FT-IR spectra (Fig. 2a), a new characteristic peak at 1730 em ),
indicative of the formation of aldehyde groups (-CHO) [33], was
detected from the obtained AA. However, this characteristic peak of
aldehyde groups was very weak owing to the immediate reaction of
these groups with their adjacent hydroxyl groups to form hemiacetal
bonds [33], as evidenced by the proton signal peaks at 5.3 and 5.6 ppm
that were newly observed in the 'H NMR spectrum of AA (Fig. 2b). These
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results demonstrate that alginate was successfully functionalized with
aldehyde groups after being oxidized by NalOg.

The as-prepared AA then reacted with CMC to yield the CMC-AA
hydrogel (Gel). The gelation time of the yielded Gel was around 21.5
min, as determined in a vial inversion test [30]. In the N 1s XPS spectrum
of the Gel, a new binding energy peak at 398.6 eV, which could be
assigned to the Schiff-base bonds (-C=N-), was detected (Fig. 2¢) [34].
This finding reveals that the Gel was formed through Schiff-based
linkages between the amines of CMC and the aldehyde groups of AA.
The formation of Schiff-based linkages is known to be dynamically
reversible [23].

To examine the injectability of the Gel, its rheological behaviors,
including shear-thinning and self-healing properties, were examined
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Fig. 2. Characteristics of AA and CMC-AA hydrogel (Gel). (a) FT-IR spectra and (b) 1H NMR spectra of sodium alginate and AA. (c) N 1s XPS spectra of AA, CMC, and
Gel. (d) Results of strain sweep test and (e) cyclic step-strain measurements of Gel. (f) Photographs showing injectability of Gel. (g) Swelling ratio of Gel when
immersed in PBS at 37 °C for pre-determined durations. (h) Photographs of dissolution of Gel in aqueous glycine at various concentrations at 37 °C for pre-

determined durations.
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using a rheometer. The results that were obtained in a strain sweep test
showed that the storage modulus (G’) of the Gel intersected the loss
modulus (G”) at a strain of ~400%, which is its breaking strain [27]
(Fig. 2d). Hence, the cyclic step-strain measurement of the Gel was
conducted at a high strain of 600% (above the breaking strain) and a low
strain of 1% (below the breaking strain) [27]. As indicated in Fig. 2e,
following the mechanical disruption of the hydrogel by the high strain of
600%, its G” was found to exceed its G/, showing that the test hydrogel
underwent shear-thinning. Conversely, at the low strain of 1%, the G’
and G” of the test hydrogel were promptly reverted to their initial
values, demonstrating self-healing [27]. The shear-thinning and
self-healing of the as-prepared Gel were probably caused by their
dynamically reversible Schiff-base linkages, which rendered the
as-formed hydrogel injectable [16,23]. The injectability of the Gel was
further demonstrated by injecting it through a 23G needle, as shown in
Fig. 2f.

To study the swelling capacity of the Gel, its swelling behavior was
studied when it was immersed in PBS at 37 °C. As shown in Fig. 2g, the
swelling ratio rapidly increased at first and then reached a maximum in
around two days, indicating that the as-prepared Gel absorbed water,
causing it to swell. During swelling, stretching of its network caused a
conformational change [35].

Due to their dynamic reversibility, the coupling and uncoupling of
the Schiff-base linkages in the network of the Gel occurred rapidly.
Therefore, adding an amino acid might have disrupted the equilibrium
of the Schiff-base linkages in the hydrogel, ultimately inducing its
dissolution [24]. The amino acid-induced dissolution of the Gel was
confirmed by adding an aqueous solution of the simplest amino acid,
glycine, at distinct concentrations at 37 °C for pre-determined durations.
To observe its dissolution clearly, a hydrophilic dye (thodamine B, RhB)
was mixed with the test hydrogel. As shown in Fig. 2h and S1, as the
concentration of glycine increased, the dissolution of the hydrogel
increased. At 24 h after incubation, the Gel had completely dissolved.
These results reveal that the adding aqueous glycine induced the
dissolution of the Gel.

