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Background: Challenges associated with local antibacterial and anti-inflammatory drugs
include low penetration and retention of drugs at the expected action site. Additionally,
improving these challenges allows for the prevention of side effects that are caused by drug
absorption into the systemic circulation and helps to safely treat local skin diseases.
Methods: In the current study, we successfully prepared a thiolated pluronic F127 polymer
micelles (BTFM), which binds to keratin through a disulphide bond, to produce skin
retention. In addition, the small particle size of polymer micelles promotes the penetration
of carriers into the skin. The current study was divided into two experiments: an in vitro
experiment; an in vivo experiment that involved the penetration of the micelle-loaded drugs
into the skin of rats, the skin irritation test and the anti-inflammatory activity of the drug-
loaded micelles on dimethyl benzene-induced ear edema in mice.

Results: Results from our in vitro transdermal experiment revealed that the amount of drug
absorbed through the skin was decreased after the drug was loaded in the BTFM. Further,
results from the vivo study, which used fluorescence microscopy to identify the location of
the BTFM after penetration, revealed that there was strong fluorescence in the epidermis
layer, but there was no strong fluorescence in the deep skin layer. In addition, the BTFM had
a very good safety profile with no potentially hazardous skin irritation and transdermal
administration of BTFM could significantly suppress ear edema induced by dimethyl ben-
zene. Therefore, these findings indicated that BTFM reduced the amount of drug that entered
the systemic circulation. Our results also demonstrated that the BTFM had a certain affinity
for keratin.

Conclusion: Our experimental results suggest that the BTFM may be an effective drug
carrier for local skin therapy with good safety profile.

Keywords: F127 polymeric micelles, berberine, cysteine, skin permeation and retention

Introduction

Berberine hydrochloride (BH), or berberine, is an isoquinoline alkaloid that has
a strong antibacterial ability, broad antibacterial spectrum, and wide application
prospect in the treatment of bacterial and fungal infections and other skin
diseases.!> However, berberine has low solubility, poor membrane permeability,
and low bioavailability. Therefore, it is necessary to develop advanced preparations
of berberine to improve its therapeutic efficiency. Recently, selenium-coated nanos-
tructured lipid carriers were developed for enhancing the oral bioavailability and
the curative effect of berberine, and the developed nanoparticles resulted in
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enhanced oral bioavailability of berberine compared with
the berberine solution.® Nanostructured lipid carriers were
also developed as a delivery system for enhanced anti-
inflammatory activity of berberine against ulcerative
colitis.* In addition, injectable in situ forming gels for
sustained release of berberine against sodium nitroprus-
side-induced apoptosis of chondrocytes were developed to
improve the antiapoptotic efficiency of berberine.’
Because of low penetration into skin of berberine, current
marketed powders and ointments do not accumulate in
high concentrations in the skin tissue and stay for a long
time. Recently, to increase the skin bioavailability of ber-
berine, Giulia Vanti and his research group prepared ber-
that
hydrogels formulated with berberine-loaded escinosomes

berine-loaded escinosomes, and they proved
had the highest berberine skin absorption both in terms of
absorbed dose and of dose retained inside the skin.®’
Therefore, a novel formulation that improves the skin
permeability and retention of BH would greatly increase
the antibacterial effects of the drug and the compliance of
patients.

Transdermal drug delivery is used to deliver drugs
through human skin absorption. For the local drug delivery
systems (DDS) of skin, improving skin retention could
improve the treatment effect and reduce the amount of
drug entering the blood circulation, thereby avoiding the
toxic and side effects. Additionally, studies have reported
that preparing appropriate dosage forms of drugs to treat
skin diseases is an effective way to increase skin retention
and reduce the amount of drugs that enter the blood
circulation.®” Local antifungal therapy requires high drug
concentrations in skin tissue and reduced systemic absorp-
tion of the drugs in order to reduce adverse reactions. The
development of new drug carriers is conducive to the
penetration of drugs into the skin and may help control
and sustain the release of drugs. By providing controlled
and sustained release of drug reserves at the infected site,
drug loading systems act as a reservoir that achieves drug
enrichment at the drug delivery site and reduces drug
concentration in the circulatory system. For example, stu-
dies have verified that the colloidal drug delivery system,
including microemulsions, nanoemulsions, and micelles;
vesicle drug delivery system, including liposomes, alcohol
liposomes, liposome-like structures, and transporters; and
nanoparticle drug delivery system, including solid lipid
nanoparticles and nanostructured liposomes, promote

skin penetration and retention of drugs.'®"?

Polymer micelles are colloidal solutions with core-shell
structures that are formed by the self-assembly of amphi-
philic copolymers above the critical micelle concentration.
They are often used as carriers of water-insoluble drugs
and have good biocompatibility.'* Additionally, aqueous
polymer micellar nanoformulations encapsulate the drug in
the hydrophobic inner core of the micelles and away from
the aqueous solution in order to enhance the stability of the
drug.'”> When small-size micelle particles come into con-
tact with the lipophilic stratum corneum, they may pro-
mote drug adsorption and penetration through the stratum
corneum through hydration and promote drug penetration
into the skin.'® In addition, polymer micelles can be mod-
ified by chemical structure to improve their skin
permeability.” Acetylation or carboxylation modification
on the surface of micelles can enhance skin penetration
and allows them to spread more easily throughout the
intercellular pathway. Conversely, amino-terminated poly-
mers retain drugs in cells and skin but reduce drug pene-
tration into the skin.'® Furthermore, combining polymers
with octadecenoic acid can enhance skin absorption and
retention. Therefore, polymer micelles reduce the toxic
and side effects of drugs, maintain the drug concentration
within the therapeutic concentration range for a long time,
and have certain skin penetration and retention effects."”
The development of polymer micelles is considered to be
one of the effective way to selectively target drugs to the
local skin.”®

Thiolated polymers have been widely used to improve

21223 prolong delivery of

the oral bioavailability of drugs,
drugs to mucosal membranes,”* prolong nanoparticles
retention at the tumor site,>> and restore hair.?® Skin ker-
atin is the main structural protein of epidermal cells, and
the structure of skin keratin is rich in cysteine. Polymers
that contain thiol groups can improve their adhesion to
skin tissue by forming disulphide bonds with cysteine in
keratin. As a non-ionic block copolymer, poloxamer F127
has good biocompatibility, is non-toxic, and is easy to
obtain. In this study, we synthesised an L-cysteine mod-
ified poloxamer F127, and the copolymer was used as the
carrier material to prepare thiolated amphiphilic drug-
loaded nanomicelles. Through the binding with keratin or
hydration with skin, the micelles function to permeate the
membrane and biologically adhere to the skin, which
promotes drug penetration into the skin and increases the
amount of retention in the skin (Figure 1). This ultimately
reduces the amount of drugs that enter the systemic circu-
lation and enhances the therapeutic effects of superficial
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Figure | Representation of the strategy of developing berberine-loaded cysteine-modified pluronic F127 micelle for improving skin permeation and retention.

bacterial or fungal infections. Therefore, this study
focused on the preparation and characterisation of berber-
ine hydrochloride-supported thiolated F127 micelles.
Additionally, we studied the skin penetration and retention
effects of the preparations through in vitro transdermal

experiments and fluorescence microscopy.

