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Polyglycerol-Functionalized 𝜷-Cyclodextrins as Crosslinkers
in Thermoresponsive Nanogels for the Enhanced Dermal
Penetration of Hydrophobic Drugs

Huiyi Wang, Neha Tiwari, Maria Soledad Orellano, Lucila Navarro, Zahra Beiranvand,
Mohsen Adeli, and Marcelo Calderón*

Thermoresponsive nanogels (tNGs) are promising candidates for dermal drug
delivery. However, poor incorporation of hydrophobic drugs into hydrophilic
tNGs limits the therapeutic efficiency. To address this challenge,
𝜷-cyclodextrins (𝜷-CD) are functionalized by hyperbranched polyglycerol
serving as crosslinkers (hPG-𝜷CD) to fabricate 𝜷CD-tNGs. This novel
construct exhibits augmented encapsulation of hydrophobic drugs, shows the
appropriate thermal response to dermal administration, and enhances the
dermal penetration of payloads. The structural influences on the
encapsulation capacity of 𝜷CD-tNGs for hydrophobic drugs are analyzed,
while concurrently retaining their efficacy as skin penetration enhancers.
Various synthetic parameters are considered, encompassing the acrylation
degree and molecular weight of hPG-𝜷CD, as well as the monomer
composition of 𝜷CD-tNGs. The outcome reveals that 𝜷CD-tNGs substantially
enhance the aqueous solubility of Nile Red elevating to 120 μg mL−1 and
augmenting its dermal penetration up to 3.33 μg cm−2. Notably, the acrylation
degree of hPG-𝜷CD plays a significant role in dermal drug penetration,
primarily attributed to the impact on the rigidity and hydrophilicity of
𝜷CD-tNGs. Taken together, the introduction of the functionalized 𝜷-CD as the
crosslinker in tNGs presents a novel avenue to enhance the efficacy of
hydrophobic drugs in dermatological applications, thereby offering promising
opportunities for boosted therapeutic outcomes.
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1. Introduction

Over the last decades, topical drug delivery
has been under the spotlight of the medi-
cal research field.[1] In contrast to systemic
strategies, such as oral delivery, intravenous
injection, and intranasal inhalation, topi-
cal drug delivery offers higher therapeutic
efficacy and convenience. It allows local-
ized and non-invasive drug delivery, which
minimizes the systemic risk from side ef-
fects and optimizes patient compliance.[2]

Skin drug delivery is a popular topical ad-
ministration, which can decrease therapeu-
tic action time and enhance efficacy by
avoiding blood circulation and first-pass
metabolism.[3] However, as the body armor,
the skin plays an essential role in protecting
the body from external environmental in-
sults, like UV irradiation, mechanical harm,
penetration of hazardous substances, etc.
Therein, the stratum corneum (SC) is the
outermost barrier for preventing the per-
meation of drug molecules.[4] To leap over
the defensive barrier imposed by the SC,
nanotechnology is a promising strategy.[5,6]

Nanocarriers such as micelles,[7,8] nanogels
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(NGs),[9–11] liposomes,[12,13] and inorganic nanoparticles,[14,15]

have been proven to deliver therapeutic molecules into the skin,
showing high dermal permeation, as well as improved stabil-
ity and biocompatibility.[16,17] Furthermore, they can be tuned to
achieve controllable drug release. These benefits optimize the ac-
curacy and pharmacokinetics of therapeutics.[18]

NGs are good candidates for topical drug delivery, due to their
soft crosslinked network of polymeric chains in the nanoscale
range and high water content.[19] They can effectively load var-
ious therapeutics, such as proteins, small drug molecules, and
dyes. To release the cargo in a controllable manner inside the skin
tissue, thermoresponsive NGs (tNGs) with a cloud point temper-
ature (Tcp) in the range of 32–37 °C are designed, which allows
the spontaneous release of cargoes with the trigger of the natural
skin temperature gradient.[20,21] When the body temperature ex-
ceeds their Tcp, tNGs undergo volume shrinkage, extruding the
loaded cargoes to achieve the specific drug release.[11,22] Apart
from these intrinsic benefits, tNGs can cause a hydration effect
on the skin, which reversibly disrupts the SC structure to boost
the delivery of therapeutics into deeper skin layers.[23] It has been
demonstrated that the skin hydration effect is important for en-
hancing skin permeability and increasing drug absorption and
retention.[24]

NGs are ideal nanocarriers for delivering hydrophilic
molecules into skin tissue.[25,26] Whereas, poor encapsulation
of hydrophobic molecules into hydrophilic NGs still restrains
therapeutic efficiency. To address this hurdle, cyclodextrin (CD),
approved for drug delivery by the Food and Drug Administration
of the USA (FDA), has caught researchers’ attention.[27] CD
owns an amphiphilic toroid structure of a hydrophobic interior
cavity and a hydrophilic exterior surface.[28] This unique struc-
ture makes it promising to be incorporated into hydrophilic
nanocarriers for enhancing their encapsulation capacity of
hydrophobic drugs.[29,30] Moreover, CD is a popular cutaneous
penetration enhancer.[31] It can decrease the barrier function of
the lipophilic membrane by extracting lipids from the skin,[32]

thereby enhancing the skin permeability.[33] In a previous study,
tNGs with 𝛽-CD attached to their surface have shown enhanced
delivery efficacy of dexamethasone, particularly to the dermis
layer. An effective down-regulation of the proinflammatory
thymic stromal lymphopoietin expression was demonstrated,
outperforming the activity of dexamethasone delivered by a
commercial formulation.[34] However, the amount of conjugated
CD on the surface of the tNG was limited due to solubility issues.
Accordingly, the encapsulation capacity of hydrophobic drugs
and the enhancement of skin permeation were restricted. To
mitigate the adverse effects associated with CD conjugation, hy-
drophilic polymers were chosen for the surface functionalization
of nanoparticles (NPs), resulting in enhanced stability.[35,36]

