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Chlorogenic acid (CGA), a polyphenol compound, exhibits excellent anti-oxidative, anti-hypoxic,
antibacterial, antiviral, and anti-inflammatory activities, however the bioactivity of it has not been fully
utilized in vivo due to its instability and low bioavailability. To address these issues, we prepared and
characterized CGA-TPGS-LP, which is a TPGS-modified liposome loaded with CGA. The
pharmacokinetics of CGA-TPGS-LP were studied in rats after oral administration. CGA-TPGS-LP was
fabricated using a combination of thin film dispersion and ion-driven methods. The liposomes were
observed to be uniformly small and spherical in shape. Their membranes were composed of lecithin,
cholesterol, and TPGS lipophilic head with a TPGS hydrophilic tail chain coating on its surface. The
loading efficiency and encapsulation efficiency were found to be 11.21% and 83.22%, respectively. The
physicochemical characterisation demonstrated that the CGA was present in an amorphous form and
retained its original structural state within the liposomal formulation. The stability of CGA was
significantly improved by fabricating TPGS-LP. CGA-TPGS-LP exhibited good sustained-release
properties in both simulated gastric and intestinal fluids. Following oral administration, ten metabolites
identified in rat plasma using UPLC-QTOF-MS. UPLC-QgQ-MS/MS quantitative analysis
demonstrated that the oral bioavailability of CGA encapsulated in TPGS-modified liposomes was
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enhanced by 152 times. In addition, the three main metabolites of CGA had higher plasma

concentrations and slower degradation rate. These results demonstrate that TPGS-modified liposomes
could be a feasible strategy to further enhance the oral bioavailability of CGA, facilitating its clinical use.
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1. Introduction

Chlorogenic acid (CGA), known as 3-caffeoylquinic acid, is
a polyphenol that is widely distributed in higher plants." The
substance has various benefits, including antioxidant, antiviral,
antitumor, antibacterial, anti-inflammatory properties, and the
ability to improve cardiovascular health and modulate plasma
fat concentration.”* When added to the feed at a rate of 400 mg
kg™', CGA can enhance the growth performance, immune
function, and antioxidant capacity of common carp. It can also
improve the health of the intestine and liver through Keap-1/
Nrf2 and NF-«B signaling pathways.” Furthermore, CGA
exhibited a protective effect against aflatoxin Bil-induced
hepatic damage by regulating redox status and inflammation.®
In addition, a previous study indicated that CGA extracted from
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Lonicera japonica leaves had a stronger antibacterial effect
against Gram-positive bacteria Staphylococcus aureus and Gram-
negative bacteria Escherichia coli than the two most commonly
used food preservatives, potassium sorbate and sodium
benzoate.> CGA has potential for use in health foods and
pharmaceuticals due to its positive effects. However, its tachy-
metabolism, instability, and poor oral absorption efficiency
result in poor bioavailability in rats, hindering practical appli-
cation. Therefore, a formulation is necessary to provide
protective effects during processing and storage and delay rapid
clearance of CGA after oral administration. Constructing
a delivery vehicle is deemed an efficient method to shield it
from detrimental environmental factors and improve oral
bioavailability.

Liposome formulations are considered a safe and effective
approach to improving drug delivery properties.” The main
body of liposomes consists of phosphatidyl-choline, which has
a structure similar to that of biological membranes. Therefore,
liposomes have good biocompatibility and lower cytotoxicity.®
They are versatile drug carriers with a hydrophilic core and
phospholipid bilayer membranes shell that can accommodate
both hydrophilic and hydrophobic drugs.® Studies have shown
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that liposomes can improve the bioavailability and stability of
encapsulated compounds.' However, liposomes are prone to
aggregation, fusion, or degradation during storage due to their
soft material attributes." Interactions between liposomal
particles and external environmental factors can cause
morphological and structural changes, leading to nutrient
leakage. These limitations restrict their widespread use. To
stabilize liposomal particles, modifying the liposomal
membrane has been proposed.

TPGS is a water-soluble excipient synthesized by esterifying
vitamin E succinate with polyethylene glycol 1000. It is
considered safe for human consumption by the US Food and
Drug Administration (FDA)." TPGS has excellent surfactant
properties due to its combination of the lipophilic group of
vitamin E and the hydrophilic long chain of polyethylene glycol.
Consequently, it is employed extensively as a solubilizer,
penetration enhancer, emulsifier, stabilizer, and absorption
promoter.**™* In addition, numerous delivery systems based on
modified TPGS have been developed for the administration of
active molecules and drugs with improved bioavailability and
drug efficacy. Research by Farooq et al.'® shows that the use of
TPGS-coated liposomes can enhance the cytotoxicity and
cellular uptake of vorinostat in breast cancer cells. Examples of
such compounds include docetaxel,"” and brinzolamide.*®

Currently, no studies have been found that utilise TPGS-
modified liposomes as a delivery vehicle to enhance the
bioavailability of CGA. Therefore, we fabricated CGA-TPGS-LP
using a combination of the thin film dispersion method and
the ion-driven method. We detected the polydispersity index
(PDI), particle size, entrapment efficiency (EE), and zeta
potential of CGA-TPGS-LP. The liposomal formulations under-
went examination using Fourier transform infrared spectros-
copy, transmission electron microscopy, and differential
scanning calorimetry. The study estimated their storage
stability and in vitro cumulative release characteristics in both
simulated intestinal fluid and simulated gastric fluid. Addi-
tionally, their oral bioavailability was studied in a rat trial.
UPLC-QTOF-MS was used to qualitatively identify the metabo-
lites of CGA in rat plasma, while UPLC-QqQ-MS/MS was used to
quantitatively determine the oral availability of CGA after
administration.

