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Curcumin as the active compound of turmeric has antioxidative, antiinflammatory, antimicrobial and
anticancer properties among others. However, its disadvantageous properties like low solubility, poor
bioavailability and rapid degradation under neutral or alkaline pH conditions or when exposed to light
limit its clinical application. These problems can be solved by a smart combination of using a natural
enhancer like piperine and preparing nanoparticles by a proper method like electrospray.
Due to these facts it was aimed in this study to develop curcumin and piperine loaded zein-chitosan

nanoparticles step by step. For that purpose various formulation parameters like the concentrations of
zein, curcumin, piperine and chitosan and the preparation parameters like the applied voltage and the
nozzle diameter were investigated step by step. The nanoparticles were characterised by investigating
their shapes, morphologies, particle sizes with help of SEM images and the cytotoxicity on neuroblastoma
cells.
It was succeeded to prepare curcumin and piperine loaded zein-chitosan nanoparticles having a mean

particle size of approximately 500 nm and high encapsulation efficencies for curcumin (89%) and piperine
(87%). Using a curcumin concentration of 10–25 mg/ml resulted in reduction of the viability of approxi-
mately 50% of the neuroblastoma cells. The here developed nanoparticle formulation consisting of solely
natural compounds showed good cytotoxic effects and is a promising approach with appropriate proper-
ties for final consumption.
� 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The preparation of curcumin and piperine loaded zein-chitosan
nanoparticles, having a particle size of approximately 500 nm and
appropriate properties for final consumption is the main objective
of this study. Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,
6-heptadiene-3,5-dione] is a diphenolic, active compound of
turmeric (Curcuma longa), with antioxidative (Jayaprakasha et al.,
2006), antiinflammatory (Jurenka, 2009), antimicrobial (Wang
et al., 2009a) and anticancer (Villegas et al., 2008; Yoysungnoen
et al., 2008) properties. Unfortunately, curcumin has some disad-
vantageous properties such as low solubility and poor bioavailabil-
ity (Wang et al., 2009b; Yang et al., 2007), which limit its clinical
application. This combination of low solubility and poor bioavail-
ability negatively affects its biological efficacy (Shaikh et al.,
2009). One important approach to improve the poor biopharma-
ceutical properties of curcumin is to improve its aqueous solubility
using nanotechnology and nanoparticles, having a small size in the
nanometer range (Torchilin, 2009; Ruenraroengsak et al., 2010;
Sultana et al., 2013).

Due to these facts the starting-point to solve these problems
consists of two crucial factors: nanoencapsulation of curcumin to
enhance its poor solubility and to protect it against degradation,
and combination of curcumin with the natural enhancers like
piperin, which was proven to enhance the absorption of curcumin
(Han et al., 2008), and chitosan in order to enhance its poor
bioavailability.
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https://doi.org/10.1016/j.jsps.2018.01.010
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Nanoencapsulation systems exhibit a high potential as carriers
of bioactive substances due to their subcellular size, allowing rela-
tively higher intracellular uptake (Mora-Huertas et al., 2010) and
improved stability and protection of labile substances against
degradation (Preetz et al., 2008).

Encapsulation includes the immobilization of a particular com-
pound in a material that coats it or in which it is dispersed. Encap-
sulation, in general, can improve disadvantageous properties of a
substance, like a low aqueous solubility and protect a molecule
from degradation or loss of functionality due to the effects of light,
oxygen, pH ormoisture. All these properties are occurringwith cur-
cumin. Encapsulating curcumin by several methods has been
described like incorporating into cyclodextrins (Baglole et al.,
2005), liposomes (Li et al., 2007a), microemulsions (Lin et al.,
2009) and micelles (Yu and Huang, 2010). In addition, the develop-
ment of micro- or nanoparticles by spray-drying (Wang et al.,
2009b), solvent emulsion-evaporation (Shaikh et al., 2009;
Mukerjee and Viswanatha, 2009; Prajakta et al., 2009), electrohy-
drodynamic atomization and so-called electrospray (Gomez-
Estaca et al., 2012) were referred. A simple and one-step method
had been developed to encapsulate actives (Jaworek, 2008; Zhang
et al., 2012; Cao et al., 2014), which is called electrospray or electro-
hydrodynamic atomization. Electrospray is a well-known method
for preparing polymeric nanoparticles and for encapsulating drugs
with poor aqueous solubility, just like curcumin. Electrospray is
based on the break-up of a liquid into fine charged droplets under
the action of an electric field.When a liquid is passed through a thin
metal tube such as a nozzle, needle or capillary and the liquid
meniscus located at the tip of the tube is electrically stressed by
applying a potential difference between the tube and the counter
electrode, the electrospray is generated. Electrospray offers several
advantages compared to other nanoparticle manufacturing meth-
ods, like monodispersed particles, the fact that the particle size
can be easily controlled by adjusting the preparation parameters
(Yun et al., 2009; Ding et al., 2005), a high encapsulation efficiency
and no need for a tedious separation process to remove the particles
from the solvent, like for many encapsulation methods. Further-
more, hydrophobic or hydrophilic drugs can be loaded into electro-
sprayed particles with high entrapment efficiency (Kim and Kim,
2011; Valo et al., 2009) and core–shell structured particles can be
conveniently obtained (Zhang et al., 2011). The complex electro-
spraying process is affected by many variables like the electrostatic
field strength, needle/nozzle diameter, the solution flow rate and
concentration of the compounds. Although the size of electro-
sprayed particles was always within micron to submicron range
many strategies have been developed to decrease the particle size.
Particles with sizes ranging from 275 to 860 nm were obtained by
varying the polymer concentration, feed rate and applied voltage
(Chang et al., 2010). Chitosan particles with an average diameter
of 124 nm were prepared by decreasing the polymer concentration
and reducing the fluid flow rate (Zhang and Kawakami, 2010). It
must be pointed out that decreasing the particle size by decreasing
the solution concentration or flow rate can lead to a low particle
production capacity. Nanoparticles showed an enhanced colon
bioadhesion and increased oral bioavailability compared to
microparticles (Lamprecht et al., 2001; Sigfridsson et al., 2011).

