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Purpose: The aim of this study was to develop a liposome gel containing /evo-tetrahydropalmatine (/-THP) and evaluate its
transdermal properties.

Methods: A L¢ (4°) orthogonal experiment was conducted to optimize the preparation of /-THP liposomes and assess their
characterization and stability in a gel. The transdermal features were analyzed through in vivo and in vitro experiments on rats and
Strat-M® membrane, respectively. The metabolism of /-THP in liver and skin S9 fractions was also studied.

Results: The optimization of the orthogonal experiment revealed that the ideal mass ratio of phosphatidylcholine, cholesterol, and
I-THP during preparation was 10:1:3. The resulting liposome exhibited a particle size of 68 nm, a PDI of 0.27, a drug loading of
4.33%, an encapsulation of 18.79%, and a zeta potential of —41.27 mV. Both the -THP and its liposome-gel formulation were found to
be stable for a duration of 45 days at 4 °C and 30 °C. During the in vivo transdermal study, the maximum concentration (C,,,y) of
[-THP from the liposome gel was 0.16 pg/mL, and the time to reach this maximum concentration (t,,.x) was 1.2 hours. The relative
bioavailability of /-THP in the liposome gel was 233.8% compared to the emulsion. The concentration of /-THP (prepared in PBS)
decreased at a rate of 0.0067 pg/mL/min in the liver S9 fraction and 0.0027 pg/mL/min in the skin S9 fraction, however, this
difference was not observed when /-THP was encapsulated in liposomes. [-THP passed through the Strat-M® membrane at a rate of
0.0032 mg/cm?/h and 0.002 mg/cm?/h for the emulsion and liposome gel, respectively.

Conclusion: The optimal process for the preparation of I-THP liposomes was obtained. Compared to the emulsion, the liposomes
provided greater bioavailability when used transdermally. The liposomes also provided greater stability for /-THP during storage.
Keywords: liposome, transdermal property, /-tetrahydropalmatine, S9 fraction, orthogonal experiment, stability

Introduction

The levo-enantiomer of tetrahydropalmatine (I-THP) is categorized as a tetrahydroprotoberberine isoquinoline alkaloid.'
This compound is found in various plants,” including Corydalis yanhusuo W. T. Wang, which has been used in Chinese
traditional medicine for a long time due to its ability to activate blood, reinforce vital energy, and relieve pain.® /-THP has
been considered one of the major active compounds of Corydalis yanhusuo.* Its pharmacological information has been
extensively reviewed in a recent publication.? /~-THP has been shown to possess numerous pharmacological effects, such
as anti-opioid-addiction, analgesic, anti-inflammatory, neuroprotective, anti-cancer, and hypotensive activity.

The efficacy of /-THP is widely recognized, but its oral administration has been found to have low bioavailability. Studies
conducted on rats have shown that the bioavailability of /-THP prepared in three different formulations was 10.4%, 2.5%, and
17.8%, respectively.” Another study on rabbits showed the bioavailability of I-THP to be 1.24%.° The poor bioavailability is
likely due to poor intestinal absorption and first-pass metabolism.”* To address this issue, a transdermal formulation may be
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a viable option. Transdermal drug delivery has many advantages over oral delivery, as it avoids first-pass metabolism and
provides less fluctuations in plasma drug levels. Additionally, it results in good patient compliance with ease of termination of
drug delivery.” The topical use of Corydalis yanhusuo in Chinese traditional medicine provides circumstantial evidence for
this approach, and several studies have provided transdermal information in this regard.'® 2

Liposomes are a sophisticated approach to drug delivery systems. They are primarily composed of lipids and fatty acids
that are assembled into bilayer spheres, with the hydrophilic head groups facing the exterior environment and the hydrocarbon
chains assembling within the hydrophobic interior of the bilayer. This structure enables liposomes to encapsulate and deliver
both hydrophilic and hydrophobic substances.'**'* Liposomes are considered biocompatible, as the composition of lipids and
fatty acids is a natural occurrence in cell membranes.'> Extensive research has been conducted on the use of liposomes in
transdermal formulations for various medical conditions, including nutrient deficiencies, transcutaneous immunization,
rheumatism, and analgesics.'® ' The use of liposomes as a carrier offers several advantages, such as relieving adverse
effects, improving bioavailability, controlling drug release, avoiding gastrointestinal problems and first-pass metabolism, and
providing greater drug stability.?

Rodents, particularly rats, have been extensively employed as the animal model in both in vivo and in vitro studies to
predict transdermal absorption in human skin during the development of transdermal formulations. The advantages of using
rats are their small size for easier handling and the similarity in thickness between rat and human stratum corneum, which is
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considered to be the main barrier to permeability.?'** Numerous studies have been conducted to compare permeation through
human and rat skin; the skin from the dorsal and abdominal areas of rats was most commonly used in transdermal studies.”* >
A histologic study by Monteiro-Riviere et al compared the thickness and the number of cell layers across the body sites,
finding that the skin from the abdominal area was thinner and had a higher blood flow than the dorsal area.*®

The current research involved the development of a formulation wherein /-THP was encapsulated within liposomes
and subsequently embedded in a gel. The transdermal properties of this formulation were assessed through in vivo and

in vitro studies.