2. Materials and methods

2.1. Chemicals

CGA (>95%) was isolated and purified from Honeysuckle
suspension cells obtained through induction culture in our
laboratory.’ It was later identified by comparing its mass
spectrometry (MS) and high-performance liquid chromatog-
raphy (HPLC) values with those of the CGA control standards.
The CGA and Rutin standards were obtained from Merck Co.,
Ltd (Darmstadt, Germany). Soy phosphatidylcholine (SPC),
which consists mainly of phosphatidylcholine (90%), was
supplied by Shanghai Yuanye Bio-Technology Co., Ltd
(Shanghai, China). p-a-Tocopheryl polyethylene glycol 1000
succinate (TPGS) and cholesterol (Chol) were provided by
Aladdin Industrial Corporation (Shanghai, China). Calcium
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acetate monohydrate and sodium sulfate were supplied by
Xilong Scientific (Shanghai, China). Pepsin (1:10000) and
pancreatin (1: 125) were provided by Beijing Solarbio Science &
Technology Co., Ltd (Beijing, China). All other reagents used in
this experiment are analytically pure.

2.2. Animals

The male Sprague-Dawley rats were purchased from Hunan
Slack Jing Da Laboratory Animal Co., Ltd in Changsha City,
Hunan province, China. They were kept in a experimental room
with a 12/12 h light/dark cycle at a temperature of 23-25 °C and
had ad libitum access to food and water. All follow-up experi-
ments were conducted in accordance with the experimental
guidelines and animal management protocols of Jiangxi Agri-
cultural University.

2.3. Fabrication of CGA-LP and CGA-TPGS-LP

The CGA-LP and CGA-TPGS-LP liposomes were prepared using
the thin film dispersion method combined with the ion-driven
method.

Formation steps of blank liposomes: In brief, SPC, Chol, and
TPGS (only in the TPGS-retouched liposomes) were dissolved in
10 mL of ethanol at 50 °C. The ethanol was then evaporated
using a rotary evaporator at 40 °C until a thin dried film formed.
Subsequently, the thin film was hydrated with 10 mL of 0.12 mol
per L calcium acetate aqueous solution for 30 min. The blank
liposomes were collected after using probe ultrasonication for
10 min (Power 380 W, 3 s burst, 3 s pause) in an ice bath.

Ion-driven drug loading: The blank liposomes were trans-
ferred to a dialysis bag and placed in 0.12 mol per L sodium
sulfate solution overnight to remove calcium acetate from the
outside of the liposomes. Subsequently, the blank liposomes
were mixed with 10 mL of CGA aqueous solution and incubated
for 1.5 h at 40 °C under quick magnetic stirring. CGA was loaded
into the liposomes through ion drive. The resulting nano-
particles were collected as either CGA-LP or CGA-TPGS-LP
suspension after passing through a 0.22 pm filter to remove
bacteria. A portion of liposome suspension was mixed with
sucrose, which acted as a lyoprotectant at a final concentration
of 12%. The resulting mixture was then used to create a lyoph-
ilized powder using a vacuum freeze dryer from Millrock
Technology in Germany.

The list of different materials is presented as an Lo(3%)
orthogonal matrix experiment in Table 1. The evaluation crite-
rion used to screen the optimal formulations was EE.

Table 1 Orthogonal test design: Lo(3%) of CGA-TPGS-LP liposomes

Factor
A B C D
Level SPC(mg) SPC/CGA (w/w)  SPC/Chol (w/w)  SPC/TPGS
1 350 3:1 5:1 6:1
2 400 4:1 7:1 8:1
3 450 5:1 9:1 10:1

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.4. Analysis of encapsulation efficiency (EE) and loading
efficiency (LE)

The EE and LE were analyzed through HPLC method. Firstly,
aliquots (100 uL) of newly prepared liposome suspension were
directly centrifuged at 10000 rpm for 30 min at 4 °C. The
collected supernatant was diluted 10 times and kept as free CGA
sample. Simultaneously, several other aliquots (100 pL) of the
liposome suspension were mixed with isopropanol (900 uL) to
disrupt the structure of the liposomes and release free and
entrapped CGA. After being diluted and filtered through a 0.22
pum organic filter membrane, the solution was injected into the
HPLC.

