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ARTICLE INFO ABSTRACT

Keywords: Background: This research main objective was to evaluate a proliposomes (PLs) formulation for the enhancement
Bi_oa"aﬂa.bﬂity of oral bioavailability of ginsenosides, using ginsenoside Rg3 (Rg3) as a marker.

Ginsenosides Methods: A novel PLs formulation was prepared using a modified evaporation-on-matrix method. Soy phos-
l(;):c?lliposomes phatidylcholine, Rg3-enriched extract, poloxamer 188 (Lutrol® F 68) and sorbitol were mixed and dissolved
Rg3 using a aqueous ethanolic solution, followed by the removal of ethanol and lyophilization. The characterization

of Rg3-PLs formulations was performed by powder X-ray diffractometry (PXRD), transmission electron micro-
scopy (TEM) and in vitro release. The enhancement of oral bioavailability was investigated and analyzed by non-
compartmental parameters after oral administration of the formulations.

Results: PXRD of Rg3-PLs indicated that Rg3 was transformed from crystalline into its amorphous form during the
preparation process. The Rg3-encapsulated liposomes with vesicular-shaped morphology were generated after
the reconstitution by gentle hand-shaking in water; they had a mean diameter of approximately 350 nm, a
negative zeta potential (—28.6 mV) and a high entrapment efficiency (97.3%). The results of the in vitro release
study exhibited that significantly more amount of Rg3 was released from the PLs formulation in comparison with
that from the suspension of Rg3-enriched extract (control group). The pharmacokinetic parameters after oral
administration of PLs formulation in rats showed an approximately 11.8-fold increase in the bioavailability of
Rg3, compared to that of the control group.

Conclusion: The developed PLs formulation could be a favorable delivery system to improve the oral bioavail-
ability of ginsenosides, including Rg3.

1. Introduction

Ginsenosides are reported to be the main active ingredients of
Korean ginseng (Panax ginseng Meyer), and they have diverse pharma-
cological applications, including the treatment of diabetes, hyperten-
sion, as well as anti-inflammation and anticancer activities [1].
Although the clinical application of ginseng has a long history, its clin-
ical application has been limited probably due to the low aqueous sol-
ubility of ginsenosides, which in turn results in poor absorption and low
oral bioavailability [2-4]. Thus, various strategies of modern pharma-
ceutical techniques have been investigated to overcome the low oral
bioavailability of ginsenosides for their clinical applications. These
include microemulsions, nanoparticles and liposomes, among which li-
posomes have been intensively studied as an oral drug delivery system
[5-9]. It was reported that liposomes improved the permeability and

solubility of poorly water-soluble drugs in the gastrointestinal tract,
thereby increasing the oral bioavailability [10,11]. However, the
physical instability of liposomes during storage has been a major
drawback, due to aggregation, precipitation, fusion and decomposition
of phospholipids [12].

Proliposomes (PLs) formulation is a solid dosage form during storage
that is rapidly hydrated and converted into liposomal structure when
dispersed with the addition of a small amount of water [13,14]. PLs
could be preferred over other colloidal solution dosage forms (e.g.,
conventional liposomal dispersion) in terms of storage stability, while
they still exert the benefits of liposomes after oral administration,
including enhanced dissolution and/or absorption [13,15,16]. More-
over, the preparation processes of PLs are simpler and more
cost-effective in comparison with conventional liposomes [13]. Thus,
PLs have been widely applied as an oral drug delivery system, ranging
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from small molecule active pharmaceutical ingredients (APIs) such as
celecoxib, valsartan, curcumin, and glutathione, to macromolecules
such as daptomycin, recombinant human insulin and cyclosporin A [5,
13,15,17-21]. Moreover, extracts from natural products, including
Ginkgo biloba extract and polyphenols from Rosmarinus officinalis L.,
were also encapsulated in PLs formulation to enhance the stability
and/or oral absorption [22]. However, the application of PLs for oral
bioavailability enhancement of ginsenosides has not been reported [3].

