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Polymeric liposomes targeting dual transporters for

highly efficient oral delivery of paclitaxel

1. Introduction

Oral administration is considered the most
efficient and accessible route of drug delivery,
particularly for patients with cancer. However, in
clinical practice, few oral preparations of commonly
used drugs are available, with absorption obstacles
such as paclitaxel (PTX) and docetaxel Consequently,
developing effective oral formulations of these drugs
has considerable clinical significance and application
value.

The gastrointestinal tract efficiently absorbs
nutrients from the lumen into the bloodstream via

various transporters,including monocarboxylate

transporters (MCT) , which mediate the absorption
of short-chain monocarboxylic acids (such as acetic
acid, propionic acid, and butyric acid), glucose
transporters (GLUT) , which mediate the absorption
of monosaccharides (such as mannose, fructose,
and glucose), amino acid transporters , and bile acid
transporter . An effective strategy in this regard is
the development of oral drug-loaded nanoparticles
by leveraging the nutrient-absorption pathway to
‘work with biology’. By actively targeting these
transporters, substrate-decorated nanoparticles
have been demonstrated to enhance endocytosis.

However, given that there is a finite number of
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transporters, the enhancement of drug absorption by
oral nanoparticles via a single type of transporter is
prone to saturation . Furthermore, saturation can occur
at low substrate modification densities . Moreover,
the peak times were significantly different under
conditions in which nanoparticles enhance drug
absorption via the mediation of different transporters,
indicating differences in the absorption rate. MCT-
mediated nanoparticles enhance drug absorption
with a shorter peak time , D-fructose transporter-
mediated nanoparticles enhance drug absorption with
a longer peak time . In addition, the substrate of one
transporter imparts adhesion to the nanoparticles ,
promoting drug absorption mediated by another .
Thus, the combination of two transporters to mediate
nanoparticle delivery would predictably contribute
to sustained and effective drug absorption. Till date,
however, no relevant studies have examined these
events. This prompted us to examine whether orally
administered nanoparticles contribute to enhance drug
absorption via dual transporters.

Here, we initially synthesized a chitosan
derivative comprising N-succinic anhydride (N-SAA)
and D-fructose (F) co-grafted chitosan, designated
NSCF, and subsequently used this material to modify
paclitaxel (PTX) liposomes (Lip) to yield dual-
modified polymeric liposomes (PLip) (NSCF-PTX-
PLip). We subsequently used these liposomes to
enhance the oral absorption of PTX via both MCT and
GLUT, thus enhancing the anti-tumour effects.

2.Materials and methods

Materials

Chitosan powder (deacetylation degree of
>95%, viscosity of 100-200mPa) was purchased
from Shanghai Macklin Biochemical Technology
Co., Ltd. (Shanghai, China). Succinic anhydride was
purchased from Shanghai Yuanye Biotechnology Co.,
Ltd. (Shanghai, China). D-fructose was purchased
from Shanghai Yien Chemical Technology Co., Ltd.
(Shanghai, China). Paclitaxel was purchased from
Wuhan yingyuanbei Trading Co., Ltd. soybean lecithin
(pc-80, injection grade) was purchased from Shanghai
Taiwei Pharmaceutical Co., Ltd. (Shanghai, China).

- 14 -

Cholesterol was purchased from Chengdu Kelon
Chemical Reagent Co., Ltd. (Chengdu, China).

Caco-2 and 4T1 cells were provided by Nanjing
Ke Bai Biotechnology Co., Ltd. (Nanjing, China).
Caco-2 special medium was provided by Wuhan
Pronosai Life Sciences Co., Ltd.. 4T1 cells grown
in RPMI 1640 media was purchased from Beijing
Solebao Co., Ltd. (Beijing, China).

Female Balb/C mice [License No: SCXK (Jing)
2019-0010] were purchased from SPF (Beijing)
Biotechnology Co., Ltd. (Beijing, China). Sprague
Dawley rats [License No.: SCXK (Yu) 2017-0001]
were purchased from the experimental animal center
of Zhengzhou University. (Zhengzhou, China).

