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Introduction: Hypertension is a major health problem worldwide and is typically treated
using oral drugs. However, the frequency of oral administration may result in poor patient
compliance, and reduced bioavailability owing to the first-pass effect can also prove
problematic.

Methods: In this study, we developed a new transdermal-drug-delivery system (TDDS) for
the treatment of hypertension using atenolol (ATE) based on poly(acrylic acid) (PAA)-
decorated three-dimensional (3D) flower-like MoS, nanoparticles (PAA-MoS, NPs) that
respond to NIR laser irradiation. The PAA-modified MoS, NPs were synthesized and
characterized using attenuated total reflection Fourier-transform infrared spectroscopy,
X-ray diffraction measurements, scanning electron microscopy, transmission electron micro-
scopy, dynamic light scattering, and the sedimentation equilibrium method. The drug-loading
efficiency and photothermal conversion effect were also explored.

Results: The results showed that the colloidally stable PAA-MoS, NPs exhibited a high
drug-loading capacity of 54.99% and high photothermal conversion ability. Further, the
capacity of the PAA-MoS, NPs for controlled release was explored using in vitro drug-
release and skin-penetration studies. The drug-release percentage was 44.72 + 1.04%, and
skin penetration was enhanced by a factor of 1.85 in the laser-stimulated group. Sustained
and controlled release by the developed TDDS were observed with laser stimulation.
Moreover, in vivo erythema index analysis verified that the PAA-MoS, NPs did not cause
skin irritation.

Discussion: Our findings demonstrate that PAA-MoS, NPs can be used as a new carrier for
transdermal drug delivery for the first time.
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Introduction

Hypertension, a risk factor for cardiovascular disease, stroke, renal disease, and
several other disease processes, is a worldwide health problem.' Atenolol (ATE)
is a Bl-adrenergic receptor-blocking agent used to treat cardiovascular diseases and
hypertension. Most commercially available atenolol preparations are oral immedi-
ate or extended-release formulations.* However, the frequency of administration
may result in poor patient compliance, and oral administration can lead to reduced
bioavailability owing to the first-pass effect.”® An innovative drug-delivery system
that avoids the first-pass effect and facilitates improved patient compliance is
needed.
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Transdermal drug-delivery systems (TDDSs) are con-
trolled release technologies that have attracted much inter-
est in recent decades. TDDSs have many advantages,
including avoiding the first-pass effect, improving patient
compliance, reducing side effects, and increasing the dura-
tion of action, thereby decreasing dosing frequency.®™
With the development of materials science and nanotech-
nology, various nanomaterials have emerged as potential
drug carriers for TDDSs.'® In particular, inorganic nano-
materials, including Au- and Ag-based nanoparticles
(NPs), have been studied extensively and have been
widely used in TDDSs because of their high drug-
loading capacity and good biocompatibility.'" In addition,
the two-dimensional nanomaterial graphene oxide has
been used as a drug carrier for TDDS.'>!® Materials
used in TDDSs that are larger than 45 nm in size are
stopped at the stratum corneum (SC) of untreated intact
human skin and can therefore facilitate sustained and con-
trolled release of drugs.'*

MoS,, a well-known type of two-dimensional transi-
tion metal dichalcogenide, has been used in various fields
owing to its high specific surface area, easy surface mod-
ification, excellent photothermal conversion ability, and
high absorbance in the near infrared (NIR) region.'>'®
Chou et al reported the biomedical application of chemi-
cally exfoliated MoS, (ce-MoS,) as an NIR photothermal
agent and showed that ce-MoS, exhibits greater photother-
mal performance relative to graphene and gold nanorods."”
Because of its ultra-high specific surface area, MoS, has
been employed as a drug carrier. Liu et al studiedpolyethy-
lene glycol (PEG)-modified ce-MoS, and found that
PEGylated ce-MoS, could be used as a carrier for the
high-capacity loading of different drugs.’® The loaded
drug molecules can be controllably released upon photo-
thermal induction by 808-nm NIR laser irradiation.”'
Haine et al investigated a gold nanorod-coated transparent
polysaccharide hydrogel loaded with fluorescein isothio-
cyanate-modified ovalbumin as a TDDS for protein.”? In
addition, Teodorescu et al reported ondansetron-loaded
Kapton/rGO patches as a novel TDDS.*® These two stu-
dies demonstrated that laser irradiation can enhance the
skin penetration of drugs or proteins. Thus, MoS, may
have applications as a nanomaterial for the loading and
delivery of drugs via TDDSs. However, the use of MoS, in
a TDDS has not been reported previously.