Previously, we reported a novel preparation method for celecoxib-
loaded PLs formulation using a solid dispersion technique with a high
lipid content of up to 20% (w/w) as phosphatidyl choline [13,14].
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Enhanced oral bioavailability of celecoxib (approximately 1.7-fold in
comparison with free drug) was observed in a pharmacokinetic study in
rats, which indicated that PLs formulation developed in our laboratory
could be further applied for poorly water-soluble compounds, including
ginsenosides. Thus, the aim of this research was to prepare the PLs
formulation with high lipid content for loading ginsenoside
Rg3-enriched extract (Rg3 extract), and to evaluate the effect on
enhancing oral bioavailability. Ginsenoside Rg3 was chosen as a
representative compound for analysis. The Rg3 extract-loaded PLs
(Rg3-PLs) formulation was prepared and physicochemical properties
were characterized using powder X-ray diffractometry (PXRD), dynamic
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Fig. 1. (A) Schematic illustration of the Rg3-PLs preparation method. (B) FE-SEM image (the length of the scale bar is 500 ym) and (C) Particle size distribution of

dried Rg3-PLs powder. (D) PXRD analysis of Rg3-PLs powder and excipients.
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light scattering (DLS) and transmission electron microscopy (TEM)
analysis. Pharmacokinetic study of Rg3 was conducted in rats after oral
administration of Rg-3 PLs to confirm the enhancement of
bioavailability.

2. Materials and methods
2.1. Materials

20(S)-Gingsenoside Rg3 (> 98%), sodium dodecylsulfate (SDS) and
sorbitol were purchased from Sigma-Aldrich (St. Louis, MO, USA). Rg3
extract powder and soy phosphatidylcholine (SPC, 95%) were kindly
gifted by KT&G Co. (Daejeon, South Korea) and Phytos (Gyeonggi,
South Korea), respectively. Poloxamer 188 (Lutrol® F 68) was provided
from BASF (Ludwigshafen, Germany). Ethanol was purchased from
Daejung (Siheung-si, Gyeonggi, South Korea) and dimethyl sulfoxide
(DMSO) was from Duksan (Gyeonggi-do, South Korea). Fetal bovine
serum (FBS), streptomycin, penicilin and DMEM (Dulbecco’s modified
Eagle medium) for cell culture were purchased from Welgene
(Gyeongsangbuk-do, South Korea). The purity of other reagents was
analytical grade or higher.

2.2. Preparation of ginsenoside Rg3-enriched extract-loaded proliposomes
(Rg3-PLs)

The solvent evaporation-on-matrix method that we previously re-
ported was applied to prepare Rg3-PLs with slight modification (Fig. 1A)
[13,16]. Briefly, SPC (800 mg) was completely dissolved in ethanol
(8.75 mL), followed by adding poloxamer 188 (40 mg) to create a clear
yellowish solution. Separately, sorbitol (3160 mg) was dissolved in 3.75
mL of double-deionized water (DDW). In a round-bottom flask, these
two solutions were thoroughly stirred and mixed. Under gentle stirring
at 100 rpm, 250 mg of Rg3 extract was slowly added for 30 min until all
components were dissolved. The mixture was then placed in vacuo for
10 min at 40 °C to remove ethanol using a rotary evaporator, followed
by the immediate lyophilization for 24 h. Finally, Rg3-PLs powder was
obtained by grinding (using a mortar and pestle) and sieving. The
powder fraction between the sieve No. 25 and 100 (US standard) was
collected. The pale yellowish Rg3-PLs powder was put at —20 °C for
storage and further experiments. The blank PLs for control experiments
were prepared following the same procedure except the addition of Rg3
extract.