3.2. Characteristics of nanocontroller-mediated dissolving hydrogel

To render the Gel soluble, glycine was loaded into liposomes whose
surfaces contained amines, which could form covalent Schiff-base link-
ages (cLip, serving as nanocontrollers) with the aldehyde groups on AA
that were present in the hydrogel network (cLip-Gel). The liposomal
nanocontrollers were prepared from a lipid mixture of DPPE (which has
a primary amine on its head group) and DPPC through a thin-film hy-
dration procedure [26]. The loading efficiency of glycine in the lipo-
somal nanocontrollers was around 35%. The as-prepared cLip had a size
of 208.2 + 19.6 nm and a zeta potential of —7.8 + 0.5 mV, as deter-
mined by DLS (n = 6 batches). The physical stability of the cLip in
aqueous solution was assessed by monitoring changes in their particle
size and the amount of glycine that leaked into the solution over time. As
shown in Fig. S2, no appreciable change in particle size or glycine
leakage from the cLip was observed in three weeks, indicative of their
stability.

During swelling, the hydrogel network of cLip-Gel was stretched,
possibly dragging the cLip that were covalently grafted on the network,
destabilizing their liposomal membranes and releasing their payload
(glycine), ultimately causing the dissolution of the hydrogel. To study
the mechanism of dissolution of cLip-Gel, the Gel in which was incor-
porated with free Lip (fLip-Gel) and that was covalently conjugated with
empty Lip (eLip-Gel) were used as controls. The fLip was a glycine-
loaded liposome whose surfaces did not contain amines, owing to the
replacement of DPPE with cholesterol, preventing conjugation to the
hydrogel network. Conversely, the eLip did not encapsulate glycine in its
aqueous core but it had amine-containing surfaces, which could form
covalent Schiff-base bonds with the aldehyde groups on AA inside the
hydrogel network. As demonstrated by the N 1s XPS spectra, the Lip with
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amines on their surfaces (cLip and eLip) formed Schiff-base bonds with
the aldehyde groups whereas fLip did not (Fig. 3a).

To evaluate the solubility of test hydrogels (fLip-Gel, eLip-Gel, and
cLip-Gel), their swelling and dissolution behaviors in PBS at 37 °C were
evaluated and compared. As shown in Fig. 3b, all test hydrogels swiftly
absorbed water and rapidly swelled for the first 6 h. Thereafter, the two
control hydrogels (fLip-Gel and eLip-Gel) continued to swell up to day 2,
and their swelling behaviors were comparable to that of the Gel
(Fig. 2g). In contrast, the swelling ratio of the cLip-Gel gradually
declined after 6 h.

Following swelling, the dissolution of a hydrogel in a body fluid di-
minishes its remaining mass [28]. As indicated in Fig. 3¢, the weight loss
of cLip-Gel exceeded those of the control hydrogels (P < 0.05). This
result was obtained because fLip released very little of their encapsu-
lated glycine, whereas eLip did not contain glycine, so fLip-Gel and
eLip-Gel lacked the capacity in dissolution. In contrast, the cLip-Gel that
had built-in liposomal nanocontrollers (cLip) that could release glycine
when triggered by swelling, was able to dissolve.

3.3. Characteristics of inclusion complexes (IC) and IC@cLip-Gel

The as-prepared cLip-Gel was loaded with cold-mimetic menthol to
induce adipocyte browning. Menthol is lipophilic, making it difficult to
load into the hydrophilic cLip-Gel. To improve its efficiency of loading in
cLip-Gel, menthol was first included into HP-B-CD to form IC, which
could then be readily incorporated into the hydrogel network [21].

The menthol-including IC was prepared in a menthol-to-HP-$-CD
molar ratio of 1:1, following a procedure that has been described pre-
viously [20]. The as-prepared IC was characterized using FT-IR spec-
troscopy and TGA. In FT—IR spectra (Fig. 3d), characteristic peaks of the
IC appeared at 3340, 2925, 1362, and 1032 cm™L, and these were
comparable to those of HP-B-CD. The characteristic peaks of menthol
were absent from the spectrum of IC, implying that menthol was effec-
tively included into the interior cavity of HP-B-CD [29]. Furthermore, as
indicated in the TGA thermograms (Fig. 3e), most of the weight of pure
menthol and HP-B-CD was lost at 50-130 °C and 300 °C, respectively
[20]. In addition to exhibiting major weight loss at 300 °C, the
as-prepared IC exhibited early weight loss at 180-300 °C owing to the
evaporation of its included menthol. The results of the TGA also suggest
the successful inclusion of menthol into HP-B-CD. The loaded content of
menthol in the as-prepared IC was 62.9 + 0.8 pg/mg (n = 6 batches), as
determined using a colorimetric DMAB method [29].