Due to previous experiences of encapsulating lycopene with
zein (Kose and Bayraktar, 2016) this maize protein was selected
as the encapsulating material for dispersing curcumin. Zein com-
prises a group of alcohol soluble but aqueous insoluble proteins
(Shukla and Cheryan, 2001). There are many reports about the
use of zein as a wall material for encapsulating a variety of com-
pounds (Patel et al., 2010; Liu et al., 2005; Zhong and Jin, 2009).
Biofunctionality and the use of non-toxic materials are the most
fundamental conditions for the release of bioactive compounds
in the pharmaceutical industry to be possible. Therefore, natural
polymers like zein or polyelectrolytes such as chitosan are compet-
itive candidates as materials for the formation of nanoparticles.
After zein was certained as matrix for curcumin, a second multi-
functional biopolymer for the shell of the nanoparticles was appre-
ciated. There are several studies in which viscosity modified
macromolecules such as sodium alginate (Tonnesen, 2006), chi-
tosan (Mazzarino et al., 2012), acrylic derivates of cellulose
(Jaiswal et al., 2010) alone or in combination, were tested as a cur-
cumin bioavailability promoter, because of their ability to increase
water solubility, their affinity for the biological membranes, time
release and membrane permeation. The biocompatible and
biodegradable polymer chitosan is currently employed to prepare
nanoparticles with mucoadhesive properties. This cationic copoly-
mer can form nanoparticles by different methods like ionotropic
gelation, microemulsion, emulsification solvent diffusion, and
polyelectrolytes complex formation (Nagpal et al., 2010). Chitosan
exhibits some promising properties like being nontoxic, biodegrad-
able and biocompatible (Helander et al., 2001). Chitosan is a natu-
rally positively-charged polymer with the propensity to easily
interact with negatively-charged sites on a cell surface (Gordon
et al., 2008). These beneficial properties made chitosan to one of
the most popular biopolymers for the development of bioactive
compounds delivery systems for a wide range of applications
(Luo and Wang, 2014). Due to the fact that the surface of all phys-
iological membranes including the intestine, have a negative sur-
face charge (Rojanasakul et al., 1992), positively charged
nanoparticles containing chitosan, proven to enhance the absorp-
tion (Thanou et al., 2001), makes them very attractive.

The major component of black pepper (Piper nigrum L.) piper-
ine is the first and most potent bioenhancer till date (Atal and
Bedi, 2010), enhances the bioavailability of many drugs by increas-
ing the absorption from the intestine, suppresses the drug metabo-
lism via inhibiting CYP3A4 and P-glycoprotein (P-gp) (Makhov
et al., 2012). The ATP-dependent efflux transporter P-gp pumps
various drug molecules out of the cells (Zhu et al., 2007) and is
responsible for multidrug resistance in cancer cells (Ampasavate
et al., 2010). Piperine has diverse important effecst like anti-
microbial and anti-parasitic (Raay et al., 1999), antiinflammatory
(Vaibhav et al., 2012), antidepressant (Li et al., 2007b), antiangio-
genic (Doucette et al., 2013) and anticancer activities (Pradeep
and Kuttan, 2002). Although piperine suppresses tumor growth
and metastasis in vitro as well as in vivo (Lai et al., 2012), its use
alone as chemotherapeutic molecule for cancer therapeutics is lim-
ited because of its high concentration requirement, due to its
hydrophobic nature. The co-administered piperine (10 mg)
increased the plasma concentration and delayed the elimination
of drugs like phenytoin (Velpandian et al., 2001) and rifampin
(Zutshi et al., 1985), both P-gp substrates (Schuetz et al., 1996).

