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ABSTRACT: Paclitaxel is an anti-cancer drug, used to treat ovarian, breast and non-small-cell lung cancer among
others. The low aqueous solubility of paclitaxel is a limiting factor for its application. Thus, paclitaxel is solubilized with
help of surfactants and co-solvents, approved as Taxol®. Unfortunately, serious side effects like life-threatening
hypersensitivity reactions and hemo-toxicity are limiting its use. Due to this, alternative formulations of paclitaxel are
required. Nanoparticles represent an important approach to improve the poor solubility of drugs. In that context,
electrospray for the preparation of nanoparticles is a promising approach. Due to these facts it was aimed in this study
to develop and characterize paclitaxel loaded zein nanoparticles with and without the addition of chitosan. For that
purpose the influence of the preparation parameters like the applied voltage and the flow rate on the characteristic
properties of the particles were investigated step by step. The nanoparticles were characterized by investigating their
particle size, size distribution, zeta potential, shapes and morphologies with help of dynamic light scattering,
encapsulation efficiencies and AFM images, respectively. It was succeeded to prepare paclitaxel loaded zein
nanoparticles without chitosan at a voltage of 22.5 kV and a flow rate of 0.2 ml/h having a particle size of 231 nm and
an encapsulation effciency of 89%, while the paclitaxel loaded zein nanoparticles with chitosan had a particle size of 339
nm and an encapsulation effciency of 94%, prepared with 22.5 kV and a flow rate of 0.3 ml/h.
KEYWORDS: Paclitaxel; nanoparticles; electrospray; chitosan; cytotoxicity; lung cancer.

