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Purpose: Combination anticancer therapy is promising to generate synergistic anticancer effects
to maximize the treatment effect and overcome multidrug resistance. The aim of the study
reported here was to develop multifunctional, dual-ligand, modified, self-assembled nanoparticles
(NPs) for the combination delivery of baicalein (BCL) and paclitaxel (PTX) prodrugs.
Methods: Prodrug of PTX and prodrug of BCL, containing dual-targeted ligands of folate (FA)
and hyaluronic acid (HA), were synthesized. Multifunctional self-assembled NPs for combina-
tion delivery of PTX prodrug and BCL prodrug (PTX-BCL) were prepared and the synergistic
antitumor effect was evaluated in vitro and in vivo. The in vitro transfection efficiency of the
novel modified vectors was evaluated in human lung cancer A549 cells and drug-resistant lung
cancer A549/PTX cells. The in vivo antitumor efficiency and systemic toxicity of different
formulations were further investigated in mice bearing A549/PTX drug-resistant human lung
cancer xenografts.

Results: The size of the PTX-BCL NPs was approximately 90 nm, with a positive zeta potential
of +3.3. The PTX-BCL NPs displayed remarkably better antitumor activity over a wide range
of drug concentrations, and showed an obvious synergism effect with CL | values of 0.707 and
0.513, indicating that double-ligand modification and the co-delivery of PTX and BCL prodrugs
with self-assembled NPs had remarkable superiority over other formulations.

Conclusion: The prepared PTX-BCL NP drug-delivery system was proven efficient by its
targeting of drug-resistant human lung cancer cells and delivering of BCL and PTX prodrugs.
Enhanced synergistic anticancer effects were achieved by PTX-BCL NPs, and multidrug resis-
tance of PTX was overcome by this promising targeted nanomedicine.

Keywords: combination chemotherapy, prodrug-based nano-drug delivery system, multidrug
resistance, self-assembled nanoparticles

Introduction

Combination chemotherapy for anticancer treatment is a promising strategy to generate
synergistic anticancer effects, reduce individual drug-related toxicity, suppress multi-
drug resistance (MDR) through different mechanisms of action, and reduce the dose
of each agent required.!? It refers to the simultanecous administration of two or more
active agents to modulate different signaling pathways in tumor cells, to induce cell
cycle arrest in a different phase of the cell cycle, to maximize the treatment effect, and
to overcome MDR.? Recently, there have been several reviews concerning nano-sized
carriers designed for combination drug delivery in cancer chemotherapy.*”’ Most of
them focused only on conventional nanocarriers, such as micelles,*’ liposomes,'® and
polymeric nanoparticles (NPs).!! Prodrug-based nano-drug delivery systems (P-N-
DDSs) in the field of combination chemotherapy are still an advanced and pioneering
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field. The strategy — the combination of two polymer-drug
conjugates, each carrying a single therapeutic agent — has
been explored preclinically.!?

P-N-DDSs for combination chemotherapy can be divided
into four types: (1) amphiphilic polymer conjugates of two
different antitumor drugs utilized to construct a P-N-DDS;’
(2) one free antitumor drug carried by a P-N-DDS formed
by the amphiphilic polymer conjugate of another antitumor
drug;31* (3) self-assembling conjugates composed of two
different antitumor drugs bound together through suitable
spacers; " and (4) self-assembling conjugates composed of two
different antitumor drugs, each of which is conjugated with
different polymers separately to achieve dual targets. Among
these, the fourth kind of P-N-DDS is a pioneering field and
as far as we are aware, few researchers are concerned with
it. The reasons for pursuing research into this fourth kind of
P-N-DDS include the following: polymer prodrug is not only
amphiphilic but also has a targeting effect and dual-target NPs
can enhance a synergistic effect and carry a greater amount of
drug to the tumor site compared with a single target.