2.3. Physicochemical characterization of Rg3-PLs

2.3.1. Rg3 content and powder X-ray diffractometry of Rg3-PLs powder
The content of Rg3 in Rg3-PLs powder was analyzed by a liquid
chromatography-tandem electrospray ionization mass spectrometry
(HPLC-MS/MS, Agilent, CA, USA). Briefly, 10 mg of Rg3-PLs powder
was completely dissolved in 1 mL of the cosolvent of DDW and ACN (1:1,
v/v). Then, it was properly diluted with methanol for LC-MS/MS
analysis, where a 50 pL aliquot was added with 250 pL of acetonitrile
containing valsartan (100 ng/mL) as an internal standard. The mobile
phase consisted of 0.1% (v/v) formic acid aqueous solution (solvent A)
and 0.1% (v/v) formic acid in ACN (solvent B). The mobile phase was
run at a constant flow rate of 0.4 mL/min in a gradient mode as the
following A to B ratio: constant at 60:40 for 0-11 min, changed from
60:40 to 5:95 ratio for 11-15 min, returned to 60:40 ratio for 15-20 min
and kept unchanged for 20-25 min. The injection volume of the sample
was 5 pL, the column for separation was a C;g reversed-phase column
(BDS Hypersil C3g 100 x 2.1 mm, 2.4 pm, Thermo Scientific, Waltham,
MA, USA) at 40 °C. The m/z (mass-to-charge) ratio of the precursor and
product ions, collision energy and fragmentor voltage were 783.6,
459.5, 50 eV, and 320 V for Rg3 and 434.1, 350.0, 18 eV and 140 V for
valsartan, respectively. Rg3 and valsartan were eluted at 10.8 min and
2.2 min, respectively. At the lower limit of quantification (LLOQ) of 2
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ng/mlL, the signal-to-noise (S/N) ratio of the Rg3 peak was higher than
5.5. The linear calibration curve of the Rg3 standard solution showed a
correlation coefficient (R%) of 0.99 in the range of 2-2000 ng/mL. The
Rg3 content (%) in Rg3-PLs was calculated by the following equation:

X
Rg3 content (%) =5 % 100
0

where, X, is the initial amount of Rg3-PLs powder (mg) and X is the
amount of Rg3 determined by LC-MS/MS analysis (mg).

Powder X-ray diffractometry (PXRD) analysis of Rg3-PLs in the solid-
state was conducted to evaluate the change in crystalline of Rg3 and the
excipients in the Rg3-PLs during the preparation process. The samples
were analyzed using a D8 Advance with DAVINCI, Bruker Inc., (Karls-
ruhe, Germany), which was equipped with CuKa1 radiation at 1.5418 A.
The tube current was 40 mA and the acceleration voltage was 40 kV. The
26 of scanning samples ranged from 3 to 40° at the speed was 0.5 s/step
and an angular increment of 0.02°.

The surface morphology and particle size distribution of the Rg3-PLs
in the solid state was assessed using a Field Emission Scanning Electron
Microscope (FE-SEM; Sigma, Carl Zeiss, UK). The powder was fixed to a
carbon-taped stub and coated with a 15 pm thickness of platinum using a
sputter coater under vacuum. FE-SEM images were captured at an
accelerating voltage of 10 kV. The size distribution histogram of the
Rg3-PLs was obtained and plotted using a particle size analyzer (Mas-
tersizer 3000, Malvern Panalytical, UK) equipped with an Aero unit,
where dry powder was dispersed in the air.

2.3.2. Characterization of liposomes reconstituted from Rg3-PLs

The generation of liposomal dispersion from Rg3-PLs powder was
made by simply dispersing 10 mg of blank PLs or Rg3-PLs in 1 mL of
DDW and shaking for 5 min. An electrophoretic DLS size analyzer (ELS-
Z, Otsuka Electronics, Japan) was used to observe the average of size,
particle distribution, polydispersity index (PI) of the reconstituted li-
posomes. The zeta potential of liposomal dispersion was separately
measured in PBS pH 7.4.