1 . INTRODUCTION
The diterpenoid ester paclitaxel (PTX) is a first line anti-cancer drug, used for the therapy of ovarian,
breast and non-small-cell lung cancer among others [1]. Lung cancer remains 23% of cancer-related deaths
worldwide, more than the sum of breast, colon and prostate cancer [2, 3]. Most of the therapeutic approaches
like chemotherapy are costly, complex and lacks patient compliance and drug targeting. Current treatment
strategies against lung cancer comprise nanoparticles like liposomes and solid lipid nanoparticles among
others [4]. In recent years nanoparticulate drug delivery systems have attracted increasing attention,
especially regarding anticancer therapy. The anticancer drug PTX was used in various nanoparticulate
delivery systems, having advantages compared to the standard therapy, like increasing the aqueous solubility
of PTX by conjugated with water-soluble polymers, or encapsulated into lipid-based NPs. Furthermore, NPs
are in the nanometer range, enabling the delivery of PTX into the tumor site due to the enhanced permeability
and retention effect, can escape the reticuloendothelial system and therefore reduce the undesired effects. One
more important advantage is the fact that the pharmacokinetic profiles of the drug from NPs is improved, like
increasing the half-life and tumor accumulation of PTX. PTX influences several processes, finally resulting in
cell cycle arrest in anaphase stage [5]. Due to its low aqueous solubility, using surfactants and cosolvents can
increase the aqueous solubility of PTX as Taxol®, which was approved by US FDA in 1992.
Its use is limited by side effects like hypersensitivity reactions and hemo-toxicity [6]. The
pharmacokinetic profile of PTX in Taxol® exacerbates the coadministration of other anti-cancer drugs [7].
Further limiting factors for the use of Taxol® are its short biological halflife, poor distribution in plasma,
physical instability and incompatibility with infusion sets [8]. Another approved formulation of PTX
(Abraxane®) can avoid hypersensitivity reactions [9]. Unfortunately, its elimination, half-life, neutropenia,
neuropathy, significant higher cost, only minor improvement in anti-cancer efficacy together with a similar
survival rate like Taxol® are serious limiting factors [10]. Thus, alternative PTX formulations are required.
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For improving the low solubility of PTX, reducing the side effects and improving anti-cancer efficacy of
Taxol® several drug delivery systems have been formulated [11]. Due to their biological inertness and
improved stability among others, liposomes are one of the most investigated carrier for PTX [12].
Hydrophilic drugs can be encapsulated in the aqueous core of liposomes and hydrophobic drugs in the
lipid bilayer. However, the drug quantity loaded into the bilayer is limited. In addition, loading of high
amounts of lipophilic drugs like PTX in bilayer can result in crystallization, which is a serious disadvantage
of liposomes [13-16]. Another important approach to improve the poor aqueous solubility is to use
nanotechnology and nanoparticles (NPs), having a small size in the nanometer range [17-19].
Several methods has been described for nanotechnology based formulations like, liposomes [20],
microemulsions [21], micelles [22], PLGA nanoparticles [23,24], solid lipid nanoparticles [25], lipid
nanocapsules [26] and nanoemulsions [27]. In addition, the spray-dried micro- or nanoparticles [28], solvent
emulsion-evaporation [29-31], electrohydrodynamic atomization and so-called electrospray [32] were
referred. A simple and one-step method for encapsulation of actives is electrospray or electrohydrodynamic
atomization [33-35]. Electrospray is generally used for the preparation of polymeric NPs and encapsulation
of drugs with poor aqueous solubility, just like PTX. Electrospray is based on the break-up of a liquid into fine
droplets in an electric field. A liquid passing through a thin metal tube like a nozzle or needle or capillary with
a meniscus at the tip of the tube is electrically stressed due to a potential difference between the tube and the
electrode. Electrospray offers advantages like monodispersed particles or controlled particle sizes by adjusting
the preparation conditions [36,37], high encapsulation efficiencies [38,39], avoiding separation process to
remove the particles from the solvent and conveniently obtaining core–shell structured particles [40]. The
complex electrospraying process is affected by many variables such as electrostatic field strength, tube
diameter, flow rate and concentration of the compounds. Although electrosprayed particles are in (sub)micron range different strategies to decrease the particle size were used. Nanosized particles were obtained
by modifying parameter like applied voltage, feed rate and polymer concentration [41]. Chitosan (Ch) particles
with a size of approximately 100 nm were prepared by reducing polymer concentration and flow rate [42]. It
must be pointed out that decreasing the particle size by reducing the concentration of the compounds or flow
rate can result in low particle production capacity.
Due to previous experiences of encapsulating lycopene [43] and curcumin [44] with zein, this maize
protein was chosen for encapsulation of PTX. Zein contains a group of alcohol soluble but aqueous insoluble
proteins [45]. There are many reports about the use of zein as material for encapsulation of several compounds
[46-48]. Being biofunctional and non-toxic are important properties for the pharmaceutical industry.
Therefore, natural polymers like zein or Ch are suitable compounds for the preparation of NPs. The cationic
polymer Ch can form NPs by different methods like microemulsion and emulsification solvent diffusion
among others [49]. Ch exhibits some promising properties like being nontoxic, biodegradable and
biocompatible [50]. Due to its positive charge Ch can interact with negatively-charged sites on a cell surface
[51]. These beneficial properties made Ch to a popular polymer for the development of carrier systems with