Accordingly, in this study, we developed a new TDDS
for the treatment of hypertension by ATE based on poly
(acrylic acid) (PAA)-decorated three-dimensional (3D)

flower-like MoS, NPs (PAA-MoS, NPs) that respond to
808-nm NIR laser irradiation.Our findings demonstrate,
for the first time, that PAA-MoS, NPs can be used as
a new carrier for transdermal drug delivery.

Materials and Methods

Materials

Ammonium molybdate tetrahydrate and thiourea were
obtained from Shanghai Macklin Biochemical Co. Ltd.
(Shanghai, China). Poly(acrylic acid) (PAA, Mw =
150,000 g/mol) was obtained from Shanghai Aladdin Bio-
Chem Technology Co.Ltd. (Shanghai, China). Atenolol
(ATE;HPLC, 98%) was purchased from Rhawn Chemical
Technology Co. Ltd. (Shanghai, China). Methanol and
phosphoric acid were of HPLC grade. Ultrapure water
(18.2 MQ) was used for all solution-based preparations.
All other reagents were of analytical grade and used as
received without any purification.

Synthesis of PAA-MoS, NPs

Flowerlike PAA-MoS, NPs were prepared via a one-step
hydrothermal reaction (Figure 1). Ammonium molybdate
tetrahydrate (1.24 g), thiourea (2.28 g), and PAA (1.24 g)
were dissolved in ultrapure water (36 mL) under magnetic
stirring. The mixture was stirred continuously for 30 min
to form a homogeneous solution, before being transferred
into a 50-mL Teflon-lined stainless-steel autoclave.It was
heated at 220°C for 6 h and then naturally cooled down to
room temperature. The black product was collected,
washed with ultrapure water and ethanol several times,
centrifuged at 11,000 rpm for 8 min to remove any impu-
rities, and finally dried at 60°C under vacuum.

Characterisation of PAA-MoS, NPs

Attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectra were recorded using a Perkin Elmer
2000 spectrophotometer with KBr pellets. X-ray diffrac-
tion (XRD) patterns were recorded using a Rigaku
SmartLab X-Ray diffractometer with Cu Ka radiation.
Scanning electron microscopy (SEM) images were
acquired via a Hitachi SU8100 with an energy dispersive
spectroscopy (EDS) unit. The latter was used to analyse
elemental distributions. Transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM) images were
acquired using a JEOL-2100F high-resolution TEM instru-
ment. The colloidal stability was investigated using zeta

potential measurements and the sedimentation equilibrium
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Figure | Schematic of PAA-MoS, NPs as a carrier capable of achieving the delivery of ATE and controlled drug release for transdermal administration.

method. The zeta potential was measured using dynamic
light scattering (DLS, Melvin 2000). The sedimentation
volume ratio was determined via the sedimentation equili-
brium method, by recording the ratio of the heights after
(H,) and before (Hy) sedimentation.

Photothermal Conversion Performance
NIR laser irradiation (808 nm) produced by a multimode
pump laser (F34-808ADX, Hashang Laser) was used to
irradiate the PAA-MoS, NP solutions. Three concentra-
tions (from 0.1 to 1.0 mg/mL) and three laser intensities
were used to investigate the photothermal conversion per-
formance. Further, the photothermal conversion stability
was examined using three on-off cycles. The temperatures
of the NP solutions were measured using the temperature-
monitor attachment of the magnetic stirrer device.