The CGA content in solution was detected using the Waters
€2695 HPLC system (Waters Corp., Milford, MA, USA) equipped
with a 2998 PDA detector. Chromatographic separation was
performed at 25 °C using a Symmetry C18 column (5 pm, 4.6 x
250 mm; Waters Technologies Inc., USA) with a mobile phase
comprising 25% acetonitrile and 75% aqueous phase (con-
taining 0.2% acetic acid). The flow rate was 1 mL min ', the
injection volume was 20 pL, and the measured wavelength was
327 nm. The LE and EE were calculated using the following
equations:

EE — total amount of drug — free amount of drug
B total amount of drug

x 100%

weight of drug loaded in liposomes

= - - - — x 100%
total amount of ingredients in formulation

2.5. Characterization of blank liposome, CGA-LP and CGA-
TPGS-LP

2.5.1. Measurements of liposomes size and zeta potential.
The particle size, polydispersity index (PDI), and zeta potential
of the samples were measured using a Zetasizer Nano ZS
(Malvern Instruments Ltd, UK) at room temperature. Prior to
measurement, the liposome suspension samples were diluted
100-fold with ultrapure water. Each sample was measured three
times.

2.5.2. Transmission electron microscopy (TEM) photog-
raphy. The liposomes' morphology and shape were determined
using a Tecnai G2 Spirit transmission electron microscope (FEI,
USA) operating at a voltage of 120 kV.

The liposome suspension was diluted 100-fold in ultrapure
water and dropped onto a copper grid coated with a carbon
membrane. After the samples naturally dried, 2% phospho-
tungstic acid was added to stain them for 5 min, and any excess
liquid was removed with filter paper. The samples were then
observed.

2.5.3. Fourier transform infrared (FTIR) analysis. The
lyophilized liposome powder was mixed with pre-dried KBr
powder and ground into a fine powder. The ground sample was
compressed into pellets. The infrared spectra of the pellets were
then detected using a Nicolet 5700 FTIR spectrometer (Nicolet,
Madison, WI, USA).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.5.4. Differential scanning calorimetry (DSC) analysis.
Approximately 5 mg of liposome lyophilized powder was placed
in a standard aluminum crucible and then sealed. The control
was an empty, sealed aluminum crucible. DSC analysis was
performed using a NETZSCH DSC 214 Polyma instrument
(Netzsch, Germany) with a heating rate of 10 °C min~". The
samples were heated from 50 to 300 °C with a flow of nitrogen
gas.

2.5.5. Release study in SGF and SIF. Simulated intestinal
fluid (SIF) and simulated gastric fluid (SGF) were prepared
according to the parameters outlined in the United States
Pharmacopeia.”® The in vitro release of CGA-TPGS-LP and free
CGA was investigated using a dialysis bag under sink condi-
tions. The experiment involved dispersing 1 mL of CGA and
liposome suspension in 9 mL of SGF/SIF (with enzyme) with
a CGA concentration of 0.4 mg mL ™. The resulting mixture was
then transferred into a dialysis bag with a molecular cutoff of 8
kDa, which had been activated by boiling for 15 min in
a mixture (pH 8.0) containing 2% (W/V) sodium bicarbonate
and 1 mmol per L EDTA, and washing thoroughly. The bag was
then sealed and placed into a beaker containing 1000 mL of
SGF/SIF without the enzyme. The system was maintained at
a temperature of 37 &+ 0.5 °C and continuously agitated using
magnetic stirring. The dialysis exudate was collected at pre-
determined time points (0.167, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, and
12 h) and filtered through a 0.22 pm hydrophilic filter
membrane after centrifugation at 10 000 rpm for 10 minutes. An
equal volume of fresh release media was added to the beaker
after each collection. The concentration of CGA in the filtered
solution was analyzed using HPLC.

2.5.6. Stability of CGA in CGA-TPGS-LP and CGA-LP. The
storage stability of CGA-LP and CGA-TPGS-LP liposomal
formulation was evaluated over a period of 30 days. The lipo-
some suspension was stored at 4 °C and natural lighting, and
the encapsulation efficiency was measured on days 1, 5, 10, 15,
20, 25, and 30.

2.6. Pharmacokinetic studies in rats

After a one-week adaptation period, twelve rats were randomly
divided into two groups: CGA and CGA-TPGS-LP. All rats were
fasted overnight and allowed to drink water freely before the
pharmacokinetic study. The two groups of rats were adminis-
tered 3 mL of either CGA solution or CGA-TPGS-LP suspension
via intragastric administration, with a CGA dose of 40 mg kg™*
bwt. Blood samples of 200 uL were collected from the tail vein at
predetermined times (0.083, 0.167, 0.5, 1, 2, 3, 4, 6, and 8 h)
after oral administration into K2-EDTA anticoagulant tubes.
Food and water were replenished 2 h after oral administration.
Plasma samples were obtained by centrifuging the blood
samples at 5000 rpm and 4 °C for 10 minutes. To precipitate the
endogenous proteins in the plasma, a 50 pL aliquot of plasma
sample was mixed with 200 pL of methanol containing acetic
acid (2%, V/V) and 5 pL of a methanolic solution containing
rutin (0.2 pg mL™ %, IS). The mixture was vortexed twice for two
minutes with a 2 minute interval. After centrifugation at 12

RSC Adv, 2024, 14, 25289-25300 | 25291
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000 rpm and 4 °C for 10 minutes, the supernatant was stored at
—80 °C until analysis.