The cytotoxicity of the as-prepared IC was then evaluated in 3T3-L1
cells. Fig. 3f demonstrates that cell viability was not influenced by the IC
at various concentrations that corresponded to the specified concen-
trations of its entrapped menthol (25-250 pM, P > 0.05). Cold-mimetic
menthol in a concentration range of 50-100 pM reportedly induces
adipocyte browning in vitro [13,36], so the IC that contained 100 pM of
menthol was selected in the subsequent studies.

Menthol that is loaded into the IC can be rapidly released in an
aqueous environment [37], so maintaining a therapeutic concentration
over an extended period is difficult. To overcome this difficulty, the
as-prepared IC was loaded into the test hydrogels (IC@fLip-Gel,
IC@eLip-Gel, and IC@cLip-Gel). Hydrogels are widely used for sus-
tained release, as the steric interactions between the payload and the
hydrogel network provide steric hindrance, which prevents rapid
release [22].

To study whether hydrogels support the sustained release of menthol
more than do free form IC (free IC), the release profiles of their menthol
in PBS at 37 °C were studied. As presented in Fig. 3g, the menthol
instantaneously dissociated from the free IC and reached a maximum
concentration in the first hour. In contrast, the test hydrogels all
exhibited the sustained release of menthol. Among the test hydrogels,
IC@cLip-Gel released the most amount of menthol (~80%), probably
because it had dissolved more quickly than IC@fLip-Gel and IC@eLip-
Gel (P < 0.05, Fig. 3c). The dissolution behavior of hydrogel strongly
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affects its release of a payload [22].

In vivo environments are always more complicated than in vitro en-
vironments [38]. The dissolution of as-prepared hydrogels was thus
evaluated in subcutaneous regions in test mice. Three days following the
subcutaneous injection of test hydrogels, fLip-Gel and eLip-Gel had left
exogenous hydrogel materials at the injection site (Fig. 3h, indicated by
yellow arrowheads), potentially causing undesired adverse effects.
Conversely, cLip-Gel was absent because it had completely dissolved.
This in vivo finding proves again that the dissolution rate of cLip-Gel
exceeded those of fLip-Gel and eLip-Gel. Accordingly, only cLip-Gel
was used in the following cell and animal studies.

The cytotoxicities of IC@cLip-Gel and its constituents (free IC and

cLip-Gel) were examined using 3T3-L1 cells to ensure the safety of the
sustained release system. None affected cell viability, as determined by
comparison with an untreated control (P > 0.05, Fig. 3i), indicating that
all components of IC@cLip-Gel were non-toxic.

3.4. In vitro adipocyte browning induced by IC@cLip-Gel

The induction of adipocyte browning holds great potential for
treating obesity and its related metabolic disorders [7-9]. The potential
of IC@cLip-Gel to induce adipocyte browning in vitro was assessed using
white adipocytes, which were derived from 3T3-L1 cells (preadipocytes)
that had undergone a differentiation process [31]; free IC and cLip-Gel
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were used as controls. White adipocytes are characterized by their
intracellular accumulation of oil droplets [31], which can be stained by
ORO, a lipid-soluble dye [31]. As displayed in Fig. 4a, ORO-stained oil
droplets were present inside 3T3-L1 cells that had been treated with
differentiated media, confirming that the preadipocytes had successfully
differentiated into white adipocytes.

Adipocyte browning is characterized by the emergence of beige ad-
ipocytes that express unique UCP1 proteins; this expression is accom-
panied by lipolysis, which is reflected by reductions in the amounts of
intracellular oil droplets and triglycerides [32]. Accordingly, the levels
of UCP1, oil droplets, and triglycerides that are expressed within adi-
pocytes can be used to determine the extent of their browning [32]. As
shown in Fig. 4b and c, as determined by comparison with untreated and
cLip-Gel groups, a strong UCP1 fluorescence signal and a reduced area of
ORO-stained oil droplets were detected in the white adipocytes that had
been subjected to free IC or IC@cLip-Gel, revealing the formation of
beige adipocytes. Additionally, the reductions in the levels of oil drop-
lets (Fig. 4d) and triglycerides (Fig. 4e) in the white adipocytes in the
free IC or IC@cLip-Gel groups exceeded those in the untreated and the
cLip-Gel groups (P < 0.05). These results suggest that both free IC and
IC@cLip-Gel induce adipocyte browning, triggering lipolysis (fat
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consumption), because they release cold-mimetic menthol.