Drug Loading

The drug-loading performance of the PAA-MoS, NPs
toward was investigated in the bath mode. ATE solutions
were prepared at different concentrations by dissolving
various amounts of ATE in 100 mL of phosphate buffered
saline (pH = 7.0). Then, 50 mg of PAA-MoS, NPs were
added to the drug solution while stirring. Subsequently, the
mixture was shaken with an oscillator at 32°C for 24
h. After achieving adsorption equilibrium, drug-loaded
PAA-MoS, NPs (ATE-PAA-MoS,) were obtained by cen-
trifugation and the free drug concentrations in the samples

were analysed by high-performance liquid chromatogra-
phy with UV detection (HPLC-UV) to calculate the drug-
loading efficiency. The latter was calculated as the ratio of
the amounts of loaded drug and PAA-MoS, NPs.

In vitro Drug-Release Experiments
Two-chamber diffusion cells with an effective diffusion
area of 1.5 cm” and a volume of 4.0 mL were used for the
release study. A cellulose microporous membrane of 0.22
pm was caught between the two chambers. The donor
solution was 0.5 mg/mL ATE-PAA-MoS, in water. The
receptor cell was filled with phosphate buffered solution
(PBS, pH 7.4) containing 15% PEG400. Samples of 2.0 mL
from the receptor cell were withdrawn every hour for 8
h and replaced with accepter liquid of the same volume.
Laser irradiation (1.0 W/em?, 5 min) was conducted after
sampling at 1, 3, 5, and 7 h. The experiment was performed
at 32 °C. The collected samples were analysed by HPLC-
uwv.

In vitro Skin Permeation Experiments

Male Wistar rats (180-220 g, 68 weeks old) were supplied
by Liaoning Changsheng (Liaoning, China). Full-thickness
skin was prepared by shaving the abdominal skin of the rats
after they were anesthetized with urethane (20%, w/v; 6 mL/
kg, i.p.). Then, the shaved skin was excised, and the adhering
subcutaneous tissues were carefully removed. All procedures
were performed in accordance with the NIH Guidelines for
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the Care and Use of Laboratory Animals and were approved
by the Animal Ethics Committee of Shenyang Medical
College.

The prepared skin was fixed between two cells with the
stratum corneum facing the donor solution. All the proce-
dures for the skin-penetration experiments were similar to
those for the drug-release study, except for the fact that the
samples were collected at 2, 4, 6, and 8h, and the donor
solution was irradiated after each sampling event. The
collected samples were analyzed using HPLC-UV.

HPLC-UV Analysis of the Drug

Samples were analysed using an HPLC system (Tokyo,
Japan) consisting of an L-2420 ultraviolet-absorbance
detector and L-2130 pump. An ODS2 C18 reverse-phase
stainless-steel column (200x4.6 mm, 5 pm; Waters,
America) was used for the separation and the column tem-
perature was maintained at 25 °C. The mobile phase was
composed of methanol, water, and phosphoric acid solution
(70:30:0.1, v/v) and the flow rate was 0.7 mL/min. The
detection wavelength was set to 275 nm.

In vivo Skin Erythema Study

The erythema index (EI) of the skin was measured by using
a Mexameter®™ instrument (MX 16, Courage &Khazaka
Co., Germany) to evaluate the biocompatibility of the PAA-
MoS, NPs. Rabbits were used to assess the potential skin
irritation caused by PAA-MoS, NPs, with a 10% (w/v)
sodium dodecyl sulfate (SDS) water solution as the positive
control. The dorsal skin of the rabbits was shaved and
divided into four separate sections, each with an area of
2.5 x 2.5 cm. To obtain a baseline EI value (Ely), the EI
values of the sections were measured before the topical
application of the irritants. PBS (500 uL) PAA-MoS, NPs
(without laser irradiation), PAA-MoS, NPs (with 5-min
laser irradiation),or 10% SDS was dropped onto the respec-
tive sections. After 8 h, the excess solution was removed,
and the sections were cleaned with cotton wool swabs, with
laser irradiation being performed before the solution was
removed for the relevant samples. El; values were measured
and AEI values were calculated by subtracting El from EI..
This experiment was quadruplicated.

Statistical Analysis

All numerical results obtained are expressed as mean =+ S.
D. The data were subjected to an analysis of variance
(ANOVA), using SPSS 16.0 software. The level of signif-
icance was taken as p< 0.05.

