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Sequential controlled drug release is required in cancer combination chemotherapy treatment. With the
aim of co-delivering multiple drugs with different targets, immiscible and miscible liquids were utilized
to fabricate PVP/PLGA and PCL/PLGA nanoparticles with distinct core-shell structure by coaxial
electrospray. It allows the fabrication of core-shell nanoparticles with different inner core characteristics
in hydrophilic properties in one single step. The anti-angiogenesis agent combretastatin A4 (CA4) and
doxorubicin (DOX) were each encapsulated separately in the core and shell parts of dual-drug
nanoparticles. Both hydrophobic and hydrophilic drugs can be encapsulated into the coaxi-electrosray
particles effectively and the encapsulation efficiencies of drugs, particularly the hydrophilic ones, were
over 90%. The endothelial cell and tumor cell co-culture systems were utilized to testify the performances
of different nanoparticles in cytotoxicity, cellular apoptosis and VEGF and HIF-1a protein expressions in
vitro. The melanoma cells B16-F10 and human umbilical vein endothelial cells (HUVECs) were
sequentially targeted and killed by CA4 and DOX from these two kinds of nanoparticles. It demonstrated
two different sequential drug release profiles in vitro. PVP/PLGA nanoparticles, with hydrophilic inner
cores, presented a faster and higher drug release than that of PCL/PLGA nanoparticles, resulting from the
better affinity of PVP polymers with incubation media. These results suggested that the release rates and
profiles of dual drug loaded particles can be tailored and tuned by choosing core polymers with different

characteristics in hydrophilic properties. Therefore, the clinical treatment necessity can be fulfilled and
the improvement of drug efficiency is promising in tumor combination chemotherapy.

Introduction

In 2011, D. Hanahan and R. A. Weinberg have reported the
hallmarks of cancer including sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling
replicative immortality, inducing angiogenesis, and activating
invasion andmetastasis.'! These six biological capabilities are
acquired during the multistep development of tumors, making it
difficult to chemotherapy only by one singe agent. Meanwhile, it
is known that cancer cells are able to acquire defense mechanisms
by over expressing drug efflux pumps, enhancing self-repairing
ability, increasing drug metabolism or expressing altered drug
targets.>* The efficacies of cancer chemotherapy are diminished.
One of promising approaches is the combination chemotherapy
by the co-delivery of various therapeutic agents in the same
delivery vehicles.>® In addition, therapeutic drugs should be
used at optimal dosages for different periods to optimize the
synergistic effects.> '® Drug combinations releasing multiple
drugs in a controlled manner are highly demanded.

It is promising for nanocarriers with core-shell structures to
co-deliver multiply therapeutic agents. Multilayered or multi-
compartmentalized microcapsules allow for
multiple drug delivery in biomedicine.**’ The microcapsules
shell provided additional barriers to the diffusion of loaded drug
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in the core. The release rate was adjusted in this system by simply
altering the amount of agents incorporated into scaffolds as well
as polymer degradation time. Coaxial electrospraying with two
separate feeding capillary channels is introduced, which can be
utilized to deliver multiple drugs simultaneously. This technology
would provide an alternative and simple means to produce core-
shell systems without the need of surfactants or elevated
temperatures.”**> Meanwhile, it has the potential to encapsulate
therapeutic agents with different hydrophilic properties inside a
core-shell polymeric particle, which supersedes other methods
requiring two or more steps to achieve the encapsulated
product.**-*