In this study, poly(N-isopropylacrylamide) (pNIPAM)-based
tNGs were crosslinked by functionalized 𝛽-CD, aiming to im-
prove the dermal penetration of hydrophobic drugs in a con-
trollable manner. Given the facility in synthesis and function-
alization, hyperbranched polyglycerol (hPG) was used to func-
tionalize 𝛽-CD to fabricate the hydrophilic macromolecular
crosslinker, hPG-𝛽CD. Meanwhile, hPG can introduce good bio-
compatibility, minimal organ accumulation, and potential pro-
tein resistance.[37,38] An armory of tNGs was fabricated with var-
ious molecular weights and acrylation degrees of hPG-𝛽CD, as

well as various compositions of monomers, to study their effect
more comprehensively on dermal drug delivery (Scheme 1). Nile
Red (NR) was chosen as the model hydrophobic cargo due to
its high stability and fluorescence properties. A quantitative ex-
vivoskin penetration assay revealed that the 𝛽CD-tNGs showed a
higher drug penetration compared to 𝛽-CD, tNGs, and the physi-
cal combinations thereof. The findings demonstrated that careful
engineering of the crosslinkers in their sizes and functionalities
drives the capacity of 𝛽CD-tNG to enhance the encapsulation and
dermal penetration of hydrophobic molecules.

2. Experimental Section

2.1. Materials

𝛽-CD, glycidol, potassium hydride, 18-crown-6, acryloyl chlo-
ride, triethylamine, sodium dodecyl sulfate (SDS), potassium
persulphate (KPS), NR, and NIPAM were purchased from
Sigma Aldrich (Spain). OCT mounting medium, paraformalde-
hyde, disodium phosphate (Na2HPO4), potassium phosphate
(KH2SO4), NaCl, and KCl were purchased from Scharlab (Spain).
All solvents including methanol, dry DMF, and DMSO were pur-
chased from Merck (Spain). Glycidol was dried over activated
molecular sieves overnight at room temperature and distilled un-
der a vacuum before use. 𝛽-cyclodextrin was recrystallized with
deionized water two times followed by drying under vacuum
at 60 °C overnight and stored at 4 °C under a nitrogen atmo-
sphere until use. All other reagents were used as purchased un-
less specifically mentioned.

2.2. Synthetic Methods

2.2.1. Synthesis of Hyperbranched Polyglycerol Modified 𝛽-CD

The crosslinker, hPG-𝛽CD, was synthesized using anionic ring-
opening multibranch polymerization (ROMBP). For the reaction,
𝛽-CD (0.6 g, 0.5 mmol) and 18-crown-6 (0.25 g, 0.94 mmol) were
dissolved in 10 mL dry DMF in a 25 mL round-bottomed flask
under stirring at room temperature for 1 h. After forming a ho-
mogeneous solution, potassium hydride (50 mg, 1.25 mmol) was
added to the flask slowly under a nitrogen atmosphere. The mix-
ture was kept under stirring for another 2 h at room temperature
to allow the partial deprotonation of 𝛽-CD moieties, as shown in
Scheme S1 (Supporting Information). Then, glycidol (2.715 mL,
34 mmol) was added dropwise throughout 20 h. The slow ad-
dition of monomers was carried out to avoid the formation of
homopolymers. After stirring for 20 h at 80 °C with nitrogen
protection, the mixture was cooled down to room temperature
and quenched by dilution to 30 mL. The product was dialyzed
by cellulose membrane with molecular weight cut-off (MWCO)
of 1 kDa, against distilled water for 3 days by changing the wa-
ter at frequent time intervals to remove unreacted reagents. It
was followed by lyophilization to obtain the final product, hPG-
𝛽CD showing a pale-yellow viscous liquid. The hPG- 𝛽CD should
be stored under an inert atmosphere at −20 °C for further use.
HPG-𝛽CD with two different molecular weights was synthesized
using different monomer/initiator ratios as indicated in Table S1
(Supporting Information).
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Scheme 1. A) Synthetic methodology of 𝛽CD-tNGs, following the hPG-functionalization of 𝛽-CD, the acrylation of hPG-𝛽CD, and precipitation poly-
merization with NIPAM. B) The studied synthetic parameters, including the molecular weight and acrylation degree of the hPG-𝛽CD, and the NIPAM
composition in the 𝛽CD-tNGs, for comprehensively understanding their corresponding effects on dermal penetration of hydrophobic molecules. C)
Schematic illustration of Nile Red dermal penetration with the aid of 𝛽CD-tNGs.

2.2.2. Synthesis of Acrylated hPG-𝛽CD

For the further formation of pNIPAM-based tNGs, the as-
prepared hPG-𝛽CD needs to be acrylated to be the macro-
crosslinker, as shown in Scheme S2 (Supporting Information).
First, 𝛽-CD (500 mg, 6.75 mmol) was dissolved in 10 mL dry
DMF under sonication for 10 min. It was followed by the addi-
tion of triethylamine (0.15 mL) in an inert atmosphere using the
syringe, and cooling down to 0 °C in an ice bath under stirring.
Then a certain amount of acryloyl chloride was added dropwise,
as indicated in Table S2 (Supporting Information). Afterward, the
reaction was processed at room temperature overnight with pro-
tection from light. To remove unreacted acryloyl chloride and ob-
tain the purified product, the reaction mixture was dialyzed in
a dialysis membrane (MWCO = 1 kDa) against methanol. After
24 h in methanol, the dialysis was continued for another 2 days in
deionized water with changing the water at frequent time inter-
vals. The final purified product was stored as an aqueous solution
(20 mg mL−1) in an amber vial covered by aluminum foil at 4 °C
until further use.

2.2.3. Synthesis of the 𝛽CD-tNGs

The 𝛽CD-tNGs were synthesized according to previously re-
ported methods (Scheme S3, Supporting Information).[39]

Briefly, for the synthesis of 𝛽CD-tNGs, acrylated hPG-𝛽CD
(30 mg), NIPAM (70 mg), and SDS (2 mg) were dissolved in

Table 1. Composition of various synthesized 𝛽CD-tNGs.

Sample’s name Mw of
hPG-𝛽CD

(Da) 1

Acrylation
degree of
total OH
groups 2

NIPAM / hPG-𝛽CD 3

60/40 70/30 80/20

5k-2A 4918 2.3% 59/41 70/30 77/23

5k-6A 5.7% 58/42 67/33 74/26

5k-12A 13% 68/32 66/24 79/21

8k-2A 8021 2.3% 69/31 73/27 78/22

8k-6A 6.3% 63/37 74/26 80/20

8k-12A 11.4% 73/27 80/20 83/17

★ 1, 2, 3: All the actual molecular weights and acrylation degrees of hPG-𝛽CD and
the compositions of NIPAM were determined by NMR analysis.