Results
Characterisation of PAA-MoS, NPs

Flower-like PAA-MoS, NPs were synthesized via a one-
pot method and further characterized by ATR-FTIR, XRD,
SEM, and HRTEM. ATR-FTIR spectroscopic analysis was
used in this study to evaluate the surface modification of
MoS, by PAA. The IR spectrum of PAA, MoS, and PAA-
MoS, NPs are presented in Figure 2. The peak at
1711 cm ! is a characteristic IR band of C=0 in PAA,
which was clearly observed in the spectra of PAA-MoS,
NPs. There was no significant change on the wavenumber
of PAA, indicating it was possible that PAA simply
inserted in the crystal of MoS,. Overall, these results
indicate that PAA is successfully bound to the surface of
MoS..

The XRD patterns of PAA and flower-like PAA-MoS,
NPs are shown in Figure 3A and B respectively. The peaks
at 20 = 14.4°, 32.7°, 39.5°, 49.8°, and 58.3° correspond to
the (002), (100), (103), (105), and (110) planes of hexa-
gonal MoS, (JCPDS card no. 37-1492) (Figure 3B).** No
other diffraction peaks appear in the patterns. The diffrac-
tion peak at 14.4°is sharper and narrower, indicating that
a well-ordered, layered MoS, structure was successfully
synthesised. This is consistent with the data for pure MoS,
reported in the literature.”> Moreover, the peaks of PAA is
not observed in the Figure 3B, indicating that PAA was
uniformly distributed in MoS,.

SEM images of PAA-MoS, NPs are shown in Figure 4A
and B. The images depict several uniform flower-like PAA-
MoS, NPs having a mean diameter of approximately 500
nm. Figure 4B shows a clear view of the surface morphology,
indicating that the formation of the flower-like PAA-MoS,
NPs occurs via self-assembly and by the crimping of
nanosheets. The TEM image (Figure 4C) shows typical
PAA-MoS, NPs. The HRTEM
(Figure 4D) reveals more detailed structural information on
the PAA-MoS, samples. These results demonstrate that the
samples were formed by the overlapping and curling of many

flower-like image

molybdenum disulfide nanosheets, consistent with our SEM
results. Moreover, the lattice spacing of the (002) plane of the
flower-like PAA-MoS, NPs is 0.63 nm, consistent with the
abovementioned XRD results. Furthermore, elemental map-
ping shows that the elements are well dispersed across the
surface of the sample (Figure 5).

Zeta potential and sedimentation volume ratio mea-
surements were introduced to explore the colloidal stabi-
lity of the NPs. The zeta potential of the MoS, NPs was
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Figure 2 ATR-FTIR spectra of PAA-MoS, NPs.
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Figure 3 XRD pattern for the as-prepared PAA (A) and PAA-MoS2 NPs (B).

measured to be —14.64 +1.72 mV, while that of the PAA-
MoS, NPs was significantly increased (—27.49 + 3.24
mV). Moreover, after 5 days of sedimentation, H,/H,
values for the PAA-MoS, NPs and MoS, NPs were 0.87
+ 0.06 and 0.22 £ 0.12, respectively. These results indicate
that PAA fictionalization increased the stability of the
nanoparticles.

Photothermal Conversion Performance
Study

The photothermal conversion abilities of PAA-MoS, NPs
and water were determined,with and without laser stimula-
tion (Figure 6). Our results show that water exhibits no
photothermal conversion ability, even under intense laser

(002)

Intensity (a.u.)

10 20 30 40 50 60 70
2 theta (degree)

irradiation (1.0 W/cm?). However, temperatures up to
89.2°C were obtained for the PAA-MoS, NP solution
within 5 min of irradiation (0.5 W/ecm?, 1.0 mg/mL).
A laser intensity of 0.5 W/cm? and NP concentration of
0.5 mg/mL, considering photodamage, were selected as
the optimal values for these parameters. Moreover, the
stability of the photothermal conversion was confirmed
by measurements over three on-off cycles (Figure 6C).
These results indicate that the photothermal conversion
ability was not affected by PAA modification.

