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Abstract

Triple-negative breast cancer (TNBC) is a subtype of breast cancer that is prone to drug resistance and difficult to

treat. In this study, we grafted water-soluble pullulan with lovastatin (LV) to develop a novel amphiphilic conjugate,
pullulan-encapsulated LV (PLV). The PLV conjugate was synthesized with three different ratios of pullulan to LV and
characterized by Fourier transform infrared (FTIR). The degree of substitution (DS) of LV in terms of molar ratio was

powerful drug delivery system for treating TNBC.

resonance spectroscopy

7.87%, 3.58%, and 3.06% for PLV (1/2), PLV (1/3), and PLV (1/4), respectively, by proton NMR analysis. We selected
the PLV (1/2) conjugate to prepare doxorubicin (DXR)-loaded PLV nanoparticles (PLV/DXR NPs) because of its
superior properties. The average size and zeta potential for PLV (1/2) NPs were 177.6 nm and — 11.66 mV,
respectively, determined by dynamic light scattering, and those for PLV/DXR NPs were 225.6 nm and — 10.51 mV,
respectively. In vitro drug release profiling showed that PLV/DXR NPs sustainably released DXR within 72 h, which
was more robust at pH 5.4 (97.90%) than pH 7.4 (76.15%). In the cytotoxicity study, PLV/DXR NPs showed greater
inhibition of proliferation of TNBC MDA-MB-231 than non-TNBC MDA-MB-453 cells (ICsy 0.60 vs 11.05 uM). FITC-
loaded PLV/DXR NPs were prepared to investigate cellular uptake: both cell lines showed a time-dependent uptake
of NPs, but the number of NPs entering MDA-MB-231 cells was greater than that entering the MDA-MB-453 cells.
Pullulan-based NP co-delivery of LV and DXR could efficiently inhibit TNBC cells, which may help in designing a
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Introduction

Triple-negative breast cancer (TNBC) is a special sub-
type of breast cancer that lacks an estrogen receptor
(ER), progesterone receptor (PR), and human epidermal
growth factor receptor 2 (HER2) and has worse progno-
sis than other breast cancer subtypes [1-3]. Available
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targeted therapies mostly depend on targeting specific
receptors on the surface of the tumor cell. Because
TNBC lacks a specific surface marker for active targeting
for treatment, other targeting approaches are worth
exploring. For example, passive targeting, which involves
a unique enhanced permeability and retention (EPR) effect
on solid tumors [4], allows for particles of a specific size
range to target the tumor site [5, 6]. A nanoparticle (NP)
is a kind of drug carrier that can take advantage of the
EPR effect and become enriched in solid tumor sites [4].
Recently, we have shown that lovastatin (LV), one of the
lipophilic statins used to treat hyperlipidemia [7], select-
ively inhibits TNBC by targeting cancer stem cells [8, 9].
Furthermore, we demonstrated that NP encapsulation can
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enhance the inhibitory effect of LV on TNBC in a mouse
model of breast cancer cell implantation [8]. Our studies,
together with previous findings [10, 11], suggest that lipo-
philic statins, particularly LV, can be repurposed as anti-
cancer drugs for TNBC treatment. However, whether LV
can overcome chemo-resistance or enhance the thera-
peutic effects of chemotherapeutic drugs in TNBC re-
mains unknown.

The synergy between LV and different types of che-
motherapeutic agents such as doxorubicin (DXR), 5-
fluorouracil [12], cisplatin [13], and 1-B-D-arabinofur-
anosylcytosine [14] has been reported in different
cancer cell types. DXR is an anthracycline compound
with intricate features of binding to DNA and inhibit-
ing nucleic acid synthesis. In addition, LV induced
apoptosis of ovarian cancer cells in synergism with
DXR [15]. Also, LV is a direct inhibitor of the efflux
protein P-glycoprotein [16], an ATP-driven pump that
can readily discharge DXR to the extracellular com-
partment [17, 18]. Thus, LV may increase the thera-
peutic effect of other therapeutic agents, and the
combination of LV and these drugs may enhance the
therapeutic efficacy against TNBC.