Milli Q water and purged with nitrogen for 30 min. Then, KPS
(3.3 mg) was added to the reaction mixture. The reaction was
kept under 350 rpm stirring at 70 °C for 3 h and then puri-
fied by dialysis against Milli Q water using a dialysis membrane
(MWCO = 10 kDa) for 3 days by changing the Milli Q water at
frequent time intervals. The final product was lyophilized pre-
senting as fluffy white solid. Various 𝛽CD-tNGs were synthesized
with different acylation degrees and molecular weights of hPG-
𝛽CD and different compositions of NIPAM, as mentioned in
Table 1.
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2.3. Characterization of 𝜷CD-tNGs

2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

The 1H NMR spectra were collected at 25 °C by Bruker Advance
DPX 300 with 300 MHz of resonance frequency, under experi-
mental conditions of 128 scans and 64 s relaxation time. To pre-
pare the solution, 10 mg samples were dispersed in 0.9 mL Milli
Q water and mixed with 0.1 mL deuterated water (D2O) at room
temperature prior to the NMR analysis. The spectra were ana-
lyzed through MestreNova software.

The molecular weight of synthesized hPG-𝛽CD was calculated
according to the signals at 𝛿 = 5.1, 3.33, 4.1, and 4.8, which corre-
spond to the anomeric proton of 𝛽-CD, the four methylene pro-
tons and one methane proton of hPG, and the hydroxyl protons,
respectively (additional information about the calculation is in-
cluded in Figure S1, Supporting Information). The acrylation de-
gree of the synthesized hPG-𝛽CD crosslinker was calculated ac-
cording to the ratio of the signals at 𝛿 = 5.1 and 5.8 – 6.4, corre-
sponding to the anomeric proton of 𝛽-CD and the vinyl protons
after acrylation, respectively. The ratio of pNIPAM in the 𝛽CD-
tNGs to hPG-𝛽CD was calculated as a percentage of the ratio of
the signals at 𝛿 = 3.25 – 4.25 from the 𝛽-CD moieties and 𝛿 = 0.5
– 2.5 from the 9 protons of pNIPAM moieties.

The 13C NMR spectra were measured at 25 °C and 300 MHz
of resonance frequency using a Bruker Advance DPXBruker
BioSpin Furier 300 NMR, under experimental conditions of
12 288 scans, relaxation delay of 1.5 s, and acquisition time of
1.73 s. The samples were prepared at 20 mg mL−1 of concentra-
tion in D2O as solvent.

2.3.2. Dynamic Light Scattering (DLS)

The hydrodynamic diameters and zeta potential of 𝛽CD-tNGs
were determined by DLS and electrophoretic mobility, respec-
tively, using a Malvern NanoZS Zetasizer. All the 𝛽CD-tNGs sam-
ples were measured as aqueous solution with a concentration of
1 mg mL−1 and polystyrene was chosen to be the standard. After
equilibrium of 60 s, the corresponding hydrodynamic diameters
and polydispersity index (PDI) at 25 °C were recorded according
to the intensity distribution. The zeta potentials of the samples
were measured at pH 7 and 25 °C after equilibrium of 60 s.

2.3.3. Thermoresponsive Performance Determined by Measuring the
Tcp

Above the transition temperature, thermoresponsive 𝛽CD-tNGs
undergo decreased hydrodynamic sizes and hydrophilicity, show-
ing a turbid change of the dispersion, which alters their UV-
Vis absorbance. In consequence, the Tcp was analyzed through
UV–vis absorbance using a microplate reader equipped with a
temperature-controlled system. Various NGs were dispersed in
MilliQ water to form clear dispersions (1 mg mL−1). The experi-
ment was carried out at a temperature range of 26 – 52 °C, with
a heating gradient of 1 °C. At each temperature point, the plate
was shaken orbitally for 5 min, delayed for 3 min, and further
orbitally shaken for 5 min before reading the spectra, to reach a

temperature equilibrium in the tNGs dispersion. The transmit-
tance of 𝛽CD-tNGs samples was obtained via a calculation based
on the absorbance at 600 nm following the equation below:

Transmittance%=102−Absorbance (1)

2.3.4. Atomic Force Microscopy (AFM) Imaging

AFM measurements were performed on AFM Dimension ICON
(Bruker) equipped with a cantilever ScanAsyst (Bruker) (70 kHz,
0.4 N/m) at room temperature in PeakForce Tapping mode. 5 μL
NGs aqueous solutions (0.02 mg mL−1) were deposited onto the
freshly cleaved mica substrate. The substrates were incubated
overnight at room temperature to evaporate the moisture. Before
the measurement, cantilevers needed to be calibrated on a Sap-
phire substrate. To perform the characterization, the substrate
was mounted on a magnetic platform. It was followed by the
PeakForce Tapping scanning with 512 points per line and a rate
of 0.9 Hz. Image analysis was programmed by NanoScope Anal-
ysis. All the images should be flattened in 3rd order to correct the
defect generated by the scanning process.

2.4. Encapsulation of NR into 𝜷CD-tNGs

To encapsulate NR within 𝛽CD-tNGs, lyophilized NGs were re-
dispersed in 0.5 mL PBS solution (10 mM, pH 7.4) to reach a
concentration of 2 mg mL−1. Then, 75 μL methanol NR stock
solution (c = 1 mg mL−1) was added into the NGs dispersion
(NGs/NR mass ratio= 13.3) and mildly shaken overnight at 37 °C
in darkness. Afterward, the mixture was intensively shaken for
1 h at 60 °C with the cap opened to evaporate MeOH. Finally, the
NR loaded-NGs dispersion was kept in the fridge at 4 °C to allow
the tNGs re-dispersing in the solution. After overnight incuba-
tion, unloaded NR was removed by filtration using a filter pa-
per disk with 5–8 μm particle retention. Since hydrophobic NR
molecules can form precipitation in an aqueous solution, they
can not pass the filter paper along with the hydrophilic tNGs.
To evaluate the amount of loaded NR molecules, the NR-loaded
tNGs were lyophilized, then 1 mL ethyl acetate was added to the
lyophilized NR-loaded 𝛽CD-tNGs to extract the loaded NR. The
loaded NR was quantified by UV-Vis using an NR calibration
curve in ethyl acetate as the reference. Confirmation of NR within
the 𝛽CD-tNGs is discussed in detail in Section 4 of the supporting
information section.