Drug-Loading Efficiency
The drug-loading efficiency of PAA-MoS, NPs with respect
to ATE was evaluated by determining the concentration of
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Figure 4 SEM (A and B) and TEM (C and D) of the PAA-MoS, NPs.

Figure 5 Elemental mapping images of PAA-MoS2 composites: (A) Mo element, (B) S element, (C) C element and (D) O element.
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Figure 6 Heating curves of (A) various PAA-MoS, NPs concentrations under a laser power of 0.5 W/cm 2, (B) PAA-MoS, NPs of 0.5 mg/mL under varying laser powers,

and (C) PAA-MoS, NPs over three on-off cycles (0.5 Wicm?, 0.5 mg/mL).

free ATE in the solution before and after loading using
HPLC-UV methods. Concentrations greater than the solubi-
lity of ATE were not investigated in this study, to avoid
waste. As shown in Figure 7, the ATE-loading efficiency
increases with the ATE concentration. A PAA-MoS, NP
concentration of 0.5 mg/mL and an ATE concentration of

2.0 mg/mL were obtained as optimized values from

75 -
- .
<50 /
)
2]
=
S
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oh /
g
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LS 25 /
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=
S
a

o/’
0/
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Ratio of Atenolol/PAA-MoS2

Figure 7 Drug loading efficiency achieved at various mass ratios of ATE to PAA-
MoS, NPs.

subsequent experiments. As a result, a loading efficiency of
54.99+ 0.66% was achieved when the ATE/PAA-MoS, NP
ratio was 4 (pH=7), signifying that 1 g of PAA-MoS, NPs
could be loaded with 0.55 g of ATE.

Drug-Release and Skin-Penetration

Analyses

The results of the in vitro drug-release tests are shown in
Figure 8A. The drug-release percentage in the laser-
stimulated group is 44.72 + 1.04%, which is 1.5-fold
higher than that of the control group. Moreover, an
increase is observed at every time point after light stimula-
tion,and greater sustained release was observed in the
laser-stimulation group. These results indicate that light
stimulation is an effective method to control the release
of ATE from PAA-MoS, NPs.

The enhancing effect of laser stimulation on PAA-MoS,
NPs was further demonstrated via in vitro skin-penetration
experiments. As shown in Figure 8B, in contrast to the
control group, a slight but significant enhancement of the
percutaneous absorption of ATE, yielding an enhancement
ratio of 1.85 (p<0.05), is observed in the laser stimulation
group. In addition, drug penetration is significantly enhanced
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Figure 8 (A) Drug release with and without laser stimulation, (B) skin penetration of ATE released from PAA-MoS, NPs with and without laser stimulation.

immediately after laser stimulation, which could be mean-
ingful for eliciting therapeutic effects.

In vivo Skin Erythema Study

A non-invasive in vivo skin erythema measurement was
used to monitor irritation caused by the PAA-MoS, NPs.
As shown in Figure 9, AEI increases significantly after the
topical application of 10% SDS, indicating that the rabbits
respond normally to this skin irritant. Application of the
PAA-MoS, NPs suspended in water does not increase AEI,
indicating the high biocompatibility of the PAA-MoS,
NPs. Furthermore, laser stimulation of the PAA-MoS,
NPs temporarily increases the erythema index, but this
skin irritation is reversible.

Discussion

Polymer-bound inorganic nanomaterials have become

a research hotspot in the field of drug delivery. Compared

250 -
—a— 10% SDS
NPs without laser
200 | —v— NPs with laser
—A—PBS

150 |
m
<
100
50 |
) S —— 2
0 B -
n 1 N 1 " 1 " 1 1 1
0 2 4 6 8 10 12

Time (h)

Figure 9 Skin penetration of ATE released from PAA-MoS, NPs with and without
NIR stimulation.