In another study it was shown that piperine abolished the P-gp
function in Caco-2 and L-MDR1 cells at a concentration of 50 lM.
Piperine was non-cytotoxic at concentrations up to 100 lM to
the Caco-2 and L-MDR1 cells after 4 h exposure, shown with the
in vitro MTT assay (Han et al., 2008). Piperine suppressed tumor
growth and metastasis in vitro and in vivo in a 4T1 murine breast
cancer model (Lai et al., 2012). Co-administration with piperin is
one of the strategies to increase the bioavailability of curcumin.
The application of 2 g of curcumin with 20 mg piperine increased
the curcumin bioavailability in human and in rats (Shoba et al.,
1998). However, this was not a fixed combination, like it was
aimed in this study. As the way of action for piperine, it was pos-
tulated that it acts as an apolar molecule forming an apolar com-
plex with drugs. The activity of piperine against P-gp mediated
efflux was shown in several studies (Khajuria et al., 1998; Okura
et al., 2010). In a clinical trial it could be shown that twice daily
application of 5 mg piperine enhanced the absorption of 2 g cur-
cumin (Han et al., 2008).



Fig. 2. The chemical structure of piperine.
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The cytotoxic effect of piperine for the mouse tumor cell lines
B16-F10 melanoma cells and 4T1 mammary carcinoma cells could
be shown (Pradeep and Kuttan, 2002 61; Lai et al., 2012). Piperine
also inhibited hepatic CYP3A4-mediated metabolism of docetaxel
(Makhov et al., 2012) and down-regulated the expression of trans-
porter genes that mediate multidrug resistance (Li et al., 2011). In
addition piperine inhibited human rectal cancer cells (Yaffe et al.,
2013).

Due to these facts it was aimed in this study to prepare cur-
cumin and piperine loaded zein-chitosan nanoparticles having a
particle size of approximately 500 nm and appropriate properties
for final consumption. For that purpose, curcumin was encapsu-
lated with the zein in the core of the nanoparticles and piperine
was incorporated in the shell with help of the biopolymer chitosan.
The nanoparticles were prepared using electrospray by varying the
concentrations of curcumin and piperine as the actives and the
concentrations of the polymer compounds zein and chitosan, all
as ratios, and the applied voltage and nozzle diameter of the elec-
trospray. The nanoparticles were characterised by investigating
their shaper, morphologies and determinig their particle sizes
and with help of scanning electron microscopy (SEM) images.
2. Materials and methods

2.1. Materials

Curcumin (Fig. 1) was extracted from turmeric and piperine
(Fig. 2) from black pepper, respectively (Baspinar et al., 2017),
which were supplied from India. Ethanol with analytical grade
was purchased fromMerck (Merck, Darmstadt, Germany). Medium
molecular weight chitosan and zein were purchased from Sigma-
Aldrich (Sigma, St. Louis, MO, USA), just like the reference sub-
stances of curcumin and piperine for the High Performance Liquid
Chromatography (HPLC) analysis.

2.2. Analyses of curcumin and piperine with HPLC

For determining the encapsulation efficiency of curcumin and
piperine, their concentrations were analyzed by reversed phase
HPLC (Thermo Scientific Ultimate 3000) equipped with a pump
and an ultraviolet-visible spectroscopy detector at 262 nm at a col-
umn temperature of 33 �C. The mobile phase consisted of a mix-
ture of 0.1% phosphoric acid and acetonitrile (45:55%, v/v), and
the flow rate was set at 0.8 ml/minute. A C18 column Acclaim�

120 (Thermo Scientific 120 Å C18 3 lm 4.6 � 150 mm) was used,
and the injection volume was 20 ll. HPLC assay validation was per-
formed five times a day for 5 consecutive days at a curcumin and
Fig. 1. The chemical structure of curcumin (keto and enol form
piperine concentration range 0.0625–0.03125–0.01562–0.00675
mg/ml, respectively. This method was modified after (Moorthi
et al., 2013).

2.3. Preparation of the micro- and nanoparticles by electrospray

All nanoparticles were prepared by electrospray using an elec-
trospray apparatus (Fig. 3) (IMKASAN Basic System Electrospray/-
coating, Manisa, Turkey). This apparatus provides an opportunity
to spray two fluids separately at the same time, an inner fluid
and an outer fluid. The expected nanoparticles are designed as core
and shell. The materials used for the core of the nanoparticles were
curcumin as the active and zein as the biopolymer and piperine
and chitosan as the second biopolymer for the shell.