The equation to calculate the encapsulation capacity is shown
as:

Encapsulation efficiency (%) =
mencapsulated NR

minitial NR
(2)

2.5. Quantitative Analysis of NR Dermal Penetration

The porcine thigh skin were freshly obtained from a local butcher.
The fresh skin was cleaned by removing the fat layer and wash-
ing the surface carefully. To mimic the pathological skin condi-
tion, tape-stripping was applied 70 times to damage the stratum
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corneum. Square skin pieces of 1 × 1 cm were cut, quickly frozen
in liquid nitrogen, and stored in the freezer at −20 °C. Before us-
ing, the frozen skin pieces were put on the PBS-wetted cotton in
a Petri dish to defrost at 4 °C overnight.

To perform the dermal penetration assays, the skin pieces were
placed on a new Petri dish with wet cotton on the bottom to pre-
vent skin dehydration. Then, 50 μL of NR-loaded NGs prepared
following the above-mentioned procedure was added onto the
skin surface and incubated for 6 h to evaluate NR dermal pen-
etration. To get close to the real scenario of skin penetration, the
incubation temperature was increased from 32 °C to 37 °C at a
speed of 1 °C per 30 min to mimic the temperature gradient along
the skin layers and kept at 37 °C for another 3.5 h.

Finishing the incubation, the skin pieces were rinsed with PBS
solution (10 mm, pH 7.4), and the unpenetrated NR was care-
fully removed using a soft napkin. Afterward, the treated skin
samples were scratched by a scalpel, and placed into 1 mL ethyl
acetate separately. To fully extract the penetrated NR, the skin
samples were further incubated in ethyl acetate for at least 24 h
after a 10-min sonication. Moreover, another 10-min sonication
was employed before the measurement to ensure complete NR
extraction. The penetrated NR was quantified by UV–vis spec-
trophotometer using an NR calibration curve in ethyl acetate as
the reference, and the results were informed as the mass of pen-
etrated NR per skin area. Each sample was performed at least in
triplicates.

2.6. Analysis of Dermal Penetration Depth of NR by Fluorescence
Microscopy

The dermal penetration depth of NR was investigated with an
inverted epifluorescence microscope (Cell Observer Zeiss). First,
the skin pieces were incubated in a process that is the same as the
skin penetration study above. After completing the incubation,
each skin piece was fixed in 4% paraformaldehyde at 4 °C for 48
– 72 h after cleaning the surface. Then, the skin samples were
carefully washed with distilled water, and sunk into 1% sucrose
solution for 24 h and another 24 h with 30% sucrose solution
at 4 °C. Whereafter, the skin pieces were cleaned and embedded
into OCT mounting medium for further freezing. The cryosec-
tions of 20 μm were obtained using a Cryostat CM 3050 S from
Leica Biosystems (Nussloch, Germany). The operation was pro-
cessed in a chamber of −30 °C. The images were analyzed using
ImageJ software.

2.7. Skin Hydration Studies

Skin pieces of 2×2 cm were quickly frozen in liquid nitrogen
after being cleaned and stored in the freezer at −20 °C and de-
frosted on demand. Before processing the assay, the frozen skin
pieces were defrosted overnight at 4 °C in the petri dish with wet
cotton on the bottom to keep the skin hydrated. To evaluate the
skin hydration effect resulting from the tNGs, the skin pieces
were placed between the donor and acceptor compartment of a
Franz-cells system, as shown in Scheme S4 (Supporting Informa-
tion). The receptor compartment was filled with PBS (10 mm, pH
7.4), and each cell was connected to a circulation bath to main-
tain a stable incubation temperature. The tNGs dispersions in

PBS (10 mm, pH 7.4) were added to the donor compartment and
the systems were incubated at 37 °C for 3 h. Subsequently, the
skin pieces were taken out and wiped with a soft napkin to re-
move the free water on the surface. The weight of the treated skin
pieces was recorded before and immediately after the incubation,
to evaluate the increase in water content after the treatment with
tNGs. The experiments were performed with 10 times replica-
tions.

2.8. Statistical Analysis

All the skin assays were performed at least in triplicate. The re-
sults were shown as the mean value ± SD. They were analyzed
by two-way ANOVA with Bonferroni post-test analysis. P values
*< 0.05, **< 0.01, and ***< 0.001 were considered significant in
all analyses.

3. Results and Discussion

3.1. Synthesis and Characterization of the 𝜷CD-Modified tNGs

Hydrophobic drugs have been widely used in clinics, although
they have inferior stability, low aqueous solubility, off-target ef-
fects, and high immunogenic potential. To overcome such short-
comings, nanotechnology has been explored for encapsulating
them into hydrophilic nanocarriers.[40,41] However, the lack of
miscibility reduces encapsulation efficiency and even leads to
precipitation, limiting the clinical application and reducing the
drug efficacy. Hence, we were motivated to develop pNIPAM-
based tNG with 𝛽-CD modification, allowing hydrophobic drugs
to get loaded into the cavity of 𝛽-CD and improve their overall
performance, particularly in dermal drug delivery.