The entrapment efficiency (EE) of Rg3 in the reconstituted liposomes
was determined by following protocol: The undissolved Rg3 was
removed from the liposomal dispersion by filtering through a 0.45 ym
cellulose acetate membrane (Minisart RC15, Sartorius, Germany). Then,
100 pL of the filtrate aliquot was added to acetonitrile (900 pL), and then
vortex-mixed for 30 min to disrupt the liposomal structure. The con-
centration of Rg3 in the sample was determined by the LC-MS/MS
method described above. The EE of Rg3 in the reconstituted Rg3-PLs
liposomes (%) was calculated by the following equation:

Entrapment efficiency of Rg3 (%)

E
7E—0 x 100
where Ej is the initial Rg3 amount added to prepare the Rg3-PLs (mg)
and E is the amount of Rg3 measured by LC-MS/MS analysis (mg).
For the observation of transmission electron microscopy (TEM) im-
ages, one drop of reconstituted liposomal dispersion of Rg3-PLs was
placed onto the surface of a copper grid pre-coated with 200-mesh
carbon (Electron Microscopy Sciences, USA). Then, uranyl acetate so-
lution was applied to negatively stain the liposomal particles. The
samples were dried at room temperature after the removal of the
excessive liquid by filter paper. The TEM image was observed using
JEM1010 (JEOL, Tokyo, Japan) at an accelerating voltage of 80 kV.

2.4. Invitro release of Rg3

The dialysis membrane method was applied for the in vitro release
study of Rg3 from the Rg3-PLs, as previously reported with minor
modification [23]. Briefly, after dispersing an aliquot (100 p g as Rg3) of
Rg3-PLs powder or Rg3 extract in DDW (3 mL), it was put into a dialysis
bag (MWCO 12-14 kDa) and sealed. Then, the bag was immersed into a
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conical tube containing 27 mL of release media. To maintain the sink
condition, the release media was phosphate buffer (pH 6.8) supple-
mented with 0.5% (w/v) of SDS, based on aqueous solubility of Rg3
(Table S1, Supplementary Information). These tubes were placed in a
water bath at 37 °C and shaken horizontally at a speed of 50 rpm. An
aliquot (0.5 mL) of release media was collected at predetermined time
points (0.25, 0.5, 1, 2, 4, 6, 8, 12 and 24 h) and an equal volume of media
was refilled. The samples appropriately diluted with methanol, and then
the concentration of Rg3 was analyzed by the LC-MS/MS method as
described above. The cumulative release profile of Rg3 (F; %) against
time (t) was plotted and fitted to the following mathematical models:

First — order model : F = F,,, X (1 _ e’k’) o
Higuchi model : F = ky x 1*° o
Korsmeyer—Peppas model : F = kgp % t" @

Hixson — Crowell

3 (C))
model : F=100 x [1-(1 — kye xt)°]

where k, kg, kgp and kyc represent the release rate constants of each
model, whereas Fp,x is the maximum cumulative amount of Rg3
released. The data were analyzed using an add-in DDSolver program in
Microsoft Excel [23-26].

2.5. In vivo pharmacokinetic study

The in vivo pharmacokinetics of Rg3 were investigated after oral
administration of Rg3-PLs or Rg3 extract in male Sprague—-Dawley rats
at a dose of 5 mg/kg Rg3. The rats weighing 300 + 5 g were obtained
from Hanlim (Sungnam, South Korea) and were housed in the Animal
Center for Pharmaceutical Research, College of Pharmacy, Seoul Na-
tional University (Seoul, Korea) a light-controlled room (12 h of light
and 12 h of dark cycles) at 22 £ 2 °C and a relative humidity of 55 + 5%.
The protocol for the animal studies was approved by the Animal Care
and Use Committee of Seoul National University (IRB No SNU-190527-
2). Under anesthesia by intramuscular injection of Zoletil® 50 at 50 mg/
kg, Intramedic™ polyethylene tubing (PE-50; Becton Dickinson Diag-
notics, Sparks Glencoe, MD, USA) was cannulated at the femoral artery
of each rat. Rg3 extraction or Rg3-PLs was suspended in DDW (2 mL)
and immediately administered orally using an oral zonde needle at a
dose of 5 mg/kg as Rg3. Then, blood samples (approximately 150 pL)
were collected from the femoral artery at predetermined time intervals
(5, 15, 30, 60, 90, 120, 240, 360, 480 min), and the same volume of
normal saline (0.9% sodium chloride solution) containing heparin (20
IU/mL) was replenished. After centrifugation of blood samples at
16,000xg for 3 min at 4 °C, plasma supernatants were collected and
were kept at —20 °C. The protein in each plasma sample (50 pL) was
precipitated by adding 250 pL of acetonitrile containing valsartan (100
ng/mL). They were vortexed for 15 min before being centrifuged at
16,000 xg for 5 min. Then, 5 pL of each supernatant was injected into the
LC-MS/MS system, as described above. Following noncompartmental
pharmacokinetic parameters were calculated by the WinNonlin®
(Version 3.1, Pharsight, Mountain View, CA, USA): peak plasma con-
centration (Cpayx), time to reach Cpax (Tmax) and total area under the
plasma concentration-time curve from zero to 480 min (AUC,). Relative
bioavailability was calculated by (Eq. (5)).