Materials and Methods

Chemicals

I-THP was obtained from Xi’an Yunyue Biotechnology Co., Ltd. Soybean phosphatidylcholine (Cat# D0105) and
cholesterol (Cat# D0010) were obtained from Hefei BOSF Biotechnology Co., Ltd. Carbomer 940 was purchased
from Zhejiang Yinuo Biotechnology Co., Ltd. Triethanolamine, dichloromethane, absolute ethanol, and methanol were
purchased from Sinopharm Chemical Reagent Co., Ltd. Polysorbate 80 was purchased from Guangzhou SuiXin
Chemical Co., Ltd. The blank oil-in-water emulsion was obtained from Guangzhou Boxin Cosmetics Co., Ltd. Formic
acid and acetonitrile (LC/MS grade) were purchased from Thermo Fisher Scientific Inc. Bovine albumin (Cat# A8020)
and Coomassie Brilliant Blue G-250 (Cat# C8420) were purchased from Beijing Solaibao Technology Co., Ltd (China).
Metoprolol tartrate was obtained from the National Institutes for Food and Drug Control, (Cat# TCS5E-NENE). NADPH-
Na4 was purchased from Anhui Cool Biological Engineering Co. Ltd. Strat-M® membrane (Cat# SKBMO025TP) was
purchased from Merck KGaA (Germany).

Animals

The male Sprague Dawley rats, weighing 160-180 g, were obtained from Hunan SJA Laboratory Animal Co., Ltd. The
rats were allowed to become familiar with the environment for one week. They were housed in a room with a constant
temperature of 25 + 2 °C, humidity ranging from 40% to 60%, and a 12-hour light-dark cycle. Standard food (code:
MD17122, Medicience Ltd.) and water were provided ad libitum. All experimental designs were approved by the
Institutional Animal Ethics and Welfare Committee of Guangxi University of Chinese Medicine (reference no.
DW20221221-243). All experiments were carried out in accordance with the guideline of “Laboratory animals—
Guideline for ethical review of animal welfare”, which was issued by the Standardization Administration of P.R.C.
Efforts were made to minimize the pain and suffering of the animals.

Preparation of Liposome

A mixture of 2 g of phosphatidylcholine (PC), 0.2 g of cholesterol (CHL), and 0.6 g of /-THP was dissolved in 50 mL of
dichloromethane in a round-bottom flask. The solvent was then evaporated using a rotary evaporator with a 45 °C water
bath to create a thin lipid film. Next, 200 mL of distilled water was added to the dry lipid film to suspend the materials.
The mixture was then transferred to a 250 mL beaker and stirred on a magnetic stirrer at 700 rpm for 3 hours. The
hydrated lipid was then sonicated using a probe sonicator (JY92-IIN, Ningbo Scientz Biotechnology Co., Ltd., China) at
a power of 250 W for 40 seconds, followed by passing it through a high-pressure homogenizer (NanoGenizer30k,
Genizer LLC., USA) at the maximum pressure of 30,000 psi three times. The homogenate was centrifuged at 3000 rpm
for 5 minutes to remove any visible precipitates, and a liposome suspension was obtained. The liposome suspension was
then centrifuged in an ultracentrifuge (CP100NX, Hitachi Ltd., Japan) at 100,000xg for 1 hour to obtain the liposome
pellet. During the optimization experiment to prepare the liposomes, the process of preparation was conducted following
this protocol, except for the alteration of the amounts of the materials.

Optimization of Liposome Preparation
For the preparation of liposomes, three factors were evaluated: the mass ratio between PC and CHL (A), the mass ratio
between PC and /-THP (B), and the concentration of PC during the hydration process (C).
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Single-Factor Experiment

The mass ratios of PC to [-THP (Factor A) were tested at 10:1, 10:2, 10:3, 10:4, and 10:5, while the mass ratios of PC to
CHL (Factor B) were tested at 10:1, 10:3, 10:5, 10:7, and 10:10. The concentration of PC was also varied during the
hydration process (Factor C), ranging from 10 to 50 mg/mL. Tables 1-3 displays the single-factor experimental design.

Orthogonal Experiment
Based on the results of previous single-factor experiments, four levels were selected for each factor, as shown in Table 4. The
details of the orthogonal test table L;¢ (43), which includes three factors and four levels each, can be found in Table 5.

The Validated Experiment

The optimal combination of factors and levels derived from the orthogonal experiment was selected and subsequently
prepared according to the instructions detailed in the section on ‘“Preparation of liposome”. The accuracy of the
orthogonal results was confirmed by liposome characterization.