3.5. In vivo therapeutic efficacy of IC@cLip-Gel

Since adipocyte browning can trigger fat consumption and increase
energy expenditure [7-9], the therapeutic efficacies of IC@cLip-Gel
against obesity and its related metabolic disorders were studied using
an obese mouse model, which was fed with HFD for nine weeks.
HFD-exposed mice gained much weight (ca. 37 g, Fig. S3a) after nine
weeks of HFD intervention relative to normal diet-fed mice (ca. 27 g, P
< 0.05). Fig. S3b shows that treatment with IC@cLip-Gel suppressed the
weight gain of the test mice in a dose-dependent manner; the efficacy of
IC@cLip-Gel was maximal at a dose of 60 mg cold-mimetic menthol per
kg of body weight, which was thus selected for subsequent animal
studies.

After nine-week HFD exposure, the test mice were divided into four
groups; each was subcutaneously injected into inguinal areas with PBS,
free IC, cLip-Gel, or IC@cLip-Gel, twice per week for two weeks (on days
0, 3, 7 and 10; Fig. S4). During the period of treatment, the body weight
and food intake of each test mouse were monitored. The body weight
(Fig. 5a) of the HFD mice that received IC@cLip-Gel was markedly lower
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Fig. 4. Adipocyte browning in vitro. (a) Photographs of oil droplet accumulation in 3T3-L1 cells that had been treated with differentiated media. (b) CLSM images of
cellular levels of UCP1 expression, (c) photographs of oil droplets, (d) corresponding quantitative analysis, and (e) cellular levels of triglycerides in white adipocytes

following various treatments. *: statistically significant (P < 0.05).
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than that of the mice that received control treatments (P < 0.05) at each
monitoring point (days 3, 7, 10, and 14), even though their food intakes
did not differ (P > 0.05, Fig. 5b). At the end of the treatment, the HFD
mice in the IC@cLip-Gel-treated group appeared to be smaller than
those in the control groups (Fig. 5¢). The changes in body weight and
gross appearances were attributed to a loss of body white fat mass,
including subcutaneous WAT (sWAT) and epididymal WAT (eWAT)
(Fig. 5d and e). Additionally, treatment with IC@cLip-Gel caused a
greater reduction in the sizes of white adipocytes in WAT than in the
control counterparts (Fig. 5f), possibly owing to the intracellular con-
sumption of oil droplets (Fig. 4c and d) and triglycerides (Fig. 4e). The
obtained results reveal the anti-obesity effectiveness of the as-proposed
IC@cLip-Gel.

In this study, administering IC@cLip-Gel subcutaneously into the
inguinal areas of HFD mice reduced fat mass and sizes of white adipo-
cytes not only in the administered region (sWAT) but also in the distant
adipose tissues (eWAT), indicating the potential of IC@cLip-Gel for

remote browning action. These findings are also consistent with previ-
ously published results [8,39].

The body composition (including lean mass and fat mass) of the HFD
mice in the IC@cLip-Gel group was assessed using TD-NMR; the mice
that were treated with PBS served as a control (untreated). The mice that
received IC@cLip-Gel had a greater lean mass and a lower fat mass than
the untreated mice (P < 0.05, Fig. S5).

In the current work, treatment with free IC twice weekly did not
inhibit HFD-induced obesity (Fig. 5a, 5c¢c-5f), probably because the
release of menthol from the free IC was too rapid to maintain a thera-
peutic concentration. To manage the body weight, frequent adminis-
tration of the therapeutic compound is therefore required, potentially
leading to poor patient compliance. By contrast, IC@cLip-Gel released
menthol sustainably (Fig. 3g), inducing adipocyte browning, causing the
consumption of fat in WAT.

Studies have shown that HFD-induced obesity is a state of chronic
inflammation in WAT, in which proinflammatory cytokines, including
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IL-1B, TNFa, and IFNy, are overproduced [40,41]. As confirmed in this
study, the WAT that was collected from the mice that received HFD
produced markedly more proinflammatory cytokines (IL-1f, TNFa, and
IFNy) than those that were harvested from the mice on a normal diet
(Fig. 6a—c). Notably, the decline in the overproduced proinflammatory
cytokines in the HFD mice upon treatment with IC@cLip-Gel exceeded
that upon treatment with PBS, free IC, or cLip-Gel (with some statisti-
cally insignificant), demonstrating the potential of IC@cLip-Gel to
alleviate obesity-induced inflammatory responses in WAT.