Considering the proper cavity size, availability, and FDA ap-
proval, 𝛽-CD was employed to be the core to fabricate the
crosslinkers for further synthesizing tNG. To improve its biocom-
patibility and water solubility, 𝛽-CD was functionalized by hyper-
branched polyglycerol via anionic ring-opening multi-branching
polymerization (Scheme S1, Supporting Information).[42] Then,
a partial acrylation of the hydroxy groups of hPG was performed
prior to the 𝛽CD-tNG synthesis (Scheme S2, Supporting Infor-
mation). Defined by 1H-NMR, 13C-NMR spectra and GPC spec-
tra, various hPG-𝛽CDs with molecular weights of 5 kDa and
8 kDa (Figures S1–S3, Supporting Information), as well as dif-
ferent acrylation degrees of 2%, 6%, and 12% (Figure S4, Sup-
porting Information), were fabricated. The corresponding syn-
thetic details are shown in Tables S1 and S2 (Supporting Infor-
mation). Afterward, the 𝛽CD-tNGs were prepared via precipita-
tion polymerization[43] in an aqueous solution at 70 °C using NI-
PAM as the monomer (Scheme 1; Scheme S3, Supporting Infor-
mation). As a significant constitution of the tNGs, the compo-
sitions of NIPAM monomer were designed as 60%, 70%, and
80% (Figures S5 and S6, Supporting Information) for explor-
ing their differential effect on dermal drug delivery, since pNI-
PAM could lead to skin hydration effects to promote dermal drug
delivery.[23] All in all, the molecular weight and acrylation degree
of the crosslinker and the composition of the monomers were
taken into consideration, to investigate the effect of synthetic pa-
rameters on skin drug delivery more comprehensively.
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Indeed, the structure of NGs is determined by many synthetic
parameters, showing different densities of the crosslinked net-
work. The hydrodynamic sizes of 𝛽CD-tNGs from different syn-
thetic conditions were analyzed by DLS (Figure 1A), and the cor-
responding details are presented in Table S3 (Supporting Infor-
mation). It was found that the molecular weight of hPG-𝛽CD
does not have a significant influence on the sizes of the 𝛽CD-
tNGs in aqueous medium, but the acrylation degree of hPG-𝛽CD
and the composition of NIPAM do. While the composition of NI-
PAM the acrylation degree of hPG-𝛽CD presented opposite influ-
ence. Figure 1A illustrates that the increase of hPG-𝛽CD acryla-
tion degree caused a drop in hydrodynamic diameter, for exam-
ple, from 166.6 ± 3 nm to 92.03 ± 0.8 nm for the 𝛽CD-tNGs of 5k-
2A-60 and 5k-6A-60, respectively. It might be because the higher
acrylation degree of the hPG-𝛽CD can offer more carbon double
bonds for subsequent polymerization and crosslinking, which
contributes to a more compact polymer network and decreased
hydrated diameters. Interestingly, the effect of the acrylation de-
gree of hPG-𝛽CD seems to have a tendency of saturation when it
is up to 6%, showing similar hydrodynamic diameters with 6%
and 12% acrylation degrees. This might result from the increase
of the hydrophobicity of hPG-𝛽CD when the acrylation degree in-
creases. Previous studies from our group have demonstrated that
the acrylation degree of hPG-based crosslinkers plays a key role
in the stabilization of aggregates during the tNG synthesis.[39] In
a window range of acrylation degrees, acrylated hPG-𝛽CD could
stabilize the growing tNGs, leading to smaller particle sizes as
the acrylation degrees increased. However, as the acrylation de-
gree increases over the effect window, the crosslinker becomes
more hydrophobic causing less efficient stabilization for the NGs
during the synthesis, which explains the small changes in sizes
obtained for NGs using hPG-𝛽CD with 6% and 12% acrylation
degree.[39] Regarding the effect of NIPAM, the hydrodynamic di-
ameter rises as the composition of NIPAM increases, such as
from 92.03 ± 0.8 nm to 269.3 ± 1.4 nm for 5k-6A-60 and 5k-6A-80
𝛽CD-tNGs respectively, on account of the looser crosslinking net-
works. The zeta potential values for all the 𝛽CD-tNGs are slightly
negative, with values ranging between −1.5 to −2.5 mV. In view
of the thermo-responsiveness, the shrinkage behavior of 𝛽CD-
tNGs over the transition temperature was also characterized by
DLS. Figure 1B presents the swelling ratio of various 𝛽CD-tNGs
in an aqueous medium, calculated via the ratio of hydrodynamic
volumes at 25 °C and 55 °C. Different from hydrodynamic di-
ameters, the molecular weight of hPG-𝛽CD affected the swelling
ratio, which was higher for 8k-hPG-𝛽CD samples. HPG-𝛽CD of
higher molecular weight can probably give higher flexibility and
hydrophilicity to 𝛽CD-tNGs leading to higher swelling capacity.
In addition, higher acrylation degree of hPG-𝛽CD reduced the
swelling ratio without a saturated tendency, which is different
from its effect on hydrodynamic diameters. It could be explained
as the acrylation degree of hPG-𝛽CD plays a significant role in the
density of the network, which directly determines the stiffness
and flexibility of 𝛽CD-tNGs. Similarly, the higher composition
of NIPAM monomer can generate flexible networks with fewer
crosslinking points, which presents a higher swelling ratio. Fur-
thermore, the successful formation of 𝛽CD-tNGs and their cor-
responding sizes can be clearly confirmed with the aid of AFM
analysis, as shown in Figure 1C. The spherical morphology is eas-
ily observed via AFM images, for example, tNGs of 5k-2A-60 and

8k-6A-70, with average de-hydrated diameters of 74 ± 7 nm and
69 ± 6 nm, respectively.