Table | The Characterization of Liposomes Varied by Different Ratios of PC to I-THP

(Factor A)

PC: CHL: | Drug Encapsulation | Particle PDI | Zeta

I-THP Loading (%) | (%) Size (nm) Potential (mv)
10:3:1 2.88 30.01 80.88 0.26 | —45.97

10:3:2 3.15 16.86 77.83 0.27 | —43.70

10:3:3 3.67 11.99 79.45 0.27 | —45.43

10:3:4 5.14 9.28 79.53 0.27 | -53.23

10:3:5 5.32 7.87 109.83 0.40 | —52.33

Table 2 The Characterization of Liposomes Varied by Different Ratios of PC to
CHL (Factor B)

PC: CHL: | Drug Encapsulation | Particle PDI | Zeta

I-THP Loading (%) | (%) Size (nm) Potential (mv)
10:1:2 4.13 14.17 68.56 0.25 | —58.23

10:3:2 3.07 15.70 75.74 0.26 | —43.27

10:5:2 241 14.79 91.77 0.26 | —45.67

10:7:2 2.14 15.21 109.63 0.38 | —47.97

10:10:2 2.15 13.96 147.50 0.49 | —47.73

Table 3 The Characterization of Liposomes Varied by Different Concentrations of PC During
the Hydration Process (Factor C)

Concentration of PC | Drug Encapsulation | Particle PDI | Zeta
During Hydration Loading (%) | (%) Size (nm) Potential (mv)
Process (mg/mL)
10 4.37 14.18 80.44 0.25 | —40.93
20 292 19.08 98.45 0.36 | —38.77
30 2.78 21.20 113.20 0.46 | —38.07
40 3.11 2428 133.97 0.50 | —37.03
50 297 2427 122.70 0.49 | —31.67
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Table 4 Influencing Factors and Levels of L4 (4°) Orthogonal
Experiment
Level | PC: I-THP (A) | PC: CHL (B) | Concentration of
PC During Hydration
Process (mg/mL) (C)
| 10:1 10:1 10
2 10:2 10:2 20
3 10:3 10:3 30
4 10:4 10:4 40
Table 5 The L4 (4°) Orthogonal Test Table and Results
PC: PC: Concentration Encapsulation | Drug Particle Zeta PDI
I-THP (A) | CHL (B) | of PC During Hydration (%) Loading (%) | Size (nm) | Potential (mv)
Process (mg/mL) (C)
| 10:1 10:1 10 30.59 4.03 79.82 —40.4 0.37
2 10:1 10:2 20 39.78 247 91.02 -39.7 0.37
3 10:1 10:3 30 39.58 1.83 108.70 —36.3 0.44
4 10:1 10:4 40 39.42 1.86 118.60 —344 0.48
5 10:2 10:1 20 22.46 2.70 94.09 —40.2 0.38
6 10:2 10:2 10 18.91 3.14 76.58 —41.5 0.29
7 10:2 10:3 40 2272 236 121.65 -31.9 0.48
8 10:2 10:4 30 20.55 2.74 103.90 —35.6 0.43
9 10:3 10:1 30 16.60 322 106.85 —385 0.50
10 10:3 10:2 40 17.50 3.59 106.70 -33.6 0.53
I 10:3 10:3 10 14.81 4.21 82.12 —41.8 0.53
12 10:3 10:4 20 14.40 2.8l 97.54 —41.3 0.43
13 10:4 10:1 40 14.36 3.54 107.00 —34.1 0.50
14 10:4 10:2 30 13.38 333 110.60 -35.6 0.52
15 10:4 10:3 20 11.90 3.64 119.50 —38.9 0.42
16 10:4 10:4 10 8.87 4.69 112.30 —40.5 0.64

Liposome Characterization

Transmission Electron Microscope (TEM)

After passing through the high-pressure homogenizer, the liposome suspension was diluted with distilled water 20-fold.

Following this, 10 pL of the diluted liposomes were placed on a TEM copper grid and allowed to settle for 1 minute. The

excess water was then removed using filter paper, and uranyl acetate staining was applied. The grid was then left to dry for

a few minutes before being observed for liposome morphology using a TEM (Hitachi, HT7800, Japan) operating at 80 kV.

Zeta Potential, Particle Size, and Distribution

The particle size, zeta potential, and polydispersity index (PDI) of the liposome were analyzed using a Malvern Laser

Particle Size Analyzer (Nano ZS90, Malvern Instruments Ltd., UK).

Encapsulation Efficiency and Drug Loading

Encapsulation and drug loading were calculated using the following formulas:

Encapsulation =

amount of / — THP encapsulated in liposome

amount of / — THP used for encapsulation

x100%
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amount of / — THP encapsulated in liposome

Drug loading = x 100%

amount of all composition in liposome

To quantify /-THP, PC, and CHL in liposomes, the liposome pellet collected from 5 mL of the liposome suspension
through ultra-high-speed centrifugation was dissolved in 25 mL of absolute ethanol for /-THP and PC analysis, and in
50 mL of absolute ethanol for CHL analysis, respectively, using the UPLC method as described in the section on
“Chromatographic Conditions”.