In polymer controlled drug delivery systems, the desired
performance of vehicles is decided not only by the formulation of
systems, but the most important by the structure and
compatibility of carriers and drugs, which is remarkably
influenced by the polymer hydrophilic properties and
permeability characteristics of the polymer to the loaded
molecules. With the aim of better know the sequential release
profiles of core-shell nanoparticles, two kinds of core-shell
nanoparticles were fabricated by coaxial electrospray in this
paper. According to the affinity toward water, hydrophilic and
hydrophobic polymers were chosen as carrier materials.
Poly(lactic-co-glycolic acid) (PLGA), approved by FDA for
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commercial application, is the most widely studied because of its
sustained release  characteristics, biocompatibility, and
biodegradability. It was chosen as the shell polymer. The
hydrophobic  poly(e-caprolactone) (PCL) and hydrophilic
polyvinylpyrrolidone (PVP) were chosen as the core carriers.
PCL and PVP have been reported to have lots of advantageous
properties, such as good biodegradability and biocompatibility,
good drug permeability and anti-fatigue capability, as well as low
cost relative to other biodegradable polyesters.’>>® The
combination of antivascular therapy with anticancer
chemotherapy has been reported to be a promising strategy to
improve therapeutic index with reduced toxicity.”” We chose
combretastatin A4 (CA4) and doxorubicin (DOX) as model drugs
for antivasculature and anticancer activities respectively. DOX is
a cytotoxic drug commonly used in tumor treatments in clinic. It
is supposed to be physically encapsulated into the core of
nanoparticles. CA4, loaded into the PLGA shell, could cause a
vascular shutdown.*® In this study, coaxial electrospray was
utilized to fabricate core-shell nanoparticles with immiscible and
miscible liquids. DOX and CA4 were encapsulated in individual
regions of nanoparticles respectively. The high encapsulation
efficiencies of drugs were observed. The designed nanoparticles
with different core polymers enabled two different temporal
release profiles of two encapsulated drugs. This could enable to
deliver multiple drugs according to clinical requirements.

Material and methods

Materials

Polyvinylpyrrolidone (PVP, K30, Mw: 50 000) was obtained
from Sinopharm group Co. Ltd, China. PCL (Mw:80 000) and
PLGA with lactide/glycolide molar ratio of 50:50 (PLGA, Mw:
50 000) were both purchased from Jinan Daigang Bio-Tech. Inc,
China. DOX and CA4 were from Dalian Meilun Biology
Technology Co., Ltd. (Dalian, China) and Hangzhou Great Forest
Co., Ltd. (Hangzhou, China). Acetonitrile, tetrahydrofuran (THF)
and N,N-dimethyl formamide (DMF) were procured from
Chongging Chuandong Chemical Reagents Co. Ltd, China.
Phosphate-buffered saline (PBS) buffer used for in vitro release
study and other reagents were all of analytical reagent grade,
purchased from Chongqing Chuandong Chemical Reagents Co.
Ltd, China.

The melanoma cells B16-F10 were generously provided
from Prof. Bin Wang from the Third Military Medical University
of P. R. China. Human umbilical vein endothelial cells
(HUVECs) were obtained from College of Bioengineering,
Chongging University. The cells were maintained in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin.

Nanoparticle fabrication by coaxial electrospray

Coaxial electrosraying was utilized to fabricate dual-drug loaded
nanoparticles with core-shell structures, as shown in Fig.1. The
inner/outer diameter of the core capillary was 0.3/0.5 mm. The
inner diameter of outer capillary was 1.0 mm. The inner and outer
fluid liquids were injected into two flow channels by two separate
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syringe pumps (TJ-3A, Longer, P. R. China). PLGA was chosen
as outer material. PCL and PVP were used the inner polymers. A
combination of THF and acetonitrile (2:8, v/v) was used as the
organic solvent to dissolve PLGA. PCL was dissolved in
acetonitrile. In order to increase the electrical conductivity of the
solvent, DMF was added into the PVP ethanol solution (DMF:
ethanol = 1:2, v/v). A voltage generator supplied a high voltage to
the nozzle by means of a crocodile clip.