For the development of the nanoparticles various formulation
parameters like the influence of the concentrations of curcumin,
zein, piperine and chitosan and the preparation parameters like
the applied voltage and the nozzle diameter were investigated.
For that purpose first the unloaded zein microparticles, then the
unloaded zein nanoparticles without curcumin, piperine and chi-
tosan were prepared. Next curcumin was loaded to these nanopar-
ticles and finally the nanoparticles were prepared including
piperine and chitosan as the shell.

2.3.1. Preparation of unloaded zein micro- and nanoparticles
Before preparing the curcumin and piperine loaded chitosan

nanoparticles, the concentration of the biopolymer zein must be
determined to obtain particles with a suitable shape and particle
size. For that purpose zein was dissolved in 70% ethanol: water
(v/v) solution and stirred at room temperature until it was
completely dissolved. The microparticles were prepared by electro-
spray using a constant flow rate of 0.3 ml/h, a voltage of 15 kV and a
nozzle with a diameter of 0.3 mm, but by varying the zein concen-
tration (1, 2.5, 5, 10 and 20%) (Table 1, ZM). The curcumin-zein
mixture solutions as the inner fluid were used during the electro-
spraying process with a blunt end steel needle syringe which was
), desmethoxy-curcumin and bis-desmethoxy-curcumin.



Fig. 3. Schematic presentation of the electrospray apparatus.
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attached to the positive electrode of a direct current of power sup-
ply. For feeding the solution to the syringe needle an injection
pump (New Era, Model NE-1000, Programmable Single Syringe
Pump, U.S.A.) was used. At a distance of 10 cm away from the nee-
dle tip an aluminum foil covered collector plate was fixed and con-
nected to the counter electrode of the power supply. The solution
was fed to processwith a plastic syringe and for controlling the flow
rate of the solution a syringe pump was used.

Due to the fact that this step is just a preliminary test, only the
morphology of the prepared microparticles was evaluated by using
SEM in order to find a suitable zein concentration, the particle size
was not further investigated yet. It was assumed that the prepared
particles with the relative low applied voltage of 15 kV are in the
micrometer range or have some particles in that range.

For obtaining monodispersed nanoparticles with electrospray
process, the applied voltage is a key parameter. Due to that fact
the applied voltage was also increased from 15 to 17.5, 20 and
22.5 kV (Table 2), respectively and the resulted nanoparticles were
characterised according to their shape and particle size with help
of SEM images.
Table 1
Electrospray conditions for preparing the unloaded zein microparticles (ZM), unloaded ze
piperine loaded zein-chitosan nanoparticles (CPZN).

ZM (1–5)

Flow rate [ml/h] 0.3
Voltage [kV] 15
Nozzle diameter [mm] 0.3
Ethanol concentration [%, v/v] 70
Zein concentration [%, w/w] 1; 2.5; 5; 10; 20
Curcumin solution: zein solution –
Piperine solution:chitosan solution –

ZM = zein microparticles; ZN = zein nanoparticles; CZN = curcumin loaded zein nanopar

Table 2
Investigated parameter for the preparation of unloaded zein micro- (ZM) and nanoparticl

ZM1 ZM2 ZM3

Voltage [kV] 15 15 15
Zein concentration [%] 1 2.5 5
2.3.2. Preparation of curcumin loaded zein nanoparticles
After optimization of the zein concentration and of the applied

voltage, curcumin loaded zein nanoparticles (CZN) were prepared
by adding curcumin at different weight ratios ranging from 1:10
to 1:30 to the zein solution (curcumin: zein) and a voltage of 20
kV. The curcumin concentration used in this preparation step
resulted from the extraction assays (Baspinar et al., 2017). Cur-
cumin was dissolved in 70% (v/v) ethanol and the needed relation
of the zein solution to the curcumin solution (1:10, 1:20 and 1:30)
for preparing suitable curcumin and piperine loaded zein-chitosan
nanoparticles was investigated (Table 3). In addition the nozzle
diameter was changed from 0.3 mm to 0.6 mm.

2.3.3. Preparation of curcumin and piperine loaded zein-chitosan
nanoparticles

For the preparation of the curcumin and piperine loaded zein-
chitosan nanoparticles the first solution of zein and curcumin as
an inner fluid for the core and the second solution of piperine
and chitosan as an outer fluid for the shell of the nanoparticles
have to be prepared (Fig. 4). For that purpose the piperine
in nanoparticles (ZN), curcumin loaded zein nanoparticles (CZN) and curcumin and

ZN (1–3) CZN (1–9) CPZN (1–9)

0.3 0.3 0.3
17.5; 20; 22.5 20 20
0.3 0.6 0.6
70 70 70
5 5 5
– 1:10; 1:20; 1:30 1:10

1:10; 1:30; 1:50

ticles; CPZN = curcumin and piperine loaded zein nanoparticles.

es (ZN).