with inorganic nanomaterials, polymers have greater struc-
tural adjustability and can be designed as drug carriers to
meet clinical requirements.”® By controlling the hydrophilic
and hydrophobic balance, and by introducing functional
groups and drugs, different types of administration can be
tailored, including nanoparticles, injectable hydrogels, and
coatings. In this work, PAA molecules were chosen as mod-
ifiers because they are biocompatible, hydrophilic polymers
that are widely used in the biomedical field.”” > We estab-
lished a simple PAA-mediated one-pot synthesis of MoS,
NPs with simultaneous surface modification. The structure,
grain size, morphology, and stability of the prepared PAA-
MoS, NPs were thoroughly investigated via ATR-FTIR,
XRD, SEM, HRTEM, DLS, and sedimentation equilibrium
experiments. Based on our analysis of the above character-

2530 we were able to

isation results and related literature,
demonstrate that PAA was successfully modified on the sur-
face of MoS, without destruction of the basic crystal struc-
ture of MoS,.

The presence of the hydrogen bond receptor C=0 and
hydrogen bond donor OH in carboxyl groups of PAA
made it a good choice for drug delivery. PAA functionali-
zation increased the colloidal stability of the MoS, nano-
particles, which was in agreement with the results of
Molnar et al.?’ The probable cause of this stability
enhancement was the fact that the carboxyl groups in
PAA increased the number of interactions between the
PAA-MoS, NPs and water molecules. Furthermore, the
PAA modification increased the drug-loading capacity of
the MoS, NPs. Compared with a previous study in which
polyvinylpyrrolidone was used to modify the surfaces of
MoS, NPs,'” the PAA-MoS, NPs exhibited higher drug
loading amounts, with 1 g of PAA-MoS, NPs supporting
a load of 0.55 g of ATE. Kim et al®' demonstrated that
COOH groups in acrylic adhesives formed strong ionic

submit your manuscript

5524

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Zhang et al

interactions with NH,groups in tacrine, which increased
the interaction energy between the drug and the adhesives.
Besides the large surface area of porous 3D flower-like
MoS, NPs, the COOH groups of PAA also provided a site
for binding ATE, which includes an NH, group. The con-
jugation of atenolol molecules onto PAA-MoS2 was
achieved probably by hydrophobic interactions, hydrogen
bonds and ionic interaction.®%° Moreover, Liu et al
demonstrated that carboxyl-containing excipients provided
a strong controlling force for basic drugs, which is an
important factor for extended preparations. Hu et al
found that the inclusion of PAA in chitosan-PAA com-
plexed nanoparticles significantly influenced the release of
silk peptide.”® It is possible, therefore, that PAA might also
control drug release in the preparation.

In addition to drug-excipient interactions, NIR laser
stimulation,a method often used to control drug release
from nano platforms,*® proved to be another important
factor influencing drug release in this TDDS. The photo-
thermal effects of inorganic nanomaterials are a promising
property for drug release. The photothermal conversion
effect of PAA-MoS, NPs was also investigated in this
study. We used a wavelength of 808 nm, which is com-
monly used to stimulate MoS, NPs. The use of this NIR
wavelength avoids photodamage to the skin,'” as con-
firmed by the results of the in vivo erythema index experi-
ments. As the results in Figure 9 show, laser stimulation
significantly increases the release of ATE and prolongs the
permeation of the skin by ATE. Drug transdermal penetra-
tion involves two important steps, drug release from the
preparation and percutaneous absorption, which are gen-
erally considered to be passive diffusion processes.*® The
diffusion of both drug molecules and intercellular lipids in
stratum corneum could be enhanced by increasing the
temperature of the skin.** Thus, the photothermal conver-
sion ability of PAA-MoS, NPs not only enhanced drug
release but also promoted ATE permeation through the
skin.

Conclusion
In summary, in this study, we reported the synthesis of
colloidally stable PAA-MoS, NPs to transdermal delivery
of ATE for the treatment of hypertension for the first time.
Owing to the ultra-high specific surface area and special
structure of PAA, PAA-MoS, NPs underwent reasonably
efficient ATE binding. NIR laser stimulation successfully
enhanced drug release and transdermal drug permeation
from PAA-MoS, NPs.

This study was a primary

exploration of the transdermal application of PAA-MoS,
NPs. Further studies are required for formulation optimi-
zation and in vivo confirmation of the loaded ATE-PAA-
MoS, composite as a TDDS before clinical application.
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