bioactive compounds as delivery systems for a variety of applications [52]. Due to the fact that the surface of
all physiological membranes including the intestine, have a negative surface charge [53], positively charged
NPs containing Ch (ChNPs), proven to enhance the absorption [54], makes them very attractive.
Due to these facts it was aimed in this study to prepare PTX loaded ChNPs having a particle size of
maximum 500 nm, a high encapsulation efficiency of >90% and an enhanced cytotoxicity on lung cancer cells.
For that purpose, PTX was encapsulated using zein in the NPs and additionally Ch. The NPs were prepared
using electrospray by varying the applied voltage (17.5, 20 and 22.5 kV) and flow rate (0.2 and 0.3 ml/h). The
NPs were characterized by investigating their shape, morphologies and particle sizes with help of atomic force
microscopy (AFM) and dynamic light scattering (DLS) methods, respectively and encapsulation efficiencies
per UPLC.
2. RESULTS AND DISCUSSION
2.1. Characterization of the nanoparticles
The effect of the flow rate (0.2 and 0.3 ml/h) and of the applied voltage (17.5, 20 and 22.5 kV) on the
particle size, size distribution, expressed as polydispersity index (PDI) and the zeta potential (ZP) was studied
for NPs without the addition of Ch and for ChNPs. In addition, the prepared NPs were characterized
according to the shape of the particles with help of AFM images. The main variables that affect the
electrospraying process include the concentration of the polymers zein and Ch and the preparation conditions
(applied voltage and flow rate). Based on our previous studies the zein concentration for the prepared NPs
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was set as 5% (w/w) [39,40]. Due to low aqueous solubility of Ch, there is a limit for incorporating Ch into the
NPs. Therefore, the Ch concentration was kept constant at 0.5% (w/w) for the ChNPs.
2.1.1. Characterization of PTX loaded nanoparticles without chitosan
The particle size, PDI and ZP results of the NPs without Ch are given in Table 1. The mean particles size
and the PDI values of the PTX containing NPs without Ch decreased from 565 nm (F1) to 264 nm (F2) and 231
nm (F3), respectively, and from 0.77 (F1), 0.57 (F2) and 0.46 (F3) with increasing applied voltage from 17.5 kV
to 20 kV and 22.5 kV, respectively, prepared with a flow rate of 0.2 ml/h. Increasing applied voltage resulted
in decreased ZPs from -2.7 mV (F1) to -10.6 mV (F2) and -21.1 mV (F3), respectively. The same tendency of
increasing the applied voltage when the flow rate was increased from 0.2 ml/h to 0.3 ml/h. Increasing the
applied voltage resulted in decrease of the mean particles size of the PTX containing NPs from 933 nm (F4) to
480 nm (F5) and 253 nm (F6), respectively. In contrast to that the PDI first increased very slightly from 0.79
(F4) to 0.81 (F5), and decreased then to 0.60 (F6) with increasing the applied voltage from 17.5 kV to 20 kV and
22.5 kV, respectively. Regarding The ZPs independent from the suffix, the ZPs increased from -2.8 mV (F4) to
-3.8 mV (F5) and -8.7 mV (F6), respectively, with increasing the applied voltage. Comparing the effect of the
flow rate revealed that the NP formulation prepared with 17.5 kV and a flow rate of 0.2 ml/h had a particle
size (565 nm, F1) smaller than the NPs prepared with 0.3 ml/h (933 nm, F4). After increasing the applied
voltage to 20 kV similar effect was observed, namely that the particle size of the NPs prepared with 0.2 ml/h
(264 nm, F2) is smaller than the NPs prepared with 0.3 ml/h (480 nm, F5). For the NPs prepared with 22.5 kV,
the opposite result was obtained, namely smaller NPs for the flow rate of 0.2 ml/h (231 nm, F3), compared to
0.3 ml/h (253 nm, F6). Regarding the PDIs the same tendency was obtained: 0.77 for the NPs prepared with
0.2 ml/ h and 17.5 kV (F1) and 0.79 for 0.3 ml/h and 17.5 kV (F4). Increasing the applied voltage to 20 kV
resulted in PDIs of 0.57 (0.2 ml/h and 17.5 kV, F2) and 0.81 (0.3 ml/h and 17.5 kV, F5). Again, after 22.5 kV
were applied the PDIs were 0.46 (0.2 ml/h and 17.5 kV, F3) and 0.60 (0.3 ml/h and 17.5 kV, F6). Comparing
the ZPs of the prepared NPs revealed more clear results according the tendency. Increasing the flow rate from
0.2 ml/h to 0.3 ml/h resulted in similar ZPs for 17.5 kV. While for 20 kV the difference between 0.2 ml/h to
0.3 ml/h is more pronounced as -10.6 mV (F2) and -3.8 mV (F5). Finally, there is a significant difference
between the ZPs of the NPs prepared with 0.2 ml/h to 0.3 ml/h for 22.5 kV as -21.1 mV and -8.7 mV. For the
electrospray process both, sizes of the NPs and their morphologies may vary with changing flow rates.
Usually, sizes of the NPs increase with increasing flow rates. Effect of the applied voltage on the size and
morphology of the NPs is much more significant with that of the flow rate. The effect of the applied voltage
on the particle size and PDI can be explained with the jet break-up mechanism [46-50]. The applied voltage
affects the jet break-up mechanism and depends on the stress ratio at the jet surface, expressed as the ratio of
the normal electric stress to the surface tension stress [55]. The higher the applied voltage the smaller are the
prepared NPs, with a narrow PDI, expressed as low value. Axisymmetric instabilities lead to a break up at a
low stress ratio value, resulting in monodispersed droplets and the fact that the number of secondary droplets
is lower than the number of primary droplets. After reaching a stress ratio threshold value, the jet begins to
whip and lateral instabilities contribute to the break-up of the jet, resulting in a rise in the number of secondary
droplets and satellites [46-50], as in the case of the present work when the voltage was increased from 17.5, 20
and 22.5 kV, respectively.
To sum up, combining the particle size, PDI, ZP results with the AFM images revealed that the best PTX
loaded NP formulation without Ch is the formulation F3, prepared with an applied voltage of 22.5 kV and a
flow rate of 0.2 ml/h.
Table 1. The particle size, size distribution (PDI) and zeta potential results of the nanoparticles without
chitosan.
PCS ± SD [nm]
PDI ± SD
ZP ± SD [mV]