2.7. Identification of CGA metabolites in plasma by UPLC-
QTOF-MS

The CGA metabolites in plasma were identified on an AB Sciex
Q-TOF 5600-plus mass spectrometer (AB Sciex Corporation,
Foster City, CA) coupled with a Shimadzu LC-30A liquid chro-
matograph (Shimadzu Corporation, Kyoto, Japan) in full-scan
untargeted mode with a mass range of m/z 50-1000. Mobile
phases consisting of ultrapure water (with 0.1% formic acid,
solvent A) and acetonitrile (solvent B) were used to achieve
chromatographic separation on an Agilent ZORBAX RRHD
EclipsePlus C18 column (2.1 x 100 mm, 1.8 pm, Agilent Tech-
nology, Wilmington, DE, USA). The elution procedures were as
follows: 0.01-15 min, 5-40% (B); 15-30 min, 40-95% (B); 30—
32 min, 95% (B); 32-32.1 min, 95-5%. The experiment was
conducted with a flow rate of 0.3 mL min ", an injection volume
of 2 pL, and a column temperature of 40 °C. MS analysis was
conducted in the negative ion mode with the following
parameters: ion spray voltage of —4500 V, temperature of 500 ©
C, ion source gasl at 40 psi, ion source gas2 at 50 psi, curtain
gas at 40 psi, as well as declustering potential, collision energy,
and collision energy spread at 100 V, —40 V, and 10 V, respec-
tively. The metabolites were identified through their [M-H] "
and MS? spectra.

2.8. Quantitative determination of CGA and its metabolites
by UPLC-QqQ-MS/MS

An UPLC-QqQ-MS/MS system consisting of a Shimadzu LC-30A
liquid chromatograph and an AB Sciex 5500 triple quadrupole
mass spectrometer (AB Sciex Corporation, Foster City, CA) was
used to determine the concentrations of CGA and its metabo-
lites in plasma. Ultrapure water (containing 0.1% formic acid,
solvent A) and acetonitrile (solvent B) were used as mobile
phases to achieve chromatographic separation on an Agilent
ZORBAX RRHD EclipsePlus C;5 column (2.1 x 100 mm, 1.8 pm,
Agilent Technology, Wilmington, DE, USA). The elution proce-
dures were as follows: 0-0.5 min, 5% (B); 0.5-2.5 min, 5-95%
(B); 2.5-5 min, 95% (B); 5-5.1 min, 95-5% (B); 5.1-7 min, 5%
(B). The flow rate was 0.3 mL min ", with an injection volume of
2 puL and a column temperature of 40 °C. MRM model was used
and the MS parameters were set as follows: ion spray voltage of
—4500 V, temperature of 500 °C, ion source gas1 at 40 psi, ion
source gas2 at 50 psi, and curtain gas at 40 psi. The entrance
potential (EP), collision cell exit potential (CXP), declustering
potential (DP), and collision energy (CE) were operated at —10,
—17, —60, and —25 V, respectively. The precursor-to-production
transition of CGA was monitored at m/z 353 — 191.

The calibration curves were based on the concentration of
CGA (5 to 30 ug mL™ ") in plasma as the X value and the peak
area ratio (CGA/rutin) as the Y value. The linear regression
equation was Y = 70.488X — 0.1802, with a correlation coeffi-
cient of 0.9992. To simulate the pharmacokinetic parameters,
the non-compartmental statistical model in PKSolver V2.0
software was used.”* The parameters measured in this study
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include the time taken to reach Cpax (Tmax), the area under the
concentration-time curve (AUC), the mean residence time
(MRT), the maximal plasma concentration (Cp,ay), the elimina-
tion half-life (¢,/,), and the clearance (CL).

2.9. Statistical analysis

All data were expressed as means + standard deviations (SD).
SPSS 22.0 software was used for the analysis of the results of the
orthogonal tests and one-way analysis of variance (ANOVA). And
the differences were considered significant when P < 0.05.
Origin 2019b software was used for drawing.

3. Results and discussion

3.1. Optimization of CGA-TPGS-LP formula

During the preparation of the thin film, lecithin is arranged in
a bilayer membrane, which then forms a vesicle with an internal
cavity. Chol is added to the middle of the bilayer to regulate
fluidity. The hydrophobic portion of TPGS is immobilised in the
membrane, while the hydrophilic portion is exposed outside the
membrane surface. This results in better dispersion of lipo-
somes and less aggregation in the aqueous solution.”” On the
other hand, the combination with TPGS effectively increases the
cellular uptake of liposomal preparations by inhibiting the
efflux pump ATPase and reduces the oxidative stress by scav-
enging free radicals.”® Following the end of dialysis, a concen-
tration gradient of Ca®" was established due to the higher
concentration of Ca®>" inside the vesicles compared to the
outside. As a result, CGA was transported across the bimolec-
ular membrane into the interior of the vesicle via ion drive.