ZM4 ZM5 ZN1 ZN2 ZN3

15 15 17.5 20 22.5
10 20 5 5 5



Table 4
The investigated parameter for the preparation of the curcumin and piperine loaded
zein- chitosan nanoparticles (CPZChNs).

Sample % of chitosan (2%) Piperine solution: chitosan solution

CPZChN1 10 1:10
CPZChN2 1:30
CPZChN3 1:50

CPZChN4 20 1:10
CPZChN5 1:30
CPZChN6 1:50

CPZChN7 30 1:10
CPZChN8 1:30
CPZChN9 1:50

Fig. 4. The core shell model of the curcumin and piperine loaded zein-chitosan
nanoparticles.

Table 3
The investigated parameter for the preparation of the curcumin loaded zein nanoparticles (CZN).

CZN1 CZN2 CZN3 CZN4 CZN5 CZN6 CZN7 CZN8 CZN9

Voltage [kV] 17.5 17.5 17.5 20 20 20 22.5 22.5 22.5
Curcumin solution: zein solution 1:10 1:20 1:30 1:10 1:20 1:30 1:10 1:20 1:30
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concentration obtained from the extraction assays was used. Due
to the fact that medium molecular weight chitosan has not a good
aqueous solubility, a 1% acetic acid solution was used to dissolve
2% chitosan. For obtaining the best possible nanoparticle formula-
tion different concentrations of the 2% chitosan solution (10, 20
and 30%) and different relations of the piperine:chitosan solutions
(ranging from 1:10 to 1:50) were investigated (Table 4). The inner
nozzle of the electrospray apparatus was fed with formulation of
CZN4 and different relations of piperine-chitosan solutions were
used as the outer fluid. This preparation was performed by applica-
tion of a voltage of 20 kV and a flow rate of 0.3 ml/h.

2.4. Characterisation of the micro- and nanoparticles

2.4.1. Morphology, size and structure characterisation of particles
The morphology and size of curcumin and piperine loaded zein-

chitosan nanoparticles were measured using SEM (Philips XL 30S
FEG, Holland) at a voltage of 5 kV. Before testing, the samples were
mounted on the SEM stubs with double-sided adhesive tape and
coated with platinum under vacuum to make the sample conduc-
tive. The size of the particle was calculated as the average of the
shortest and longest dimensions.

2.4.2. Particle size measurement with dynamic light scattering
A Zetasizer Nanoseries (Malvern Instruments, Malvern, UK) was

used for measuring the mean particle size of the curcumin and
piperine loaded zein-chitosan nanoparticles per photon correlation
spectroscopy (PCS) with dynamic light scattering (DLS).

2.5. Cytoxicity of curcumin and piperine loaded zein-chitosan
nanoparticles

The cytotoxicity of the curcumin and piperine loaded zein-
chitosan nanoparticles was determined by XTT cell proliferation
assay using the neuroblastoma cell line SH-SY5Y cells. The SH-
SY5Y 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 lg/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 vol-
ume of 100 ll (5 � 104 cells/ml) into each well of 96-well plates,
and incubated for 24 h. At the day of tratment the medium was
aspirated, cells were washed with PBS and 50 ll of fresh medium
was added to each well. Treatment formulations were diluted in
the growth medium and added as 50 ll portions to the correspond-
ing wells (final volume 100 ll). The viability (%) of the cells was
investigated with increasing the concentration of curcumin and
piperine loaded zein-chitosan nanoparticles from 5 to 100 mg/ml.
Cells were incubated for 24 h in a 37 �C incubator under 5% CO2

in the presence of the formulations. After the incubation the med-
ium was aspirated, cells were washed with PBS and 50 ll of fresh
mediumwas added to each well. Subsequently 50 ll of XTT reagent
prepared as per manufacturers instructions was added and incu-
bated for 2 h at 37 �C. The absorbance of formed orange-colored for-
mazan compound was measured by using an automatic microplate
reader (Varioskan Flashmicroplate reader, Thermo Fisher Scientific,
USA) at 450 nm. All experiments were performed in triplicate.