Preparation of I-THP Liposome Gel and Emulsion

To prepare the -THP liposome gel, 0.1 g of Carbomer 940 was soaked in 1 mL of water for 5 hours until it completely
dissolved, and then mixed with 1 mL of water containing 10 pL of Kathon. Liposome pellets containing -THP were
re-suspended in 4 mL of distilled water, and then added to the Carbomer solution by stirring. After that, 0.1 mL of
triethanolamine was added to prepare the liposome gel.

To prepare the /-THP emulsion, 10 g of the blank emulsion was warmed up in a water bath (70 °C) until it
transformed into a liquid form, followed by adding 10 pL of Kathon. Then, 15 mg of /-THP, which was pre-dissolved
in 0.1 mL of polysorbate 80, was added and stirred until the temperature decreased and an emulsion formed again. The
calculated concentration of /-THP in the liposome-gel or emulsion was 1.5 mg/mL.

Stability of the Liposome Gel

The liposome-gel and emulsion prepared above were packaged in light-resistant containers and then kept at 4 °C, 30 °C, and
40 °C, respectively. At 0, 30, and 45 days after preparation, liposome characteristics and the concentration of /-THP were
analyzed in triplicate. To quantify /-THP in the liposome gel, 0.5 g of the gel was dissolved in 10 mL of water and then
centrifuged at 100,000xg for 1 hour. The precipitate was dissolved in 10 mL of absolute ethanol for UPLC analysis, as
described in section on “Chromatographic Conditions”. The emulsion was used as a reference for /-THP stability study.

Chromatographic Conditions

To analyze /-THP, PC, and CHL in liposomes, a Waters Acquity UPLC system (Waters Corporation, USA) was used with
an Acquity UPLC BEH C,g column (1.7 pm, 2.1x50 mm, Waters). The column temperature was set at 40 °C, and the
mobile phase was methanol with a flow rate of 0.3 mL/min. The injection volume was 10 pL, and the run time for
analysis was 10 minutes. The detected wavelength was 280 nm for /-THP. An evaporative light-scattering detector
(ELSD) was used to detect PC and CHL. The drift tube temperature was set at 70 °C, and the nitrogen gas pressure was
40 psi. The nebulizer cooler was turned on, and the gain was set to 500. The amounts of each compound were calculated
from a standard curve derived from a series of standard reference solutions that covered the sample concentration.
Correlation coefficients of the standard curve were subsequently obtained by linear regression analysis. The stability of
the samples, as well as the precision and accuracy of the analysis, were verified by comparing the peak area of the sample
in different solutions.

A Waters Acquity UPLC-MS system (Waters Corporation, USA) was used for the analysis of /-THP in blood and the S9
mixture. Chromatographic separation was performed on a Waters Acquity HSS T3 column (2.1 x 100 mm, 1.8 pm). All
samples were eluted with a gradient of acetonitrile (A) and water with 0.1% formic acid (B), at a flow rate of 0.3 mL/min
at 40 °C. The gradient sequence was 30-100% A from 0—7 minute and kept at 100% for 1 minute, and then decreased to
30% in 2 minutes. The injection volume was 2 pL.

Mass Spectrometry Conditions

Mass spectrometry was performed on a Waters Xevo Q-TOF Mass Spectrometer (Waters Corporation, USA) equipped
with an Electrospray lonization (ESI) source in positive-ion mode. The following conditions were applied: the desolva-
tion gas flow of 800 L/h, the desolvation gas temperature of 450 °C, the capillary voltage of 3.0 kV, the cone voltage of
40 V, the collision gas flow of 45 L/h, and the source temperature of 100 °C. Data were acquired in MS" mode, and the
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scan time was 0.5 s with a 0.02 seconds interscan delay. The range of m/z was 50-2000 Da. The mass signals were
acquired and processed by Masslynx 4.1 and Progenesis QI software.

In vivo Transdermal PK Study

Preparing the Animal for Transdermal Study

The animal was anesthetized with isoflurane. Then, the hair in the abdominal area was shaved off using a shaver. After
that, the area was coated with a depilatory cream (Reckitt Benckiser Group Plc., UK) which was allowed to stay on the
skin for two minutes to completely remove the remaining hairs.

Experimental Design

Thirty animals were randomly divided into two groups. The first group was treated with the /-THP liposome gel, and the
other group was treated with the /-THP emulsion transdermally, following the protocol described in the following section.
Each group consisted of 15 animals, with three animals assigned for each of the designated time points of 1, 4, 8, 12, and
24 hours subsequent to treatment. Additionally, a further three animals underwent hair removal but did not receive any
treatment and were employed as blank controls.