In this experiment, the optimized concentration levels of
four factors were selected as references for further Lo(3)*
orthogonal matrix experiments to optimize the preparation
conditions of liposomes based on the pre-experimental results.

As listed in Table 2, all the treatments had the positive effects
on improving the EE. The indicator values depended on the
variation of combined materials, and the experimental values of
EE ranged from 61.54% to 82.60%. According to the R; values,
the influential sequence of various factors on EE was B (SPC/
CGA) > C (SPC/Chol) > D (SPC/TPGS) > A (SPC). Comparative
experiments were conducted between A,B;C,D, and A;B;C,Dy,
as the former had the highest Kj; values and was not included in
the orthogonal test, A,B;C,D; was the best combination among
all nine experimental groups. The combination of A,B;C,D,
with an EE of 83.22 + 0.11% was chosen as the optimum
materials formulation, and its LE was also excellent at 11.21 +
0.02%. These results demonstrate the necessity of optimizing
the materials formulations.

3.2. Particle size, polydispersity index (PDI) and zeta
potential of liposomes

As shown in Fig. 1A and Table 3, the optimal formulation group
of CGA-TPGS-LP had a particle size of 99.79 £ 0.49 nm, a PDI of
0.185 £ 0.011, and a zeta potential of —31.43 + 0.84 mV. In
comparison to CGA-LP, which had a particle size of 113.22 £+
1.10 nm, a PDI of 0.273 + 0.020, and a zeta potential of —25.76 +

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The orthogonal optimization test result

Factors

A B C D
No. SPC (mg) SPC/CGA (w/w) SPC/Chol (w/w) SPC/TPGS (w/w) The EE (%)
1 1 1 1 1 61.54
2 1 2 2 2 80.81
3 1 3 3 3 75.81
4 2 3 2 1 82.60
5 2 1 3 2 69.55
6 2 2 1 3 76.05
7 3 2 3 1 74.75
8 3 3 1 2 81.52
9 3 1 2 69.98
ks 72.72 67.02 73.04 72.96
ks 76.07 77.20 77.79 77.29
k3 75.41 79.98 73.37 73.95
R; 3.35 12.95 4.76 4.33
Best level A, B; C, D,

1.59, CGA-TPGS-LP exhibited a smaller particle size and PDI likelihood of capture by the gastrointestinal tract when
value, as well as a higher absolute zeta potential value. The administered orally.** Additionally, the low PDI value indicates
relatively small size of particles in CGA-TPGS-LP increases the a relatively low variance in particle size. Furthermore, the

1007
PDI=0. 185-0. 011
80
~
3
~ 60
g
2
2 10
=
=
20
0 r . T )
1 10 100 1000 10000
Size (d.nm)
\’_J__J\ECE;TPGS'LP
= —_
= )
N E
£
g 2
g £ TPGS-LP
£ [}
g @
2 =
<
Lt
=
CGA
%m
T = T T T T T 1 T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500 100 120 140 160 180 200 220 240 260
Wavenumber (em™) Temp./°C

Fig.1 (A) Particle size distribution of TPGS-coated liposomes; (B) TEM image of CGA-LP; (C) the enlarged TEM image of CGA-TPGS-LP; (D) FTIR
spectra of TPGS-LP, CGA and CGA-TPGS-LP; (E) DSC profiles of TPGS-LP, CGA and CGA-TPGS-LP.
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Table 3 Physical and chemical parameters of liposomes

Particle size/nm  PDI Zeta potential/mV
CGA-TPGS-LP 99.79 £ 0.85 0.185 £ 0.011  —31.43 = 0.84
TPGS-LP 97.56 £ 0.22 0.176 £+ 0.005 —33.23 + 0.69
CGA-LP 113.22 £ 1.10 0.273 £ 0.020 —25.76 = 1.59

surface charge of the liposome became more negative as a result
of the formation of a densely packed TPGS hydrophilic layer on
its surface. This layer helps to maintain the stability of the
liposomes by reducing aggregation between them through
electrostatic repulsion. Moreover, higher absolute values of
zeta-potential prevent particle precipitation and protein
adsorption during blood circulation.*

3.3. The drug content of CGA-LP and CGA-TPGS-LP

The LE of CGA-TPGS-LP and CGA-LP was found to be 11.21 +
0.02% and 8.70 £ 0.23%, respectively. The EE of CGA-TPGS-LP
and CGA-LP was found to be 83.22 + 0.11% and 51.34 =+ 0.32%,
respectively. These results suggest that TPGS modification
significantly improves the LE and EE of liposomes by 128.85%
and 162.09%, respectively, compared to conventional lipo-
somes. Moreover, during the HPLC measurement of the EE of
liposomes, it was observed that CGA released from CGA-TPGS-
LP exhibited a characteristic absorption peak at 327 nm,
which was consistent with the absorption peak of free CGA.>
This indicates that the chemical structure of CGA was preserved
after being entrapped in the TPGS-modified liposomes.