Electrospraying solutions and processing parameters were
optimized to obtain nanoparticles of a stable cone-jet mode. In
this study, the potential was 16 kV and the distance between the
needle tip and the collector was 9 cm. The outer PLGA
copolymer solution was 6% (w/v). The inner copolymer solution
was 6% (w/v) PCL or 4% (w/v) PVP, respectively. 1% wt DOX
and 4% wt CA4 were dissolved in the inner and outer
electrospraying liquids, respectively. The dual-drug loaded
nanoparticles were named as PCL-DOX/PLGA-CA4 and PVP-
DOX/PLGA-CA4. The flow rates of inner and outer fluid liquids
were 0.2 mL/h and 0.8 mL/h.

Fig.1.

Characterization of nanoparticles

The morphologies of nanoparticle surface were observed by field
emission scanning electron microscopy (FE-SEM, Nova 400,
FEI, America). For transmission electron microscope (TEM, FEI
Tecnai 10, Philips Electron Optics, Holland), nanoparticle
dispersions were deposited and dried on formvar film-coated
copper grids after stained by phosphomolybdic acid hydrate. The
dual-drug loaded nanoparticles were collected and suspended in
anhydrous ethanol. Dynamic light scattering (DLS) methods were
used to measure particle diameters and size distribution at 20 °C
by Zetasizer Nano ZS 90 instrument (Malvern Instruments Ltd.,
Malvern, UK). The values of the same sample presented in the
paper were average values of three-repeated measurement.

Drug encapsulation efficiency (EE) and in vitro release

The amount of drugs encapsulated in the composite particles was
measured by dissolved the drug-loaded particles in 0.5 mL DMF.
Add 2.5 mL PBS (pH 7.4) to the mixtures. The concentrations of
the CA4 and DOX were determined using dual-wavelength
spectrophotometer by UV  spectrometry (Lambda 900,
PerkinElmer, USA). DOX was determined at 483 nm and CA4
was measured using 298 nm as a characteristic wavelength and
453.8 nm as a reference one. The EE was defined as the ratio of
actual and original amount of drug encapsulated in particles.

For drug release behaviors measurements, the drug-loaded
particles was collected and incubated in a conical flask with 20
ml of pre-warmed PBS (100-120 rpm/min) at 37 °C. Due to the
acidic of tumor microenvironment, two kinds of PBS at pH 7.4
and 6.5 were prepared. At designated time intervals, a 2-mL
release medium was taken. The same amount of fresh buffer was
then added in order to maintain the sink condition. The
concentrations of CA4 and DOX were determined using dual-
wavelength  spectrophotometer as described previously.
Accumulated release percentage of drug was determined as
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Here, O (%) was the amount of accumulated release drugs. V'
(mL) was the total volume of samples. C,, (mg/mL) and V; (mL)
were the concentration and volume of samples taken at n and i
time point. mg,, (Mmg) was the mass of drug in particles. The
number of times of drug release media replacements was
numbered as n.

In vitro tumor-endothelium co-culture studies

The cell co-culture flow chamber was developed based on
parallel-plate-flow-chamber (Supplementary Material). HUVECs
were cultured on the back side membrane of a transwell insert (6-
well, 1pm) at density of 105 cells/insert and incubated at 37 °C,
5% CO2 for 4 h. B16-F10 cells were seeded in the top side
membrane of the transwell chambers at a density of 10°
cells/insert. The co-culture transwell chambers are able to allow
the exchange of the medium. After 12h of incubation, the co-
culture transwell chamber was installed on the parallel-plate-
flow-chamber. The cell culture medium containing different
nanoparticles was drawn out of the system by an infusion pump.
The shear force of the medium was about 0.15-0.25 dynes/cm2.
At the designed time point, B16-F10 cells and HUVECs were
washed with cold PBS and collected.