Rg3—PLs

AUCl & X DRg3 extract
Rg3 extract

AUC® X Drg3-pLs

Relative bioavailability (%) = 100 x 5)

where:

AUCRE3PLs AyCRe3 extract, AyjC, of Rg3-PLs and Rg3 extract groups,
respectively
DRg3—pLs, DRg3 extract: Dose of Rg3 in formulation administrated in rats
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(5 mg/kg)

2.6. In vitro cytotoxicity study

The cytotoxicity of Rg3 extract, blank PLs and Rg3-PLs was evaluated
by an in vitro viability assay in human colorectal adenocarcinoma (Caco-
2) cells (Korean Cell Line Bank, Seoul, South Korea) [27,28]. Briefly,
Caco-2 cells were cultured in DMEM supplemented with 10% (v/v) FBS
and 0.5% (v/v) penicillin-streptomycin in an incubator at 37 °C with
5% CO- atmosphere and 95% relative humidity. In each well of 96-well
plates, 1X10* cells/well were seeded and grown for 24 h prior to the
experiments. Each well was treated with either Rg3 extract, blank PLs or
Rg3-PLs at concentrations ranging from 2 to 2000 pg/mL, followed by
incubation for 24 h or 48 h. Then, the 3-(4,5-dimethylthiazol-2-yl)-5
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
reagent (CellTiter 96 Aqueous One Solution Cell Proliferation Assay,
Promega, Milan, Italy) dissolved in complete media was applied ac-
cording to the manufacturer’s instructions. Followed by an additional
incubation for 4 h at 37 °C, the absorbance of the plates was read at 492
nm using a microplate reader (Multiskan Microplate Spectrophotom-
eter; Thermo Fisher Scientific, MA, USA).

2.7. Statistical analysis

All experiments were performed at least three times independently,
and the acquired results are presented as the mean =+ standard deviation
(S.D.). Student’s t-test was performed for statistical analysis (GraphPad
Prism ver. 9.5.0, San Diego, CA, USA). A p value < 0.05 was considered
significantly different.

3. Results and discussion
3.1. Preparation and physicochemical characterization of Rg3-PLs

The solvent evaporation-on-matrix method was applied to prepare
the Rg3-PLS following the method previously reported with slight
modification [13,16]. Ethanol and DDW mixtures were evaporated
using a rotary evaporator, followed by the removal of the remaining
DDW by lyophilization (Fig. 1A). This stepwise removal process could
prevent the melting of the lyophilizate by the remaining ethanol, which
in turn could enhance the homogeneity of the lyophilized product.
Moreover, since the Rg3 extract contains unknown excipient(s) that are
insoluble in ethanol, it was slowly added into the ethanol/DDW mixture
to prevent precipitation. No visible precipitation was observed during
the rotary evaporation process, and the lyophilizate did not melt during
the lyophilization process, indicating complete evaporation of ethanol
and compromising the homogeneity of the Rg3-PLs powder. As shown in
Fig. 1A, pale yellowish Rg3-PLs powder with 0.2% Rg3 content was
obtained after grinding and sieving (Table 1). These results were
consistent with the characterization of the Pg3-PLs powder by FE-SEM