2.2.Synthesis and characterization of NSCF

2.2.1Synthesis of NSCF

NSC was synthesized by amide bond formation
with succinic anhydride and amino groups of chitosan
. Briefly, 1 g of CS was accurately weighed and
dissolved in 50 mL, 2% (V/V) acetic acid aqueous
solution at 45 °C with stirring. 1.2 g of succinic
anhydride (SAA) (amino: SA molar ratio of CS: 1:1),
was dissolved in 4 mL acetone. After the CS was
completely dissolved, the SAA acetone solution was
slowly dropped into the CS solution for reaction. The
reaction was carried out under stirring for some time
at 60°C. At the end of the reaction, the temperature
was lowered to room temperature, and then the pH
was adjusted to 10 to 11 with 1 mol/L NaOH. Twice
the volume of absolute ethanol was added, and a white
solid precipitated. The supernatant was subjected to
suction filtration. The filter cake was washed with
anhydrous ethanol 2-3 times, and then it was subjected
to suction filtration again after dispersing in an
appropriate amount of anhydrous ethanol for 6 h. The
filter cake was dried under vacuum at 40 °C overnight
to obtain white flocculent N-succinyl chitosan (NSC).

D-Fructose was grafted onto NSC via maillard
reaction. 0.3 g of NSC was accurately weighed,
slowly added to 20 mL of NaOH solution (pH 13), and
dissolved by magnetic stirring for 1 h, during which
the pH was kept at 12. Then 0.1 g fructose was added

and the mixture was magnetically stirred at 60 °C for



1 h. After the reaction finished, the reaction liquid was
purified by dialysis for 48 h (molecular cut-off 8000-
14000 Da). The dialysate was then freeze-dried for
48 h to obtain a yellow flocculent fructose succinyl
chitosan (NSCF).

2.2.2.Characterization of NSCF

The potentiometric titration method was adopted
to determine the degree of substitution of chitosan
0.2 g of NSC with

different reaction times was accurately weighed and

according to previous reports .

dissolved in 0.4 mol/L sodium hydroxide standard
solution. Titrate with 0.4 mol/L hydrochloric acid
standard solution, and record the corresponding pH
value mutation sites. Three mutation sites appear in
turn, and their corresponding NaOH solution volumes
were V1-V3 respectively. The degree of substitution
of N-SAA in NSC was calculated according to the
following formula.

DS=[0.161(C1V1-C1V2)/[W-0.1(C1V3-C1V2)-
0.212W(1-0.95)]

Here, 0.161 = millimolar mass of chitosan
unit (g/mM), C1 was concentration of HCI solution
used for titration (mol/L), W was sample mass for
determination of degree of substitution (g), 0.95
was degree of deacetylation of chitosan, 0.1 was net
increment of millimolar mass of N-succinyl chitosan
unit (g/mM), 0.212 was content of acetyl group in
chitosan.

The Fourier Transform Infrared (FT-IR) spectra
of CS, NSC, and NSCF were determined using FT-
IR spectrophotometer (Nicolet iS 10, Thermo Fisher
Scientific, USA) with the aid of potassium bromide
pellets. The scanning frequency range of 4000~500
cm-1.

The 1H-NMR spectra of CS, NSC, and NSCF
were obtained using a superconducting nuclear
magnetic spectrometer (BRUKER AVANCE-400M,
Germany). 2% deuterated acetic acid solution and
deuterated water were used as the solvent of CS and
NSC/NSCEF, respectively. Tetramethyl silicon (TMS)
were used as internal standard.