Cytotoxicity assay and annexin V/propidium iodide cellular
apoptosis

B16-F10 cells and endothelium cells were seeded in 96-well
plates at 2x10* cells per well and incubated at 37 °C, 5% CO, for
24 h. The cells were exposed to the fresh culture medium
containing respective samples (PCL-DOX/PLGA-CA4 and PVP-
DOX/PLGA-CA4). The culture medium was replaced with 20puL
30 MTT solution (5 mg/mL) and 180 pL serum free RPMI 1640
medium at the end of the incubation time (24 h, 48 h and 72 h).
The plates were incubated for 4 h at 37 °C, 5% CO,. Washing
with PBS was followed by the addition of 150 pL DMSO to
dissolve the formazan crystals, gentle shaking for 10-20 min so
that complete dissolution was achieved. The absorbance was
recorded at 490 nm using the microplate spectrophotometer
system. The percent viability was expressed as absorbance in the
presence of test compound as a percentage of that in the vehicle
control.

Two-color flow cytometric analysis was used to study the
cellular apoptosis after dual-drug nanoparticles treatments. B16-
F10 cells and endothelium cells were collected at the end of
incubation, respectively. Cells were washed with PBS and stained
with reagents from Apoptosis Assay Kit (Bestbio Co. Ltd, China)
following manufacturer’s instruction and analyzed using a flow
cytometer (FACS CantoTM II system; BD Biosciences, US).

Western blotting

B16-F10 cells and endothelium cells were seeded in 96-well
plates at 2x10* cells per well and incubated at 37 °C, 5% CO, for
s0 24 h. The cells were exposed to the fresh culture medium
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containing respective samples (PCL-DOX/PLGA-CA4 and PVP-
DOX/PLGA-CA4). B16-F10 cells and endothelium cells were
collected at the end of incubation, respectively. Cell samples
were lysed in sample loading buffer and resolved on a 5-12%
gradient SDS-polyacrylamide-gel electrophoresis gel. The
proteins were transferred to a polyvinylidenefluoride (PVDF)
membrane, blocked, and probed with the appropriate primary
antibodies (SC-57496, SC-53546, Santa Cruz Biotechnology,
Inc.) and secondary horseradish peroxidase-labelled antibodies
(Products 31431, Thermo Scientific/Pierce Biotechnology, US).
Proteins were detected by Enhanced Chemiluminescence
Detection Kit for HRP (Beyotime Institute of Biotechnology,
China). Quantitation of the chemiluminescent signals was
performed with a digital imaging system (VersaDoc; Bio-Rad,
Us).

Statistic analysis

All the experiments were measured in triplicates and the results
were presented as mean + standard deviations. Statistical analyses
of the experimental data from different groups were performed by
applying one-way ANOVA. p<0.05 was considered significant,
and p<0.01 was considered highly significant.

Results and discussion

Characterization of electrospraying particles

The surface morphologies and core-shell structure of particles
were illustrated by SEM and TEM images (Fig.2 E-J). SEM
images revealed that blank nanoparticles and dual-drug
encapsulated nanoparticles were generally spherical and nearly
monodisperse in size. The described core-shell structures were
obtained for PVP/PLGA and PCL/PLGA nanoparticles from
TEM. Clear boundaries between core and shell regions can be
observed in these two kinds of nanoparticles. According to the
results of DLS measurements (Fig.2 C-D), the average diameter
of PVP/PLGA and PCL/PLGA nanoparticles was 394.7 nm (Pdi
=0.093) and 606.5 nm (Pdi = 0.289), respectively. It increased to
4244 £ 78.9 nm and 455.7 £ 103.3 nm for PVP-DOX/PLGA-
CA4 and PCL-DOX/PLGA-CA4 after CA4 and DOX
encapsulated. It is believed that solvent evaporation and polymer
diffusion are the two main mechanisms determining particle
formation and their resulting properties.’® Due to the different
evaporation rate and diffusion rate between PCL solution and
PVP solution, the different size distributions of these two systems
were presented. As the dissolution of PLGA in ethanol was
negligible, the polymer-solvent configuration was able to strongly
reduce the diffusion between outer solution and inner solution at
the tip of coaxial needle.® Meanwhile, the breakup process is
greatly influenced by fluid properties such as electrical
conductivity, viscosity, and interfacial tension.*