Various targeting molecules have been applied to target
paclitaxel (PTX) to tumor tone, such as folate (FA),'¢ argin-
ylglycylaspartic acid,'” biotin,'® and hyaluronic acid (HA)."
As far as we are aware, few publication refer to targeting the
delivery of baicalein (BCL). Therefore, we designed multi-
functional NPs for the combination delivery of FA-mediated
PTX and HA-mediated BCL. HA has been extensively used
as a targeting moiety in HA self-assembled NPs for the
cancer-targeting delivery of chemotherapy drugs.?*?* HA is
a polymer of disaccharides, composed of D-glucuronic acid
and D-N-acetylglucosamine, linked via alternating 3-1,4
and B-1,3 glycosidic bonds. HA can bind to cluster of dif-
ferentiation (CD) 44 and HAMM (CD168) receptors, which
are overexpressed in various kinds of cancer cells, such as
lung, breast, ovarian, colon.!*?2" FA has become a popular
molecule for targeting attached drugs to cancer cells due to its
high binding affinity, low immunogenicity, ease of modifica-
tion, etc. FA receptors are also overexpressed in many human
cancer cells, including cancer cells of the lung, breast, ovary,
brain, kidney, etc. To date, many chemical and biological
therapeutic agents have been successfully conjugated to FA,
most of which have demonstrated significantly enhanced
delivery to folate receptor-positive tumor cells both in vitro
and in vivo.?*? Based on the synergistic effect of HA and
FA, a dual-receptor targeting drug-delivery system, a novel
strategy for targeted drug delivery, was designed.*

Baicalein (5,6,7-trihydroxyflavone; BCL), a bioactive
flavonoid derived from the root of the traditional Chinese
medicinal herb Scutellaria baicalensis Georgi, is reported

to have anti-inflammatory, antioxidant, and antitumor
effects on cancers of lung, breast, stomach, etc.>'>* The
broad antitumor activity of BCL is due to the induction of
cell cycle arrest, apoptosis in the G /S phase, and inhibition
of signal pathways.>> Apoptosis-associated proteins can
be regulated by BCL, which can reduce the level of B-cell
lymphoma,***” interleukin-6 (IL-6) and messenger RNA
expression,*® cyclin-dependent kinase-1 (CDK-1),** nuclear
factor kappa B,*® 12-lipoxygenase,*® hypoxia-inducible
factor-1 alpha (HIF-1a),* and promote levels of p53.4!
Shortcomings of BCL, which lead to poor clinical effect in
vivo compared with its powerful efficacy in vitro, have been
found with further research. The shortcomings are extensive
first-pass metabolism, low bioavailability, short half-life
(t,,» 10 minutes), poor water solubility, and that it is oxidized
easily.** Therefore, nanostructured lipid carriers have been
developed to solve the issues mentioned.’!

PTX, derived from the dark of the Pacific yew tree Taxus
brevifolia, represents a new class of microtubule antiprolif-
erative agents. It has been extensively used for the treatment
of various types of cancers in clinic, such as lung, breast,
ovarian, esophageal. The antitumor mechanism of PTX is the
blocking mitosis, which leads to G/M cell cycle arrest and
apoptosis.*® Therefore, combination therapy with PTX and
BCL will have a synergistically enhanced antitumor effect
due to the combining of the anticancer mechanisms of each
drug.¥’” Overexpression of B-cell lymphoma,* IL-6,% and
CDK-1% has been shown to inhibit PTX-induced apoptosis
and result in MDR. Therefore, the mentioned antitumor
mechanisms of BCL can inhibit the drug resistance of
PTX.

In the study reported here, novel prodrugs of FA-valine
(V)-PTX and HA-lysine (L)-BCL were synthesized. Then,
multifunctional and self-assembled NPs for the combina-
tion delivery of FA-V-PTX and HA-L-BCL were prepared
by a dialysis method. The in vitro and in vivo antitumor
efficacy was assessed in human lung cancer A549 cells and
drug-resistant lung cancer A549/PTX cells. This system was
expected to achieve the stable and targeted drug delivery of
the BCL and PTX prodrugs separately, to enhance synergistic
anticancer effects and suppress the MDR of PTX.

Materials and methods

Materials

BCL was purchased from Xi’an Ciyuan Biochemical Technol-
ogy Co, Ltd (Xi’an, People’s Republic of China). PTX was
provided by Hisun Pharmaceutical Co Ltd (Zhejiang, People’s
Republic of China). FA was purchased from Sigma-Aldrich
Co (St Louis, MO, USA). N-Butoxycarbonyl-L-lysine
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(N-Boc-L-lysine) was purchased from TCI (Shanghai,
People’s Republic of China). N-alpha-Fmoc-L-valine (Fmoc-
Val) was purchased from Shanghai Fortune Biotech Co, Ltd
(Shanghai, People’s Republic of China). HA was provided by
Shandong Freda Biochem Co, Ltd (Ji’nan, People’s Republic
of China). Poly(D,L-lactic-co-glycolic acid) (PLGA, 50:50,
Mw 25,000) was obtained from the Shandong Institute of
Medical Instruments (Ji’nan, People’s Republic of China).

Cell culture

Human lung cancer A549 cells (A549 cells) and drug-
resistant lung cancer A549/PTX cells (A549/PTX cells)
were obtained from the American Type Culture Collection
(Manassas, VA, USA). All other chemicals were of analyti-
cal grade or higher.