Table 1
Physicochemical characterization of blank PLs and Rg3-PLs.
State of proliposomes Parameter Blank PLs Rg3-PLs
Solid powder Rg3 content (%, w/w) - 0.2+ 0.0
Reconstituted liposomal Particle size (nm) 365.6 + 352.1 +
suspension 14.5 11.1
Polydispersity index 0.28 + 0.30 +
(PDI) 0.02 0.03
Zeta potential (mV) -31.4 + —28.6 +
0.4 0.1
Entrapment efficiency of - 97.3 +
Rg3 (%) 1.5
Rg3 loading content (%, 0.19 +
w/v) 0.01

Data represent the mean + S.D. (n = 3).
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images (Fig. 1B) and DLS analyzer (Fig. 1C).

The X-ray diffractograms of the Rg3-PLs and its excipients, including
the physical mixture, are shown in Fig. 1D. Both Rg3 and Rg3 extract
diffractograms exhibited sharp peaks at approximately 6.4 and 8.5°,
which indicates that Rg3 exists as a crystalline form [29]. The physical
mixture also showed characteristic crystalline diffraction peaks of Rg3.
On the other hand, distinctive crystalline diffraction peaks of Rg3 dis-
appeared in Rg3-PLs, showing broad peaks similar to those of blank PLs.
The disappearance of the crystalline peaks of Rg3 in Rg3-PLs implies
that Rg3 was incorporated in an amorphous form during the preparation
process, which is consistent with previous reports [13,30,31]. The
amorphous form of Rg3 in Rg-PLs would be critical in terms of
improving the solubility and dissolution of Rg3 in the gastrointestinal
tract, thereby enhancing its oral bioavailability [32].

3.2. Characterization of liposomes reconstituted from Rg3-PLs

Table 1 summarizes the mean particle size and zeta potential of li-
posomes generated after reconstitution of the blank PLs or Rg3-PLs
powder in DDW by gentle hand-shaking for 5 min. Nanosized lipo-
somal dispersions were obtained with mean diameters of approximately
365 and 352 nm from the blank PLs and Rg3-PLs, respectively, and they
were not significantly different. The particle size distribution (Fig. 2A)
and TEM images (Fig. 2B) of the dispersions were consistent with the
results of the dynamic light scattering (DLS) analysis. Although the
presence of micron-sized liposomes was observed in the size distribution
in Fig. 2B, the PDI values of the blank PLs and Rg-PLs were approxi-
mately 0.3, supporting the particle size homogeneity of liposomal dis-
persions. Moreover, TEM images confirmed that the liposomal particles
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0
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102
Diameter (nm)

103 104

Blank PLs
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generated from the reconstitution of the blank PLs and Rg3-PLs powder
were in the form of a characteristic small unilamellar vesicle structure
with a typical PC bilayer (Fig. 2B). The surface charge of both liposomal
particles showed a negative charge of approximately —30 mV (Table 1),
which is similar to that of the PC liposomal formulation previously re-
ported [33,34]. This anionic surface charge was reported to promote the
oral absorption of liposomes via clathrin-dependent endocytosis and
micropinocytosis pathway in intestinal epithelial cells [35]. These re-
sults imply the high physical stability of the liposomes after reconsti-
tution and that entrapment of Rg3 did not affect the characteristics of
PLs, including the particle size and zeta potential [13]. It is notable that
the EE of Rg3 in the reconstituted liposomes was relatively high
(97.32%) (Table 1), indicating that gentle hand-shaking for 5 min was
enough to successfully convert Rg3-PLs powder to form a liposomal
dispersion with a high EE of Rg3. Thus, it is plausible that orally
administered Rg3-PLs powder would experience a similar conversion
process by movement of the gastrointestinal tract. Moreover, the parti-
cles size of the dispersed liposome maintained less than 400 nm for at
least 24 h, implying their physicochemical stability (Supplementary
Information Fig. S1).