2.3.Preparation and characterization of NSCF—
PTX~PLip

2.3.1Preparation of NSCF-PTX-PLip

NSCF-PTX-PLip were prepared by the thin-film
dispersion method . 160 mg of soybean phospholipid
(PC-80), 32 mg of cholesterol (DC), and 8 mg of PTX
were placed into a round bottom flask containing 5
mL of chloroform. After the chloroform solution was
evaporated at 37 °C for 1 h using a rotary evaporator,
a uniform film formed. Then, 4 mL of phosphate-
buffered saline (pH = 5) containing 20 mg of NSCF
polymer was added to a round bottom flask and
combined with water at 45 °C for 0.5 h. After the film
falled off , the mixture was transferred to an EP tube
and sonicated in an ice bath with LTD JY92-ii (Xinzhi
Technology Biotechnology Co., Ltd., China) at a
power of 200 W for 2 min. Finally, the mixture was
passed through a 0.45 pum filter membrane to obtain
NSCF-PTX-PLip. PTX-Lip was prepared using the
same method.

2.3.2.Characterization of NSCF-PTX-PLip

The particle size, polymer dispersity index (PDI),
and zeta potential of NSCF-PTX-PLip were measured
at25 C using a laser nanoparticle size analyzer (Nano-ZS
90, Malvern, UK). The morphology of the liposomes
was assessed using a transmission electron microscope
(TEM; JEM-100CXfl, Japan).

The encapsulation efficiency (EE) and drug
loading (DL) of NSCF-PTX-PLip were determined
using an ultrafiltration method . All samples were
analyzed by HPLC with UV detector (Waters, USA)
under the following conditions: detection wavelength
of 230 nm, flow rate of 1.0 mL/min, mobile phase of
water: acetonitrile (55:45, V/V); symmetrical C18
column (4.6 mm x 2150 mm, Sum), injection volume
of 20uL; Column temperature of 30 °C. The EE and
DL of PTX were calculated as follows: EE (%) = [
(Wtotal — Wfree)/Wtotal] x100 and DL (%) = [ (Wtotal
— Wifree) / (Wtotal — Wfree +Wcarrier) | X100, where
Wecarrier was the weight of carriers added in the
system. The NSCF-PTX-PLip preparation was stored
at 4 °C for 7 days, and the particle size, zeta potential,
and DL were measured at specified time points during
the storage to determine its preliminary stability.

The release of PTX from NSCF-PTX-PLip
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was measured using a dialysis bag method. Briefly,
the PTX preparation was sealed in a dialysis bag
(molecular weight cutoft, 8000-14000 Da) and placed
in a 30 mL of simulated gastric fluid containing
0.5% (w/w) Tween 80 or simulated intestinal fluid
°C with
moderate shaking (100 rpm) (ZD-85, Jintan, Zhejiang,

containing 0.5 %(w/w) Tween 80 at 37

China). Thereafter, 1 mL release medium was
withdrawn at predetermined time points and replaced
with pre-warmed fresh release medium each time. The
drug content in the release medium was measured by
HPLC as described above to obtain the cumulative
release profile.

2.4.Cell experiments

2.4.1Biocompatibility and Cytotoxicity on 4T1
cells

The cell viability was determined by a standard
methyl thiazolyl tetrazolium (MTT) assay . 4T1
cells or Caco-2 cells were seeded in 96-well culture
plates, cultured in the blank medium for 24 h, and
then replaced with 200 pL different concentrations
of blank Lip, NSC-PLip, or NSCF-PLip medium.
After incubation for 48 h, MTT solution was added to
each well and the plate was kept at 37 °C for 4 h. The
growth medium was then removed, 150 uL DMSO
was added to each well, and the plate was shaken for
10 min. The optical density was read at 490 nm using a
SpectraMax M5 microplate reader (Molecular Devices
LLC). Finally, the cell survival rate was calculated
according to the measured absorbance value. The
cell growth inhibition rate was measured as above.
The IC50 values were calculated by plotting the cell
inhibition rate versus concentration .