A549 cells and A549/PTX cells were cultured in Roswell
Park Memorial Institute (RPMI) 1640 medium supplemented
with 10% heat-inactivated fetal bovine serum and 100 U/mL
penicillinand 100 pg/mL streptomycin under 5% CO, at 37°C
for 24 hours. To maintain the drug resistance, A549/PTX
cells were cultured in the presence of 4 UM cisplatin for
1 week in a drug-free medium before the experiment.

Animals

Kunming mice (4-6 weeks old, 18-22 g weight) were pur-
chased from the Medical Animal Test Center of Shandong
Province (Jinan, People’s Republic of China). All animal
experiments complied with the Animal Management Rules of
the Ministry of Health of the People’s Republic of China.

Synthesis of FA-V-PTX

FA-V-PTX was synthesized by three-step reaction. The
synthesis scheme is depicted in Figure 1.

First, V-PTX was synthesized. PTX (1 equivalent) and
an excess amount of Fmoc-Val were dissolved in dichlo-
romethane with the addition of 4-dimethylamiopryidine
(DMAP), and the reaction was allowed at 0°C for 1 hour under
stirring. 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
(EDC) was added to react for 1 hour at 0°C. Then, the
mixture was reacted for another 8 hours at room tempera-
ture (RT). HCI solution (0.05 N) was added to wash and
separate the organic phase. Dichloromethane was used to
extract the aqueous phase. The extraction solution was
mixed with the organic phase. Then, the concentrated
solution was obtained via absorption by anhydrous mag-
nesium sulfate. Tetrahydropyridine and dichloromethane
were added to the concentrated solution. Finally, V-PTX
was obtained by removal of the solvent and precipitation
in n-hexane.

Second, N-hydroxysuccinimide (NHS)-FA was synthe-
sized. FA (1 g) was dissolved in dimethyl sulfoxide (DMSO;
15 mL). Then NHS and EDC were added to react at RT for
40 hours in the dark. The NHS-FA was obtained by filter
and dried under vacuum.

Finally, FA-V-PTX was obtained as follows: V-PTX
and NHS-FA were dissolved in DMSO separately, and
mixed to synthesize for 48 hours at RT. Then, the mixture
was purified by dialysis with a 10,000 MV cutoff mem-
brane for 48 hours to remove excess NHS-FA and other
impurities. The final product, FA-V-PTX, was obtained by
lyophilization.

Synthesis of HA-L-BCL
HA-L-BCL was synthesized by three-step reaction. The
synthesis scheme is depicted in Figure 2.

First, L-BCL was synthesized by the Mannich reac-
tion. Briefly, 0.1 g BCL was dissolved in 10 mL CH,OH
and 0.03 mL CH,CHO aqueous solution (36%, w/w), and
heated to 60°C until the reaction solution was clear. Then
0.2 g N-Boc-L-lysine was dissolved in chloroform and added
slowly and stirred for 2 hours. Finally, L-BCL was obtained
via rotary evaporation and purified by reversed-phase high-
performance liquid chromatography (HPLC).

Second, NHS-L-BCL was obtained as follows: L-BCL
(0.3 g) was dissolved in dimethylformamide (10 mL) then
48 mg NHS and 80 mg EDC were added and the mixture
was allowed to react at RT for 24 hours. Finally, NHS-L-
BCL was obtained via rotary evaporation and purified by
reversed-phase HPLC.

Finally, HA-L-BCL was synthesized. HA was reacted
with 1,4-diaminobutane (C,H, )N)) in the presence of 0.1 g
sodium cyanoborohydride (NaCNBH,) in 0.5 mL acetate
buffer at pH 5.0. Then NHS-L-BCL was dissolved in
DMSO and 10 uL N,N-diisopropylethylamine (C;H ,N) was
added. Trifluoroacetic acid and methanol (1:1, v/v) were used
to detach the Boc group of N-Boc-L-lysine. Then, the mix-
ture was purified by dialysis (Spectra/Por® 4 dialysis tubing;
MWCO 12,000-14,000) against water for 48 hours to remove
the excess HA and other micromolecule impurities. The final
product, HA-L-BCL, was obtained by lyophilization.