3.3. In vitro release of Rg3

The in vitro release profiles of Rg3 from Rg3-PLs and Rg3 extract are
shown in Fig. 3A, which was conducted at pH 6.8 for 24 h by the dialysis
membrane method in sink conditions. The cumulative amount of Rg3
released for 24 h from the Rg3 extract was less than 5% due to its poor
aqueous solubility (approximately 3.2 pg/mL) [3,4,36]. However, the
release amount of Rg3 from Rg3-PLs was significantly enhanced

Rg3-PLs

[¢)]

0.
100

Differential intensity (%)

10" 102 103
Diameter (nm)

104

Fig. 2. (A) Particle size distribution and (B) TEM images of the blank PLs and Rg3-PLs after reconstitution. The length of the scale bar is 0.5 ym.
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Fig. 3. (A) Invitro release profiles of Rg3 from Rg3-PLs and Rg3 extract (mean =+ S.D., n = 3) and (B) Plasma concentration profiles of Rg3 after oral administration of
Rg3-PLs or Rg3 extract at a dose of 5 mg/kg as Rg3 in rats (mean + S.D., n = 4). (C) In vitro cytotoxicity of Rg3 extract, blank PLs and Rg3-PLs on Caco-2 cells (mean

+ S.D.,, n = 3).

compared with that from the Rg3 extract group, reaching up to 60%
during the same period. Then, the in vitro release profiles of Rg3 from
Rg3-PLs were fitted to various mathematical release kinetic models to
understand the release mechanism(s) of Rg3. The highest coefficient of
determination (R2 = 0.9976) was observed with the first-order kinetic
model (Table 2). This indicated that the release of Rg3 could be highly
dependent on the Rg3 amount in the Rg3-PLs formulation [37]. Thus,
high entrapment of Rg3 into the reconstituted liposomes (up to 97.3%,
Table 1) could have contributed to its enhanced dissolution. In addition,
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the amorphous state of Rg3 in the Rg3-PLs powder (Fig. 1B) could also
have enhanced its dissolution and/or rapid entrapment into the lipo-
somes, while crystalline Rg3 in the Rg3 extract resulted in a slow and
poor release profile. Moreover, it is noteworthy that rapid and successful
conversion of Rg3-PLs into Rg3-loaded liposomes was achieved at low
shear stress in a gentle shaking water bath at 50 rpm. Thus, it is expected
that oral administration of Rg3-PLs would enhance the dissolution of
Rg3 by rapid conversion into liposomes in the gastrointestinal tract,
which in turn leads to an increase in the oral bioavailability of Rg3.
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Table 2

Kinetic models of the in vitro release of Rg3 from the Rg3-PLs.
Model Equation Constant R?
First order F = Fipax x (1—e7%) k=0.216 0.9976
Higuchi F=ky x t*° ky = 14.79 0.8951
Korsmeyer-Peppas F=kgp x t" kgp = 17.23 0.9079

n = 0.436

Hixson-Crowell F=100 x [1-(1-kgc x )3 kyc = 0.02 0.6869

The goodness of fit is presented as R2. Fpay is the maximum cumulative amount
released, whereas k, ky, kxp and ky are the release rate constants of each model.

3.4. In vivo pharmacokinetic study

The plasma concentration of Rg3 versus time profiles are plotted in
Fig. 3B, where Rg3 extract or Rg3-PLs formulations were orally
administered in rats at a dose of 5 mg/kg as Rg3. Their pharmacokinetic
parameters calculated by using noncompartmental analysis are sum-
marized in Table 3. The average Cpax value of the Rg3-PLs group was
8.8-fold higher compared with that of the Rg3 extract group (p <
0.0001), which could be due to the enhanced dissolution of Rg3 in the
gastrointestinal fluid. The systemic exposure of Rg3 also significantly
increased in the Rg3-PLs group, resulting in 11.8-fold higher AUC; and
relative bioavailability values compared to those of the Rg3 extract
group. These in vivo results were consistent with the enhanced in vitro
dissolution of Rg3 from Rg3-PLs (Fig. 3A). Because of the poor solubility
of Rg3 in water, the dissolution of Rg3 in the gastrointestinal tract could
be the rate-limiting step for its oral absorption [3,4]. Thus, the
improvement in dissolution by forming Rg3-loaded liposomes after oral
administration of Rg3-PLs could be attributed to the enhanced absorp-
tion of Rg3, leading to an increase in bioavailability. Moreover, the Tpax
values of the Rg3 extract and Rg3-PLs groups were not significantly
different, implying that the dissolution and absorption processes of the
two groups are comparably immediate and rapid. The terminal phase
half-life (T;/2) of Rg3 in plasma calculated from both the Rg3 extract
group and Rg3-PLs group was approximately 2-2.5 h, which was
consistent with previous results (2.3-4.4 h) [38-41].