2.4.2Caco-2 Cell uptake and mechanism

Qualitative and quantitative uptake of
fluorescently labeled PTX-PLip/Lip were studied,
respectively . The cells were seeded in a 12-well
plate at a density of 1.5 x105 cells per well and then
cultured at 37 °C for 24 h. FITC labeled PTX-PLip/
Lip were diluted to 20 ug/mL with growth medium,
and then the growth medium was replaced. After
incubation for the given time, the cells were washed

with PBS three times. The intracellular fluorescence
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intensity was observed by inverted fluorescence
microscope (Nikon eclipse 80i). A quantitative
analysis of cell uptake was performed using flow
cytometry (BD Accuri C6). The method for studying
the mechanism of cellular uptake was the same as that
for the quantitative assay for cellular uptake described
above, except that the competitive inhibitors or the
endocytosis inhibitors were co-incubated with the cells
for 30 min before the experiment.

2.5.Pharmacokinetic studies

All animal experiments were performed in
accordance with the European Community Council
Directive of November 24, 1986 (86/609/EEC)
for Animal Experimentation and approved by the
Institutional Animal Care and Use Committee at
Zhengzhou University.

Thirty healthy female Sprague—Dawley rats (180-
200 g) were randomly assigned to six groups: (1) i.v.
PTX solution; (2) p.o. PTX-Lip; (3) p.o. 30.78% NSC-
PTX-PLip; (4) p.o. 40.79% NSC-PTX-PLip; (5) p.o.
30.78% NSCF-PTX-PLip and (6) p.o. 40.79% NSCF-
PTX-Plip. 30.78% and 40.79% are the degree of
substitution of succinic anhydride on chitosan. PTX
dose was 10 mg/kg for the intravenous group and 20
mg/kg for oral administration groups . At appropriate
time points, 0.5 mL of blood was drawn from the
posterior vein of the eye and centrifuged at 5000
rpm for 5 min. The supernatant (0.2 mL) was placed
in 5 mL centrifuge tubes and methyl tert-butyl ether
(1.5 mL) was added to each tube. The mixture was
mixed evenly by vortexe and then centrifuged. The
supernatant (1.0 mL) was collected and dried in air at
40 °C . The dried residue was dissolved in acetonitrile
(0.2 mL) and then analyzed by HPLC using the
chromatographic conditions described in the section
“Characterization of NSCF-PTX-PLip”.

2.6.In vivo evaluation

2.6.1Tumor models

Firstly, 4T1 cells were cultured and expanded
before the treatment . Then, Tumors were induced
by injecting 4T1 cells (1.0 x107 cells, 200 puL)
into the left front legs of Balb/C female mice. The

biodistribution and anti-tumor experiments were
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carried out when the tumor volume reached about 150
mm3.

2.6.2.Biodistribution

Tumor-bearing mice were used to evaluate the
biodistribution of the obtained liposomes. PTX-Lip,
30.78% NSC-PTX-PLip, and 30.78% NSCF-PTX-
PLip were labeled with a near-infrared fluorescent
probe (IR-780 iodide) to monitor their ex vivo
distribution and tumor accumulation according to the
method described previously . Eighteen mice were
randomly divided into three groups and administered
with IR780 labeled liposomes by gavage. At different
time points, the tumor-bearing mice were euthanized
in carbon dioxide euthanasia box 5 min in advance,
images were captured using an In-Vivo Imaging
System (Quick View 3000 Bio-Real, Austria),
equipped with the excitation bandpass filter set at
770 nm and emission filter set at 830 nm. Then the
tumor-bearing mice were euthanized in carbon dioxide
euthanasia box 5 min in advance, then the tissues were
excised, and IR-780 iodide imaging was performed
using the in vivo imaging system. The fluorescence
intensity of tissue homogenates was measured using a
SpectraMax M5 microplate reader at 780 nm.