The HFD-induced overproduction of proinflammatory cytokines
reportedly impairs the systemic metabolic function, causing metabolic
disorders, such as hypercholesterolemia, hypertriglyceridemia, hyper-
insulinemia, hyperleptinemia, and hyperglycosemia, ultimately
increasing incidences of type 2 diabetes and nonalcoholic fatty liver
diseases [5,42]. Whether treatment with IC@cLip-Gel can improve the
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metabolic function of HFD-induced obese mice was explored herein. At
the end of the experiment, levels of serum cholesterol, triglycerides,
insulin, leptin, and blood glucose in HFD mice that received
IC@cLip-Gel were much lower than in those that received control
treatments (Fig. 6d-h).

To evaluate their glucose metabolism, test mice were challenged by
IPGTT [7,8]. The glucose tolerance of HFD mice was poorer than that of
mice that had been fed on a normal diet (Fig. 6i). The treatment of HFD
mice with IC@cLip-Gel significantly improved their glucose tolerance
above that of controls (Fig. 6i). The obtained data support the claim that
the HFD mice that were treated with IC@cLip-Gel showed improved
systemic metabolic functions.

Excess caloric intake in HFD mice can cause fat accumulation not
only in their WAT but also in liver tissues, resulting in hepatic dys-
functions, including the accumulation of oil droplets, a decrease in

10 n=5-6 n=5-6 n=5-6 n=5-6
I Normal Diet % —— e 500 * 1204 *
ormal Die 7 : — p *
o 5201 l_t_‘* 8 * B 400 | 150 *_l__l . . 30 | —
+ — - =) —
HFD + PBS E . = € . —= T 2 ol )
CIHFD + Free IC 2151 r 1 1. 2300+ 8 100 . =) 201 5
. - : - o . - -
I HFD + cLip-Gel = 104 44 : 8 200 - -lIAT = " :
CIHFD + IC@cLip-Gel E L : i 'i 1. 50 C = 401 104 . 3
* “Lallilal RN = ARG P YR
0 0 0 FI 0 0 ul 0

sWAT eWAT sWAT eWAT sWAT eWAT
d 250 f 15 g 40
n=6 * — n=6 . n=5-6 n=6 *
) N E——— = 1504 PR S
200 T I e— | —_— . —
3 * 5 3 T 30 *
r—— —
E 150 y s £ — £ 101 £
s | o W » 100 2 . o P
o (] i " - . — 204
[ . . T . - H c
2 100 = : ) = T = . T
@ [ - —
2 . . 3 0.5+ ~ Q.
- 504 . . 2 [
o . > 0 c . . - 104 .
£ 504 " 9 [ - > .
; i aiar: L
o 0 0.0 ol o :
h i K I
I 00 =O~ Normal Diet *
= * = =5- =
3004 " 6 T 700 n=e -O-HFD + PBS 1604 LA 120 { =6
_ry ) =0~ HFD + Free IC *
* ~O-HFD + cLip-Gel :
At [ e g 501 -0-HFD + IC@cLipGel | — . = I —
£ 2004 e E 5% - 3 %1
@ 0 @ = . - . N
8 1504 L |°| | : 3 (] . IN . - O
o © < so{ 4 < 4 | G
= . i = : L . :
O 1004 SE : . |- s
. 404 |- | |
50 T A \J Ll \ Ll T 1 0
0 20 40 60 90 120 150 180
- Time (min)
j Normal Diet HFD + PBS HFD + Free IC HFD + cLip-Gel HFD + IC@cLip-Gel
PRy TTo PEREN! o v -’}'_o.j. fe RIEEIE T ; m B TR 3 AL SR A IR e
5 D R o P8 9% 8, Jqa0s

Fig. 6. Therapeutic effects of IC@cLip-Gel on obesity-induced chronic inflammation and metabolic disorders. Inflammatory cytokine levels of (a) IL-1p, (b) TNFa,
and (c) IFNy in sWAT and eWAT retrieved from test mice at end of treatment. Levels of (d) serum cholesterol, (e) serum triglycerides, (f) serum insulin, (g) serum
leptin, and (h) blood glucose in test mice that had received various treatments at end of experiment. (i) Changes of blood glucose levels in test mice that were
challenged by IPGTT. (j) H&E staining images of liver tissues, (k) serum AST levels, and (1) serum ALT levels collected from test mice that had received various

treatments at end of experiment. *: statistically significant (P < 0.05).
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glycogen deposition, and high serum levels of AST and ALT [43,44]. The
accumulation of excess lipids reportedly disrupts the energy metabolism
by utilizing glycogen as an energy source [44]. The group that received
IC@cLip-Gel exhibited less fat accumulation (H&E staining, Fig. 6j) and
increased glycogen deposition (PAS staining, Fig. S6) in liver tissues, as
well as lower levels of serum AST and ALT (Fig. 6k and 1) than did the
control groups, proving that treatment with IC@cLip-Gel effectively
protects mice against HFD-induced hepatic dysfunctions.