Previous pharmacokinetic studies reported very poor oral absorption
and low absolute bioavailability (<20%) of ginsenosides, claiming that
the hydrolysis triggered by the gut microbiota could be a reason [40,
42-44]. On the other hand, the Rg3-PLs formulation could be advan-
tageous because the encapsulation of hydrophobic ginsenosides
(including Rg3) into the phospholipid bilayer of liposomes could protect
them from preabsorption metabolism, which would eventually
contribute to enhancing their oral bioavailability. Moreover, the
lymphatic absorption pathway of liposomes could also have partially
contributed to the enhancement of oral bioavailability of Rg3 by
bypassing hepatic first-pass metabolism [45]. Thus, these advantages of
liposomal formulation could have additively resulted in significant
enhancement of oral bioavailability of Rg3, among which rapid disso-
lution and absorption of amorphous Rg3 in the Rg3-PLs formulation
could be one major mechanism.

3.5. Invitro cytotoxicity study

Fig. 3C shows the in vitro viability of Caco-2 cells evaluated by using
the MTS-based assay after applying various concentrations of Rg3
extract, blank PLs or Rg3-PLs for 24 h or 48 h. The average cell viability
of all groups was higher than 95% of the untreated control within the
tested concentration ranges (2-2000 pg/mL). These results demon-
strated their biocompatibility at the cellular level, and are consistent
with those of previous studies reporting a low toxicity of Rg3 in mice,
rats and humans [46]. Moreover, the pharmaceutical excipients for the
preparation of Rg3-PL3, including SPC and sorbitol, are reported to be
nontoxic, and thus, this vehicle is unlikely to be associated with any
gastrointestinal toxicity after oral administration [13].
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Table 3
Pharmacokinetic parameters of Rg3 after oral administration of Rg3 extract or
Rg3-PLs at a dose of 5 mg/kg as Rg3 in rats.

Parameters Rg3 extract Rg3-PLs

Cnax (ng/mL) 21.89 + 4.87 192.00 + 40.11%***
Tnax (Min) 120.0 + 0.0 105.3 + 17.3™%

Ty /2 (min) 164.7 + 83.0 115.4 + 26.9™*
AUC; (1 g x min/mL) 42 +0.7 49.6 £ 6.9%%**
Relative bioavailability (%) 100 1181

Data represent the mean + S.D. (n = 4).

*xikp < 0.0001 compared to the Rg3 extract group.
™% not significantly different compared to the Rg3 extract group.

4. Conclusion

Diverse liposomal formulations have been reported to improve the
oral bioavailability of poorly water-soluble ginsenosides, yet the phys-
ical instability of liposomes has been a major inherent obstacle for their
clinical application. We investigated the Rg3-PLs formulation as an
alternative to liposomes for oral administration of ginsenosides using
ginsenoside Rg3 (Rg3) as a marker. PXRD supports that Rg3 was
incorporated into PLs in an amorphous form. Solid Rg3-PLs powder
rapidly converted to a liposomal dispersion by gentle hand-shaking in
water and enhanced the in vitro release of Rg3. Moreover, the relative
oral bioavailability of Rg3-PLs increased approximately 11.8-fold in
compared with that of the Rg3 extract in rats. Rapid dissolution and
absorption of amorphous Rg3 in the Rg3-PLs formulation could be a
major mechanism of enhancement. Thus, PLs formulation could be a
promising strategy for enhancing the oral bioavailability of ginsenosides
with storage stability and needs further translational research for clin-
ical application.
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