The current combination therapies are full of chal-
lenges. On one hand, combinational chemotherapy may
be seriously limited by the fast metabolism, poor water
solubility, and low bioavailability of chemotherapeutic
drugs [19, 20]. On the other, with the varying pharmaco-
kinetics, membrane transport properties, and non-spe-
cific bio-distribution of different drugs, achieving
sufficient concentrations and specific ratios of adminis-
trated drugs in individual cells is difficult [21-23]. These
factors affect the therapeutic efficacy and the level of
synergism or antagonism for the combination. Co-encap-
sulating two therapeutic agents into a nanoscale drug car-
rier is an efficient way to overcome these challenges
because it allows the drugs loaded in the carrier to main-
tain a correct ratio for the synergistic effects [24, 25].

Co-encapsulated nanocarriers mainly include lipo-
somes, polymeric micelles, and micro- or nano-spheres
[26-29]. Polymeric micelles, because of their superior
performance (e.g., with chemically conjugated and phys-
ically encapsulated dual drug loading, high drug loading,
and high biocompatibility), has attracted much attention
[26, 30]. In our previous study, we prepared a series of
NPs with pullulan, a hydrophilic polysaccharide with
high biocompatibility, and studied the effects of various
factors on their drug release behavior [31]. In this
current study, we prepared a novel PLV polymeric mi-
celle with different feed ratios of pullulan and LV and
characterized the distribution of size and zeta potential
and morphology. We chose the smallest resulting NP for
loading with DXR because it was more likely to be
internalized by cells under the premise of using the EPR
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effect. Furthermore, we measured the drug-loading
amount, encapsulation efficiency and drug release
amount of PLV/DXR NPs in media with different pH
values. We evaluated cellular uptake of FITC-loaded
PLV/DXR NPs to examine the entrance of NPs into
tumor cells and the synergism of DXR and LV in com-
bination as well as the cytotoxicity of NPs on MDA-MB-
231 (TNBC) and MDA-MB-453 (non-TNBC) cells
(Scheme 1).

Materials and Methods

Materials

Pullulan (200 kDa) was from Hayashibara (Tokyo). LV and
DXR hydrochloride were from J&K Scientific (Beijing). 1-
Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochlor-
ide (EDCI) and 4-dimethylaminopryidine (DMAP) were
from Aladdin Reagent (Shanghai). Other reagents such as
solvents were from Sinopharm Chemical Reagent Co.
(Beijing). The breast cancer cell lines MDA-MB-231
(TNBC) and MDA-MB-453 (non-TNBC) were purchased
from the Center for Cell Resource, Shanghai Institutes for
Biological Sciences. CellTiterBlue Reagent was from Pro-
mega (Madison, WI, USA). Dulbecco’s modified Eagle’s
medium (DMEM) (Cat#SH30022.01) was from HyClone
(USA), and fetal bovine serum (FBS) (Cat#04-001-1ACS)
was from Biological Industries (Israel).

Synthesis of LV-Grafted Pullulan (PLV)

First, LV succinic acid monoester (LV-SA) was synthe-
sized by the following steps. In brief, 0.60 g succinic an-
hydride (SA, 6.0 mmol) and 2.0g LV (5.0 mmol) were
dissolved in 20 mL anhydrous pyridine and stirred for
48 h at 50 °C. The resulting reaction solution was slowly
poured into a 1500-mL glacial HCl solution of pH3
under constant stirring to precipitate a large amount of
a white precipitate, and the pH of the suspension was
adjusted to pH3 with concentrated HCI, followed by
vacuum filtration. The precipitate was then washed with
a pH-3 glacial HCI solution, and then with ddH,O to
neutral to give a crude product. Finally, the crude
product was recrystallized from an acetone-water solvent
system to obtain pure LV-SA and the yield was 72%.
PLV was produced by conjugating the carboxylic acid
group of LV-SA with the hydroxyl of pullulan at molar
ratios of LV-SA to pullulan of 1/2, 1/3, and 1/4. In brief,
0.5g (1.03 mmol) prepared LV-SA, 0.15g DMAP (1.23
mmol) and 0.24 g EDCI (1.23 mmol) were dissolved in
20 mL dimethyl sulfoxide (DMSO) and stirred at 50 °C
for 4 h. Pullulan (0.33 g, 1/2; 0.50 g, 1/3; 0.67 g, 1/4) was
dissolved in DMSO to obtain a 2% (w/v) solution. Then,
the pullulan solution was slowly added to the reaction
solution for reaction at 50 °C for 48 h. The reaction mix-
tures were placed into dialysis bags (MWCO =8~12
kDa) and dialyzed against 25% ethanol/water and water.
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Scheme 1 Schematic illustration of nanoparticles (NPs) and in vitro cell experiment. The pullulan-lovastatin (PLV) NP was formed by self-assembly
of a polymer formed by pullulan and LV in an aqueous solution. In the process of forming the NP, DXR was loaded in the hydrophobic core of
the NP. Then, PLV/DXR was used for in vitro cell experiments with MDA-MB-231 and MDA-MB-453 cells representing triple-negative breast cancer
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Then the samples were freeze-dried [32]. The PLV con-
jugates with a different feed ratio of LV to pullulan were
characterized by FTIR analysis by using an FTIR spec-
trophotometer (KBr pellets, Nicolet, TM Nexus 470-
ESP, Thermo Fisher Scientific, Waltham, MA, USA).
PLV conjugates were also confirmed by "H NMR spec-
troscopy (DMSO-d6 solvent, BRUKER AVANCE-500,
Bruker, Billerica, MA, USA), and the degree of substitu-
tion (DS) for LV for each conjugate was calculated.