3.4. Physicochemical characterization of CGA-TPGS-LP

The scanning transmission electron microscope (TEM) images
of CGA-LP and CGA-TPGS-LP were presented in Fig. 1B and C,
respectively. Spherical vesicle particles of uniform size were
observed and evenly dispersed. The average size of these parti-
cles was approximately 100 nm, consistent with the findings
from particle size analysis. Similar images can be found in the
literature, where liposome samples were also observed using
TEM after staining with phosphotungstic acid as the negative
staining material.””*®* The transmission electron microscopy
(TEM) images confirmed the presence of a TPGS coating on the
surface of the liposomes which was formed by its hydrophilic
tail chain (refer to Fig. 1C). Similar results were obtained in the
case of TPGS-modified PTX-liposomes.*

To demonstrate the interactions between the encapsulated
drug and excipients, the formed samples underwent FTIR
analysis. The infrared absorption spectra of CGA, TPGS-LP, and
CGA-TPGS-LP were shown in Fig. 1D. The characteristic peaks at
2926 cm~ ' (asymmetric stretching of CH, and CHj;) and
1466 cm™ ' (symmetric stretching of CH, and CH,) were from
the hydrocarbon chain in the bilayer of liposomes.** Meanwhile,
the stretching of O-H at 3438 cm ', which is considered
a characteristic absorption peak of the liposomes, was shifted in
the test sample to 3376 cm™ ' for TPGS-LP and 3365 cm ™' for
CGA-TPGS-LP. The asymmetric and symmetric stretching of
PO>~ from the liposomes were represented by the characteristic
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peaks of TPGS-LP and CGA-TPGS-LP at 1140 cm ' and
1055 cm™ ", respectively.*® The peak at 1739 cm™ ' in TPGS-LP
and CGA-TPGS-LP is a characteristic of the C=O stretching
resulting from the aliphatic ester bond between the hydro-
carbon chain and phosphate group. This confirms the forma-
tion of a TPGS-modified lipid bilayer, as reported by Sonali,
et al® CGA exhibits multiple characteristic absorption peaks
ranging from 500 cm™ " to 2000 cm™~'. However, many of the
characteristic peaks of CGA were absent in CGA-TPGS-LP, such
as 1191 em™ " and 1516 cm™",? confirming the encapsulation of
the drug inside the liposomes.

Fig. 1E shows that CGA exhibited a clear endothermic peak
at 213 °C, indicating its crystalline nature. In the DSC curves of
TPGS-LP, the peak ranging from 215 to 230 °C was caused by the
melting of TPGS-LP.** Meanwhile, the peak at 187 °C was
formed by the lyophilized protective agent sucrose. However, in
CGA-TPGS-LP, the crystal melting peak of CGA was not
observed, while the peak of TPGS-LP and sucrose was retained.
This result confirms that CGA was encapsulated in CGA-TPGS-
LP in an amorphous form.

3.5. Stability during storage of CGA-TPGS-LP

The study compared the storage stability of CGA-TPGS-LP and
CGA-LP over a 30 day period, with encapsulation rates
measured at 5 day intervals. Table 4 shows that both formula-
tions experienced a gradual decrease in encapsulation rate
during storage. However, the rate of decrease for CGA-TPGS-LP
(13.37%) was lower than that of CGA-LP (19.97%). By the 30th
day, the encapsulation rate of CGA-TPGS-LP remained above
70%, while that of CGA-LP was only 30.46%. The storage
stability of TPGS-modified liposomes is excellent because TPGS
prevents liposome aggregation and rupture. Furthermore, the
vitamin E component of TPGS offers antioxidant protection,
which is a crucial factor in maintaining stability during lipo-
some storage.**

3.6. Invitro release study of CGA from the liposome in SGF
and SIF

The cumulative release percentages of drugs from carriers are
considered as a crucial criterion for evaluating the effectiveness
of oral drug applications. By prolonging the release time, the
effects of active drugs can be enhanced.*®

Table 4 The EE of CGA-TPGS-LP and CGA-LP at 4 °C for 30 days
storage period

EE (%)

Day CGA-TPGS-LP CGA-LP

1 83.50 + 2.20 50.43 + 1.26
5 81.32 £+ 1.52 47.05 £+ 2.57
10 79.01 + 3.48 42.04 £ 3.80
15 77.41 £ 3.13 38.64 £+ 2.93
20 75.54 + 1.66 34.46 + 2.61
25 72.40 £ 5.31 32.06 £ 3.03
30 70.13 £ 4.62 30.46 £ 3.64

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In vitro drug release experiments were performed to observe
the drug release profiles of free CGA and CGA-TPGS-LP in
simulated gastric and intestinal fluids. Fig. 2A shows that both
free CGA and CGA-TPGS-LP exhibited rapid drug release within
the initial 3 h, which subsequently slowed down, consistent
with previous studies in simulated gastric juice.*® However, the
drug release rate of CGA-TPGS-LP was lower than that of free
CGA, with release rates of 62.03% and 73.16% at the 3rd h, and
82.12% and 88.10% at the 12th hour, respectively. The fast drug
release may be attributed to the destructive effect of the lower
PH in simulated gastric fluid on the liposomes. Fig. 2B shows
that during the 12 hour incubation period, CGA-TPGS-LP
demonstrated a significant slow-release effect compared to
free CGA. Furthermore, it was observed that the drug was
released more slowly in alkaline intestinal fluids than in acidic
environments. These results suggest that TPGS-modified lipo-
somes can prolong drug release and improve drug bio-
utilization after oral administration.