Proton nuclear magnetic resonance ('"H NMR) spectra
and infrared (IR) spectra of FA-V-PTX and HA-L-BCL
were analyzed on a nuclear magnetic resonance (NMR)
spectrometer (300 Hz, Bruker Advance AVII-500 NMR
spectrometer; Bruker Corporation, Billerica, MA, USA)
and Fourier transform IR spectrometer (TANGO FT-NIR
Spectrometer; Bruker Corporation), respectively.
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Preparation of FA-V-PTX and HA-L-BCL
NPs (PTX-BCL NPs)

PTX-BCL NPs were prepared by the nanoprecipitation
method.’! The amphiphilic nature of FA-V-PTX and HA-L-
BCL makes it possible for them to self-assemble into NPs
with PTX and BCL as the inner core, FA and HA as the
hydrophilic shell (Figure 3). Briefly, PLGA (50 mg)-acetone
(3 mL) solution was prepared. FA-V-PTX and HA-L-BCL
(1/5 and 172, w, . /w,. ) were dissolved in acetone—water
solution (50:50, w/w). Then, PLGA, FA-V-PTX, and HA-
L-BCL solution were simultaneously and separately added
dropwise into the 0.05% poloxamer 188 containing aqueous
solution. The mixture was stirred at 600 rpm at RT until
complete evaporation of the organic solvent occurred. The
redundant stabilizers were removed by centrifugation at
1,000 x g and 4°C for 30 minutes. The pellet was vortexed
and resuspended in Milli-Q® water, washed several times,
filtered through a 0.45 um membrane, and adjusted to pH
7.0£0.1 with sodium hydroxide. The obtained PTX-BCL
NPs were stored at 2°C—8°C.

Single-drug NPs were prepared using the same method
without the presence of another prodrug. For instance, FA-V-
PTX NPs (PTX NPs) were formulated without HA-L-BCL.

HA-L-BCL NPs (BCL NPs) were prepared with no FA-
V-PTX.

Characterization of NPs

The surface morphologies of the NPs were examined by
transmission electronic microscopy. The particle size,
polydispersity index (PDI), and zeta potential of the NPs
were analyzed using photon correlation spectroscopy with
a Zetasizer 3000 (Malvern Instruments, Malvern, England).
The average particle size is expressed as volume mean diam-
eter and the reported value is represented as mean + standard
deviation (n=3).

The entrapment efficiency (EE) of FA-V-PTX and HA-L-
BCL in the NP formulations was detected by HPLC (LC-20A;
Shimadzu Corporation, Kyoto, Japan). Chromatographic
separations were carried out using an Inertsil® ODS-3V
(SHIMADZU Group, Kyoto, Japan; 250.0x4.6 mm) octa-
decylsilane column. For PTX, the mobile phase consisted
of a mixture of acetonitrile and water (55:45, v/v). The flow
rate was kept at | mL/min and the system was maintained at
35°C. Detection was carried out at A=227 nm, at which FA
does not absorb. The injection volume was 20 uL. For BCL,
the mobile phase consisted of a mixture of acetonitrile and
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A

Figure 3 Transmission electron microscopy imaging of (A) paclitaxel (PTX) nanoparticles (NPs), (B) baicalein (BCL) NPs, and (C) PTX-BCL NPs.

0.01 M I-pentanesulfonic acid sodium salt in water (30:70,
v/v). The flow rate was kept at 1 mL/min and the system was
maintained at 35°C. Detection was carried out at A=275 nm,
at which HA does not absorb. The injection volume was
20 uL. The EE was calculated according to Equation 1:

EE 0/\ I/Vtotal _Wfree
(%)=—12al___Fee 100 (1)

total

in which W,  is the weight of FA-V-PTX or HA-L-BCL
added when preparing the NPs and W, is the weight of the

FA-V-PTX or HA-L-BCL measured in the supernatant.

Cytotoxicity

The cytotoxicity of the PTX solution, BCL solution, PTX +
BCL mixed solution (PTX-BCL solution), PTX NPs, BCL
NPs, and PTX-BCL NPs was evaluated by 3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
PTX solution consisted of a mixture of polyoxyethylated
castor oil and ethanol (1:1, v/v). BCL solution consisted
of 10% N,N-dimethylacetamide, 20% polyethylene glycol
(PEG) 400, 20% tetraglycol, and 50% distilled water.*!
In brief, A549 cells and A549/PTX cells were seeded in
separate 96-well plates at 1x10* cells/well. After overnight
attachment, cells were incubated with 0.9% saline (the
control group), PTX solution, BCL solution, PTX-BCL
solution (PTX/BCL =1/10, 1/5, 1/2, 1/1, 2/1, 5/1, 10/1
w/w), PTX NPs, BCL NPs, and PTX-BCL NPs at various
concentrations for 48 hours at 37°C ina 5% CO, atmosphere.
Culture medium was used as the blank group. Then, MTT
solution (5 mg/mL) was added to each well and cells were
incubated for 4 hours. DMSO (200 uL) was added to each

well to dissolve the MTT formazan crystals. The optical
density (OD) of the formazan product was measured using
a microplate reader (Model 680, Bio-Rad Laboratories Inc,
Hercules, CA, USA) at 570 nm. The relative cell viability
(CV) was calculated according to Equation 2:

sample -

D
blank XIOO (2)

control blank

0
CV (%)=

The half maximal inhibitory concentration (IC, ) values
of the different formulations were calculated using SPSS
software (v 18; IBM Corp, Armonk, NY, USA).