Materials and Methods

Materials

Pluronic F127 was purchased from BASF (Shanghai, China).
Coumarin-6 and L-cysteine were purchased from Hefei
Bomei Biotechnology Co., Ltd (Hefei, China). 1-(3-dimethy-
laminopropyl)-3-ethylcarbodiimide hydrochloride (EDC.
HCL) and N-hydroxysuccinimide (NHS) were purchased
from Nanjing Dulai Biotechnology Co., Ltd (Nanjing,
China). 5,5'-Dithiobis-(2-nitrobenzoic acid) (DTNB) was
purchased from Fuyang Manlin Biotechnology Co., Ltd
(Fuyang, China). BH was purchased from Shanghai Siyu
Chemical Technology Co., Ltd (Shanghai, China). All other
reagents were analytical grade preparation. Distilled or deio-
nised water was used in all experiments.

Animals
We obtained Sprague Dawley (SD) rats (approximately
180220 g in body weight) and and Male ICR mice

(approximately 18-22 g in body weight) from the Henan
Experimental Animal Center, Zhengzhou, China. All of the
animals were housed in temperature-controlled (23-25°C)
rooms under a 12 h light cycle and had free access to food
and tap water before the experiment. Animal experiments
were carried out in accordance with the guidelines approved
by Luoyang Normal University, and the study was approved
by the Institutional Animal Ethics Committee.

Synthesis of Cysteine Conjugated
Pluronic FI127

In order to obtain carboxylated active groups for conju-
gated cysteine, a carboxylic acid end-standing pluronic
F127 was initially obtained. Briefly, 6 mL of 3.8%
KMnO, solution was added to a solution of pluronic
F127 (2.0 g, 0.16 mmol) in a mixed solvent of deionised
water (30 mL) and diluted H,SO,4 (0.2 mL). The reaction
was carried out for 30 min at 25°C under stirring condi-
tions. Then, the terminal carboxylated pluronic F127 was
dialysed (MWCO 3500Da) against deionised water for 3
days for purification, and the white powder of the carboxy-
lated pluronic F127 was obtained by freeze drying.
Cysteine conjugated pluronic F127 was synthesised by
incorporating cysteine into the terminal carboxyl groups in
the carboxylated pluronic F127. Briefly, the carboxylated
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pluronic F127 (1 g, 0.8 mmol) was dissolved in 30 mL of
phosphate buffer solution (PBS; pH 6) that contained EDC
(98 mg, 0.45 mmol) and NHS (52 mg, 0.45 mmol) as
catalytic agents. Then, cysteine (71 mg, 0.45 mmol) was
added to the mixture and stirred at room temperature for 3
h. The resulting mixture was filtered and dialysed against
deionised water for 3 days in the dark, and the final
product was obtained by lyophilisation.?” The chemical
structure of the product was identified by '"H NMR using
a 400 MHz apparatus (AVANCES00, Bruker, Germany) at
25°C, the product was dissolved in D,O to achieve
a concentration of 10 mg/mL. >*C NMR spectra were
measured on a Bruker AVANCES00 NMR spectrometer
at 400 MHz in DMSO-d.

Determination of Thiol Group Content

The amount of free thiol groups that was attached to the
thiolated pluronic F127 was quantified spectrophotometri-
cally via Ellman’s reagent (5,5 dithiobis 2-nitrobenzoic
acid, DTNB) according to the literature.”**’ First,
7.3 mg of the cysteine conjugated pluronic F127 was
completely dissolved in 0.5 mL of 0.5 mol/L PBS
(pH=8.0). Subsequently, 0.5 mL of Ellman’s reagent
(DTNB dissolved in 0.5 mol/L PBS) was added to the
solution, and the reaction was conducted at room tempera-
ture for 2 h in the dark. Next, the solution was centrifuged
for 15 min at 12,000 r/min, and the absorbance of the
412 nm using
VICTOR Nivo,

determined at
(PerkinElmer

supernatant ~ was

a microplate reader
Finland).

The amount of modified thiol groups was calculated
according to a standard curve, which was established
according to the L-cysteine concentration (C) and the
corresponding absorption (A) with a correlation coefficient

of 0.9953.

Preparation of Berberine-Loaded Micelles
Berberine-loaded micelles were prepared via the thin film
hydration method. Briefly, 8 mg of berberine and 100 mg
of thiolated pluronic F127 were co-dissolved in 20 mL
absolute alcohol in a round-bottom flask and sonicated for
30 min. The absolute alcohol was evaporated at 45°C by
rotary evaporation, and the thin film was obtained and
placed in a vacuum dryer to further remove the residual
organic solvents by vacuum drying overnight at room
temperature. Next, the dried thin film was hydrated with
30 mL deionised water at 37°C for 1 h to obtain berberine-
loaded thiolated pluronic F127 polymeric micelles

(BTFM) solution. Then, the unincorporated drug was
removed by filtrating the solution through a 0.22 pum
microporous membrane (Millex LCR hydrophilic,
Millipore Co.). The berberine-loaded pluronic F127
micelles (BFM) were prepared using same method that
was described above; however, thiolated Pluronic F127
was replaced with pluronic F127.

Characterisation of
Berberine-Loaded Micelles
Drug Loading and Encapsulation Efficiency

The drug concentrations of berberine in the polymeric
micelles were extracted with absolute ethanol and deter-
mined using an ultraviolet-visible spectrophotometer (TU-
1810PC, Purkinje, Beijing, China) at 350 nm. The content
determination method was calibrated using standard solu-
tions at different concentrations that ranged from 2 to 10
pug/mL of berberine that was dissolved in absolute ethanol
(R?= 0.9981). The drug loading content (DL) refers to the
percentage of the weight of the drug-loaded in the micelles
relative to the total weight of the feeding polymers and
drug, and the entrapment efficiency (EE) refers to the
percentage of the drug encapsulated in the micelles rela-
tive to the weight of feeding drug. Therefore, the DL% and
EE% of berberine in micelle preparations were calculated
according to the following equations:*®

Weight of the drug loaded in micelles

DL% =
’ Weight of the feeding polymers and drug
x 100%

Weight of the drug encapsulated in micelles

EE% = - -
’ Weight of the feeding drug

x 100%

Particle Size Distribution and Zeta

Potential Measurement

The drug-loaded micelles were filtered through a 0.22 pm
disposable membrane before measurement, and the sam-
ples were diluted to a polymer concentration of 8 mg/mL
in deionised water for determination. The hydrodynamic
diameters, particle size distribution and zeta potential of
drug-loaded micelles were obtained using the Zetasizer-
3000 dynamic light scattering (DLS) instrument (Malvern
Instruments, UK) at 2540.1°C after equilibration for 2
min. Additionally, the He-Ne laser was set to 633 nm,
and the angle was fixed at 90°°° The measurements
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were repeated in three independent samples to obtain the
average value.