3.7. Identification of CGA metabolites in plasma by UPLC-
QTOF-MS

UPLC-QTOF-MS was used to identify the metabolites of CGA in
rat plasma. The absorption and primary metabolism of poly-
phenols and flavonoids often occur in the intestinal epithelial
cells. Further metabolism involves sulfation and/or glucur-
onidation, methylation, and hydrogenation in the liver.*” The
metabolites were then transported to body tissues through the
circulatory system. In addition to CGA, ten metabolites were
found in rat plasma after oral administration. The analysed
metabolites included methylated CGA (CGA-Methyl), CGA
glucuronide (CGA-Glu), caffeic acid (CA), CA glucuronide (CA-
Glu), ferulic acid (FA), FA glucuronide (FA-Glu), FA sulfate (FA-
Sul), dihydrocaffeic acid (DHCA), quinic acid (QA), and ben-
zoic acid (BA). Fig. 3 and S17 illustrate the molecular ion and
MS? fragment ion spectra of these metabolites. The CGA
compound, with a molecular formula of C;sH;504, exhibited
[M-H]™ at m/z 353.0848. Its main characteristic fragment ion

A
—=— CGA

100
W —o— CGA-TPGS-LP

80%

60

.

20 4

Cumulative release of CGA (%)

0 T T T T T T
0 2 4 6 8 10 12

Time (h)
Fig. 2
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was m/z 191, resulting from the loss of caffeic acid after
breaking the ester bond between caffeic acid and quinic acid.*®
CGA-Methyl and CGA-Glu exhibited [M-H] ™ at m/z 367.1021 and
529.1205, respectively, which were 14 Da (-CH;) and 176 Da
(glucuronide) higher than deprotonated CGA.* Their other
fragment ions were the same as those of CGA. The [M-H]™ of CA
was at m/z 179.0353. The main characteristic fragment ions of
CA are m/z 135 and 134.*° The fragment ion at m/z 135 results
from the loss of a carboxyl group. While the fragment ion at m/z
134 is formed by the detachment of a hydrogen atom from the
O-H group in the ion at m/z 135. The [M-H] ™~ of CA-Glu is at m/z
355.0659, and its fragment ions, which lose glucuronic acid
moieties, are the same as those of CA. DHCA, [M-H]| at m/z
181.0478, was produced by hydrogenating the double bonds in
CA, resulting in a formula with two additional hydrogen atoms
compared to CA. FA, a type of methylated compound of CA,
exhibits [M-H]™ at m/z 193.0463, which is 14 Da (-CH;) higher
than CA. Additionally, FA-Glu and FA-Sul have [M-H] ™ values of
m/z 369.0824 and 273.0078, respectively. QA and BA were also
detected, with [M-H]™ values of m/z 191.0564 and 121.0296,
respectively. It is worth noting that BA is formed after the
metabolization of QA by intestinal microbiota due to the
unstable structure of QA. In the study by Stalmach et al.,** twelve
metabolites were identified in human plasma after coffee
consumption. Their study found more sulphates, which
differed from our results. This difference could be attributed to
the presence of various isomerised CGA in coffee. Additionally,
different intake may lead to different metabolites.

3.8. Bioavailability enhancement of CGA in liposomes

After oral administration of CGA and CGA-TPGS-LP suspension,
the quantification of CGA and its major metabolites with
concentrations above the limit of quantitation in rat plasma was
performed by UPLC-QqQ-MS/MS.

According to the results of UPLC-QTOF-MS, the ion pairs
used for the MRM analysis of these analytes were m/z 353.0804/
191.0851 (CGA), 367.0992/191.0647 (CGA-methyl), 355.0592/

—=— CGA
—o— CGA-TPGS-LP

Cumulative release of CGA (%)
Do w = o [=2]
(=} (=} (=] (=3 (=]
1 1 1 1 1

o
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Release of CGA solution and CGA-TPGS-LP in simulated gastric fluid (A) and simulated intestinal fluids (B).
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Fig. 3 The MS? spectra of CGA (A), CA-Glu (B), DHCA (C) and CGA-Methyl (D) in plasma obtained by UPLC-QTOF-MS.

135.0460 (CA-Glu) and 181.0478/135.0476 (DHCA), respectively.
Rutin with an ion pair of m/z 609/300 was selected as internal
standard (IS). The CGA concentration in rat plasma was calcu-
lated from the peak area ratio (CGA/IS) according to the cali-
bration curve. For three metabolites, changes in concentration
were reflected by changes in peak area ratios, as no authentic
standard was available.