In vivo Transdermal Study

The experiment was carried out 24 hours after hair removal. On a 6 cm x 6 c¢cm square piece of Parafilm, 0.4 g of
liposome gel containing 0.6 mg of /-THP was spread evenly with a thickness of 0.2 mm using a blade spreader (1806/50,
BEVS Industrial Co., Ltd., China). The gel-coated Parafilm was then attached to the hairless skin of the rat’s abdomen
and secured with a medical elastic sleeve of 5 cm width, which was suitable for the current experiment. The medical
elastic sleeve was transversely cut into a 7 cm long piece, and stretched to put the rat into it and allowed the elastic sleeve
to contract to wrap the lower part of the rat’s body, followed by wrapping one layer of medical adhesive tape outside the
elastic sleeve. This method kept the gel-coated film on the abdomen of the animal for up to 24 hours. At 1, 4, 8, 12, and
24 hours after treatment, the Parafilm was removed and rinsed in 50% ethanol. The animals were sacrificed by
dislocation, and 4 mL of a blood sample was obtained from the heart, followed by heart perfusion of 200 mL of ice-
cold normal saline. The skin to which the treatment had been applied was removed, rinsed with 10 mL of 50% ethanol,
and stored at —80 °C for further use. The 50% ethanol used for rinsing the skin and Parafilm was collected and filtered
through a 0.22 um Millipore filter for UPLC-MS analysis as described in the sections on “Chromatographic Conditions”
and “Mass Spectrometry Conditions”.

After sampling from the animal, the blood sample was kept at 4 °C for 1 hour, followed by a 20-minute centrifugation
at 4000 rpm, 4 °C. The serum was removed and added to three-fold ice-cold isopropyl alcohol followed by vortexing for
1 minute, and then kept at —20 °C for 24 hours, followed by centrifugation at 12,000 rpm, 4 °C for 10 minutes. The
supernatant was transferred into a centrifuge-evaporator (B09-1LS0020, Ningbo Scientz Biotechnology Co., Ltd., China)
to remove the solvent, and then re-dissolved in 1 mL of absolute ethanol, followed by filtration through a 0.22 um
Millipore filter for UPLC-MS analysis.

Approximately 1.5 g of the rat skin was cut into small pieces (1-2 mm) and placed into a homogenizer containing
twice the amount of ice-cold methanol. The mixture was homogenized for 2.5 minutes under ice-cold conditions. The
homogenate was then centrifuged at 4000 rpm, 4 °C for 5 minutes. The resulting precipitate was homogenized and
centrifuged again following the same protocol, and the supernatant was combined with the first extraction. The solvent
was then removed from the supernatant, and the precipitate was re-dissolved in 1 mL of absolute ethanol, which was then
filtered using a 0.22 um Millipore filter for UPLC-MS analysis.

The area under the curve (AUC) in the pharmacokinetics study was calculated using the trapezoidal integration method.

Metabolism of I-THP in Rat Liver and Skin S9 Fractions

Preparation of Liver and Skin S9 Fractions

Three male Sprague Dawley rats weighing 250 g each underwent hair removal in the abdominal area as described in the
section on “Preparing the Animal for Transdermal Study”. Twenty-four hours later, the rats were sacrificed by cervical
dislocation, followed by heart perfusion with 200 mL of ice-cold normal saline. The livers were then extracted and rinsed
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in a 0.15 M KCI solution. Approximately 3 g of liver tissue was dissected and homogenized in 9 mL of 0.15 M KCl
solution under ice-cold conditions for two minutes. The resulting homogenate was centrifuged at 9000xg, 4 °C, for 10
minutes, and the supernatant obtained was used as the liver S9 fraction. The hairless skin was removed and processed
using the same protocol as the liver to obtain the skin S9 fraction. To verify the efficacy of the S9 fractions, metoprolol
tartrate was used as a control.

Protein Concentration of S9 Fractions

The S9 fraction was diluted in 10 times normal saline, and then 100 pL of the diluted S9 fraction was mixed with 5 mL
of Comassie Brilliant Blue solution (0.1 mg/mL in 8.5% phosphoric acid). The mixture was then vortexed and kept at
room temperature for 5 minutes, followed by measuring the absorbance at 595 nm using a microplate reader (Synergy
HI, Bio-Tek Instruments Co., Ltd., USA). The obtained absorbance was compared to a standard curve derived from
a series of bovine serum albumin standards ranging from 1.0 to 3.0 mg/mL to calculate the protein concentration of the
S9 fraction.