Since the skin possesses a natural temperature gradient rang-
ing from 32 °C on the surface to 37 °C in the inner skin layers,
tNGs with the fitting transition temperature are ideal to achieve
controllable drug delivery. Then, it is possible to trigger drug re-
lease spontaneously upon penetration of the tNGs into the skin.
Table S4 (Supporting Information) presents the Tcp of various
synthesized 𝛽CD-tNGs, and the corresponding normalized tran-
sition curves are shown in Figure S7 (Supporting Information).
Interestingly, herein all 𝛽CD-tNGs showed a Tcp of around 36 °C,
which is slightly higher than the Tcp of pNIPAM (32 °C) proba-
bly because of the introduction of hydrophilic hPG-𝛽CD macro-
molecules. It has been reported that different monomers and the
hydrophilicity of the NGs affect the transition behavior based on
the intensity of the hydrogen bond among the NGs and the wa-
ter molecules.[44] Above the Tcp, pNIPAM-based tNGs undergo
a reversible phase transition, and water molecules are simul-
taneously expelled. Therefore, the stronger the intrinsic hydro-
gen bonding interaction between tNGs and water molecules, the
higher the Tcp. Although all 𝛽CD-tNGs showed higher Tcp than
pNIPAM, the different synthetic parameters (NIPAM content,
acrylation degree, and molecular weight of the crosslinker) did
not show to affect the hydrogen bonding interaction between
𝛽CD-tNGs and water molecules.[45] Previously, our group re-
ported the synthesis of hPG-NIPAM tNGs decorated with 𝛽-CD
which showed a Tcp of 32.3 °C, similar to undecorated control
tNGs (34 °C).[34] The slight decrease in Tcp with respect to the
tNGs without 𝛽-CD decoration resulted from the surface attach-
ing of 𝛽-CD on tNGs. Herein, we introduce a novel synthetic strat-
egy to include the 𝛽CD units inside tNGs by synthesizing a hy-
drophilic crosslinker containing 𝛽-CD units as a core. In this way,
the hydrophilic crosslinker increases the Tcp of tNGs to close to
the body temperature, making them even more suitable for der-
mal delivery applications by avoiding drug release in undesired
areas.

3.2. Encapsulation of a Hydrophobic Cargo into Hydrophilic
Nanogels

To conquer the obstacle of encapsulating hydrophobic drugs into
hydrophilic tNGs, 𝛽-CD was incorporated into hydrophilic tNGs
to improve their loading capacity of hydrophobic molecules.
Herein, NR was selected as the hydrophobic model cargo. Pre-
vious studies have verified that 𝛽-CD enables the prevention
of NR aggregation by exploiting its hydrophobic cavity to load
monomeric NR molecules.[46] In the aqueous solution, NR shows
inferior solubility and stability, resulting in broad UV–vis ab-
sorption and even an attenuation of absorbance intensity at 𝜆 =
580 nm over time, as well as a widened absorbance peak (Figure
S8, Supporting Information). Figure S9 (Supporting Informa-
tion) portrays the narrowed absorption peak of NR dissolved in a
𝛽-CD solution with different concentrations, demonstrating the
formation of an inclusion complex between NR and 𝛽-CD, and
the enhanced solubility up to 5 mm.

To weaken the immiscibility between the 𝛽CD-tNGs and NR,
an overnight incubation at 40 °C was applied in the load-
ing process. Due to their decreased hydrophilicity under high
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Figure 1. A) Hydrodynamic diameters of various 𝛽CD-tNGs obtained from DLS measurement. B) The swelling ratio of various 𝛽CD-tNGs, calculated as
the variation in size at 25 °C and 55 °C. C) AFM images of 𝛽CD-tNGs (5k-2A-60 and 8k-6A-70) with different acrylation degrees and molecular weights
of hPG-𝛽CD, and different NIPAM compositions.

Small 2024, 2311166 © 2024 The Authors. Small published by Wiley-VCH GmbH2311166 (7 of 12)
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Figure 2. Encapsulation efficiency of NR into various 𝛽CD-tNGs, determined by UV–vis spectrophotometry. The NR was encapsulated into the 𝛽CD-tNGs
at 37 °C for overnight with triplicate. And the UV–vis spectra were collected at room temperature.

temperature, 𝛽CD-tNGs exhibited an improved ability to capture
NR molecules compared to the condition at 4 °C. As shown in
Figure 2, most of the 𝛽CD-tNGs possessed desirable NR load-
ing efficiency (> 30%). Compared to its poor solubility in water
(< 1 μg mL−1),[47] NR obtained increased solubility values up to
120 μg mL−1 upon encapsulation in 𝛽CD-tNGs. It was observed
that the molecular weight of hPG-𝛽CD did not have an obvious
effect on the NR loading, while the acrylation degree of hPG-𝛽CD
did. For example, for the 𝛽CD-tNGs with 5k-hPG-𝛽CD, NR load-
ing efficiency was observed to have a non-linear relationship with
the acrylation degree of the crosslinker, which shows a positive
correlation with acrylation degree from 2% to 6%, while a neg-
ative correlation from 6% to 12%. Whereas, for the 𝛽CD-tNGs
with 8k-hPG-𝛽CD, NR loading efficiency carried an increased
trend with an increased acrylation degree of hPG-𝛽CD, achiev-
ing the highest value at 12% acrylation degree. The differential
effect from acrylation degree might arise from the distinct hy-
drophilicity and flexibility of 𝛽CD-tNGs crosslinked by hPG-𝛽CD
with molecular weights of 5 kDa and 8 kDa. Generally, a higher
acrylation degree resulted in a more compact polymer network,
which enables the decrease of the water content inside of the
tNGs structure and enhances the interaction among 𝛽-CD moi-
eties. Apparently, this seems to be beneficial to capture a higher
amount of NR molecules into the 𝛽CD-tNGs network. Besides,
a higher acrylation degree brings lower hydrophilicity, which in-
creases the affinity to NR.[39] These effects are particularly notable
when using macromolecular crosslinkers with higher molecular
weight, like 8 kDa. Whereas, with a smaller crosslinker, an exces-
sively higher acrylation degree tends to reduce the loading capac-
ity because of the too compact polymeric network. Regarding the
composition of NIPAM in 𝛽CD-tNGs, it only has a slight corre-
lation with loading ability. High NIPAM composition increases
the hydrophilicity of the 𝛽CD-tNGs and results in a looser poly-
meric network, and yet too low NIPAM composition leads to a
compact polymer network. Both are disadvantageous to load NR
molecules. Besides, a higher amount of NIPAM content enabled
the generation of more hydrophobic space for capturing NR at a
temperature above Tcp. As a result, the 𝛽CD-tNGs with 70 wt%

NIPAM showed relatively good capacity for loading NR in com-
parison to the 𝛽CD-tNGs with 60 wt% and 80 wt% NIPAM.