Preparation and Characterization of NPs
A 50-mg amount of PLV conjugate was dissolved in
12.5 mL DMSO under gentle shaking at 37 °C (to fully

swell the conjugate) to obtain 4 mg/mL conjugate solu-
tion. A 5-mL amount of conjugate solution was diluted
to 2mg/mL with DMSO for dialysis against 1000 mL
distilled water for 8h with 10 times of exchanges by
using a dialysis bag (8~14 kDa). Then, the solution was
sonicated by using a probe-type sonifier (GA92-IIDA
Ultrasonic cell pulverizer, Suzhou Jiangdong Precision
Instruments) at 100 W with pulsing (pulse on 2.0, off
2.0s) for 2 min in an ice-water bath. Self-assembled PLV
NPs were obtained and samples were stored at 4°C. To
prepare the PLV/DXR NPs, 2 mg DXR was dissolved in
5 mL DMSO and then added dropwise into 5 mL conju-
gate solution, then PLV/DXR NPs were prepared by the
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same method. In a typical procedure for preparing
FITC-loaded PLV/DXR NPs, 1 mg DXR was dissolved in
2 mL DMSO and then added dropwise into 2.5 mL con-
jugate solution. Then, 1 mL FITC solution (0.6 mg/mL)
in DMSO was added dropwise, and FITC-loaded PLV/
DXR NPs were prepared by the same method.

PLV NPs, PLV/DXR NPs, and FITC-loaded PLV/DXR
NPs were filtered through 0.45-um membranes, then
particle sizes, zeta potentials, and polydispersity indexes
(PDI) were determined by dynamic light scattering
(DLS, Zetasizer 3000 HS, Malvern Instruments, Malvern,
UK). The morphologic features of PLV NPs were
observed by transmission electron microscopy (TEM;
Tecnai G2 20 S-Twin, FEI Hong Kong) at acceleration
voltage 80 kV.

Determination of Loading Capacity and Entrapment
Efficiency

A PLV/DXR NP solution (5 mL) was sonicated for 5 min
(pulse on 2.0s, off 2.0s) to release the drug from NPs.
The DXR absorbance in the solution was measured at
480nm by using an UV-visible spectrophotometer
(Shimadzu UV-2550, Kyoto, Japan) to calculate the drug
concentrations. DXR encapsulation efficiency (EE) and
loading capacity (LC) were calculated as follows:

amount of drug in NPs

EE% = x 100%

amount of total added drug

amount of drug in NPs

LC% =
% NP weight

x 100%

In Vitro Drug Release

The release profile of DXR from PLV/DXR NPs was
measured in 0.1 M phosphate buffer solution at 37 °C by
the dialysis method as described [33]. Typically, 6 mL
PLV/DXR NPs (equal to 139.4 mg DXR) was transferred
into a dialysis bag (MWCO =3500Da) and then
incubated at 37°C in 15mL PBS (pH7.4 and 54). At
predetermined times, 3 mL external buffer solution was
withdrawn and replaced with 3 mL fresh PBS (pH 7.4 or
5.4). The amount of released DXR was measured by
fluorescence spectrophotometry. The percentage rate of
drug release (Q%) was calculated as follows:

Q% = (cn XV + vnici>/(WNp x LCY%)

t=0

where W is the NP weight, C, is the sample concentra-
tion at Tn, V is the total volume of release medium, V,,
is the sample volume (2mlL), and C; is the sample
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concentration at 7; (=0, 0.5, 1,...n hours, both V,, and
Cy are equal to zero).