2.6.3.Anti-tumor effect

Forty-eight tumor-bearing mice were randomly
divided into 6 groups (n = 8) with a dose of 10 mg/kg
for intravenous administration and a dose of 20 mg/kg
for intragastric administration: (1) normal saline (400
uL); (2) i.v. PTX solution; (3) p.o. PTX solution; (4)
p.o. PTX-Lip; (5) p.o. 30.78% NSC-PTX-PLip and (6)
p.o. 30.78% NSCF-PTX-PLip. Tumor-bearing mice
were treated with different PTX preparations once
daily. The tumor size and body weight of mice were
measured every other day. After treatment for 14 days,
0.5 mL blood was drawn from the posterior vein of
the eye, the mice were euthanized in a carbon dioxide
euthanasia box, and then the tumors and intestines
were collected for HE sections.

The tumor volumes were calculated using the
formula: Tumor volume = length x width2/2. The
inhibition rate was calculated using the formula:
Inhibition rate = (Ws — Wt)/Ws) x100 %) (Ws and

Wt are average tumor weight in the saline solution
group and average tumor weight in other groups,
respectively).

2.7 Data analysis and statistics

SPSS software was used to analyze the
experimental data. The results were expressed as
(mean + S.D.) and compared between groups p < 0.05
indicated statistical significance.

3.Results and Discussion

To the best of our knowledge, no studies have
assessed the regulation of dual transporters to promote
the oral absorption of drug-loaded nanoparticles. In
this study, we developed a novel delivery system,
PTX-loaded polymer liposomes (30.78% NSCF-PTX-
PLip) were developed, compared with PTX-Lip, was
demonstrated to promote a significant improvement
in oral drug bioavailability and anti-tumour efficacy,
via enhanced absorption promoted by both MCT and
GLUT for the first time.

3.1.Synthesis and characterization of NSCF

The process whereby NSCF was synthesised is
shown in Fig. 1a and the FTIR spectra of CS, NSC,
and NSCF are shown in Fig. 1b. CS was observed
to be characterised by peaks at 3424.96 cm-1 (-OH
stretching) and 1632 cm-1 (-NH bending vibration),
whereas NSC showed peak values of 3098.56 cm-1
(CH3CO-), 1660.41 cm-1 (amide I band C = O
stretching vibration), and 1560.13 cm-1 (amide IT band
-NH bending vibration). These findings thus provide
evidence to indicate the formation of an amide bond
between CS and SAA . Compared with the -NH peak
of chitosan, we speculate that the shift to a lower
wavenumber may be associated with the presence
of a carbonyl group on the -NH of NSC, which had
an electron absorption effect. Compared with that of
NSC, the peak at 3424.96 cm-1 was observed to have
shifted slightly to 3428.81 cm-1 in NSCF, thereby
indicating that fructose binds to NSC, causing a slight
shift in the hydroxyl peak. These results accordingly
confirmed the successful synthesis of NSCF.

The 1H-NMR spectra of NSC and NSCF are
shown in Fig. 1c. In the NSC spectrum, the proton
signal peaks from 5.30 ppm to 6.00 ppm represent
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the H proton in the chitosan sugar ring -CH2-CH2-
group, whereas compared with chitosan, the proton
signal peaks appearing at 2.80 -3.00 ppm represent the
H proton of succinic anhydride, which accordingly
indicates the succinylation of the chitosan molecule
grafted at the N-position . In the NSCF spectrum, the
newly appearing signals at 4.49 ppm and 4.46 ppm
correspond to the H proton in the sugar ring -CH-NH-
group, as a consequence of successful grafting.

In addition, the degree of substitution of succinyl
groups at different reaction times was determined by
potentiometric titration, which revealed that at 1 and 2
h, the DS of SAA in NSCF were 30.78% and 40.79%,
respectively.