Morphology Examination
TEM was employed to observe the morphological features
of the berberine-loaded micelles. TEM images of the
micelles were recorded using a JEM-100CX electron
microscope (JEOL, Tokyo, Japan) instrument at 120 kV.
Micelles were diluted to a concentration of about 1 mg/mL
with deionised water before investigation. A drop of
diluted micelles was deposited on a carbon-coated copper
grid, and excess liquid was removed from the sides of the
copper disc using fine filter paper. Next, the sample was
negatively stained with a drop of 2% (w/v) phosphotungs-
tic acid. The grid was thoroughly washed with deionised
water to remove excess stain and dried at room tempera-
ture for about 10 min before viewing under the TEM.
The surface morphology of the berberine-loaded
micelles was also evaluated under a scanning electron
microscope (SEM) (Sigma 500, ZEISS, Germany). For
this purpose, the SEM samples were prepared by coating
0.1 mg/mL micelle suspensions on silicon substrate and
coated with gold of 10 nm thickness using a sputter coater
under vacuum for allowing visualization. Then, images of
the samples were taken by applying an acceleration vol-
tage of 5.0 kV and 5.0 mm working distance to identify the
surface of the formulation.

Differential Scanning Calorimetry (DSC)

The thermal analysis of berberine, cysteine conjugated
pluronic F127, physical mixtures of drugs and carriers,
and lyophilised drug-loaded micelles was determined
using the Q2000 modulated differential scanning calori-
meter (TA instruments, America). Approximately 5 mg of
each sample was placed in the aluminium pans, and the
empty aluminium pans were recorded as the reference
standard. The samples were scanned at a temperature that
ranged from 30 to 300 °C at a heating rate of 10°C per
min. The analysis was carried out under a dynamic nitro-

gen atmosphere.*”

X-Ray Diffraction (XRD)

The XRD patterns of berberine, cysteine conjugated pluro-
nic F127, and lyophilised drug-loaded micelles were deter-
mined using an X-ray powder diffractometer (D8
ADVANCE, Bruker, Germany). Copper kalpha radiation
was used to substantiate probable drug carrier interactions.
Additionally, the scanning rate was 5°C/min, and the

working voltage and current were 40 kV and 40 mA, respec-
tively. Diffraction patterns were collected at 5-70° with 26.

Fourier Transform Infrared Spectroscopy
(FTIR)

A Nicolet 6700 Fourier transform infrared spectrophot-
ometer (Thermo Fisher Scientific, USA) was also used to
characterize the status of berberine in polymeric micelles.
The infrared spectrograms were recorded using the KBr
method in the range of 4000—400 c¢m™'. Fourier transform
infrared (FTIR) spectra of berberine, physical mixture of
berberine and cysteine conjugated pluronic F127, berber-
ine-loaded micelles (BTFM) and corresponding empty
blank micelles were recorded at room temperature.

In vitro Release of Berberine-Loaded

Micelles

We investigated the concentration of berberine that was
released from the micelles in vitro using a dynamic state
membrane dialysis method that employed a dialysis bag
with an average flat width of 28 mm. PBS (pH 7.4 and pH
5.5) was used as the release medium. Briefly, 1 mL of the
berberine-loaded micelle suspension was transferred into
a dialysis bag with MWCO 3.5 kDa, and the end-sealed
dialysis bag was immersed in 50 mL of release medium
that was maintained at 37+0.1°C and shaken at 100 rpm.
Next, 1 mL of the sample was removed from the release
medium for content determination at the following time
points: 0.25, 0.5, 075, 1, 2, 4, 6, 8, 10, 12, and 24 h, and
an equal volume and temperature of fresh medium was
appended into the system. The concentration of berberine
in the withdrawn samples was assayed using the ultravio-
let-visible spectrophotometer method described above.
Various kinetic equations were used to fit the drug release
behaviour in vitro to study the drug release mechanism
from micelles.®' Further, the cumulative release percen-
tage of berberine at each time point was calculated using

the following formula based on the total

content: 333

drug

C, X 50mL+
Y Cat X ImL
initial amount of berberine
in the dialysis bag

Cumulative release(%)=

where C, and C,_; represent the concentration of berber-
ine in the release medium at the nth and n—1th time points,
respectively.
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In vitro Skin Permeation and
Retention Studies
Preparation of Rats Skin

The rat abdomen skin was used for the in vitro skin
permeation/retention studies.>**> Female SD rats weight-
ing 200+£20 g were purchased from Henan Experimental
Animal Center. Animal experiments were conducted in
accordance with the guidelines for the use and care of
experimental animals approved by the Animal Ethics
Committee of Luoyang Normal University. The rats were
anaesthetised with ether, and the abdominal hair was care-
fully removed with a razor. The rats were executed by
ether anaesthesia after 24 h of feeding, then the whole
abdominal skin was removed immediately, and the subcu-
taneous tissue and excess fat were carefully removed. The
side of stratum corneum was gently rinsed with saline, and
the excised skin was wrapped in aluminium foil and stored
in an ultra-low temperature refrigerator at —80°C until use.
The skin was removed from the refrigerator and thawed at
room temperature for at least 8 h, and the appropriate size
of unharmed skin was selected under the anatomical

microscope for use.*®

Skin Permeation and Retention Studies

The skin permeation and retention studies were carried out
under non-enclosed conditions by fixation of skin to a drug
transdermal diffusion instrument (RYJ-6B, Shanghai,
China) with an exposed area of 2.8 cm? and a receptor
capacity of approximately 6.5 mL. Briefly, round skin
specimens were carefully immobilised on the receptor
chamber of the transdermal diffuser with the stratum cor-
neum facing the donor chamber of the diffusion cell. The
receptor chamber was filled with the receiving medium
(PBS, pH 7.4), heated to 37°C in a water bath to corre-
spond to the normal skin temperature of human body, and
continuously stirred at a speed of 300 rpm. Next, 500 uL
of the berberine-loaded thiolated pluronic F127 polymeric
(BTFM), F127
micelles (BFM), or berberine solution were added to the