To further study the synergy in the PTX-BCL solu-
tion and PTX-BCL NPs, combination index (CI) was
determined.> CI analysis provides qualitative information
on the nature of drug interaction. CI was calculated accord-
ing to Equation 3:

(D), (D),

= s 3
“~(b,), "Dy, ®

in which “(D,),” and “(D,),” represent the IC, value of
PTX alone and BCL alone, respectively. “(D),” and “(D),”
represent the concentration of PTX and BCL, respectively,
in the combination system at the IC, value. A CI value <1
represents synergism, =1 represents addition, and >1 rep-
resents antagonism.

In vivo antitumor efficiency

We evaluated the efficacy of the combination therapy of
PTX-BCL solution and PTX-BCL NPs using models of
A549/PTX cells developed by injection of these cells into
the right armpits of Kunming mice. When the tumor volume
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reached 90-100 mm?, transplanted mice were randomly
divided into seven groups (ten per group). The seven
groups were treated as follows: (1) 0.9% saline as control;
(2) PTX solution (10 mg/kg); (3) BCL solution (50 mg/
kg); (4) PTX-BCL solution (10 mg PTX/kg, 50 mg BCL/
kg); (5) PTX NPs (10 mg/kg); (6) BCL NPs (50 mg/kg);
and (7) PTX-BCL NPs (10 mg PTX/kg, 50 mg BCL/kg).
The mice of each group were given the treatments by tail
vein injection once every 4 days. After 24 days, all the mice
were sacrificed by cervical dislocation and the tumor tissue
samples were taken out.™

The volumes of the solid tumors were measured with a
digital caliper every 4 days, and were calculated according
to Equation 4:3

v () = 22 )

in which L and W represent the largest diameter and the
smallest diameter, respectively.

The antitumor efficacy of each formulation was evaluated
by tumor inhibition rate (TIR), which was calculated using
the following formula (Equation 5):%

c-T

TIR (%)= x100, )

in which C and T represent the tumor weight of the control
and treated groups, respectively.

The body weights of the mice and tumor sizes were also
measured every 4 days.

Statistical analysis

All studies were repeated three times and all measurements
were carried out in triplicate. Results are reported as mean *
standard deviation. Statistical significance was tested by
two-tailed Student’s #-test or one-way analysis of variance.
Differences between experimental groups were considered
significant when the P-value was less than 0.05.

Results and discussion
Structure confirmation of FA-V-PTX

and HA-L-BCL

The structures of FA-V-PTX and HA-L-BCL were confirmed

by IR and "H NMR spectroscopy.

e FA-V-PTX: IR v/cm™: 3,439 (-OH, -NH-); 3,079
(-CH,-, -CH-); 1,623 (-NH-CO-, -CO-0-); 1,471
(-C,H)); 1,366 (-CO-0-); 708 (-C,H,). 'H NMR
(DMSO-d,, 300 mHz), & (ppm): 1.05-1.81 (s, -CH,),

2.10(s,-NH,), 4.01 (t, -CO-0-), 4.15 (t, -CO-0-),4.31

(s,~NH-), 7.46-8.10 (m, -C H,, Benzene ring of PTX),

12.18 (s,—~OH). The presence of -NH-CO-and -CO-O—

peaks confirmed the formation of the FA-V-PTX.

e HA-L-BCL: IR v/em™: 3,424 (—-OH, —-NH-); 3,021
(-CH,~, -CH-); 1,635 (-NH-CO—, -NH-); 1,489
(-C.H,); 1,096 (-CH,-O-CH-); 720 (-C H,). '"H NMR
(DMSO0-d,, 300 mHz), 8 (ppm): 0.82 (t,~CH,), 1.13-1.95
(s,—CH,), 2.20 (s,-NH,), 3.03-5.21 (m, -CH,-O-CH -,
glucosidic bond of HA), 4.23 (s, -NH-CH-), 7.46-8.10
(m, -C H,, Benzene ring of BCL), 12.49 (s, ~OH). The
presence of -NH-CO- and -NH-CH_— peaks confirmed
the formation of the HA-L-BCL.