3.3. NR Dermal Penetration with the Aid of 𝜷CD-tNGs

As NR molecules are hydrophobic, they are unlikely to be re-
leased into aqueous media. Besides, the traditional methods for
in-vitro drug release studies are not suitable for mimicking the
real scenario of dermal drug penetration. Hence, to investigate
the promotion of 𝛽CD-tNGs on NR dermal penetration, a quan-
titative ex-vivo penetration study was performed on porcine skin,
under an incubation condition of temperature gradient 32 –
37 °C. Based on our hypothesis, the structure of 𝛽CD-tNGs and
their ability to facilitate dermal penetration of NR are primar-
ily influenced by the molecular weight and acrylation degree of
the hPG-𝛽CD, as well as the NIPAM composition. Figure 3A,B
comparatively show the amount (μg) of NR that penetrated the
skin per square centimeter. The control groups included 𝛽-CD,
hPG-NIPAM-tNGs, and a physical mixture thereof. In general,
the as-prepared 𝛽CD-tNGs showed a higher dermal penetration
amount of NR compared to the control groups. Especially, the
𝛽CD-tNGs 5k-6A-80 showed the highest amount of NR dermal
penetration at 3.33 μg cm−2 (10.47 nmol cm−2), while 5k-12A-
80 showed the lowest 0.44 μg cm−2 (1.38 nmol cm−2), which is
dramatically higher than other studies for dermal penetration
of hydrophobic molecules (1.2 nmol cm−2).[48] The obvious dis-
tinction implies the important role of the crosslinker hPG-𝛽CD
on NR dermal penetration. A significantly higher NR penetra-
tion was observed in all the tNG samples with hPG-𝛽CD of 6%
acrylation degree, compared to the ones with hPG-𝛽CD in 2%
and 12% acrylation degree. As mentioned above, the diversity of
acrylation degree of hPG-𝛽CD offers differential softness and hy-
drophilicity to the synthesized 𝛽CD-tNGs, which cause inverse
effects on the dermal penetration behavior. For instance, 𝛽CD-
tNGs with the same composition of NIPAM but crosslinker with
higher acrylation are supposed to have a more compact and less
hydrophilic network, by virtue of providing more active points for
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polymerization at each crosslinker and hydrophobicity from the
hPG-𝛽CD acrylation. Generally, less hydrophilicity of the tNGs
serves dermal drug penetration behavior on account of the skin
lipid, but a more compact network goes against drug release be-
havior due to the lower flexibility. Other than softness, a com-
pact network potentially decreases the capacity of the 𝛽CD-tNGs
to absorb water and swell. This might comparatively reduce the
skin hydration effect, further decrease the skin drug penetration.
Given the inverse contribution to the dermal penetration of hy-
drophobic molecules, there should be a balance between softness
and hydrophilicity to achieve desirable dermal penetration. In ad-
dition, when the acrylation degree of hPG-𝛽CD was too high at
12%, the crosslinker hPG-𝛽CD was surrounded by a more con-
densed polymer network, hindering the 𝛽-CD extracting lipid
from the skin for promoting dermal drug delivery. Therefore, it
was considered to be another significant reason for explaining the
decreased NR dermal drug delivery when the acrylation degree of
hPG-𝛽CD is 12%.

To assess the improvement of NR dermal penetration depth
from as-prepared 𝛽CD-tNGs, 𝛽CD-tNGs of 5k-6A-80 and 5k-12A-
80 were selected to be analyzed by epifluorescence microscopy,
compared with 𝛽-CD solution and the tNG without 𝛽-CD (NI), as
shown in Figure 3C. Through analyzing the mean fluorescent in-
tensity (Figure 3D), it was found that the 𝛽-CD solution presented
only a weak fluorescent signal from NR inside the skin. This
result suggests that 𝛽-CD alone did not possess significant pro-
motion for NR dermal penetration. Nevertheless, the tNGs (80-
NI, 5k-6A-80, and 5k-12A-80) showed prominent enhancement
in the dermal penetration of NR, as evidenced by their stronger
fluorescent signal. Thereinto, the NR penetration promoted by
5k-6A-80 𝛽CD-tNGs showed to be comparatively greater, in terms
of the fluorescent intensity and the penetration depth, highlight-
ing that the introduction of hPG-𝛽CD into tNGs as crosslinkers
facilitates the dermal penetration of hydrophobic molecules. In-
terestingly, a chemically equivalent control 80-NI tNG without 𝛽-
CD, presented a lower NR penetration amount than 5k-6A-80, but
higher than 5k-12A-80, hinting at an evident influence of acry-
lated crosslinker hPG-𝛽CD on NR dermal penetration. It proves
our hypothesis that excessive acrylation of hPG-𝛽CD might gen-
erate a negative influence on the penetration behavior due to the
reduced flexibility of the 𝛽CD-tNGs and concealing of the 𝛽-CD
moieties.

In addition to the acrylation degree of hPG-𝛽CD, the compo-
sition of NIPAM was shown to slightly influence the NR der-
mal penetration as well. Via the statistical analysis, it was ob-
served that the 𝛽CD-tNGs with 80% NIPAM composition exhib-
ited comparable higher dermal penetration than the ones with
60% and 70% NIPAM composition. It has been reported that
softer NGs can better fit the protein/lipid structure in the SC,
and interact with it, contributing to more efficient dermal drug

penetration.[49] Another consequence of higher NIPAM compo-
sition is higher absorption of water in the 𝛽CD-tNGs, which con-
sequently induces a higher hydration effect on the skin, promot-
ing the dermal penetration of therapeutic molecules. The hydra-
tion effect is a reversible and non-invasive process to the skin
structure that improves skin condition. It can also enhance skin
permeability to further promote the dermal penetration of thera-
peutic molecules and improve blood flow to further optimize the
dermal absorption of the therapeutic molecules.[50,51] It has been
demonstrated that hPG-NIPAM-based tNGs enable skin hydra-
tion and perturbation of the organization of the keratin filaments
and lipid lamellae.[23,24] To verify this hypothesis, the increase of
water content after the incubation with 𝛽CD-tNGs was quantified
using the experimental setup shown in Scheme S4 (Supporting
Information). Representative 𝛽CD-tNGs, 5k-6A-80 and 5k-12A-
60, were selected to detect the differential skin hydration effect
compared to PBS buffer. After a 3 h-incubation, the skin sections
were visibly hydrated in the area of treatment. In Figure 3E, it can
be seen that 𝛽CD-tNGs showed slightly higher enhancement of
water content than PBS-treated skin sections. Particularly, 𝛽CD-
tNGs of 5k-6A-80 exhibited comparable superiority in increasing
water content inside of the skin structure, which corresponds
to the result of the quantitative NR dermal penetration. Despite
the differences were not statistically different (p>0.05), consid-
ering that the skin hydration effect only happens in the stratum
corneum with swollen keratin fiber, we assume that the current
distinction is enough to indicate the improved skin hydration ef-
fect from 𝛽CD-tNGs.[52,53] It illustrates that the skin hydration
effect is also one of the important factors for 𝛽CD-tNGs to pro-
mote the dermal penetration of NR and explains that a higher
proportion of NIPAM monomers benefits the dermal penetra-
tion of NR. Overall, with the combination of 𝛽-CD and pNIPAM,
the designed system exhibited superior capacity in dermal pene-
tration of hydrophobic drugs, based on the possible lipid extrac-
tion from 𝛽-CD and the skin hydration effect from hPG-pNIPAM
based NGs.[32]