The zeta potential was strongly influenced by the properties
of electrosray liquids as well. The surface charges of the dual-
drug nanoparticles fabricated in this study were both negative
(Supplementary Material Table S1). Due to the CA4 and Dox
loading into the electrospray liquid, the zeta potentials of
nanoparticles were varied. It has been reported that the zeta
potential and surface charge of the nanoparticles directly affects
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the physical stability, cellular uptake, biodistribution of the
nanoparticles in vivo.** The negative zeta potential may help the
dual-drug encapsulated nanoparticles to repel each other and
prevent aggregation.*' The crystallographic structure and
chemical composition of PVP-DOX/PLGA-CA4 and PCL-
DOX/PLGA-CA4 were revealed from the XRD analysis (Fig.3).
There was no statistically significant difference in the
diffractional peaks between blank nanoparticles and dual-drug
loaded nanoparticles. Disappearance of the sharp peaks indicates
distribution of the drug.

Fig.2

Fig.3

In vitro drug release profile studies

Owing to the advantages of coaxial-capillary electrosraying, it
allows the encapsulation of multiple drugs in one single step,
including drugs with different characteristics in hydrophilic
properties. Hydrophobic CA4 and hydrophilic DOX were co-
encapsulated in the core-shell nanoparticles (PCL/PLGA and
PVP/PLGA) in this study. With different characteristics of core
polymers in hydrophilic properties, PVP/PLGA and PCL/PLGA
demonstrated variable release profiles (Fig. 4). As shown in
Fig.4A, due to the hydrophilicity, 30% of DOX were released out
within the first 2 hours of incubation in PBS at pH 7.4. Only 15%
of CA4 were released out in 2 h. While, distinct property of
release was observed in PCL-DOX/PLGA-CA4 as well. The
release rate of DOX didn’t change significantly when loading
into PCL/PLGA nanoparticles. The release of CA4 from PCL-
DOX/PLGA-CA4 was slower than CA4 release from PVP-
DOX/PLGA-CA4. Due to the acidity of
microenvironments, drug release properties of dual-drug loaded
nanoparticles were measured in the PBS at pH 6.5 as well.
Compared with samples in pH 7.4 PBS, the release rates of DOX
and CA4 from PCL-DOX/PLGA-CA4 nanoparticles were both
decreased in pH 6.5 PBS. It showed that cumulative release
percentages of encapsulated drugs were decreased from 55% to
48% for DOX, 30% to 20% for CA4 in the beginning 12 hours.
In contrast, in PVP-DOX/PLGA-CA4, DOX release didn’t
change significantly in pH 6.5 PBS, whereas, the release of CA4
was reduced by 10%. The release in the following time was linear
until 72 hours.

The initial drug release was attributed to the porosity of
nanoparticles, resulting from the solvent evaporation in
electrospray process. In addition, at higher loading, polymers
were likely saturated with encapsulated drugs, leaving the
remaining drug to precipitate between the carrier polymers and at
the outer surface, which resulted in greater early release.*” In the
nanoparticles with core-shell structures, DOX was dispersed in
the core regions, which had a longer path to release from the
systems. However, this effect was diminished because the shell
thickness was too small, which can be observed from TEM of
nanoparticles. The release profiles of CA4 were shown due to the
intermolecular force between PLGA and CA4 and low solubility
in PBS solution. The CA4 solubility is poor in an aqueous
medium so that it was hard to release from the nanoparticles.
Thus, even if encapsulated in the core of nanoparticles, DOX had
a higher cumulative release than that of CA4. Meanwhile, the
strongly hydrophilic properties of PVP and large surface areas of
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nanoparticles were another two reasons for these observations.*
The hydrophilic of PVP allows the water molecules to more
easily penetrate into the center of nanoparticles. PVP might be
dissolved from the nanoparticles into the aqueous medium. Some
holes would be formed owing to the PVP dissolution so that
much water could enter into the nanoparticles to promote the
DOX release. In acidic microenvironment, the ionization
molecules could induce and strengthen the polymer-drug
interaction, resulting in decrease of drug release from
nanocarriers.