2.6. Encapsulation efficiency (EE)

The samples of the curcumin and piperine loaded zein-chitosan
nanoparticles were collected on an aluminum foil placed over the
collection plate and stored at 0% RH, in the dark, until they were
analyzed. The amounts of curcumin and piperine loaded in the
nanoparticles were measured by dissolving the nanoparticles in
acetone and centrifugating this mixture. Then the upper phase
was taken and the concentration of curcumin and piperine, respec-
tively wasmeasuredwith HPLC. The concentration of curcumin and
piperine, respectively, in the sample was calculated from the previ-
ously prepared standard calibration curve for curcumin and piper-
ine in 80% (w/w) ethanol. The EE of curcumin and piperine were
obtained as the mass ratio between the curcumin and piperine,
respectively, determined in the nanoparticles and that used in the
preparation of the nanoparticles according to the following Eq. (1):

Encapsulation efficiency; %

¼ Initial amount of curcumin;piperine�amount of free curcumin;piperine
Initial amount of curcumin;piperine

�100
3. Results and discussion

3.1. Characterisation of the micro- and nanoparticles

The main variables that affect the electrospraying process
include the concentration of the polymers zein and chitosan in
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solution, the concentration of curcumin and piperine and the
preparation conditions (applied voltage and nozzle diameter). A
previous study have shown that the flow rate had only a minor
effect on the final properties of zein nanoparticles (Kose and
Bayraktar, 2016).

3.1.1. Characterisation of unloaded zein micro- and nanoparticles
The effect of the zein concentration on the morphology of the

resulting microparticle strucures was studied for concentrations
ranging from 1 to 20% (w/w) (Table 2) in 70% ethanol (v/v). For that
purpose the flow rate was maintained at 0.3 ml/h and the voltage
applied was fixed at 15 kV, in order to study the effect of the zein
concentration in the formation of the microparticle structures,
shown with SEM images (Fig. 5).

The morphology of the zein structures obtained with increasing
concentrations of zein are shown in Fig. 5. It is apparent that 1%
(Fig. 5A) of zein in the solution was too low for particle formation.
At this low concentration of 1%, there were not enough intermolec-
ular entanglements among polypeptide chains of this low molecu-
lar weight polymer to allow the chains to aggregate into spheres
after solvent evaporation. It can be seen that droplets carrying a
low concentration of 1% zein formed a discontinuous film. Increas-
ing the concentration of zein to 2.5% lead to the formation of com-
pact particles (Fig. 5B). These particles were round in shape and
showed a relatively smooth surface. Thus, increasing the concentra-
tion of zein from 1% to 2.5% promotes the entanglement of polymer
chains, which impedes droplet fission and leads to the formation of
particles. Compact particles have been associated with small dro-
plet size and a low concentration of solutes (Raula et al., 2004). In
the present study, compact particles in the nanometer range of
smaller than 500 nm could not be clearly achieved with a zein con-
centrations of 1% and 2.5%, respectively, which can be related to the
low molecular weight of zein compared to other polymers. After
increasing the concentration of zein to 5% (Fig. 5C) the particles
maintained their morphology, showing a round shape and compact
structure, and the size clearly decreased under 500 nm.

A further increase in the zein concentration to 10% (Fig. 5D)
revealed particles with an increased particle size. For other
polymers like Eudragit (Raula et al., 2004), polycaprolactone (Xie
Fig. 5. SEM images of zein microparticles with varying zein conc
et al., 2006a) and an elastin-like polypeptide (Wu et al., 2009) an
increase in particle size with higher polymer concentration has
been reported, too. Such an increase could be related to the greater
mass of the polymer in the droplets generated during the electro-
spray process. An increase of the zein concentration to 20% (Fig. 5E)
resulted in the transition from particles to fibers, which is in accor-
dance with the results reported in the literature (Gomez-Estaca
et al., 2012; Li et al., 2009). There is a relationship between the con-
centration and the viscocity, respectively of zein. It could be shown
that with increasing concentration of zein from 15% to 20%, the vis-
cosity of the zein solution also increased. In that case a stable elon-
gated jet can be obtained if the viscosity is high enough. Increasing
the viscosity of the zein solution further resulted in a high cohesion
and entanglement between the polymer chains. Hence, the liquid
was prevented from breaking up into droplets, leading to a transi-
tion from electrospray to electrospinning, which greatly depends
on the viscocity of the zein solution. The entangled polymer net-
work is stretched in the electrospinning process, resulting finally
in the formation of electrospun fibers.

It could be shown with help of the SEM images that the ideal
zein concentration for further development of the nanoparticles
was 5%. The particles obtained after electrospraying with 5% zein
revealed the best shape of the spherical particles and the smallest
particle size.

As the next step curcumin loaded zein nanoparticles were pre-
pared with 5% zein and an increasing applied voltage of 17.5, 20
and 22.5 kV. These nanoparticles were characterised according to
the shape of the particles and the particles size with help of SEM
images (Fig. 6).