micelles berberine-loaded  pluronic
skin. Subsequently, 1.0 mL of the samples was withdrawn
at the following time intervals of 0.5, 1, 2, 3,4, 5,6, 7, 8§,
10, and 24 h and immediately replaced with an equal
volume of fresh receptor fluid to maintain a constant
volume. Then, the samples were analysed using a high-
performance liquid chromatography (HPLC) system
(U-3000, Thermo, USA) with a UV detector and
a Wondasil C18 column (5 mm, 200x4.6 mm). The mobile

phase consisted of acetonitrile, water, and phosphoric acid
at a ratio of 21:79:0.4 (v/v/v). The UV visible detector and
operating temperature were set to 240 nm and 30°C,
respectively. The flow rate was 1.0 mL/min and injection
volume was 20 pL. Each preparation was analysed three
times, and the cumulative amounts of berberine that per-
meated through the rat skin were plotted as a function of
time.

To investigate drug retention in skin, the skins were
removed from the diffusion instrument at 24 h after the
permeation experiments and rinsed with deionised water
to remove the excess preparation. Then, nine full-
thickness skins were, respectively, cut into pieces with
scissor and homogenised in 5 mL of methanol. The tissue
homogenate was immediately separated by centrifugation
at 12,000 rpm for 10 min, and the total amount of berberine
extracted from skin at the end of the permeation study (24 h)
was obtained from the concentration of berberine in super-
natant methanol. The content of berberine in the extracted

skin was determined using HPLC as described above.

In vivo Percutaneous Permeation of
Fluorescent Probe-Labelled Micelles in

Rats

In order to better study the permeability of functional
micelles to living skin, coumarin-6 was used as fluores-
cence probe. Fluorescence probe-loaded thiolated pluronic
F127 polymeric micelles (FTFM) and pluronic F127
micelles (FFM) were prepared by thin film evaporation
as described above, and the transdermal penetration in the
skin was studied in vivo. One day before the experiment,
the rats were intraperitoneally anaesthetised with 1% phe-
nobarbital sodium, and their back hair was removed. Next,
200 pL of the fluorescent probe-loaded micelle solution
was applied onto a 1.5 cm® non-woven absorbent cotton
sheet on three depilated skin sites of rats. After 0.5, 1.0,
and 2.0 h of application, the cotton sheet and the residual
fluorescent probe formulation on the skin sample were
removed by rinsing with de-ionized water, the rats were
killed immediately by dislocation, and the skin at the site
of administration was subsequently removed. Next, each
skin sample was frozen at —80°C. The frozen samples
were longitudinal-sections sliced at 8 pum thickness by
a freezing slicer (Leica CM1950, Germany). Finally, the
samples were imaged using an inverted fluorescence
microscope (Leica DMI 3000B, Germany), and the green
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fluorescence from coumarin-6 was used to establish the
skin distribution of the micelles.

Mechanisms Underlying the Interaction
Between Thiolated Pluronic FI27 Micelles

and Keratins

The interaction between micelles and keratin was also
studied using a TEM, DLS instrument, and contact angle
analyser.

The TEM observation was performed as described
above. Next, keratin was extracted from human hair
using the reduction method to retain more free thiol
groups,”” and the keratin was dissolved in deionised
water at a concentration of 0.5 mg/mL. The insoluble
impurities were removed by centrifugation at 3000 rpm
for 20 min and magnetically stirred for 1 h at room
temperature. The keratin solution was mixed with BTFM
at equal volumes and incubated in a shaker at 100 rpm at
37°C for 1 h, and the mixture was detected by TEM.

Particle size and zeta potential measurements were also
used to evaluate the interaction between keratin and BTFM.
The keratin was precisely weighed and dissolved in a PBS
buffer solution (pH 7.4) to form a 0.5 mg/mL solution. The
impurities of keratin solution were removed by centrifuga-
tion at 3000 rpm. Next, the keratin solution was mixed with
BTFM solution by volume ratio of 1:10, 1:5, and 1:1,
respectively. Then, the mixed solution was incubated in
a shaker at 100 rpm at 37°C for 1 h, and the Zetasizer-
3000 DLS instrument was used to measure the particle size
and zeta potential different proportions of the mixed
solution.

The surface wettability of keratin and BTFM was
determined by contact angle (0) measurement (DSA-200,
Beito Science, China). Briefly, a 100 mg/mL keratin solu-
tion was evenly laid on a smooth glass plate with an area
of 1 cm?. The glass plate was placed in an oven at 37°C
until the liquid was evaporated and dried. Then, a 15 pL
drop of micelles was placed onto the surface of keratin
coated glass slides, and the contact angle was measured
and recorded by the DSA-200 instrument. We averaged
three measurements from different areas of the surface to
obtain the contact angle.

Acute Dermal Irritation Test

The dermal irritation/corrosion properties of the developed
formulation were assessed in mice according to the meth-
ods previously described in the literature with some

modifications.*®*° Mice were anesthetized by intraperito-
neal injection of 2% chloral hydrate (0.15 mL/10 g) and
their two sides of the spinal (approximately 3 cm?) were
shaved 24 h before the test without causing tissue damage.
Subsequently, filter papers (2 cm?) were impregnated with
0.2 mL of formulation and then positioned on the dorsum
of the mice, and fixed with hypersensitive tape. After 4
h of administration, the residual samples were removed
with warm water. At 1, 4, 24 and 72 h after removing the
residual samples, the skin irritation properties such as
erythema and edema were observed. Physiological saline
was used as negative control, and each group consisted of
six animals.

Dimethyl Benzene Induced Mice Ear

Edema

The anti-inflammatory effect of the developed formulation
was assessed in acute inflammation method described with
slight modifications.***' Mice were transdermal adminis-
tered with the formulation after 60 min, dimethyl benzene
(40 pL per mouse) was applied to both surfaces of the
right ear, and the left ear was used as the control. After 30
min of dimethyl benzene application, the mice were sacri-
ficed by cervical dislocation. The right and left ears were
cut off at the same position with an 8 mm stainless steel
mouse ear puncher and weighed. The weight of ear edema
and the rate of inhibition were evaluated by the following
formula:

Edema weight = weight of the right ear — weight of the
left ear

Inhibition rate (%) = [(edema weight of control group —
edema weight of treated group)+ edema weight of control]
% 100%

Data Analysis

All results were measured at least three times and data were
expressed as the mean+standard deviation. A Student’s #-test
was used to compare differences between the two groups,
and P < 0.05 was considered statistically significant.