3.2.Preparation and characterization of NSCF—
PTX~-PLip

The characteristics of various PTX liposomes
are shown in Table 1. Chitosan derivatives with SAA
substitution degrees of 30.78 % and 40.98 % modified
liposomes were found to have smaller particle size,
smaller polydispersity index (PDI), and slightly
negative zeta potential. Modification with fructose
had no significant effects on the particle size, PDI, or
drug loading of the NSC-PTX-PLip. Transmission
microscopy revealed that the PTX-Lip were spherical
in shape and well dispersed, with a particle size of
approximately 100 nm (Fig. 2a and 2c). The drug
loadings of 30.78 % and 40.79 % NSCF-PTX-
PLip were 2.35 % + 0.05 % and 2.36 % = 0.09 %,
respectively, whereas the corresponding encapsulation
efficiencies were 87.8 % + 2.1 % and 82.5 % + 1.7
% (Table 1). Furthermore, the particle sizes, zeta
potentials, and drug loadings of the both remained
unchanged after storage at 4°C for 7 d.

As shown in Fig. 2¢ and 2d, contrary to the
PTX-Lip, the 30.78 % NSCF-PTX-PLip showed
significant pH sensitivity and slow drug release in
the gastrointestinal tract. In simulated gastric juice,
only 15 % of the loaded PTX was released from
the 30.78 % NSCF-PTX-PLip after 2 h, which was
significantly lower than that released from PTX-Lip.
The modification with fructose was found to have little

effect on drug release, whereas NSCF modification
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endowed the PTX-Lip with pH sensitivity and
contributed to a retardation of drug release from the
gastrointestinal tract. Thus, we inferred that the pH-
responsive release of 30.78 % NSCF-PTX-PLip could
be attributed to the pH sensitivity of NSC. In addition,
the presence of fructose and SAA on the surface of
the NSCF, which can form hydrogen bonds in water,
would contribute to a further retardation of PTX
release.

3.3.Cell assays

3.3.1. Biocompatibility

Among Caco-2 and 4T1 cells incubated for 48 h
with blank carriers at concentrations of 5-40 ug/mL,
we recorded survival rates in excess of 90 %, thereby
indicating the good biocompatibility of the synthesised
carriers.

3.3.2.Caco-2 cell uptake and mechanisms

The results obtained for our analyses of Caco-
2 cellular uptake and the associated mechanisms are
shown in Fig. 4b and 4c. At each of the assessed time
points, the 30.78 % NSCF-PTX-PLip showed higher
cellular uptake than the 30.78 % NSC-PTX-PLip
and PTX-Lip. The 30.78 % NSC- PTX-PLip showed
higher cellular uptake than PTX-Lip. These results
thus provided evidence to indicate that the cellular
uptake of PTX-Lip can be enhanced by propionic
acid modification and further enhanced by the co-
modification with propionic acid and fructose.

To determine the factors contributing to this
enhancement, we examined the cellular uptake
mechanism of 30.78 % NSCF-PTX-PLip. As shown
in Fig. 4d, the inhibition rates of acetic acid, propionic
acid, and butyric acid on 30.78 % NSCF-PTX-PLip
uptake by Caco-2 cells were 31.69 %, 48.09 %, and
40.13 %, respectively. However, these competitive
inhibitors did not significantly inhibit the uptake of
PTX-Lip by Caco-2 cells. These findings accordingly
indicate that the 30.78 % NSCF-PTX-PLip were not
transported solely through propionic acid transporters,
thereby implying that cellular uptake is mediated by
multiple MCT subtypes. This in turn indicates that the
binding between the transporters and the substrate is

relatively non-specific. Similar phenomena have been
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reported previously . Moreover, on the basis of these
findings, it can be inferred that each of the assessed
MCT subtypes (acetic acid, propionic acid, and butyric
acid transporter) have similar structures, and thus
the substrate propionic acid could be recognised and
bound by multiple subtypes to mediate transport of the
nanoparticles. Nevertheless, given the relatively higher
transport efficiency mediated by the propionic acid
transporter, this would tend to indicate the preferential
uptake via this subtype.