The Metabolism of I-THP in S9 Fractions

The metabolism mixture included 200 pL of the S9 fraction, 40 pL of an electrolyte solution (1.65 M KCI and 0.4
M MgCl,), 760 puL of NADPH solution (2.18 mg/mL), and 1000 pL of a /-THP solution (7.0 pg/mL in 0.2 M PBS
containing 1% DMSO). Each solution was pre-incubated at 37 °C for 5 minutes, and then all the solutions were
thoroughly mixed by pipetting. The /-THP solution was added last to initiate the metabolism. At 10, 30, and 60 minutes
after the addition of the /-THP solution, 400 pL of the metabolism mixture was transferred into 1200 pL of ice-cold
isopropyl. The mixture was then vortexed for 1 minute and centrifuged at 12,000 rpm, 4 °C, for 10 minutes. The
supernatant was subsequently transferred into a centrifuge concentrator (B09-1LS0020, Ningbo Scientz Biotechnology
Co., Ltd., China) to remove the solvent. The resulting precipitate was re-dissolved in 1 mL of absolute ethanol, filtered
through a 0.45 pm Millipore filter for UPLC-MS analysis. The MS abundance of /-THP was compared to a series of
[-THP standard solutions ranging from 0.6—4.0 pg/mL to calculate the I-THP concentration in the reaction mixture and
the rate of /-THP reduction in the S9 fraction. The amount of liver and skin S9 fractions utilized in the reaction was
adjusted to contain the same quantity of protein. The reaction was performed in triplicate. The /-THP liposome
suspension was diluted in 0.2 M PBS to obtain a liposome solution containing 7.0 pg/mL of /-THP. This solution was

used for the metabolism in the S9 fraction, as the /-THP solution was.

The Strat-M® Membrane Permeability Test

The Start-M® membrane was mounted on Franz diffusion cells with a donor area of 1.77 cm? and a 15 mL receptor (TP-
6, Tianjin Jingtuo Instrument Technology Co., Ltd., China). Each cell of the receptor was filled with 50% ethanol PBS
(0.1 M, pH=6.6) and maintained at 32 °C in a water bath, with continuous stirring by magnetic stirrers at 400 rpm. Each
of 0.3 g of liposome-gel and emulsion containing 0.45 mg of /-THP, prepared as described earlier, was coated on the
membrane. At 1, 4, 8, 12, and 24 hours, all the liquids in the receptor were replaced with fresh 15 mL of 50% ethanol
PBS (pre-warmed at 32 °C). The samples collected were subjected to freeze-drying to remove the solvent and then re-
dissolved in 1 mL of absolute ethanol for UPLC analysis. Each formulation was tested on the membrane in triplicate. The
accumulated amount of /-THP that passed through the membrane was calculated at each time point using the following
formula:

Q.: accumulated amount of /-THP passed through the membrane
C;: concentration of /-THP in receptor at each time point

V: volume of the receptor

S: donor area of Franz cell
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Statistics

The orthogonal data were analyzed using SPSS software (version 24.0) through univariate (multivariate) analysis of
variance followed by the Newman-Keuls test. A P-value of less than 0.05 was considered significant for the factors from
the tests of between-subjects effects. Subsequently, levels were selected from the post-hoc test.

Results

The Liposome Characterization

After optimizing the preparation, the morphology of the liposome was captured using TEM, while the particle size
distribution was obtained through the Malvern Laser Particle Size Analyzer, as depicted in Figure 1a and b). The particle
size, PDI, zeta potential, drug loading, and encapsulation are shown in Table 6. Upon embedding the liposomes in the
gel, the particle size increased, and the zeta potential became more negative, as determined under the same analytical
conditions. The UPLC chromatograms of PC, CHL, and /-THP derived from the liposomes are shown in Figure 2a—c).

Optimization of Liposome Preparation

Single Factor Experiment

Tables 1-3 illustrate the impact of three individual factors on the characteristics of liposomes. The elevated CHL ratio led
to a decrease in drug loading and an increase in particle size and PDI. The increase in /-THP resulted in improved drug
loading, but there was a reduction in encapsulation efficiency and an increase in particle size. Furthermore, a higher
concentration of PC at the hydration process led to an increase in particle size and PDI.
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Figure | Liposome morphology captured by a Transmission Electron Microscope (a); particle size distribution obtained from the Malvern Laser Particle Size Analyzer (b).
The black arrow denoted the liposome.
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Table 6 The Characterization of the Liposome of the Optimal Preparation (mean+SD, n=3)

PC: CHL: Drug Encapsulation | Particle Size | PDI Zeta Potential
I-THP Loading (%) | (%) (nm) (mv)
Liposome suspension 10:1:3 4.33+0.11 18.79+0.75 68.56+5.75 0.27+0.07 —41.27x1.40
Liposome gel - - - 112.20£1.15 0.29+0.01 —56.83£1.50

Orthogonal Experiment

The results of the L;q (4°) orthogonal test and between-subjects effects test are shown in Table 5 and Supplementary
Table 1, revealing that the PC to /-THP ratio significantly impacted drug loading (P<0.05), while the concentration of PC
during the hydration process significantly affected drug loading, particle size, and zeta potential (P<0.05). Following post
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Figure 2 UPLC chromatograms of PC, CHL and FTHP. (a) PC (0.5 mg/mL, ELSD), (b) CHL (0.5 mg/mL, ELSD), (c) I-THP (0.5 mg/mL, UV).
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hoc tests, the optimal combination for each factor was determined to be A4B1C1 or A3BICI1 for drug loading, and
A3BI1Cl1 for particle size and zeta potential. The formula chosen for subsequent studies was A3B1C1, with a preparation
ratio of PC: CHL: /-THP at 10:1:3 and a concentration of PC during the hydration process at 10 mg/mL.