F1

F2

F3

F4

F5

F6

565 ± 147
0.77 ± 0.21
-2,7 ± 0.8

264 ± 80
0.57 ± 0.38
-10,6 ± 2.4

231 ± 73
0.46 ± 0.13
-21,1 ± 3.7

933 ± 641
0.79 ± 0.26
-2,8 ± 0.4

480 ± 355
0.81 ± 0.32
-3,8 ± 2.1

253 ± 103
0.60 ± 0.43
-8,7 ± 1.9

2.1.2. Characterization of PTX loaded nanoparticles with chitosan
Table 2 shows the particle size, PDI and ZP results of ChNPs. The mean particle size of the PTX
containing ChNPs decreased from 532 nm (F7) to 359 nm (F8) and 339 nm (F9), respectively, with increasing
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applied voltage from 17.5 kV to 20 kV and 22.5 kV, respectively, prepared with a flow rate of 0.2 ml/h. The
same decreasing effect as 0.94 (F7), 0.88 (F8) and 0.55 (F9) was observed for the PDIs and the ZPs as -11.6 mV
(F7) to -9.8 mV (F8) and -3.5 mV (F9), respectively, with increasing applied voltage. In order to investigate the
effect of the flow rate on the particle size, PDI and ZPs, it was increased from 0.2 ml/h to 0.3 ml/h. After
increasing the flow rate to 0.3 ml/h, the mean particles size of the PTX containing ChNPs decreased from 531
nm to 383 nm and 363 nm, respectively, and the PDI values decreased from 0.76, to 0.65 and to 0.40,
respectively, with increasing applied voltage. Compared to the ChNPs prepared with a flow rate of 0.2 ml/h,
the ZPs increased from -14.2 mV to -21.1 mV and -21.9 mV, respectively, with increasing applied voltage.
Comparing the effect of the flow rate revealed that there is no difference according the particle size between
the ChNPs prepared with a flow rate of 0.2 ml/h and 0.3 ml/h (Table 2). Regarding the PDIs, increasing the
flow rate resulted in a decrease from 0.94 to 0.76 for 17.5 kV, from 0.88 to 0.65 for 20 kV and from 0.55 to 0.40
for 22.5 kV. Increasing the flow rate from 0.2 ml/h to 0.3 ml/h resulted in similar ZPs for 17.5 kV (-11.6 mV
vs. -14.2 mV), while for 20 kV the difference between 0.2 ml/h to 0.3 ml/h is more pronounced as -9.8 mV and
-21.1 mV. Finally, the biggest difference was obtained for the applied voltage of 22.5 kV as -3.5 mV and -21.9
mV. Thus, the formulation F12 has more appropriate particle properties.
Table 2. The particle size, size distribution (PDI) and zeta potential results of the nanoparticles with chitosan.
PCS ± SD [nm]
PDI ± SD
ZP ± SD [mV]