Valine and lysine were chosen as the connection between
drugs and ligands to obtain the prodrugs. The amino acid
linkages are relatively weak bonds; under certain condi-
tions, the chemical bonds could break and release the drugs
easily.’ PEG as linker for the production of prodrugs has
been widely investigated.””*® However, in vivo experiments
have shown that a PEG drug system has lower efficacy than
the drug alone.* In contrast, an amino acid used as a spacer
could adjust the drug-release behavior and achieve better
therapeutic efficiency.®

Characterization of PTX-BCL NPs
FA-V-PTX and HA-L-BCL are amphiphilic compounds.
PTX and BCL are the lipophilic heads, while FA and HA
are the hydrophilic tails. The nature of FA-V-PTX and HA-
L-BCL makes it possible for them to self-assemble into NPs,
with PTX and BCL as the hydrophobic inner core and FA
and HA as the hydrophilic shell. The transmission electron
micrograph pictures of the PTX NPs, BCL NPs, and PTX-
BCL NPs are shown in Figure 4. The PTX NPs, BCL NPs,
and PTX-BCL NPs appear as white sphere-shaped particles
with dark coats, but each type of NP has a slightly different
appearance. The particle size, PDI, zeta potential, and EE of
the PTX NPs, BCL NPs, and PTX-BCL NPs were analyzed
and are summarized in Table 1.

The size of the PTX-BCL NPs was approximately 90 nm,
with a narrow size distribution (PDI=0.1). The size of a single
prodrug-containing NP was between 80 and 90 nm. Particle
size is a key effect that can influence the in vivo distribution
of carriers.®' The great advantages of NPs include decreased
uptake by the liver, prolonged blood circulation time, and
improved bioavailability.®*%* PDI exhibits the size distribution
of NPs. The PDI of the PTX-BCL NPs, PTX NPs, and BCL
NPs was approximately 0.1, showing the uniformity of the NP
systems.®*% The zeta potential of the PTX-BCL NPs was +3.3.
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FA-V-PTX

(ZF N

HA-L-BCL
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Figure 4 Preparation scheme of paclitaxel (PTX)-baicalein (BCL) nanoparticles (NPs).

PTX-BCL NPs

Abbreviations: FA, folate; HA, hyaluronic acid; L, lysine; PLGA, poly(D,L-lactic-co-glycolic acid).

The positive charge of NPs could exploit the negative charge
present at the cell surface, increase the residence time of the
NPs, and promote cell penetration, thus the internalization
process would be facilitated.®*¢

The EE of PTX and BCL in the PTX-BCL NPs was
91% and 88%, respectively. EE is an important parameter
in the determination of drug therapeutic effect.®® The high
EE achieved could offer advantages in in vitro cytotoxic-
ity studies and also have good effects on in vivo antitumor
efficacy.

Cytotoxicity assays

In vitro cytotoxicity of the NPs was evaluated by MTT assay
in A549 and A549/PTX cells. Figure 5 shows the viability
of A549 cells treated with the different formulations. Sig-
nificantly, the toxicity of of PTX-BCL solution, PTX NPs,
BCL NPs, and PTX-BCL NPs on lung tumor cells was

Table | Characterization of different samples

Sample PTX NPs BCL NPs PTX-BCL NPs
Particle size 89.3+1.4 82.5t1.7 91.8+2.3
PDI 0.1140.03 0.12+0.02 0.1£0.03
Zeta potential +4.11£0.8 —1.5+0.4 +3.310.6
EE of PTX (%) 91.5+3.2 NA 90.8+2.9
EE of BCL (%) NA 86.2+2.7 87.613.1

Abbreviations: BCL, baicalein; EE, encapsulation efficiency; NPs, nanoparticles;
PDI, polydispersity index; PTX, paclitaxel.

observed at the concentration of 50-200 uM, conforming
to dose-dependent cell proliferation inhibition behavior.
The cytotoxicity of the PTX-BCL NPs was significantly
higher than that of the PTX-BCL solution, PTX NPs, and
BCL NPs (P<0.05). The PTX NPs and BCL NPs showed
significantly higher cytotoxicity than the PTX-BCL solu-
tion at the concentrations of 100 and 200 uM (P<0.05),
while no obvious higher cytotoxicity was observed at the
lower concentrations (P>0.05). For A549/PTX cells, PTX
solution showed no significant effect on the cells (Figure 6).
The PTX NPs showed lower cytotoxicity than the BCL NPs
at the concentration of 50-200 uM (P<<0.05). A significant
obstacle to successful chemotherapy with PTX is MDR in
tumor cells.® In our study, the presence of BCL was expected
to overcome MDR. PTX-BCL solution and PTX-BCL NPs
exhibited better antitumor activity over a wide range of drug
concentrations compared to their PTX counterparts.