Stability of the Liposome Gel

According to the data presented in Table 7, the concentration of /-THP in the liposome-gel remained stable at both 4 and
30 °C for 45 days, with a consistent level of 1.1 mg/mL or higher. Conversely, the concentration of /-THP in the emulsion
decreased to 0.58 mg/mL over the same time period. The particle size of the liposomes remained stable at both 4 and 30 °C,
but was observed to change from 137.63 to 176.85 nm when the temperature was raised to 40 °C. Furthermore, as the
temperature increased, both formulations underwent a color change from white to yellow, indicating the presence of
a metabolite.

In vivo Transdermal Study
The pharmacokinetic profile of /-THP is outlined in Table 8 and Figure 3. The results indicate that the liposome-gel group
achieved a higher maximum concentration (C,,,x) of /-THP in the blood, at 0.16 pg/mL, compared to the emulsion group,
which recorded a C,,x of 0.10 pg/mL. Furthermore, the liposome-gel group demonstrated a superior bioavailability of
233.8% relative to the emulsion group, as evidenced by the AUC. Although both groups registered a peak concentration
of [-THP in 1.2 hours, the liposome-gel group exhibited a longer elimination half-life (t;,).

As shown in Figure 4, both formulas showed a peak concentration of /-THP remaining in the skin within an hour of
treatment, with the liposome-gel and emulsion having C,,., values of 78.03 and 82.97 pug/mL, respectively. Furthermore,
[-THP was found to clear from the skin at a slower rate in the liposome-gel group compared to the emulsion group.

Table 7 Results of Stability Study of I-THP Liposome Gels and Emulsions

Temperature | Time I-THP Liposome Gel I-THP Emulsion
@ Particle Size PDI Zeta Potential | I-THP Color of Gel | I-THP Color of
(nm) (mv) (mglg) (mglg) Emulsion
4°C 0 137.63+0.40 0.30+0.07 | —63.6x1.5 1.19£0.00 White 1.03£0.04 White
30 145.27£11.09 0.31+£0.05 | —71.0£5.1 1.12£0.06 White 0.91+0.01 White
45 141.10£1.95 0.25+0.02 | —67.2+0.9 1.10£0.05 White 0.58+0.16 White
30 °C 0 137.63£0.40 0.30+£0.07 | —63.6x1.5 1.19£0.00 White 1.03£0.04 White
30 161.70£7.92 0.31+£0.05 | —68.8+4.5 1.16£0.02 Light yellow 0.96+0.01 Light yellow
45 136.55+2.05 0.28+0.07 | —47.0+2.4 1.20£0.04 Light yellow 0.68+0.05 Yellow
40 °C 0 137.63£0.40 0.30+0.07 | —63.6x1.5 1.19£0.00 White 1.03+0.04 White
30 166.15£5.30 0.34+0.06 | —65.3+1.8 0.12+0.02 Light yellow 0.97+0.05 Light yellow
45 176.85+8.84 0.30+0.05 | —55.3+0.4 0.17+0.03 Yellow 0.92+0.12 Yellow

Table 8 The Pharmacokinetic Characteristics of |-THP after the Treatment with
Liposome-Gel and Emulsion on the Skin

Blood Skin
Liposome-Gel Emulsion Liposome-Gel Emulsion
Crnax (ng/mL) 0.16 0.10 78.03 82.97
tmax (h) 1.2 1.2 1.0 1.0
tin (h) 64.7 9.4 25.3 10.9
AUC 2.347 1.004 744.337 516.533
AUC;,/AUC ., (%) 233.8% 144.1%
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Figure 3 The concentration-time curve of I-THP in rat blood in the transdermal study.
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Figure 4 The concentration-time curve of I-THP remaining in rat skin in the in vivo transdermal study.
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The amount of /-THP released from the skin surface and the parafilm after 24 hours was 0.43 + 0.05 mg and 0.37 £
0.09 mg for the liposome-gel and emulsion groups, respectively.

Metabolism of I-THP in S9 Fractions
Protein of the S9 Fractions

The protein concentrations of the liver and skin S9 fractions were 22.06 mg/mL and 13.05 mg/mL, respectively. The
amounts of the liver and skin S9 fractions used in the reaction were adjusted to protein equivalents.

Metabolism of I-THP in S9 Fractions

The metoprolol tartrate decreased at rates of 0.089 pg/mL/min and 0.004 pg/mL/min for the liver and skin S9 fractions,
respectively, indicating the efficacy of the S9 fractions. As shown in Figure 5, upon mixing with the S9 fractions, the
concentration of /-THP (prepared in PBS) decreased at rates of 0.0067 and 0.0027 pg/mL/min in the liver S9 and skin S9
fractions, respectively. This discrepancy in the metabolic enzymes of these two organs was evident. Conversely, the
reduction rates of I-THP encapsulated in liposomes were comparable in the liver and skin S9 fractions, measuring 0.0032
and 0.0031 pg/mL/min, respectively.