3.6. WAT browning induced by IC@cLip-Gel

WAT browning, which can trigger the consumption of fat and
expenditure of energy, is characterized by the expression of thermogenic
UCP1, which is indicative of the appearance of beige adipocytes in WAT
[7]. The extent of WAT browning in the HFD mice that received
IC@cLip-Gel was examined; the mice that received PBS, free IC, or
cLip-Gel served as controls. Fig. 7a reveals that the level of UCP1 that
was expressed in WAT, or the extent of WAT browning, was higher in the
IC@cLip-Gel-treated group than in the control-treated groups; this
finding is consistent with the results of the immunoblotting of UCP1
expressions (Fig. 7b). These results altogether suggest that in the mice
that were treated with IC@cLip-Gel, white adipocytes in WAT were
effectively transformed into thermogenic beige adipocytes, as reflected
by their high body surface temperatures (Fig. 7c).

The induction of WAT browning is known to increase energy
expenditure or metabolic rate [39,45]. To study the influence of
IC@cLip-Gel on the metabolic rate of HFD mice, their whole-body
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energy metabolism was monitored following its subcutaneous injection.
The IC@cLip-Gel-treated mice exhibited significantly higher rates of
oxygen consumption (VOo, P < 0.05, Fig. 7d), carbon dioxide generation
(VCO3y, P < 0.05, Fig. 7e), and heat production (P < 0.05, Fig. 7f) than
the PBS-treated mice in both light and dark periods. These data
demonstrate that treatment with IC@cLip-Gel increased the energy
expenditure of HFD mice, probably due to its ability to induce the
browning of WAT.

Regaining body weight after withdrawal of weight loss treatments is
undesirable. In this study, the changes of body weight in mice that were
treated with IC@cLip-Gel did not show a significant difference between
day 22 (12 days after the final treatment) and day 10 (Fig. S7, P > 0.05).
However, there was a slight trend of weight regain observed, which
could be attributed to the reversible nature of browning in white adipose
tissue, where beige adipocytes gradually convert back to white adipo-
cytes once the environmental stimuli are removed [46]. To sustain im-
provements in body weight and metabolic functions, ongoing use of
browning agents may be required.

To assess the in vivo safety of IC@cLip-Gel, the major organs and the
muscle and skin tissues that were in contact with the test hydrogel were
collected from the HFD mice at the end of the experiments for histo-
logical examination. No obvious abnormality or inflammation was
observed in any of the collected tissue sections (Fig. S8), indicating the
biocompatibility of the as-designed IC@cLip-Gel.
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Fig. 7. Adipocyte browning in vivo. (a) Fluorescent images and (b) immunoblotting images of UCP1 expressed in SWAT obtained from test mice that had received
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4. Conclusions

This work develops a nanocontroller-mediated dissolving hydrogel
that sustainably releases cold-mimetic menthol to induce adipocyte
browning in the WAT of HFD-induced obese mice. Following subcu-
taneous injection, the as-developed hydrogel absorbs body fluids and
swells, releasing its loaded IC. The menthol then disassociates from the
released IC to transform the white adipocytes in WAT into thermogenic
beige adipocytes, triggering fat consumption and heat generation,
increasing energy expenditure, ultimately alleviating the HFD-induced
obesity and its related metabolic disorders, which include hyperlipid-
emia, impaired glucose tolerance, and hepatic dysfunctions. Meanwhile,
the swelled hydrogel networks destabilize the membranes of the grafted
liposomal nanocontrollers, releasing their encapsulated glycine mole-
cules, eventually causing the dissolution of the hydrogel in situ. Overall,
the as-developed nanocontroller-mediated dissolving hydrogel not only
favors the sustained release of therapeutic menthol for treating obesity
and its related metabolic disorders but also prevents the adverse effects
that are associated with the accumulation of the retention of hydrogels
within the body.
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