F7

F8

F9

F10

F11

F12

532 ± 24
0.94 ± 0.10
-11.6 ± 1.5

359 ± 115
0.88 ± 0.13
-9.8 ± 0.1

339 ± 43
0.55 ± 0.16
-3.5 ± 0.3

531 ± 265
0.76 ± 0.21
-14.2 ± 1.2

383 ± 102
0.65 ± 0.34
-21.1 ± 0.5

363 ± 56
0.40 ± 0.26
-21.9 ± 1.2

2.2. Morphological characterization of the nanoparticles
The NPs without Ch (F1) and ChNPs (F7), prepared with a voltage of 17.5 kV and a flow rate of 0.2
ml/h are not really spherical, suggesting that 17.5 kV is not sufficient to prepare compact NPs, with and
without Ch. Increasing the applied voltage to 20 kV resulted in more compact and spherical NPs. Further
increase of the applied voltage to 22.5 kV lead to NPs with round shape, a compact structure and a more
homogenous distribution, for 0.2 ml and 0.3 ml/h, and for ChNPs and NPs without Ch.
At all the applied voltages of 17.5, 20 and 22.5 kV, respectively, the NPs without Ch (Figure 1) showed
similar morphologies to those of the ChNPs (Figure 2), investigated with help of AFM images. However,
adding Ch to the NPs seems not to have affected the electrospray process according to the morphology of the
NPs. After investigating the AFM images of the ChNPs (F7-F12) and NPs without Ch (F1-F6), it was concluded
that the NP formulation without Ch F3 and ChNP formulation F12 revealed particles with a round shape, a
compact structure and a more homogenous distribution. The rest of the formulations had some disadvantages
like a not satisfying shape of the particles, or too big particles with an inappropriate distribution. It can be seen
that these formulations, F3 and F12, have a homogenous particle size distribution, supported with the results
of the particle size characterization (Table 1, Table 2).

Figure 1. AFM pictures of the paclitaxel nanoparticles without chitosan.
https://doi.org/10.35333/jrp.2019.36
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To sum up, for obtaining compact and spherical ChNPs and NPs without Ch and a mean particle size
of less than 500 nm by using electrospray, 4.5 % or 5% zein, respectively, 22.5 kV applied voltage and a flow
rate of 0.2 and 0.3 ml/h, respectively, were necessary.

Figure 2. AFM pictures of the paclitaxel nanoparticles with chitosan.

2.3. The physicochemical stability of the nanoparticles
The physicochemical stability of the NPs was determined by measuring the particle size, PDI, ZP and
drug content of PTX in the NPs without Ch and ChNPs after storage of 1 and 3 months at 25±1 °C, respectively
without any significant changes in the particle size and with concentrations of at least 90% (Table 3). However,
after storage of 1 and 3 months, respectively the PDI of the NPs without Ch increased from 0.46 (day 0) to 0.57
(after 1 month) and 0.60 (3 months), while the ZP decreased from -21.1 mV to -19.9 (after 1 month) and -14.2
(3 months). For the ChNPs, the PDI increased from 0.40 (day 0) to 0.55 (after 1 month) and 0.65 (3 months),
while the ZP decreased from -21.9 mV to -10.6 (after 1 month) and -8.7 (3 months). The fact that the negative
zeta potential of the nanoparticles with chitosan is decreasing (tendency to positive zeta potential) after storage
of three months is showing the increasing loading activity of chitosan, which is a polycationic polymer.
Table 3. The physicochemical stability study results of the nanoparticles without chitosan (F3) and with
chitosan (F12) after storage of 3 months at 25±1°C.