The Strat-M® Membrane Permeability Tests
The permeability of /-THP prepared in the emulsion was found to be higher (0.0032 mg/cm?/h) than that in the liposome
gel (0.002 mg/cm*/h) when tested on the Strat-M® membrane, as depicted in Figure 6.

Discussion

The ratio of PC to CHL is a crucial factor that influences the physical and chemical properties of liposomes.”” CHL can
be incorporated into the phospholipid bilayer to regulate fluidity, thereby enhancing the rigidity of the vesicles and
providing improved stability.?®*° Our study revealed that the optimal mass ratio of PC to CHL was 10:1, resulting in the
highest drug loading and smallest particle size. As the proportion of CHL increased, drug loading decreased and particle
size increased. Attempts to increase encapsulation efficiency by elevating the mixture concentration during the hydration
process would also lead to a decrease in drug loading and an increase in the particle size.

In the in vivo transdermal test, with approximately 10% of the total surface area of rat skin, the maximum blood
concentration of /-THP was found to be 0.16 pg/mL. This concentration is similar to that in the experiment designed for
oral administration. However, the time to reach the maximum concentration was longer via the skin compared to the
studies of oral administration in which most of the t;.s were less than one hour.>*°>® The amount of /-THP

administered in the current experiment was approximately 0.2 mg/kg body weight, which was far less than the amount
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Figure 5 The metabolic profiles of I-THP (a) or I-THP-liposome (b) in live and skin S9 fractions. y,, y,, y3, and y4 present the trend lines derived from the curves of
metabolism of I-THP in skin and liver S9 fractions, and I-THP-liposome in skin and liver S9 fractions, respectively.
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Figure 6 The I-THP permeability of the liposome gel and the emulsion on Strat-M® membrane. y: and y, represent the trend lines derived from the curves of the
permeation rates of the -THP emulsion and the I-THP liposome gel, respectively.

6-32.33 where the dosages were typically higher than 4.5 mg/kg body weight. This is

used in the oral administration studies,
evidence of higher bioavailability from the cutaneous route.

The in vivo investigation revealed that liposomes facilitated the permeation of /-THP into the systemic blood
circulation more effectively than emulsions. However, on the Strat-M® membrane, /~-THP in the emulsion penetrated
more rapidly than in the liposome gel. These findings suggest that the transdermal mechanisms of liposomes on rat skin
are more complex than the free drug diffusion model. The potential mechanisms of liposome delivery include permeation
enhancement, vesicle adsorption, fusion with the stratum corneum, intact vesicular skin penetration, and trans-appendage
penetration.”’* The negative charge of the liposomes may also promote their movement through the skin.*> Following
the administration of a liposome gel, a double peak profile of I-THP was observed in the rat skin over 24 hours
(Figure 4). This could be because the liposome deliver -THP into deeper layers of the skin more slowly than free
diffusion, causing a second peak, and the -THP entering the blood circulation would not be significantly affected by this
“diffusion” in the skin. More research is necessary to understand these findings.

The stability of /-THP had been known to be affected by exposure to light and heat, resulting in the generation of
a yellow color.*® This was consistent with the findings of the current study, which showed that an increase in temperature
and storage time led to a more yellow color in the formulations. The yellow color may be due to the de-hydrogenation of
tetrahydropalmatine, leading to the oxidation form of dihydropalmatine or palmatine, and both of these compounds
appear yellow. However, encapsulating /-THP in liposomes helped to reduce the color change of the formulation,
indicating that liposomes can protect /-THP from storage environments and improve its stability. Additionally, /-THP
encapsulated in liposomes was found to have a slower metabolism rate in the liver S9 fraction, which might be because
the liposomes provide a shield for -THP against metabolic enzymes, resulting in a greater amount of [-THP prototype
being available prior to release from the liposome.

The particle size of the liposome increased when stored at higher temperatures, suggesting that a lower storage
temperature should be used for this /-THP liposome gel. Moreover, the PDIs of the liposomes remained constant,
demonstrating that the size of each liposome had changed in a uniform manner, likely due to the high viscosity of the gel,

which significantly limited particle collisions and subsequently, fusion or flocculation.>” Thus, the instability concerns of
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liposomes are prone to chemical instability during the storage period as lipids are more susceptible to degradation
because of their chemical structure, which contains functional groups vulnerable to oxidation and hydrolysis.>®

Conclusion

[-THP liposome gel provided more than a twofold increase in bioavailability compared to the emulsion. Liposomes
protected against the degradation of /-THP during storage and against metabolic enzymes from the S9 fractions.
Liposome gel is an attractive option for delivering /-THP, as it had been proven in the current study.
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