Fig. 4A illustrates the plasma concentration-time profile of
CGA and its main metabolites after oral administration. The
pharmacokinetic parameters were calculated using PKSolver
V2.0 software and were presented in Table 5.

Following oral administration, the plasma concentration of
CGA increased rapidly in both groups, reaching its maximum
concentration at 0.5 h. This increase may be attributed to the
absorption of partial polyphenols in the stomach through
monocarboxylic acid transporter-mediated transport systems,*
dihydromyricetin® and quercetin® also showed a rapid increase
in plasma drug concentrations after intragastric administration
in rats. CGA-TPGS-LP and CGA groups exhibited similar

25296 | RSC Adv, 2024, 14, 25289-25300

maximum plasma concentrations (Cpax) of 100.75 + 10.3 ng
mL ' and 110.44 + 9.2 ng mL ™, respectively. The absorption of
free polyphenols occurs mainly through passive diffusion, and
water-soluble CGA has an advantage in terms of diffusion. The
encapsulation of liposomes did not affect the concentration
gradient of CGA during passive diffusion, as indicated by the
approximate maximum blood concentration. The drug elimi-
nation half-life (¢,,,) was prolonged from 1.58 & 0.23 h to 2.53 +
0.7 h after oral administration of CGA-TPGS-LP compared to
free CGA. The mean residence time (MRT) (0-%) was also
prolonged from 2.47 £+ 0.12 h to 3.77 £ 0.22 h. The AUC (0-«) of
CGA-TPGS-LP (423.87 4 34.6 ng h mL ') was enhanced about
1.52-fold compared with free CGA (284.51 + 26.4 ng h mL ™).
Similar improvement effects were also observed in CGA
metabolites (Fig. 4B-D). The plasma concentrations of DHCA,
CA-Glu and CGA-Methyl increased rapidly in line with CGA
within 0.5 or 1 h after oral administration, and their maximum
plasma concentrations in the CGA-TPGS-LP group were higher
than those in the CGA group. The metabolites showed a slower

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Temporal profiles of CGA and its metabolite concentrations in plasma of rats in the CGA group and CGA-TPGS-LP group. (A) CGA; (B) CA-

Glu; (C) DHCA; (D) CGA-Methyl.

Table 5 Pharmacokinetic parameters of rats in the CGA group and
CGA-TPGS-LP group

Parameters CGA CGA-TPGS-LP
Cmax (ng mL ™) 110.44 + 9.2 100.75 + 10.3
AUC(y (ng hmL™") 271.68 £ 22.9 375.33 £ 30.5
AUC(p-w) (ng h mL ™) 284.51 + 26.4 423.87 £ 34.6
Tinax (D) 05+0 05+0
t1 (h) 1.58 £ 0.23 2.53 £ 0.7
CL ((mg) (ng ' mL ) h™") 0.14 + 0.02 0.09 + 0.02
MRT (-« (h) 2.47 +0.12 3.77 £ 0.22

rate of decline in the CGA-TPGS-LP group compared to the CGA
group after reaching maximum plasma concentrations. The
results indicate a slow-release effect of drugs encapsulated in
TPGS-modified liposomes.

Some of the metabolites present advantages in improving
human health, for instance, DHCA can alleviate adverse effects
on emotion of rat that long-term exposure to low-dose

© 2024 The Author(s). Published by the Royal Society of Chemistry

Polystyrene nano-plastics via the cAMP/PKA/p-CREB/Atp2b2
signaling pathway.** Therefore, it is important to consider the
influence of the vehicle on the metabolites of the carried drug in
future studies.

4. Conclusion

The CGA-TPGS-LP was prepared using the thin film dispersion
method in combination with the ion gradient technique. The
optimized formula consisted of 400 mg of SPC and a mass ratio
of SPC to CGA, Chol, TPGS at 5:1, 7:1, and 8:1, respectively.
TPGS-LP containing CGA was successfully produced with an
entrapment efficiency of 83.22 £+ 0.11% and a drug loading
efficiency of 11.21 £ 0.02% following formulation optimization.
The CGA-TPGS-LP was a spherical nanoparticle with a diameter
0f 99.79 £ 0.49 nm, a PDI of 0.185 & 0.011, and a zeta potential
of —31.43 £ 0.84 mV. The TEM, FTIR, and DSC characterization
results confirmed that liposome membrane were composed of
lecithin, cholesterol, and TPGS lipophilic head with a TPGS

RSC Adv, 2024, 14, 25289-25300 | 25297
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hydrophilic tail chain coating on its surface and CGA was
encapsulated in an amorphous form within the TPGS-modified
liposomes. The TPGS-modified liposomes exhibited higher
entrapment efficiency and better storage stability. The in vivo
test results demonstrated a 1.52-fold increase in the bioavail-
ability of CGA in TPGS-LP in rats. Additionally, the three main
metabolites of CGA had higher plasma concentrations and
slower degradation rate.
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