Results and Discussion
Synthesis and Characterisation of
Cysteine Conjugated Pluronic F127

The cysteine conjugated pluronic F127 was synthesised by
conjugating cysteine to carboxylated pluronic F127 using
EDC and NHS as catalytic agents (Figure 2A). The
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Figure 2 (A) Synthetic scheme. (B) 'H NMR spectrum of the FI27-cysteine. (C) '*C NMR spectrum of the F127-cysteine.
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chemical structure of cysteine conjugated pluronic F127
was identified by "H NMR (400 MHz, D,0) and is dis-
played in Figure 2B. The peaks at 6 (ppm) were 1.02 (d,
3H, -CH; of PPO), 3.30-3.65 (m, 3H, 4H, -CH,CHO
of PPO and -CH,CH,O- of PEO), 2.68-2.90 (m, -CH,-
of cysteine), 4.16 (s, -CH- of cysteine), and 1.32 (t, -SH of
cysteine). '"H NMR confirmed that the cysteine success-
fully conjugated to the pluronic F127.

The structure of cysteine conjugated pluronic F127 was
also supported by the '*C NMR (400 MHz, DMSO-dj)
characterizations. It can be concluded from the '>*C NMR
spectra (Figure 2C) that the two signals detected at 22.46
ppm and 56.72 ppm were associated with methylene and
methyne in cysteine groups, respectively, which were
introduced into the carboxylated pluronic F127 by the
amide reaction; the peak at 161.91 ppm was attributed to
the carbonyl carbons of amide group; the other signals in
the spectrum were ascribed to the carbon atoms in the
repeating unit of F127. The '>C NMR spectrum further
confirmed that the cysteine successfully conjugated to the
pluronic F127.

The amount of free thiol groups attached to the pluro-
nic F127 was determined using the Ellman method, and
the results showed that 1 g of thiolated pluronic F127
contained approximately 1.6x10°® mol of thiol groups.
The high modification degree of cysteine was an essential
factor for the enhanced topical skin retention of the thio-
lated pluronic F127 polymers.

Characterisation of
Berberine-Loaded Micelles
DL and Encapsulation Efficiency

In the present study, berberine was loaded in the core of
thiolated pluronic F127 micelles to improve dermal target-
ing. They are also the key to improving the drug treatment
index, reducing side effects of drugs, and reducing drug
dosage. In order to increase DL and EE, drug-loaded
micelles were prepared using thin film evaporation
method, which facilitates the physical incorporation of
hydrophobic drugs within the core of polymer micelles
through the hydrophobic interactions between drugs and
polymers.

In addition, the DL and EE of micelles can also be
affected by the weight of the feeding drugs. Therefore, the
effects of different weights of feeding drugs were investi-
gated while the other conditions were fixed in the prepara-
tion of micelles (Figure 3). Overall, the results showed that

—o—Encapsulation efficiency

s %51 —-#-Drug loading 8
e
2 85 A —
£ RS
o] <
g 7 E
L 4 S
E Y2
£ 651 =
2 =
§ 551 s
=
=
45 T T T T T 0
0 2 4 6 8 10 12

weight of feeding berberine(mg)

Figure 3 Effects of different proportions of drugs and carriers on encapsulation
efficiency and drug loading (n=3).

the DL increased from 3.0% to 5.0% when the weight
of the feeding drugs increased from 2 mg to 10 mg; how-
ever, the EE of the micelles was significantly decreased
when the amount of berberine used for the preparation
increased (p<0.05). Additionally, the EE reached the high-
est value (87.65%=1.52) when the weight of the feeding
drugs was 6 mg. Therefore, the micelle formulations
exhibited increased DL but decreased EE with increased
drug feeding. This may be due to the saturation of berber-
ine in the hydrophobic micelle core during the process of
micelle formation, which resulted in excessive drug
deposition on the surface of the micelles.'*** Therefore,
the micelle formulation with 6 mg of feeding was used as
the formulation in further studies. Additionally, prepara-
tions of berberine loaded thiolated pluronic F127 micelles
indicated the prospect for a broad application with good
DL properties.

Particle Size and Zeta Potential of

Micelles

The mean particle diameter, size distribution, and zeta
potential of micelles were measured using DLS. The size
distribution of the BTFM exhibited a unimodal distribu-
tion (Figure 4A), which indicated that the expected mono-
disperse nano-scale micelles were formed. The particle
size and zeta potential of micelles are summarised in
Table 1. As shown in Table 1, the particle size (diameter)
of the BTFM was approximately 9.7 nm, and the particle
size was slightly increased as compared with that of the
blank micelles. This was probably due to the fact that
berberine was physically embedded in the hydrophobic
inner core of the micelles. The polydispersity index
(PDI) reflects the degree of uniformity of particle size
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Figure 4 (A) Particle size and distribution of BTFM measured by DLS. (B) SEM
images of BTFM.

distribution, and the smaller the PDI value, the narrower
the particle size distribution and the more uniform the
particle size.’® PDI values in all formulations were smaller
than 0.3, indicating that the size distribution of the mea-
sured micelles were narrow.*’

The zeta potential is generally used to evaluate or
predict the physical stability of the particle dispersion
system, and a high zeta potential (>]20] mV) provides an
electrostatic repulsion force between particles in order to
avoid particle aggregation and growth.** The zeta poten-
tials of the blank micelles, BFM, and BTFM were —0.58,
—0.51, —27.01 mV, respectively. Compared with blank
micelles, the BFM had almost no change in potential
value; therefore, the encapsulation of berberine in the
micelles did not affect the zeta potentials of the micelles.
BTFM was

Conversely, the zeta potential of the

Table | Particle Size and Zeta Potential of Blank Micelles, BFM
and BTFM

significantly lower than that of the BFM and blank
micelles (P<0.05). This difference may be due to the
presence of the carboxyl groups from the cysteine and
carboxylated Pluronic F127 on the surface of the BTFM.

Morphological Analysis

SEM images of BTFM (Figure 4B) showed spherical and
uniform distribution of micelles with particle size about 10
nm. Figure 5A shows the TEM image of BTFM. As
observed, the drug-loaded micelles were also polydis-
persed and spherical in shape grain like morphology with
the particle size of between 5 and 20 nm. The obtained
morphological results were in agreement with the earlier
report, mostly drug-loaded pluronic polymer micelles are
in spherical shapes.*>*® The estimated particle size from
SEM and TEM images was in good agreement with that
measured by the DLS technique.