Cell Culture

Human breast cancer cell lines MDA-MB-231 and
MDA-MB-453 were cultured in DMEM complete
medium containing 10% FBS under humid conditions of
37°C, 5% CO,, and normoxia (21% O,). The experimen-
tal cells were all derived from logarithmic growth-phase
cells.

In Vitro Cytotoxicity

MDA-MB-231 and MDA-MB-453 cells seeded in 96-
well plates (4x 10 cells/well in a 100-uL volume) were
grown under routine culture conditions for 24 h. Then
PLV/DXR NPs with various drug concentrations (mass
ratio of DXR and LV was 8.13) were added and
incubated for 48 h. Finally, 20 uL. CellTiter Blue reagent
(Promega) used to measure cell proliferation was added
and incubated for 1-4 h at 37 °C. Absorbance at 530/590
nm was measured by using an automatic microplate
reader. Cell viability was expressed as a percentage of the
absorbance to that for control groups without treatment.

In Vitro Synergistic Effect Analysis

Isobole analysis was used to quantitatively assess the
synergism and antagonism produced by paired drugs.
According to Tallarida’s dose-equivalent principle and the
Loewe additive model, an isobole is generated, which is a
line to define the additive effect of paired drugs [34, 35].
In practice, as we described previously [8], we first ac-
quired the dose-effect curves for free DXR and free LV
and after transforming the drug dose and effect, used
linear regression to obtain linear regression equations to
calculate the combined doses of the paired drugs giving a
specified effect. The data for plotting the isobole are illus-
trated in Table 1. The points on the isobole set the DXR/
LV at different ratios to produce a 50% maximum effect.
An ICy of the paired drug dose located below the isobole
indicates a synergistic effect, whereas an ICs above the
isobole indicates an antagonistic effect.

In Vitro Cellular Uptake

PLV/DXR FITC NPs were obtained by dialysis. The
cellular uptake of PLV/DXR FITC NPs was tested by
using a fluorescence microplate reader. MDA-MB-231
and MDA-MB-453 cells were seeded (2 x 10°/well) on
2.5-cm dishes and incubated at 37 °C for 24 h. Cells were
then incubated with concentrations of PLV-DXR FITC
NPs at 37 °C for 1, 2, and 4 h. The culture medium was
then removed and washed twice with cold PBS. Cells
were fixed with 4% paraformaldehyde for 5min and
mounted on slides by using mounting medium
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Table 1 Data for plotting the isobole

DXR LV Additive Addition dose, Dose pair,

P, = 04865 — 0.2606 lgdose (R>=0.9529) P,=1092 — 005881 dose (R’ =0.9808) (6;2 ‘;Dd;r e, (Dosep + Dosey) (uM) - (Dosep,Dosey) (uM)
(1-Py) C Dosep (UM) (1-Pa)e Dose, (UM)

0% 0 50% 10.066 50% 10.066 (0,10.066)

10% 0.0259 40% 83659 50% 83918 (0.0259,8.3659)
20% 0.0627 30% 6.6655 50% 6.7282 (0.0627,6.6655)
30% 0.1516 20% 49651 50% 5.1167 (0.1516,4.9651)
40% 0.3668 10% 3.2648 50% 3.6316 (0.3668,3.2648)
50% 0.8876 0% 0 50% 0.8876 (0.8876,0)

Where “P," is cell viability and (1-P,) is the cell death

containing DAPIL Then, the cellular uptake of NPs was  proliferation, DXR could significantly reduce the

visualized by fluorescence microscopy.

Statistical Analysis

Data are expressed as mean + SD and were analyzed by
Student’s ¢ test. Differences were considered statistically
significant at P < 0.05.