In addition, compared with the cellular uptake of
30.78 % NSC-PTX-PLip, the presence of fructose was
established to have a 33.76 % inhibitory effect on the
cellular uptake of 30.78 % NSCF-PTX-PLip by Caco-
2 cells, thus indicating that GLUT are also involved in
the cellular uptake of 30.78 % NSCF-PTX-PLip.

The inhibitory effects of chlorpromazine,
amiloride, and indomethacin on 30.78 % NSCF-PTX-
PLip uptake by Caco-2 cells were 17.83 %, 30.25 %,
and 19.43 %, respectively, thereby indicating that the
30.78 % NSCF-PTX-PLip preparation is taken up by
Caco-2 cells via the same transport pathway as PTX-
Lip, namely, reticulin, caveolin, and macropinocytosis.
Importantly, this indicates that modification with
NSCF did not significantly influence the pathway
whereby PTX-Lip are taken up . It can also be inferred
that reticulin and caveolin transporter proteins are
hydrophilic, whereas fructose and propionic acid
molecules contain more hydrophilic groups, such
as hydroxyl and carboxyl groups, which may form
hydrogen bonds with the transporter proteins. This
enhanced affinity is thus assumed to be beneficial for
substrate recognition and binding by these transport
proteins, without adversely influencing their transport.

3.3.3.4T1 cell uptake and cytotoxicity

Cellular uptake of each of the PTX preparations
was established to be time-dependent. When assessed
at the same time points, we detected a sequential
enhanced uptake of PTX-Lip, 30.78 % NSC-PTX-
PLip, 30.78 % NSCF-PTX-PLip by Caco-2 cells .

In addition, we found that the different
PTX preparations inhibited 4T1 cell growth in a

concentration-dependent manner after a 48-h exposure

. Among these preparations, the 30.78 % NSCF-PTX-
PLip group showed the highest inhibitory effect, which
was 1.15- and 1.29-fold higher than that of the PTX-
Lip and PTX-Solution (with PTX concentrations of 20
ng/mL), respectively. We obtained 50 % cell growth
inhibitory concentration (IC50) values of 1.18, 4.58,
and 14.44 pg/mL for cells treated with 30.78 % NSCF-
PTX-PLip, PTX-Lip, and PTX-Solution, respectively,
thereby indicating that the 30.78 % NSCF-PTX-PLip
were characterized by the strongest cytotoxicity.

3.4.Pharmacokinetic studies

The plasma concentration (C)-time (t) profiles
observed in response to intravenous or oral
administration of the different PTX preparations
are shown in Fig. 3, and the corresponding
pharmacokinetic (PK) parameters are summarised in
Table 2. Compared with the PTX-Lip, the 30.78 %
NSC-PTX-Lip not only significantly increased the
peak concentration (Cmax) and C after Tmax, but also
significantly prolonged the MRT, thus conferring a
3.4-fold increase in absolute oral bioavailability. As a
consequence of fructose modification, we detected a
significant shortening of Tmax and a further significant
increase in Cmax, thereby indicating a further increase
in the absorption rate. Notably, further modification
with fructose contributed to a significant increase in
the originally low C after Tmax, indicating that this
modification enabled the nanoparticles to maintain
continuous and efficient absorption for a prolonged
period after Tmax. This prolongation effect is assumed
to be attributable to mediation of fructose transporters,
and enhanced mediation due to the adhesion produced
from fructose and propionic acid . Thus contributing
to a further 0.6-fold increase in the absolute oral
bioavailability. These results indicate that fructose
plays an important role in enhancing the absorption
rate of PTX. Based on the aforementioned findings, it
can be suggested that targeting dual transporters than
one transporter could further enhance the absorption
rate, especially in eliminating phase, contribute to
overcoming the disadvantage of absorption saturation
and Insufficient absorption that occurs with single

transporter types, thereby enhancing the efficiency of
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transporter-mediated nanoparticle absorption.