DSC Investigations

The existing status of the drug in the nanocarrier is of great
significance to DDS. DSC is a tool that is used to rapidly
acquire the existing forms of drugs in preparations and is
based on changes in the thermal profile.*’ Thus, the berberine
powder, cysteine conjugated pluronic F127, lyophilised
BTFM, and its corresponding physical mixtures were ana-
lysed by DSC to evaluate the phase transition of berberine
during the formation of the micelles. As shown in Figure 6,
the DSC curve of berberine showed three sharp melting
endothermic peaks at 133°C, 190°C and 287°C, which indi-
cates that there are three crystal forms in the berberine raw
materials.*® The DSC curves of the physical mixtures showed
the characteristic peaks of drug; however, the intensity was
low (due to dilution), indicating that the drug retained its
crystallinity in the physical mixture. In addition, the DSC
curve of the physical mixtures showed a sharp melting

Figure 5 (A) TEM observation of the BTFM without adding keratin solution. (B)
TEM observation of the interaction between BTFM and keratins (keratin solution
was mixed with BTFM in equal volume and incubated in a shaker at 37 °C and
100 rpm for | h).

Types of Particle Size Zeta Potential PDI

Micelles (nm) (mV)

Blank micelles 8.92+0.42 —0.58+0.13 0.097+0.018

BFM 9.50+0.28 —0.51+0.18 0.181+0.034

BTFM 9.70+0.31 —27.01+0.20 0.195+0.029
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Figure 6 DSC thermograms of physical mixture of berberine and cysteine con-
jugated pluronic F127, cysteine conjugated pluronic F127, lyophilized BTFM as well
as berberine.

endothermic peak at 52°C, which corresponds to the melting
point of the carrier material of the cysteine conjugated pluro-
nic F127. The thermal behaviour of lyophilised BTFM was
different from that of the physical mixtures, the characteristic
endothermic peaks (at 133°C, 190°C and 287°C) of berberine
disappeared completely in the lyophilised BTFM samples,
while the characteristic endothermic absorption peaks of ber-
berine were still visible in the physical mixture. The disap-
pearance of characteristic endothermic peaks of berberine in
the lyophilised BTFM samples might indicate that berberine
was either encapsulated in the hydrophobic core of the
micelles or completely transformed from a crystalline form

to an amorphous state in the micellar core compartment.**->°

X-Ray Diffraction

In order to further confirm the physical existing status of the
drug in the micelles, cysteine conjugated pluronic F127, pure
berberine, and lyophilised BTFM were studied using XRD.
Results from XRD spectra were basically consistent with
those from the DSC studies (Figure 7). The crystalline nature
of berberine was indicated by two sharp, narrow, diffraction
peaks with the highest intensities at 19.1° and 25.3°°'?
Cysteine conjugated pluronic F127 exhibited two sharp
peaks at 18.4° and 23.9°. Additionally, the diffraction patterns
of berberine were different from those of the lyophilised
BTFM. Specifically, the sharp peaks of berberine disappeared
in the diffraction patterns of the lyophilised BTFM, berberine
was encapsulated in the polymeric micelles in molecular or
amorphous state and there was no free drug on the surface of
micelles.” This result was consistent with the DSC results.

2 Theta

Figure 7 X-ray diffraction patterns of cysteine conjugated pluronic F127, berberine
as well as lyophilized BTFM.

In the previous reports, it has also been mentioned that
the crystalline molecules of berberine were converted to
the amorphous state.”** Likewise, as seen from the pre-
sent results of characterization study of DSC and XRD, the
crystalline structure of berberine was destroyed by means
of micellar formulations, and transformed to the amor-
phous dispersions in the micellar core compartment, the
results indicated that there was a good compatibility

> and the cysteine

between the carriers and the drugs,
conjugated pluronic F127 is suitable for the loading of
berberine. Amorphous berberine molecules have greater
free energy compared to their corresponding crystalline
forms. Therefore, such a physical transformation of the
berberine could be contributed to enhanced solubility and
dissolution rates comparing with that of crystalline
berberine.’*>® Thus, changing the crystalline nature
through micellar formulations may be an ideal approach
for enhancement of solubility and release of drug mole-

cules, which may further improve skin bioavailability.

Fourier Transform Infrared Spectroscopy
(FTIR)

The FTIR spectra of berberine, physical mixture of ber-
berine and cysteine conjugated pluronic F127, berberine-
loaded micelles (BTFM) and corresponding empty blank
micelles are shown in Figure 8. It can be seen that pure
berberine exhibits some characteristic absorption bands in
the FTIR spectra. The typical characteristic absorption
band at 1506.05 cm™' was attributed to benzene ring of
berberine.?”> The absorption bands of BTFM were similar
to those of the blank micelles samples, except for the
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Figure 8 FTIR spectra of physical mixture of berberine and cysteine conjugated
pluronic F127, blank micelles, lyophilized BTFM as well as berberine.

characteristic peaks of berberine. This results verified that
berberine was successfully entrapped into the inner core of
the micelles. The spectrograms of physical mixture were
identical and simple overlap of berberine and cysteine
conjugated pluronic F127, and the similar result was
obtained in BTFM. Compared with the physical mixture,
BTFM showed no new peaks or shift of the characteristic
peak position, indicating that no new chemical bond was
formed and some physical interactions between the ber-
berine and polymer in the forming of BTFM.

In vitro Release of Berberine-Loaded

Micelles

The release behaviour of BTFM in vitro was studied at pH 5.5
and pH 7.4 release media to simulate the release in different
acidic environments of the epidermis and dermis (Figure 9A).
The release of the berberine solution was almost complete at
the two pH conditions for 24 h, and the release amount reached
over 98%. This indicated that the dialysis bag had no retention
effects on the drug. Next, in the case of formulations, there
were similar burst releases of BTFM around 20% in the first 1
h at both pH 5.5 and pH 7.4. Subsequently, sustained release
curves of BTFM were observed, and the cumulative release
rates of berberine from BTFM at pH 5.5 and pH 7.4 for 24
h were 61.6% and 53.0%, respectively. From the release
profiles, it could be found that the prepared micelles had
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Figure 9 (A) In vitro profile of berberine release (meanSD, n=3) from berberine
solution and BTFM in phosphate buffer solution of pH 7.4 and pH 5.5. (B) In vitro
permeation of berberine from BFM, BTFM and drug solution across rat skin in pH 7.4.
(C) Berberine retention in rat skin after exposure to BFM, BTFM and drug solution for
24 h (data given as the mean % SD, n=3; *p < 0.05 versus berberine solution).

both burst-release and sustained-release phases in vitro release
studies. The initial burst release of berberine from the micelle
particles was probably caused by drugs incorporation near the
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micellar surface or drugs existing in the micro-channels of
micelles.””>® The sustained-release behavior might be attrib-
uted to the stable incorporation of hydrophobic berberine in
the core of the micelles and slow diffusion of berberine from
the micelles.” " Although the drug release of berberine from
BTFM at pH 5.5 was faster than that at pH 7.4, there was no
significant difference in release at pH 5.5 and 7.4. This finding
indicates that BTFM can form a drug repository in the epider-
mis and dermis. Additionally, berberine released relatively
rapidly from the BTFM in the acidic medium, which may be
explained by the hydrophobicity of the molecule that exists in
the form of hydrochloride and has certain water solubility in
acidic conditions. However, berberine has poor water solubi-
lity in neutral environments and slows down its release from
the formulations.®' In addition, BTFM released more than
60% of the drug within 24 h, which suggests that the effective
drug concentration was maintained in the epidermis and was
beneficial to the efficacy of the drug.