To determine the optimal ratio of PTX to BCL in the
PTX-BCL NPs for in vitro and in vivo treatment, free PTX
and free BCL combinations at various weight ratios (PTX/
BCL=1/10,1/5,1/2,1/1,2/1,5/1, 10/1 w/w) were applied in
A549 cells and A549/PTX cells. The IC, values of the free
drugs and the CI, values were calculated and are shown in
Tables 2 and 3. The IC_ values of PTX and BCL in the mixed
PTX-BCL solution are lower than those of the PTX and BCL
solutions. CI analysis provides qualitative information on
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Figure 5 A549 viabilities of paclitaxel (PTX) solution, baicalein (BCL) solution, PTX-BCL solution, PTX nanoparticles (NPs), BCL NPs, and PTX-BCL NPs at the concentrations
of 10, 20, 50, 100, and 200 uM. The PTX/BCL ratio was 1/5 (w/w) in both the PTX-BCL solution and the PTX-BCL NPs.

the nature of drug interaction and also provides a quantita-
tive measure of the extent of drug interaction.®® A CI value
lower than, higher than, or equal to 1 indicates synergism,
antagonism, or addition, respectively. According to the
results of the free PTX and free BCL combination solution,
the combination therapy was more synergistic when the
PTX/BCL ratio was 1/5 and 1/2 (CI <1) in both A549 and
A549/PTX cells. These results suggest that PTX/BCL at 1/5
or 1/2 may be the optimal prescription in the combination
therapy.

With the help of the combination ratio determined by the
drug solutions, PTX-BCL NPs with the ratios of 1/5 and 1/2
were then prepared. The IC, and CI values of the single drug
solutions and combination PTX-BCL NPs were calculated and
are shown in Tables 4 and 5. The CI, value of the PTX-BCL
NPs (PTX/BCL =1/2) in A549 cells was 1.05, showing no
synergism in A549 cells. The CI, value of the NPs with the
PTX/BCL ratio of 1/5 and 1/2 in A549/PTX cells was 0.513
and 0.889, respectively. The PTX-BCL NPs with a PTX/BCL

ratio of 1/5 had the better CI value, indicating that PTX-BCL
NPs with a PTX/BCL ratio of 1/5 would provide the optimal
synergistic combination of PTX and BCL. This ratio was then
used for the following in vivo experiments.

In vivo antitumor efficiency
Before we discuss the in vivo antitumor efficiency of the
formulations, we would like to analyze how the prodrugs
are released from the complex and act on cancer cells. HA
on the surface of the complex can bind to CD44 and CD168
receptors, which are overexpressed in lung cancer cells. FA
can also bind to the folate receptor, which is also overex-
pressed in cancer cells of the lung. After the ligands bound
to the receptors and let the complexes into the cancer cells,
FA-V-PTX and HA-L-BCL were released from the complex,
and then the amino acid links were detached and released
the drugs PTX and BCL.

Based on the in vitro cytotoxicity results, the in vivo
antitumor efficiency and systemic toxicity of the different

__ 100
X L s T
°; wilE ¢ T T T
= 80 i T T 0O Control
5 70r T PTX solution
E 60 BCL solution
g %0r m PTX-BCL solution
= 40r B PTXNPs
a 30 BCL NPs
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0
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PTX concentration (M)

Figure 6 A549/paclitaxel (PTX) viabilities of PTX solution, baicalein (BCL) solution, PTX-BCL solution, PTX nanoparticles (NPs), BCL NPs, and PTX-BCL NPs at the
concentrations of 10, 20, 50, 100, and 200 uM. The PTX/BCL ratio was |/5 (w/w) in both the PTX-BCL solution and the PTX-BCL NPs.
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Table 2 Half maximal inhibitory concentration (IC) and half
maximal combination index (Cl) of free-drug solution formu-
lations in A549 cells

Table 4 Half maximal inhibitory concentration (IC,) and half
maximal combination index (Cl ) of nanoparticle (NP) formu-
lations in A549 cells

Formulation IC,, PTX (uM) IC,, BCL (uM) Cl,

Formulation IC,, PTX (M) IC, BCL(uM) ClI,

PTX solution 0.165 - -

BCL solution - 0.851 -

Ratio of PTX/BCL in solution
1710 0.052 0.697 1.134
1/5 0.062 0.391 0.836
172 0.089 0.363 0.965
1/1 0.113 0.329 1.071
2/1 0.126 0.298 1.114
5/1 0.141 0.307 1.215
10/1 0.149 0.275 1.226

Abbreviations: BCL, baicalein; PTX, paclitaxel.

formulations were further investigated in mice bearing
A549/PTX drug-resistant human lung cancer xenografts.
As shown in Figure 7, there were no statistically significant
differences between the PTX solution and 0.9% saline con-
trol (P>0.05) groups, or between the PTX NP and BCL NP
groups (P>0.05). Tumor growth was significantly inhibited
by the NP formulations compared with the single-drug solu-
tions (P<<0.05).