Comparing with tradition drug loading methods, high
encapsulation efficiency of encapsulated drugs was observed in
coaxial-capillary electrosraying (Supplementary Material Table
S2). In this study, both CA4 and DOX had high encapsulation
efficiencies over 90% in PVP-DOX/PLGA-CA4 and PCL-
DOX/PLGA-CA4. The results showed that the hydrophobic or
hydrophilic properties of the drugs did not affect the amount of
encapsulation with the coaxial-capillary electrosray method, as
reported previously.**** In another words, both hydrophobic and
hydrophilic drugs can be encapsulated into the coaxi-electrosray
particles effectively. The efficient encapsulation of drugs,
particularly the hydrophilic ones, into the polymers with different
hydrophilic properties is very promising.

Fig.4

Cytotoxicity assay

To investigate the cytotoxicity of blank nanoparticles,
PCL/PLGA and PVP/PLGA nanoparticles were incubated with
B16-F10 cells and HUVECs, respectively. As shown in Fig.5,
there were no significant differences in cell morphology between
the blank nanoparticles groups and controls. It showed that no
significant decline in cell viability was detected on blank particle
groups, suggesting the harmless of the blank nanoparticles. When
the cell was treated with dual-drug loaded nanoparticles, it
demonstrated various cell viabilities for different samples (Fig.6).
Cell viability was significantly impaired when B16-F10 tumor
cells were exposed to PVP-DOX/PLGA-CA4 at 0.5 mg/mL after
48 h treatment. As for HUVECs, the concentration of
nanoparticles, leading to obvious cell cytotoxicity, increased to 1
mg/mL after the same time incubation. At the high nanoparticles
concentration groups (2.5 mg/mL), it presented 48.76% cell
viabilities of B16-F10 cells after 24 h incubation with PVP-
DOX/PLGA-CA4. 49.44% HUVECs survived when treated with
PVP-DOX/PLGA-CA4 after 24 h incubation. Since more drugs
were released from the nanoparticles when treated at longer time,
resulting in less cell viabilities. Cell viabilities of B16-F10 cells
and HUVECs were decreased to 30.06%, 47.53% and 38.08%,
38.84% after 48 h and 72 h incubation with PVP-DOX/PLGA-
CA4 at 2.5 mg/mL. In groups of PCL-DOX/PLGA-CA4
nanoparticles, it showed a dose-dependent and time-dependent
manner as well. Compared with that of PVP/PLGA, lower
cytotoxicity was detected in PCL-DOX/PLGA-CA4 treated
groups, due to the low hydrophilicity and controlled release of
encapsulated drugs from PCL/PLGA nanoparticles. When B16-
F10 cells and HUVECs were treated with 2.5 mg/mL PCL-
DOX/PLGA-CA4 nanoparticles after 48 h incubation, the cell
viability was 62.16% and 54.54% remaining, respectively.
Generally, it can be observed that both PCL-DOX/PLGA-CA4
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and PVP-DOX/PLGA-CA4 demonstrated dose
dependent toxicity on B16-F10 cells and HUVECs.
Fig.5
Fig.6