For obtaining monodispersed nanoparticles with electrospray
process, the applied voltage is a key parameter. Due to that fact
the applied voltage was also increased from 15 to 17.5, 20 and
22.5 kV (Table 2), respectively, and the resulted nanoparticles were
characterised according to their shape and particle size with help
of SEM images.

Increasing the voltage from 15 to 17.5, 20 and 22.5 kV, respec-
tively, did not change the shape of the nanoparticles compared to
the nanoparticles prepared with 15 kV. There was a slight
agglomeration of some particles, prepared with 17.5 and 22.5 kV
entrations of 1–20% (A:ZM1, B:ZM2, C:ZM3, D:ZM4, E:ZM5).



Fig. 6. SEM images of zein nanoparticles with varying applied voltages of 17.5, 20 and 22.5 kV (A: ZN1, B: ZN2, C: ZN3).

Fig. 7. Particle size results of unloaded zein nanoparticles (A: ZN1, B: ZN2 and C: ZN3).
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(Fig. 6A and C), which is in agreement with previous studies
(Hartman et al., 2000; Hong et al., 2008). It was reported that the
applied voltage affected the jet break-upmechanism and depended
on the stress ratio at the jet surface, expressed as the ratio of the
normal electric stress to the surface tension stress (Hartman
et al., 1999).

Axisymmetric instabilities, also known as varicose instabilities,
lead to a break up at a low stress ratio value. As a result monodis-
perse droplets are produced and the number of secondary droplets
is lower than the number of primary droplets. If a stress ratio
threshold value is reached, the jet begins to whip and lateral insta-
bilities contribute to the break-up of the jet, resulting in a rise in
the number of secondary droplets and satellites, as in the case of
the present work when the voltage was increased from 15 to
17.5, 20 and 22.5 kV, respectively.

Using the SEM images and the software Photoshop the particle
size of each particle seen at the SEM image was determined and
expressed as particle size, with distribution (Fig. 7).



Fig. 9. Particle size distribution of the curcumin loaded zein nanoparticles (A: CZN1, B: CZN2, C: CZN3, D: CZN4, E: CZN5, F: CZN6, G: CZN7, H: CZN8, I: CZN9).

Fig. 8. SEM images of curcumin loaded zein nanoparticles with varying voltages of 17.5–22.5 kV and ratios of curcumin solution to zein solution from 1:10 to 1:30 (A: CZN1,
B: CZN2, C: CZN3, D: CZN4, E: CZN5, F: CZN6, G: CZN7, H: CZN8, I: CZN9).
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The mean particles size of the zein nanoparticles increased from
337 nm to 413 nm and 389 nm, with increasing applied voltage
from 17.5 kV to 20 kV and 22.5 kV, respectively.

Due to the fact that there is not a clear tendency according to
the particle size of zein nanoparticles prepared by electrospray,
the curcumin loaded nanoparticles were also prepared with
increasing applied voltage from 17.5 kV to 20 kV and 22.5 kV,
respectively, and varying curcumin solution to zein solution ratios
of 1:10, 1:20 and 1:30 (Table 3).

3.1.2. Characterisation of curcumin loaded zein nanoparticles
The particles size of the curcumin loaded zein nanoparticles

decreased from 339 nm to 326 nm and 310 nm, respectively, with
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increasing curcumin solution to zein solution ratios from 1:10 to
1:20 and 1:30, respectively, and at a constant applied voltage of
17.5 kV. For the nanoparticles prepared with 20 kV an opposite
effect was observed, namely an increase of the particle size from
328 nm to 390 nm and 379 nm, respectively, with increasing cur-
cumin solution to zein solution ratios from 1:10 to 1:20 and
1:30, respectively. A high similarity to this was shown for the
nanoparticles prepared with 22.5 kV, where an increase of the par-
ticle size from 322 nm to 482 nm and 527 nm, respectively, was
shown. Curcumin loaded zein nanoparticles with the lowest mean
particle size are CZN1 (339 nm), CZN2 (326 nm), CZN3 (310 nm),
CZN4 (328 nm) and CZN7 (322 nm). Although the mean particle
size of these formulations is around 300 nm, there are some parti-
cles observed of more than 600 nm. Nanoparticles with such a
inhomogenous particle distribution could have some long-term
stability problems. To sum up, combining the SEM images (Fig. 8)
and the mean particles size results revealed that the best curcumin
loaded zein nanoparticle formulation from these above mentioned
is CZN4.
Fig. 10. SEM images of curcumin and piperine loaded zein-chitosan nanoparticles w
(A: CPZChN1, B: CPZChN2, C: CPZChN3, D: CPZChN4, E: CPZChN5, F: CPZChN6, G: CPZCh

Table 5
Mean particle size results of the curcumin loaded zein nanoparticles (CZN1-CZN9).