As shown in Figure 9A, the BTFM had sustained release
effects at pH 5.5 and 7.4. Since the pH value of the epidermis
(pH 5.5) is weakly acidic,** it is necessary to determine the
release mechanism of berberine from BTFM at pH 5.5. The
release kinetics of BTFM were fitted by Zero-order, First-
order, Higuchi and Korsmeyer-Peppas, respectively. The fit-
ting results are shown in Table 2. The R? value suggested that
the release kinetics of BTFM had a high degree of fit with the
Higuchi and Korsmeyer-Peppas models, indicating that the
drug release mechanism may be explained by Fick diffusion,
which describes diffusion-based drug release from porous
polymer skeleton systems.®

In vitro Skin Penetration and Retention
Studies

Berberine has anti-inflammatory pharmacological activity
and has been clinically used as a local therapeutic drug for
skin diseases, including subacute dermatitis or eczema. In the

Table 2 Fitting Results of Cumulative Drug Release Curve of
BTFM at pH5.5 in vitro

Kinetic Fitting Regression R?
Model Equation Equation

Zero order MJ/M.=Kt y=0.02325x 0.40513
First order MJ/Mo=l-e K | y=1-e 07732 0.68571
Higuchi MJ/M.= Kt®® y=0.54861 x°° 0.92137
Korsmeyer- MJ/M..= Kt y=0.20135 x>*¥7'® | 094183
Peppas

Notes: M/M.. is the cumulative drug release percentage at a given moment, t is the
release time and K is the release constant.

treatment of local skin diseases, it is important to improve the
local skin absorption of berberine and reduce its transdermal
absorption. Therefore, franz diffusion cells were used to
evaluate the in vitro transdermal behaviour of berberine
from the BTFM that entered and passed through rat skin in
order to investigate the skin retention ability of BTFM
(Figure 9A). At 24 h after transdermal administration, the
cumulative transdermal amount of berberine from the ber-
berine solution, BFM and, BTFM was 16.43+0.91 ug/cmz,
14.21£0.72 pg/em?, and 4.49+0.64 pg/em?, respectively.
Additionally, the cumulative transdermal amount of BTFM
was significantly decreased as compared with the cumulative
transdermal amount of BFM (p < 0.05). This result indicated
that the BTFM reduced systemic uptake, which is beneficial
for the skin retention of drugs. Therefore, the BTFM may
reduce the systemic side effects of drugs and improve the
local treatment effect of the skin.

The purpose of the skin retention study was to determine
the amount of drug that was retained in the skin area to
ensure the necessary therapeutic effect. The retention of
berberine preparations in the skin is shown in Figure 9B.
At 24 h after administration, the skin retention of the ber-
berine solution, BFM, and BTFM was 0.89+0.03 ug/cmz,
1.35+0.12 pg/em?, and 2.83+0.14 pg/cm?, respectively, and
the skin retention of BTFM was significantly increased as
compared with that of the berberine solution and BFM
(p<0.05). Combined with the amount of cumulative reten-
tion and transdermal penetration of berberine preparations
at 24 h, the ratios of the amount of cumulative retention and
transdermal penetration of the berberine solution, BFM, and
BTFM were 0.05, 0.09, and 0.63, respectively. This indi-
cated that an increase in the transdermal rate of the prepara-
tion and decrease in the absolute amount of retention led to
a lower proportion of retention in the total transdermal
penetration amount. It appears that skin retention was max-
imum for BTFM when compared with the different formu-
lations. This may be due to the fact that (1) thiolated
polymers form disulphide bonds with keratin in epidermal
cells, improve the skin adhesion of the preparation, and
facilitate the long-term accumulation of drugs; (2) the
drug was dispersed in the hydrophobic nucleus of the
micelles, and its sustained drug release was conducive to
reducing the transdermal absorption of the drug; or (3)
polymer micelles can accumulate on the skin surface and
in the hair follicles and ultimately prolong drug skin
retention.®® In conclusion, BTFM had lower transdermal
absorption and significantly increased skin retention than
BFM and the berberine solution, and these characteristics
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are expected to reduce the risk of systemic adverse effects
and are beneficial to the treatment of skin diseases.

Fluorescence Microscopy Studies

In order to study the skin retention, we prepared the
thiolated pluronic F127 polymer micelles, coumarin-6
fluorescence probe-loaded thiolated pluronic F127 poly-
mer micelles (FTFM), and pluronic F127 micelles
(FFM), and the distribution of FTFM and FFM in the
skin was observed using fluorescence imaging micro-
scopy. Results from fluorescence imaging revealed that
there was no fluorescence response in the skin or the
preparations that did not contain coumarin-6. The fluor-
escence microscopic images of the longitudinal-sections
of skin from the living rats used in the permeation study
of FFM and FTFM are displayed in Figure 10. It can be
seen from Figure 10 that after 0.5 h of administration,
both the FFM group and FTFM group showed strong
fluorescence in the epidermis. Specifically, the FFM
group showed strong fluorescence in the deep skin and
hair follicle, while the FTFM group showed no strong
fluorescence in the deep skin. After administration of
FFM and FTFM, respectively, for 1.0 h and 2.0 h, fluor-
escence was observed in both the FFM group and FTFM
group in the deep skin and hair follicle areas under the
epidermis; however, the fluorescence in the FTFM group
was weaker in the deep skin than that in the FFM group,
and the fluorescence intensity in the epidermis of the
FTFM group was higher than that in the FFM group.
This might be due to the formation of disulfide bond
between the thiol group on the surface of FTFM and

80um

FTFM

80pm

keratin of epidermal cells, which improved the retention
capacity of FTFM in the epidermis, while FFM had no
bioadhesive property and could enter the deep layer of
skin. Therefore, although FTFM could not reach the deep
layer of the skin within 0.5 h, it had a strong retention
effect in the superficial layer of the skin. With the exten-
sion of the administration time, a large amount of FFM
diffused through the skin and hair follicles to the deep
layer of the skin, while only a small amount of FTFM
was able to enter the deep skin through the skin and hair
follicles. These results further confirm the skin retention
effects of FTFM.