Results

In Vitro Cytotoxicity and Synergistic Effect of DXR and LV
To evaluate the inhibitory effect of LV and DXR against
TNBC and non-TNBC cell proliferation, cell viability
was assessed by Alamar blue assay. We first determined
the inhibitory effect of LV and DXR on the two TNBC
cell lines by a free drug test. A series of LV/DXR
concentration ratios were obtained by setting the con-
centration of one drug constant and changing that of the
other drug. For the MDA-MB-231 cell line, both LV and
DXR conferred a concentration-dependent inhibition,
but LV had a significant inhibitory effect at concentra-
tions up to 3.0 uM (Fig. 1).

The ICs5y values for LV under different DXR treat-
ments and for DXR under different LV treatments are
shown in Table 2, and we also plotted these ICsq
values (Fig. 2a) to visually reflect the combined effect
of DXR/LV. The ICs, for free DXR alone was
0.865 uM, and that for free LV alone was 10.07 pM.
When the concentration of DXR increased from 0.125
to 0.625uM (fivefold increase), the IC5q for LV de-
creased from 10.92 to 0.28 uM (39-fold reduction),
and when the DXR concentration increased from
0.625 to 3.125uM (fivefold increase), the ICsy value
for LV decreased from 0.28 to 0.0004085 uM (685-
fold reduction). Similarly, when the LV concentration
increased from 1.0 to 3.0 uM (threefold increase), the
IC5p value for DXR decreased from 1.005 to
0.3033 uM (3.3-fold reduction) and when the LV con-
centration increased from 3.0 to 10puM (3.3-fold in-
crease), the ICsy value for DXR decreased from
0.3033 to 0.007196 uM (42-fold reduction). Thus, for
the same inhibition rate of MDA-MD-231 cell

amount of LV needed, and LV could also significantly
reduce the amount of DXR needed. This finding is
essential for tumor chemotherapy because DXR is a
highly potent chemotherapeutic drug with undesirable
adverse side effects and should be kept in low con-
centration, and LV has minimal adverse side effects
[36]. For MDA-MB-453 cells, DXR showed a concen-
tration-dependent inhibition, but LV showed no sig-
nificant inhibition at the concentrations examined. In
addition, DXR had a significant inhibitory effect on
MDA-MB-453 cells at concentrations up to 3.0 uM,
which was far less effective than for MDA-MB-231
cells (Fig. 1). We recently found that LV selectively
inhibited a panel of TNBC cell lines as compared
with non-TNBC cell lines [8]; therefore, the combin-
ation of LV and DXR could be suitable for treating
TNBC but not non-TNBC cells.

To further quantitatively assess the synergism of
DXR and LV, we used the isobole method. With dif-
ferent DXR/LV ratios to achieve 50% maximal effect
(Table 1), we plotted an isobole that indicated the
additive effect of the DXR/LV ratio (Fig. 2b). The
ICs5¢ doses of DXR/LV at 0.025/7.09, 0.3033/3.0, and
0.625/0.28 (uM/uM) were below the isobole, which
suggests that DXR/LV at these ratios would produce
a synergistic effect. Thus, this synergistic effect (1 +
1>2) would further achieve pharmacologically statisti-
cally minimized drug doses with maximized drug effi-
cacy [37]. These three synergistic ratios appeared to
represent these results: (1) a low dose of DXR
(0.025 uM) could better enhance the therapeutic effi-
cacy of LV because 0.025uM DXR could produce a
larger negative slope for the dose-effect curve of LV
(Fig. 2b); (2) with high DXR concentration, adding a
small amount of LV could greatly assist the DXR effect
against MDA-MB-231 cells because the ICs, for DXR
alone was 0.865 uM, but adding only 0.28 uM LV reduced
the IC5o of DXR to 0.625 pM, that is, 0.28 pM LV com-
pletely replaced the efficacy of 0.24 uM DXR (Table 2);
and (3) when the dose of LV was about 10 times that of
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Fig. 1 Cytotoxicity of free doxorubicin (DXR) and free lovastatin (LV) in breast cancer cells. In vitro cytotoxicity of free DXR, LV, and DXR and LV
combined against MDA-MB-231 (a, b) and MDA-MB-453 (c, d) cancer cells
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DXR, the DXR/LV ratio should have the best synergistic
effect because the point (0.3033, 3.0) was farthest from the
isobole (Fig. 2b).