and time

Apoptosis assay and western blot assay

Transwell cell co-culture systems were designed to study drug
release profiles. As shown in Fig.7, apoptotic activities of B16-
F10 cells and HUVECs were increased significantly from 24 h to
72 h for these two dual-drug loaded nanoparticles. It can be seen
that the HUVECs cell apoptosis and became significant after 24 h
incubation with PVP-DOX/PLGA-CA4 and PCL-DOX/PLGA-
CAA4, respectively. When B16-F10 cells were incubated with
dual-drug loaded nanoparticles at different time, cell apoptotic
activities increased sharply after 48 h incubation with PVP-
DOX/PLGA-CA4 and 72 h for PCL-DOX/PLGA-CAA4,
respectively. This condition is consistent with the in vitro distinct
drug release profiles of dual-drug delivery systems. Since the
effective drug concentration was different for these two cell
cultures. Although the cumulative of DOX was higher than CA4
release, the time inducing tumor cell apoptosis was later than
HUVEGCs. Generally, the apoptosis assay showed that the
sustained but continuous released DOX and CA4 maintained high
cytotoxic activity for tumor cell and HUVECs apoptosis
induction in a time-dependent manner. The sequential release of
CA4 and DOX may allow more cytotoxic agents to accumulate in
the tumor tissue before the tumor vasculatures collapse and have
fewer side-effects, as previously studied.*®

Fig.7 C-E showed the VEGF and HIF-1a protein expression
of tumor cells at different incubation time. The expressions of
VEGF and HIF-la were both shut down when incubation with
PVP-DOX/PLGA-CA4 nanoparticles after 24 hours. When tumor
cells were treated with PCL-DOX/PLGA-CA4 nanoparticles,
HIF-1a as well as VEGF protein expression was decreased after
48 h incubation significantly. It is known that low oxygen tension
in tumors promotes neoangiogenesis by the activity of HIF-1a, a
hypoxia-regulated transcription factor, over expression of which
is associated with poor prognosis.*” VEGF, a angiogenic factor, is
potent chemoattractants for endothelium cells and for certain
tumor cells that also express VEGF receptors.*® As VEGF
mediates endothelial cell survival functions, loss of VEGF
signaling has been proposed to lead to endothelial cell
apoptosis.*’

In most tumors, the vasculature is characterized by a
relatively inefficient blood supply which differs from normal
vascular networks. Jain has hypothesized that tumor vasculature
normalization may make the blood-flow more uniform with
subsequent increased delivery of chemotherapy and oxygen.™ In
this study, two different sequential drug release profiles from
PVP/PLGA and PCL/PLGA nanoparticles were observed. The
different drug release rates and patterns were attributed to the
distinct core-shell structures of nanoparticles and the difference
of two core polymers in hydrophilic properties. PVP/PLGA
nanoparticles presented a faster and higher drug release than that
of PCL/PLGA nanoparticles, resulting from the better affinity of
PVP with incubation media. It was easy for water molecules
diffuse into the inner core of core-shell nanoparticles, which was
the predominant rate step on drug release. CA4 was proposed to
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target tumor vasculature directly, which may result in

redistributing blood flow and increasing overall delivery of

chemotherapy and oxygen. The rest of the tumor cells were killed

by the sustained-release of DOX from the nanoparticles. The

sequential killing of the tumor endothelium and tumor cells can

play a great powerful role in tumor combination chemotherapy.
Fig.7

Conclusions

The distinct core-shell structures were observed in PVP /PLGA
and PCL /PLGA nanoparticles. DOX and CA4 were encapsulated
in individual regions of nanoparticles with high encapsulation
efficiency over 90%, respectively. The dual drug encapsulated
nanoparticles had a narrow size distribution and smooth surface
morphology. PVP-DOX/PLGA-CA4 and PCL-DOX/PLGA-CA4
exhibited different sequential release kinetics of encapsulated
drugs. Treatment with dual-drug loaded nanoparticles resulted in
the sequential killing of HUVECs and B16-F10 cells. The VEGF
and HIF1-a expressions were both shut down in vitro.