PTX concentration [%]
PCS ± SD [nm]
PDI ± SD
ZP ± SD [mV]
ad0=

Nanoparticles without chitosan (F3)
d0
1 month
3 months
98
96
95
231 ± 73
253 ± 103
264 ± 80
0.46 ± 0.13 0.57 ± 0.38
0.60 ± 0.43
-21,1 ± 3.7
-19.9 ± 0.5
-14.2 ± 1.2

Nanoparticles with chitosan (F12)
d0
1 month
3 months
98
96
95
363 ± 56
359 ± 115
383 ± 102
0.40 ± 0.26 0.55 ± 0.16 0.65 ± 0.34
-21.9 ± 1.2
-10,6 ± 2.4 -8,7 ± 1.9

day of production

2.4. Cytotoxicity of PTX loaded nanoparticles
The cytotoxicity results revealed that increasing the PTX concentration from 2.5 to 5, 10, 25 and 50 nM,
respectively, decreased the viability of A549 lung cancer cells (Figure 3). Using a concentration of 2.5 nM
showed no significant difference in viability between the ChNPs (F12) and NPs without Ch (F3). The
application of 5 nM resulted in decrease of the viabilities to approximately 90% (NPs without Ch) and 70%
(ChNPs), respectively. Thus, 5 nM is the lowest concentration revealing a significant difference of the viability
between the NPs without Ch and ChNPs. Up to a concentration of 10 nM the viability for the ChNPs is lower
that for NPs without Ch. For higher concentrations of 25 nM and 50 nM the viability for the NPs without Ch
further decrease, while the viability for the ChNPs did not significantly changed. After application of the
highest concentration of 50 nM the viabilities were decreased to 15% (NPs without Ch) and 20% (ChNPs),
respectively. At least a concentration of 10 nM was necessary to kill more than 50% of 549 lung cancer cells,
for both NPs without Ch and ChNPs.
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This decrease of the viability by increasing the PTX concentration can be explained by the fact that a
concentration of 10 nM is necessary to kill the majority of the lung cancer cells.
The findings of this study support the aimed enhanced cytotoxicity of ChNPs and clearly indicate the
potential for the treatment of lung cancer with the prepared NPs.

Figure 3. Cytotoxicity results of nanoparticles with and without chitosan.

2.5. Encapsulation efficiency of PTX loaded nanoparticles
The encapsulation efficiency (EE) of PTX ranged from 80 to 89% for the PTX loaded NPs without Ch
(Table 1), where by the highest EE of 89% was obtained with F3 at a applied voltage of 22.5kV and a flow rate
of 0.2 ml/h. The encapsulation efficiency (EE) of PTX ranged from 81 to 94% for the PTX loaded ChNPs (Table
2), where by the highest EE of 94% was obtained with F12 at a applied voltage of 22.5kV and a flow rate of 0.3
ml/h.
Increasing the applied voltage from 17.5 to 20 and 22.5 kV, at a conctant flow rate of 0.2 ml/h, resulted
in increase of the EE from 80 to 81 and 89%, respectively, for the NPs without Ch. Similar tendency was
observed for the flow rate of 0.3 ml/h, where the EE increased from 81 to 83 and 86%, respectively. Comparing
the EE of the NPs with different flow rates, but a constant applied voltage showed that a significant difference
was only observed between F3 (89%) and F6 (86%).
Increasing the applied voltage from 17.5 to 20 and 22.5 kV, at a conctant flow rate of 0.2 ml/h, resulted
in increase of the EE from 81 to 84 and 90%, respectively, for the ChNPs. Similar tendency was observed for
the flow rate of 0.3 ml/h, where the EE increased from 90 to 92 and 94%, respectively. Comparing the EE of
the ChNPs with different flow rates, but constant applied voltages showed significant differences for all
formulations. This means that the effect of the flow rate and of the applied voltages of the EE is more
pronounced for the ChNPs compared to the NPs without Ch.
Similar, high encapsulation efficiencies were achieved by electrospraying, ranging from 80% to 96% by
other authors [56-58]. Hydrophilic bovine serum albumin (BSA) was encapsulated in the hydrophobic
polymers poly(lactic-co-glycolic acid) (PLGA) and poly-caprolactone (PCL), resulting in that the EE mainly
depends on the polymer, protein, and organic solvent interactions.
3. CONCLUSION
For obtaining NPs without Ch and ChNPs, prepared with electrospray process, the influence of the
applied voltage and the flow rate were investigated as they are important parameter.
The NPs without Ch and ChNPs were prepared by increasing the applied voltage from 17.5 kV to 20
kV and 22.5 kV, respectively, followed by increasing the flow rate from 0.2 ml/h to 0.3 ml/h. Combining the
particle size, PDI, ZP results with the AFM images and EE results revealed that for preparing suitable NPs
without Ch and ChNPs an applied voltage of 22.5 kV and a flow rate of 0.2 ml/h were needed (F3 and F12).
Both NP formulations (F3 and F12) had high EEs of 89% and 94%, respectively and a satisfying PTX drug
content of 95% after 3 months.
The cytotoxicity results revealed that a PTX concentration of 10 nM were sufficient to decrease the
viability of lung cancer cells to 35% (NPs without Ch) and 25% (ChNPs), respectively.
It was succeed to prepare PTX NPs without Ch and ChNPs having mean particle sizes of 231 nm and 339 nm,
respectively.
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4. MATERIALS AND METHODS
4.1. Materials
PTX (Figure 4) was supplied from Alfa Aesar, USA, medium molecular weight Ch and zein were
purchased from Sigma-Aldrich (Sigma, St. Louis, MO, USA).