Synthesis and Structural Characterization of PLV
Conjugates

The amphiphilic PLV conjugates were synthesized as
shown in Scheme 2. PLV was obtained by esterification
of pullulan and LV. The structures of PLV conjugates
were confirmed by FTIR and '"H NMR spectra (Fig. 3).
According to FTIR analysis (Fig. 3a), PLV conjugates
were successfully produced. For the spectra of PLV con-
jugates, in addition to maintaining the characteristic
peaks of pullulan (1644, 1642, and 1648 cm™'), the

Table 2 DXR/LV in combination achieving 50% inhibitory

DXR (M) LV (M) LV (M) DXR (M)
0 1007 0 0.865
0.005 9387 0.1 0993
0025 7.090 03 1.069
0.125 1092 10 1.005
0625 028 30 03033
3125 00004085 100 0007196

enhanced peaks at 1459cm™ and 1360cm™ also
showed the bending vibration peaks of —CHj; and —
CH,-, respectively, for LV. Furthermore, we observed
high wave number shift of —-C=0 stretching absorption
peaks (ester bonding in LV) at 1725 c¢cm ! from PLV con-
jugates because of the newly generated ester bond, and
these peaks were enhanced with an increased molar ratio
of LV to pullulan (Fig. 3a).

We confirmed the successful synthesis of PLV conju-
gates by "H NMR spectra (Fig. 3b). The 'H-NMR spec-
tra showed the characteristic peaks of pullulan and new
peaks assigned to the CHj, CH,, and CH protons of the
LV moiety at 0.5~2.7 ppm (red frame), which indicated
the successful conjugation of LV to pullulan. We used
the characteristic peaks of pullulan at 4.94~5.14 ppm (a)
corresponding to the o-1,6 and a-1,4 glycosidic bond
protons of C; to define the glucose units in pullulan
[38]. The signals at 4.12 ppm (b) corresponded to the
proton of the Cy3 in LV. Thus, the DS of LV residues
per 100 glucose units of pullulan was calculated by
the ratio of C;3 protons (4.05~4.15ppm) of LV to
sugar protons (4.94~5.14ppm) with the following
equation: DS =1405-4.15/l4.94-514 x 100%. The DS data
for LV are in Table 3.
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Characterizations of PLV NPs

The synthesized PLV conjugate could self-assemble into
micelles in an aqueous solution. The average size and
polydispersity index (PDI) were 177.2 nm and 0.138, re-
spectively, for PLV (1/2) NPs; 189.7 nm and 0.160 for
PLV (1/3) NPs; and 219.8 nm and 0.050 for PLV (1/4)
NPs (Table 3; Fig. 4a, b). In addition, the zeta potential
for PLV (1/2), PLV (1/3), and PLV (1/4) NPs was -
11.66, - 10.51, and - 8.30 mV, respectively. The size of
PLV NPs decreased with increasing DS of LV, with no
significant change in zeta potential. The change in size is
mainly attributed to the strengthening of hydrophobic
interaction among LV groups, which results in the
formation of more compact hydrophobic cores [39]. We
previously studied pullulan NPs with different DS values

of cholesterol and found that to a certain extent, the
greater the hydrophobic DS of the amphiphilic polymer,
the smaller the size of the formed NPs [33]. In this
study, because the DS of the hydrophobic group LV was
larger, the size of the NPs was also smaller. Also, TEM
images (Fig. 4c) showed that the NPs were generally in a
spherical shape with good monodispersity. PLV (1/2)
NPs, with the highest DS leading to the highest LV load-
ing and the smallest size, was selected for the following
experiments.

PLV/DXR NPs also exhibited spherical morphology
and a larger size, 225.6 nm, than empty PLV NPs. The
encapsulation efficiency and loading capacity of PLV/
DXR NPs was 20.92% and 1.93%, respectively. The
hydrophobic interaction between the hydrophobic core

HO (o] HOOC

O, 0

LV SA
HO,, A\ HOu,
%o

Pullulan

Scheme 2 Chemical synthesis of amphiphilic PLV conjugates. LV and succinic anhydride (SA) reacted under the catalysis of pyridine to form
LV-SA at 50°L. Then LV-SA was linked to pullulan by an ester bond under the catalysis of EDC and DMAP to form the PLV polymer
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of the NPs and the hydrophobic group of the drug deter-
mines the amount of drug loading in the NPs. Consider-
ing that the water solubility of DXR hydrochloride used
in this experiment was slightly larger, the hydrophobic
interaction between DXR and the hydrophobic core of
the NPs was weak, which led to a lesser amount of DXR
actually encapsulated in the NPs. To further clarify the
uptake of NPs by tumor cells, FITC was loaded into
PLV/DXR NPs. With FITC loading, the mean size of
FITC-loaded PLV/DXR NPs was 253.8nm and mean
zeta potential — 15.09 mV (Fig. 44, e).