We summarize the tumor inhibition behavior of the free-
drug solutions and the NP formulations as follows: first, the
combination of PTX and BCL was more effective than the
use of a single drug; second, the drug-loaded NPs showed
better antitumor effect than their free drug counterparts.
The most obvious tumor regressions were observed in the
PTX-BCL NP group, in which the tumor growth was promi-
nently inhibited, demonstrating the best antitumor activity
of the dual-ligand-modified, co-delivered multifunctional
self-assembled NPs.

Systemic toxicity is a key factor during cancer therapy.
Targeted nanocarriers were designed to conquer this problem.

Table 3 Half maximal inhibitory concentration (IC,)) and half
maximal combination index (Cl)) of free-drug solution formu-
lations in A549/paclitaxel (PTX) cells

Formulation IC,,PTX (M)  IC_ BCL( M) Cl,

PTX NPs 0.106 - -
BCL NPs - 0517 -
PTX-BCL NPs (1/5)*  0.037 0.185 0.707
PTX-BCL NPs (1/2)*  0.089 0.109 1.050

Note: *Ratio of PTX/BCL in PTX-BCL NPs.
Abbreviations: BCL, baicalein; PTX, paclitaxel.

Body weight loss is an indicator of systemic toxicity. In this
experiment, the body weights of the mice in the 0.9% saline,
PTX NP, and BCL NP groups showed slight increase, which
might be due to the tumor growth and low toxicity of the
NP formulations (Figure 8). Noticeable body weight loss
was observed in the PTX solution and PTX-BCL solution
groups, denoting the severe toxicity of PTX. Comparatively,
the PTX-BCL NPs did not lead to any significant body weight
loss, demonstrating the reduced systemic toxicity.

The high anticancer efficiency and low systemic toxicity
of the dual-drug-loaded, targeted nanosystem developed in
this study may lead to a promising strategy in lung cancer
combination therapy.

Conclusion

In this study, prodrugs of PTX and BCL, containing dual-
targeted ligands of FA and HA, were synthesized. Multifunc-
tional self-assembled NPs for the combination delivery of
PTX prodrug and BCL prodrug were prepared and the syner-
gistic antitumor effect was evaluated in vitro and in vivo. This
system was proven to be efficient in delivering BCL prodrug
and PTX prodrug, and in targeting drug-resistant human lung
cancer cells in mice. Enhanced synergistic anticancer effects
were achieved with PTX-BLC NPs and the MDR of PTX
was overcome by this active targeting nanomedicine. Further
studies will be required to investigate the optimal doses of
both anticancer drugs to achieve the maximal anticancer
efficiency but minimum systemic toxicity, and the application
of this system to treat different cancers.

PTX solution 0.946 - - Table 5 Half maximal inhibitory concentration (IC,) and half
BCL solution - 1.892 - . T .
maximal combination index (Cl,;) of nanoparticle (NP) formu-
Ratio of PTX/BCL in solution lations in A549/paclitaxel (PTX) cells
1710 0.267 1.628 1.143 P
15 0.198 1114 0798  Formulation IC,PTX (uM) IC, BCL (uM) Cl,
172 0.254 1.096 0.848 PTX NPs 0.612 — —
171 0516 1.009 1.079 BCL NPs — 1.326 —
2/1 0.602 0.955 I.141 PTX-BCL NPs (1/5)%  0.096 0.472 0513
5/1 0.687 0.901 1202 pTX-BCL NPs (1/2)*  0.367 0.384 0.889
10/1 0.795 0.857 1293 Note: *Ratio of PTX/BCL in PTX-BCL NPs.
Abbreviation: BCL, baicalein. Abbreviation: BCL, baicalein.
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Figure 7 Tumor volume changes after treatment with paclitaxel (PTX) solution,
baicalein (BCL) solution, PTX-BCL solution, PTX nanoparticles (NPs), BCL NPs,
and PTX-BCL NPs in mice bearing an A549/PTX drug-resistant human lung cancer
xenograft.
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