Sequential controlled drug release is required in cancer
combination chemotherapy treatment. In order to produce
nanoparticles with multiple drugs encapsulated, the coaxial
electrospray was employed. With the advantage of coaxial
electrospray technology, immiscible and miscible liquids can be
utilized to fabricate core-shell nanopartilces with different inner
core characteristics in hydrophilic properties in one single step.
Both hydrophobic and hydrophilic drugs can be encapsulated into
the coaxi-electrosray particles effectively and the encapsulation
efficiencies of drugs, particularly the hydrophilic ones, were
increased. Owing to the carrier polymers with different
characteristics in hydrophilic properties, drug release kinetics can
be controlled. The cell co-culture system investigated has the
potential to evaluate drug release or transport behaviors in mobile
fluid. The results suggested that the release rates and profiles of
dual drug loaded particles can be tailored and tuned by choosing
required polymers with different characteristics. Therefore, the
clinical treatment necessity can be fulfilled and the improvement
of drug efficiency is promising tumor combination
chemotherapy.
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Fig.2 Nanoparticles characterization. A-B) Figures of drug loaded nanoparticles A: PCL-DOX/PLGA-CA4; B:
PVP-DOX/PLGA-CA4; C-D) Size distribution of dual drug loaded nanoparticles C: PVP-DOX/PLGA-CA4; D:
PCL-DOX/PLGA-CA4; E-H) SEM of nanoparticles E: PCL/PLGA nanoparticles; F) PVP/PLGA nanoparticles;
G) PCL-DOX/PLGA-CA4; H) PVP-DOX/PLGA-CA4; Scar bar =5 um; I-J) TEM of nanoparticles I: PCL-PLGA;
J: PVP-PLGA; Scar bar = 200 nm.
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Fig.4B Release profiles of dual drug-loaded polymer particles in PBS (pH=6.5)
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Fig.5 A-F) Morphology of B16-F10 and EC after 48h incubation with nanoparticles in vitro A: B16-F10; B:
EA.HY926; C: B16-F10 + PCL/PLGA; D: EA.HY926 + PCL/PLGA; E: B16-F10 + PVP/PLGA; F: EA.HY926 +
PVP/PLGA; G-H) Cytotoxicity of nanoparticles after 48h incubation in vitro G: PVP/PLGA; H: PCL/PLGA.
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Fig.6 A-D) Morphology of B16-F10 and EA.HY 926 after 48h incubation with nanoparticles in vitro A: B16-F10 +
PCL-DOX/PLGA-CA4; B: B16-F10 + PVP-DOX/PLGA-CA4; C: EA.HY926 + PCL-DOX/PLGA-CA4; D:
EA.HY926 + PVP-DOX/PLGA-CA4; E-H) Cytotoxicity of B16-F10 and EA.HY926 after incubation with
nanoparticles in vitro E: B16-F10 + PCL-DOX/PLGA-CA4; F: B16-F10 + PVP-DOX/PLGA-CA4; G: EA.HY926
+ PCL-DOX/PLGA-CA4; H: EAHY926 + PVP-DOX/PLGA-CA4; (mean + SD; n = 4) * P <0.05, ** P<0.01,
**x P<0.001.
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Fig.7 A-B) Cell apoptosis of nanoparticles after incubation with co-culture cells systems in vitro A: B16-F10 cell;
B: EA.HY926 cell; C-D) HIF-1a and VEGF protein expressions of each sample in B16-F10 cells after different
incubation time; E) Relative HIF-1o and VEGF protein expressions of each sample in B16-F10 cells after different
incubation time; 1-3) 24h 1: Control; 2: PVP-DOX/PLGA-CA4; 3: PCL-DOX/PLGA-CAA4; 4-6) 48h 4: Control; 5:
PVP-DOX/PLGA-CA4; 6: PCL-DOX/PLGA-CA4; 7-9) 72h 7: Control; 8: PVP-DOX/PLGA-CA4; 9: PCL-
DOX/PLGA-CA4; (Relative expression is normalized to B-actin; expression is shown relative to 24h control
group, normalized to 1.) (mean + SD; n = 3) * P <0.05, ** P<0.01, *** P<0.001.
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