In Vitro Drug Release

To reveal the release behavior of DXR from PLV/DXR
NPs, in vitro DXR release profiles were assessed in PBS
at pH7.4 and 5.4, mimicking the conditions in normal
physiological tissues and the intracellular microenviron-
ment, respectively. PLV/DXR NPs exhibited two phases
of DXR release: a rapid release in the first 8 h and a sus-
tained release thereafter (Fig. 5), which is consistent with
the release profile of typical NPs. In addition, with a de-
crease of pH from 7.4 to 5.4, the cumulative DXR release
was accelerated significantly up to 76.15% and 97.90%,

Table 3 Characterizations of PLV nanoparticles

respectively, at 72 h. Therefore, the release of DXR from
PLV/DXR NPs was pH-sensitive to some extent, which
is especially useful in enhancing the therapeutic efficacy
and reducing side effects in vivo [40].

Cellular Uptake of FITC-Loaded PLV/DXR NPs

We obtained fluorescence microscopy images of MDA-
MB-231 (Fig. 6a) and MDA-MB-453 (Fig. 6b) cells at
0.5, 1, and 4h, respectively, after exposure to FITC-
loaded PLV/DXR NPs and found a time-dependent in-
crease in intensity of both red and green fluorescence
from 0.5 to 4h after NP treatment (Fig. 6), which
indicates a time-dependent cellular uptake of DXR and
FITC-loaded NPs, respectively. Also, the amount of
FITC entering MDA-MB-231 cells was greater than that
entering MDA-MB-453 cells. Further quantification of
the fluorescence intensity revealed a significant differ-
ence in uptake of DXR between MDA-MB-231 and
MDA-MB-453 cells at 1 h after NP treatment (Fig. 6¢).

In Vitro Cytotoxicity of PLV/DXR NPs
After confirming the inhibitory effect of DXR and LV on
the viability of MDA-MB-231 and MDA-MB-453 cells

Sample DS LC,% LCp% EE% Zeta potential (mV) Average size (nm) PDI

PLV NP (1/2) 7.87% 15.99% - - -11.66 177.2 0.138
PLV NP (1/3) 3.58% 8.09% - - -10.51 189.7 0.160
PLV NP (1/4) 3.06% 7.01% - - -830 2198 0.050
PLV/DXR NP 7.87% 15.69% 1.93% 20.92% —-1051 2256 0.073
FITC-loaded PLV/DXR NP 7.87% - - - -15.09 2538 0.078
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and demonstrating the synergistic effect of DXR and LV,
we determined the in vitro cytotoxicity of PLV/DXR
NPs on these two cell lines. MDA-MB-231 and MDA-
MB-453 cells were incubated with PLV/DXR NPs at a
concentration equivalent to that of the free DXR. The
cytotoxicity of PLV/DXR NPs increased with increasing
DXR concentration and was greater for MDA-MB-231
than MDA-MB-453 cells (Fig. 7a). This finding is con-
sistent with the cytotoxicity trend of free drugs (Fig. 7b)
and indicates that loading free drugs in NPs did not

-+ pH5.0
-~ pH7.4

Cumulative release

0 1.0 2.0 3.0 4.0 5.0 6'0 7'0 80
Time (h)

Fig. 5 In vitro release profiles of DXR from PLV/DXR in phosphate
buffered saline at pH 7.4 vs 5.4 at different times after dialysis

affect the inhibitory behavior of the drugs. PLV/DXR
NPs had higher inhibitory effect on the proliferation of
MDA-MB-231 than MDA-MB-453 cells, which was
consistent with the preferential inhibitory effect of LV
on TNBC. Growth inhibition of MDA-MB-231 cells was
greater with PLV/DXR NPs than free DXR (IC50 0.6012
vs 0.865 uM), which suggests that NPs might facilitate
cellular uptake and retention of the loaded drug inside
the cell, causing enhanced cytotoxicity as compared with
free drug.