Mechanisms Underlying the Interaction
Between Thiolated Pluronic FI27 Micelles

with Keratins

First, TEM was used to visually reveal the adsorption of
BTFM on keratin molecules. As shown in Figure 5A, the
TEM micrograph showed that BTFM formed spherical
nanoparticles with a uniform size distribution. The particle
size of the preparation as measured by TEM was 9.5+0.21
nm and the preparation was a visually clear yellow liquid.
According to the TEM image, the particle size signifi-
cantly increased after the addition of keratin solution to
the BTFM, and the clarity of the preparation was also
reduced (Figure 5B); thus, BTFM had an affinity for
keratin and had interaction and adhesion with keratin.

In addition, since the reduced keratin was positively
charged, the interaction between BTFM and keratin could
also be studied using particle size and zeta potential
measurements.*® Figure 11 shows the changes in particle

1h 2h

g0 S0l

80um 80pm

Figure 10 Fluorescence microscopic images of longitudinal-section of the living rats skin from the permeation study of FFM and FTFM.
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Figure 11 The zeta potential and mean particle size of the mixture of keratin and
BTFM in various volume ratios at pH 7.4 (n=3).

size and zeta potential when BTFM and keratin were
mixed at different volume proportions at pH 7.4. This
figure shows that the particle size in the solution gradually
increased as the ratio of keratin to BTFM increased. When
the ratio of keratin to BTFM was 1:1, the particle size of
BTFM increased from 9.5+0.21 nm to 970.36+8.12 nm,
while the potential of BTFM changed from a negative
charge (eg, —27.01+0.20 mV) to a positive charge (eg,
+23.42+0.78 mV). These findings indicated that keratin
had a greater affinity for BTFM, and the ionic bond effect
was strong. In conclusion, the results from the size and
zeta potential measurements indicate that keratin and
BTFM have a certain affinity and adhesiveness.
Furthermore, the physicochemical interactions between
the nanopreparations and protein molecules may include
disulphide
bonds, and hydrophobic effects, which help to consolidate

hydrogen bonds, electrostatic attractions,
and enhance the adhesion of preparations and extend the
adhesion time.®”%% Therefore, the adhesion between BTFM
and keratin could be evaluated by the value of the contact
angle. The results showed that the contact angle was 44.53°
+2.43° for BFM and 29.64°+3.01° for BTFM (Figure 12).
Additionally, the contact angle of BTFM was lower than
that of BFM, which indicated that BTFM had a high affinity
for and adhered to keratin.

Acute Dermal Irritation Test

The safety of the developed formulations was evaluated
through acute irritation and corrosion test. During the
experiment, no erythema or edema was observed in mice
with topical application of the developed formulation in
the dorsocostal region (Table 3 and Figure 13). This result

50

30 +

Contactangle(®)

10 -

BFM
Formulations

BTFM

Figure 12 The contact angle of different formulation to keratins (data given as the
mean + SD, n=3; *p < 0.05 versus BFM).

indicated that the formulation can be considered to be safe
for topical use in humans.

Dimethyl Benzene Induced Mice Ear

Edema

The results are shown in Table 4, and it was found that
the BTFM significantly (p<0.01) suppressed the dimethyl
benzene induced ear edema in mice and caused 34.47%
edema inhibition. Berberine solution and BFM also sig-
nificantly (p<0.05) inhibited the edema. Therefore, the
effect of BTFM was better than that of berberine solution
and BFM.

Conclusions
The berberine loaded thiolated pluronic F127 polymeric
micelles were prepared via the thin film hydration method

Table 3 Appearance of Mice Belonging to the Control Group
and to the Groups Treated with: Berberine Solution, BFM
(Berberine-Loaded F127 Micelles) and BTFM
(Berberine-Loaded Thiolated Pluronic FI127 Polymeric Micelles).

Pluronic

Experiments Were Completed on 6 Animals for Each Group

International Journal of Nanomedicine 2020:15

Group Erythema Edema Death/Total
(Normal for (Normal for Animals
u\/n) u\/n)

Control \/ J 0/6

Berberine | V \ 0/6

solution

BFM y J 0/6

BTFM y J 0/6
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Control group

Berberine solution

BFM

BTEM

Figure 13 Acute dermal irritation/corrosion test. Mice skin appearance after | h, 4 h, 24 h and 72 h of observation. First line: mice treated with physiological saline (control
group). Second line: mice treated with berberine solution. Third line: mice treated with BFM (berberine loaded pluronic FI27 micelles). Fourth line: mice treated with BTFM
(berberine loaded thiolated pluronic FI27 polymeric micelles). Experiments were done on 6 animals for each group.

to improve skin permeation and retention. Overall, our
results demonstrated that BTFM reduced the systemic
uptake of berberine. Additionally, results from the
in vitro skin penetration and retention studies showed
that the cumulative transdermal amount of BTFM was
decreased and the skin retention of BTFM was increased
as compared with the cumulative transdermal amount and
skin retention of BFM. Further, the BTFM exhibited
a strong retention effect in the superficial layer of the
skin. The skin retention of BTFM may contribute to the

Table 4 Effect of the Developed Formulation on Edema Induced
by Dimethyl Benzene in Mice

Group Dose (mg/ | Ear Edema Inhibition Rate
kg) (mg) (%)

Control - 41.42+10.86 -

Berberine 10 38.91+7.21* 6.05

solution

BFM 10 34.77£1331* 16.05

BTFM 10 27.14£8.54+* 3447

Notes: Data are expressed as mean = SD of 10 mice for each group. Compared
with the control group (*p<0.05, **p<0.01).

affinity of BTFM for keratin, sustained drug release, and
accumulation of BTFM on the skin surface and in the hair
follicles. In addition, activity tests indicated that BTFM
could significantly suppress ear edema induced by
dimethyl benzene, and the BTFM had a high safety profile
after the acute irritation and corrosion tests. We believe
that findings from this study will contribute to the devel-
opment of novel polymer micelles that will improve the
retention of drugs in the skin, reduce the amount of drug
that enters the systemic circulation through the skin,
reduce the adverse reactions caused by systemic absorp-
tion, and provide a new perspective for the treatment and
prevention of skin diseases. Further evaluation is needed
to illuminate its preclinical therapeutic effect.
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