Figure 4. The chemical structure of paclitaxel.

4.2. Preparation of the PTX loaded nanroparticles by electrospray
All NPs were prepared by electrospraying process using an apparatus (IMKASAN Basic System
Electrospray/coating, Manisa, Turkey) (Figure 5). For the development of the NPs without Ch (Table 1) and
ChNPs (Table 2) the formulation parameter and the preparation parameters like the applied voltage (17.5,20
and 22.5 kV) and the flow rate (0.2 and 0.3 ml/h) were investigated.
Due to that fact for preparing NPs with electrospray process, the applied voltage is a key parameter, the
voltage was increased from 17.5 to 20 and 22.5 kV, respectively. In addition, the flow rate was also increased
from 0.2 ml/h to 0.3 ml/h, respectively and the resulted NPs were characterized according to their particle
size and shape with help of DLS and AFM images, respectively.

Figure 5. Photograph of the used electrospray apparatus.

4.2.1. Preparation of PTX loaded nanoparticles without chitosan
For preparing the PTX loaded NPs first 1% PTX (w/v), then 5% zein (w/v) was dissolved in 70%
ethanol:water (v/v) solution and stirred at room temperature until they were completely dissolved (Table 4).
The NPs were prepared by electrospray using a constant nozzle diameter of 0.6 mm and a constant zein
concentration of 5%, but by varying the flow rate of 0.2 and 0.3 ml/h and the voltage of 17.5, 20 and 22.5 kV.
For feeding the solution to the syringe needle an injection pump (New Era, Model NE-1000, Programmable
Single Syringe Pump, USA) was used. At a distance of 10 cm away from the needle tip an aluminum foil
covered collector plate was fixed and connected to the counter electrode of the power supply. The solution
was fed to process with a plastic syringe and the flow rate of the solution was controlled with syringe pump.
4.2.2. Preparation of PTX loaded nanoparticles with chitosan
Due to the fact that medium molecular weight Ch has not a good aqueous solubility, a 1% (v/v) acetic
acid solution was used to dissolve 0.5% (w/v) Ch. For preparing the PTX loaded ChNPs first 1% PTX (w/v),
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then 0.5% Ch and finally 4.5% zein (w/v) was dissolved in 70% ethanol:water (v/v) solution and stirred at
room temperature until they were completely dissolved (Table 4). The NPs were prepared by electrospray
using a constant nozzle diameter of 0.6 mm, but by varying the flow rate of 0.2 and 0.3 ml/h and the voltage
of 17.5, 20 and 22.5 kV. For feeding the solution to the syringe needle an injection pump (New Era, Model NE1000, Programmable Single Syringe Pump, USA) was used. At a distance of 10 cm away from the needle tip
an aluminum foil covered collector plate was fixed and connected to the counter electrode of the power supply.
The solution was fed to process with a plastic syringe and for controlling the flow rate of the solution a syringe
pump was used.
Table 4. Formulations of the paclitaxel nanoparticles with (ChNPs) and without (NPs) chitosan.