Discussion

In this study, PLV/DXR NPs prepared for in vitro drug-
release profiling sustainably released DXR within 72 h,
which was robust at pH5.4 (97.9%). PLV/DXR NPs
more strongly inhibited proliferation of TNBC MDA-
MB-231 than non-TNBC MDA-MB-453 cells. Both cell
lines showed time-dependent uptake of the NPs, but
MDA-MB-231 cells took up more NPs than did MDA-
MB-453 cells. Thus, pullulan-based NP co-delivery of
LV and DXR could efficiently inhibit TNBC breast
cancer cell proliferation, which may suggest a powerful
drug delivery system for treating TNBC.

Recently, the use of LVs in TNBC prevention and treat-
ment has gained recognition, and studies have further
shown that LV preferentially inhibits the proliferation of
TNBC cells and induces apoptosis [10, 41]. However,
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clinically, LVs are mostly in oral preparations, but other
anti-tumor drugs for chemotherapy including DXR are
mostly in injection form. This situation results in undesir-
able chemotherapeutic efficacy for combining LV and
other drugs, for difficulty in reaching the tumor tissue at
the expected dose and time. The formulation of LV as an
injection is difficult to achieve because of its water

insolubility. Therefore, nano delivery systems are neces-
sary for LV to be used for anti-tumor efficacy and also
allow the co-encapsulation of several drugs for easier
combination chemotherapy.

Our group recently prepared a cerasome-based nano-
composite to encapsulate LV, which solved the issue of
the water solubility of LV to some extent, but the drug-
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loading efficiency was in general not high (5~6%) [8].
Zhang et al. developed camptothecin-floxuridine conju-
gate nanocapsules to load LV. These nanocapsules,
consisting of two US Food and Drug Administration-ap-
proved chemotherapeutic drugs, achieved ultra-high
drug loading capacity for camptothecin-floxuridine
(68.3%), but the loading efficiency for LV was still low
(2.8%) [29]. In the present study, we used LV for the
hydrophobic modification of pullulan to obtain amphi-
philic PLV conjugates and then prepared PLV/DXR
NPs, which not only solved the issue of water solubility
of LV, but also yielded high drug-loading capacity
(15.69% for LV and 1.93% for DXR).

The strategy of encapsulating two or more anti-tumor
drugs into a nanocarrier has been widely accepted for ef-
ficient drug delivery [42]. Sui et al. used DXR-grafted-
pullulan NPs loading sorafenib to achieve synergistic
chemotherapy against murine breast carcinoma [30].
Our study used a similar methodology for PLV/DXR
NPs, displaying higher inhibitory efficacy for MDA-MB-
231 cells as compared with DXR alone. However, PLV/
DXR NPs did not show synergistic effects, which might
be related to the lag of NP endocytosis and LV release,
which deserves further study.

The combination index has been widely used to
quantify the synergistic effects of two drugs [43-45].
The isobologram analysis method used in quantitative
assessment of synergistic effects can effectively avoid
false-positive results [35]. In this study, we screened the
optimal synergy ratio from a range of DXR/LV ratios
based on isobologram analysis.

Our research provides a rationale for the design of a
more efficient co-delivery system to elicit synergistically
enhanced inhibitory effects on TNBC. Since our work is
preliminary and based on the premise that EPR effect is
feasible, further investigations of the in vivo effectiveness
of this novel co-delivery system on TNBC using orthoto-
pic breast tumor growth models and patient-derived
xenograft models are warranted.

Conclusion

In this study, we developed novel dual drug-loaded
NPs by chemically grafting LV to pullulan and physic-
ally encapsulating DXR, which had excellent monodis-
persity, high drug loading capacity, and good drug
release behavior. The PLV/DXR NPs showed sustain-
able pH-sensitive release behavior of DXR. PLV/DXR
NPs more effectively internalized and inhibited prolif-
eration of TNBC MDA-MB-231 than non-TNBC
MDA-MB-453 cells. In addition, we demonstrated the
synergistic effect of a free DXR/LV mixture, which
provides a combination chemotherapy regiment for
potential future clinical treatment of TNBC.
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