Moreover, to mimic a pathological skin condition, a 70-times
tape-stripping was applied to normal skin to damage the SC.
The assay of quantitative NR dermal penetration was also pro-
cessed on tape-stripped skin, evaluating the differential der-
mal drug penetration capacity of healthy and pathological skin,
as shown in Figure S10 (Supporting Information). The tape-
stripped skin presents much higher NR penetration efficacy, up
to 5.36 μg cm−2, arising from the damaged defense of the stratum
corneum. In another study, a designed chitosan nanosponge en-
abled the promotion of NR dermal penetration up to 4.5 μg cm−2,
with the free NR penetration only 0.4 μg cm−2, when the incu-
bation time is at 6 h.[54] In comparison, our as-prepared 𝛽CD-
tNGs presented better promotion on NR dermal penetration. The
results followed the same trend as the results on normal skin,

Figure 3. Quantitative dermal penetration of NR in porcine skin by means of the 𝛽CD-tNGs synthesized with hPG-𝛽CD with a molecular weight of 5 kDa
A) and 8 kDa B). The 𝛽CD-tNGs with various acrylation degrees of the crosslinker hPG-𝛽CD (2%, 6%, and 12%) and the NIPAM composition (60%, 70%,
and 80%) were compared with hPG-NIPAM-NGs (NI), 𝛽-CD and physical mixture of 𝛽-CD and hPG-NIPAM-NGs (NI), to evaluate the corresponding
improvement of NR dermal penetration. Statistical analysis was processed by two-way ANOVA method with Bonferroni’s multiple comparisons tests
(****p<0.0001, ***p<0.001, **p<0.01, *p<0.05). C) Fluorescence imaging of skin sections after 6 h-treatment of representative NR encapsulated 𝛽CD-
tNGs of 5k-6A-80 and 5k-12A-80, NIPAM-NGs, and 𝛽-CD solution. Scale bar = 50 μm. D) Analysis of mean fluorescence intensity (MFI) by area of the
skin layers. N = 6. E) Skin hydration effect of 𝛽CD-tNGs 5k-6A-80 and 5k-12A-60, as compared, with PBS after an incubation of 3 h at 37 °C. The mean
values were obtained by the replicated experiments (N = 12).
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regarding the effect of the molecular weight and acrylation de-
gree of hPG-𝛽CD crosslinker and the composition of NIPAM
monomer to the dermal penetration of NR. It highlights that our
as-prepared 𝛽CD-tNGs can effectively promote NR dermal pene-
tration, especially to the pathological skin with damaged SC.

4. Conclusion

In this study, we designed pNIPAM-based tNGs with suitable
Tcp for dermal drug delivery applications using hPG-𝛽CD as
crosslinker. In order to comprehensively investigate their dermal
drug delivery capacity, different synthetic parameters, including
the molecular weight and acrylation degree of hPG-𝛽CD and the
composition of NIPAM monomer, were taken into consideration
for synthesizing various 𝛽CD-tNGs. Therein, the acrylation de-
gree of hPG-𝛽CD showed to be the main parameter affecting
the encapsulation efficiency as well as the dermal penetration of
NR, since it defines the softness and hydrophilicity of the 𝛽CD-
tNGs. The increase of hPG-𝛽CD acrylation degree could reduce
the hydrophilicity of 𝛽CD-tNGs and thereby facilitate the loading
of hydrophobic drugs and the interaction with the SC. When the
acrylation degree increases above a certain value, its effect on hy-
drophilicity would arrive at a saturation plateau, but the stiffness
of the 𝛽CD-tNGs is still enhanced, which is adverse to drug pen-
etration. Besides, a higher acrylation degree of hPG-𝛽CD results
in a more condensed polymer network around the crosslinker
hPG-𝛽CD, hindering 𝛽-CD’s capacity to extract skin lipids to be
a penetration enhancer. Whereupon too high acrylation degree
of hPG-𝛽CD decreases dermal penetration of NR. Hence, 𝛽CD-
tNGs with a 6% acrylation degree exhibit higher dermal penetra-
tion of NR rather than 2% and 12%. Furthermore, the compo-
sition of NIPAM slightly promoted NR dermal penetration effi-
ciency via the skin hydration effect. While the molecular weight
did not show an evident effect on dermal drug delivery.

All in all, this study demonstrated that 𝛽CD-tNGs can enhance
the dermal penetration of hydrophobic model cargo NR, on ac-
count of their unique chemical features. On the one hand, the 𝛽-
CD offers the possibility to load hydrophobic molecules more effi-
ciently by forming inclusion complexes with them. On the other
hand, 𝛽-CD may enhance skin permeability by lipid extraction
to promote the dermal penetration of hydrophobic drugs. Mean-
while, the acrylation degree of the hPG-𝛽CD crosslinker greatly
influences the efficiency of hydrophobic drug delivery. This study
presents for the first time a systematic investigation of the ef-
fect on dermal penetration of hydrophobic drugs based on 𝛽-CD-
modified tNGs. Although further investigations are needed to ad-
dress the full potential of this type of tNGs, like a comprehensive
assessment of their biocompatibility and their capacity to deliver
drugs of high molecular weight, this work lays the first corner-
stone towards their application in the treatment of skin diseases.
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the author.
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