Compared with the 30.78 % NSC-PTX-PLip
group, the 40.79 % NSC-PTX-PLip group was
characterized by significant reductions in Cmax, and
C after Tmax. Similar phenomena were observed in
the cases of the 30.78 % NSCF-PTX-PLip and 40.79
% NSCF-PTX-PLip. These findings indicate that the
degree of succinyl substitution has important effects
on the absorption of PTX, which may be associated
with the blocking of spatial sites that interfere with
the binding of liposomes to the transporters. Results
of previous studies , are consistent with the findings
of this study which confirm that an optimal ligand
density on the surface of drug-loaded nanoparticles
is necessary to facilitate maximum uptake via
transporters.

3.5.Ex vivo biodistribution

As shown in Fig. 6a, 6b and 6d, compared with
PTX-Lip, 30.78 % NSC-PTX-PLip and 30.78 %
NSCF-PTX-PLip were characterised by stronger
fluorescence intensity and longer fluorescence
retention at the tumour site, particularly in the case of
30.78 % NSCF-PTX-PLip. These findings accordingly
indicated that both NSC and NSCF can enhance its
accumulation at the tumour site, particularly the latter.
Similar phenomena have been reported in our previous
studies . It may be inferred that using propionic acid
and fructose as the dual-targets, the nanoparticles
undergo transmembrane absorption under co-mediation
of MCT and GULT, and then target tumors . Although
this potential natural law has been preliminarily
confirmed in the article , it is still needed to confirmed
by more sufficient evidence. Moreover, as shown in
Fig. 6a, 6b and 6¢, PTX-Lip, 30.78 % NSC-PTX-PLip
and 30.78 % NSCF-PTX-PLip also exhibited similar
distribution characteristics in the intestine.

3.6.Anti—tumour effect

With respect to tumour growth inhibition, we
recorded values of 83.28 %, 70.76 %, and 41.52 %
in mice in the 30.78 % NSCF-PTX-PLip, 30.78 %
NSC-PTX-Plip, and PTX-Lip groups, respectively .
Furthermore, at the later stage of the experiment, we

detected significant reductions in the body weights
of mice in the intravenous injection group . Although
we detected reductions in the volumes of tumours in
the 30.78 % NSCF-PTX-Lip group mice, the body
weights of these mice were found to have undergone
a slight increase. H&E staining of tumour tissues in
each treatment group revealed that the nuclei of cells
in the tumours of mice in the oral 30.78 % NSCF-
PTX-PLip group were lighter, interstitial spaces
were enlarged, and there was clear evidence of cell
necrosis.Comparatively H&E-stained sections of the
intestinal tracts of mice following treatment revealed
that the intestinal villi of mice in each oral group
were complete and continuous . These findings thus
provide confirmation that modification within NSCF
confers a significant enhancement of the anti-tumour
properties of PTX-Lip in the absence of any obvious
toxicity.

4.Conclusion

In this study, the roles of two types of co-
mediating transporters in the oral absorption of
nanoparticles loaded with anti-tumour drugs was
explored for the first time. The 30.78 % NSCF-PTX-
PLip prepared exhibited pH-sensitive and sustained
drug release characteristic. NSCF modification of
PTX-Lip significantly enhanced intestinal epithelial
cell uptake via MCT and GLUT, without influencing
original cell intake pathway, thus significantly
enhancing the rate of absorption. Moreover, the
binding of the substrate propionic acid and MCT was
relatively specific. Fructose modification of 30.78
% NSC-PTX-PLip significantly increase absorption
rate in elimination phase, enabling their continuous
and efficient absorption after Tmax. for a prolonged
period. NSCF modification of PTX-Lip also promoted
a significant prolongation of intestinal retention or
absorption time and significantly enhanced tumour
accumulation. These effects led to highly efficient oral
absorption and pronounced anti-tumor efficacy without
significant systemic toxicity, thereby confirming the
potential of targeting dual transporters of MCT and
GLUT in the oral administration of anti-tumour drugs.

(BAFE LR ESRY O Lk, LF kR, Carbohydrate Polymers 334 (2024 ) .)
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