PTX
Zein
Chitosan
Ethanol/water (70:30)

NPs
% (w/v)

ChNPs
% (w/v)

1
5
ad 100

1
4.5
0.5
ad 100

4.3. Characterization of the nanoparticles
4.3.1. Particle size measurement with dynamic light scattering
A Zetasizer Nanoseries (Malvern Instruments, Malvern, UK) was used for measuring the mean particle
size of the PTX loaded NPs per photon correlation spectroscopy (PCS) with dynamic light scattering (DLS).
4.3.2. Morphological characterization of the nanoparticles
The morphology of PTX loaded NPs without Ch and ChNPs were measured using atomic force
microscope (AFM), Nanomagnetics Instruments ezAFM, Turkey; using a tapping mode at 40x40x4 µm.
4.4. Analyses of paclitaxel concentration with UPLC
The chemical stability of PTX in the NPs was determined by analysing the drug content of PTX per
reversed phase UPLC (Thermo Scientific Ultimate 3000) equipped with a pump and an ultraviolet-visible
spectroscopy detector at 227 nm at a column temperature of 25 °C. The mobile phase consisted of
acetonitril:water (80:20). The flow rate was set at 0.8 mL/minute. Hypersil ODS (Thermo Scientific 5 μm, 4.0 x
125 mm) column was used, and the injection volume was 5 μL. UPLC assay was performed at a PTX
concentration range 4-6-8-10-12 µg/ml, respectively with R2=0.9988. This method was modified after [59].
4.5. Cytoxicity of PTX loaded nanoparticles
The cytotoxicity of the PTX loaded NPs was determined by XTT cell proliferation assay using the nonsmall-cell lung cancer cell line A549. The A549 cells were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), penicillin (100 U/mL),
streptomycin (100 μg/mL) and 2 mM L-glutamine in a 37°C incubator under 5% CO2 atmosphere. Prior to
treatment, cells were trypsinized and seeded in a final volume of 100 μl (5x10 4 cells/ml) into each well of 96well plates, and incubated for 24h. At the day of treatment the medium was aspirated, cells were washed with
PBS and 50 μl of fresh medium was added to each well. Treatment formulations were diluted in the growth
medium and added as 50 μl portions to the corresponding wells (final volume 100 μl). The viability (%) of the
cells was investigated with increasing the concentration of PTX loaded NPs from 5 to 100 µg/ml. Cells were
incubated for 24h in a 37°C incubator under 5% CO 2 in the presence of the formulations. After the incubation
the medium was aspirated, cells were washed with PBS and 50 μl of fresh medium was added to each well.
Subsequently 50 μl of XTT reagent prepared as per manufacturers instructions was added and incubated for
2h at 37°C. The specific absorbance of formed orange-colored formazan compound was measured by using an
automatic microplate reader (Varioskan Flash microplate reader, Thermo Fisher Scientific, USA) at 450 nm
and 600nm [60]. All experiments were performed in triplicate.
4.6. Encapsulation efficiency of PTX loaded nanoparticles
The amount of PTX loaded in the NPs was measured by extracting the NPs in acetone for 3 minutes and
centrifugating this mixture at 15000 rpm for 30 minutes using a Hettich Micro 200R centrifuge [61]. The reason
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for the use of acetone for the determination of the EE for PTX was the fact that zein and chitosan are not soluble
in acetone, while PTX is soluble. Thus, free (not encapsulated) PTX is located in the upper phase and can be
determined with UPLC. Then the upper phase was taken and the concentration of PTX was measured with
UPLC. The concentration of PTX in the samples was calculated from the previously prepared standard
calibration curve for PTX in mobile phase. The encapsulation efficiency of PTX was calculated as the mass
ratio between PTX, determined in the NPs and that used in the preparation of the NPs according to the
following equation:
Encapsulation efficiency (%) = [(Initial amount of paclitaxel - amount of free paclitaxel)/(Initial amount of
paclitaxel)] x 100
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