CZN1 CZN2 CZN3

Voltage [kV] 17.5 17.5 17.5
Curcumin solution: zein solution 1:10 1:20 1:30
Particle size [nm] 339 326 310
Due to that fact the formulations of CZN4 was used as core for
the preparation of the curcumin and piperine loaded zein-chitosan
nanoparticles.

Using SEM images, the mean particle size of the curcumin
loaded zein nanoparticles (CZN1, CZN2, CZN3, CZN4, CZN5, CZN6,
CZN7, CZN8 and CZN9) were determined (Fig. 9, Table 5).

At all the applied voltages of 17.5, 20 and 22.5 kV, respectively,
the curcumin loaded zein nanoparticles showed a similar morphol-
ogy (Fig. 9) and size distribution (Fig. 9) to those of the unloaded
zein nanoparticles (Figs. 6 and 7) obtained with an applied voltage
of 20 kV. Hence, adding curcumin to the zein solution seems not to
have affected the electrospray process and thus the formation of
the zein nanoparticles, at least at the applied voltages investigated
in this study.

3.1.3. Characterisation of curcumin and piperine loaded zein-chitosan
nanoparticles

The morphology of the curcumin and piperine loaded zein-
chitosan nanoparticles was investigated with help of SEM images
ith varying ratios of piperine solution to chitosane solution from 1:10 to 1:50
N7, H: CPZChN8, I: CPZChN9).

CZN4 CZN5 CZN6 CZN7 CZN8 CZN9

20 20 20 22.5 22.5 22.5
1:10 1:20 1:30 1:10 1:20 1:30
328 390 379 322 482 527



Fig. 12. The cytotoxicity results of the curcumin and piperine loaded zein-chitosan
nanoparticles using neuroblastoma cells.

Fig. 11. Mean particle size measurement results of ZCPN6 performed with DLS.
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(Fig. 10). After investigating the SEM images of the curcumin and
piperine loaded zein-chitosan nanoparticles (CPZChN1, CPZChN2,
CPZChN3, CPZChN4, CPZChN5, CPZChN6, CPZChN7, CPZChN8,
CPZChN9) it was concluded that the formulation CPZN6 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.

The mean particle size of this formulation was measured using
DLS (Fig. 11) and resulted in a value of 550 nm, just slightly over
the aimed mean particle size of 500 nm. It can be seen that this for-
mulation has a homogenous particle size distribution.

Adding the chitosan-piperine solution to the curcumin loaded
zein nanoparticles resulted in an increase of the particle size of
328 nm (CZN4, Fig. 8, Table 5) to 550 nm (Fig. 10), while the mor-
phology did not change (Fig. 9). In contrast to the curcumin loaded
nanoparticles, where adding curcumin to the zein solution appears
not to have affected the formation of the nanoparticles, adding
piperin-chitosan solution did significantly changed the particles
size.

To sum up, for obtaining curcumin and piperine loaded zein-
chitosan compact and spherical nanoparticles with a mean particle
size of 550 nm by using electrospray, 5% zein, 20 kV applied volt-
age, a curcumin to zein ratio of 1:20 and a piperine to chitosan
ratio of 1:50 were necessary (Table 6).
Table 7
The encapsulation efficiency results of curcumin and piperine for the curcumin and
piperine loaded zein-chitosan nanoparticles.

Sample EE (%) curcumin EE (%) piperine

CPZChN1 80 72
CPZChN2 83 75
CPZChN3 82 79
CPZChN4 89 78
CPZChN5 91 83
CPZChN6 92 87
CPZChN7 79 73
CPZChN8 80 77
CPZChN9 84 80
3.2. Cytotoxicity of curcumin and piperine loaded zein-chitosan
nanoparticles

The cytotoxicity results revealed that increasing the concentra-
tion of curcumin and piperine loaded zein-chitosan nanoparticles
from 5 to 10, 25, 50 and 100 mg/ml, respectively, decreased the via-
bility of the neuroblastoma cells from 115 to 99, 30, 8 and finally
3% (Fig. 12).

This decrease of the viability by increasing the nanoparticle
concentration can be explained by the fact that a concentration
of 10–25 mg/ml nanoparticle are necessary to kill the majority of
the neuroblastoma cells.
Table 6
The concentrations of the components, their ratios and the electrospray c
chitosan nanoparticle formulation.

Component Concentration

Zein 5%
Curcumin 0.49 mg/ml
Curcumin:zein ratio 1:10
Piperine 1.21 mg/ml
Chitosan 2%
Piperine:chitosan ratio 1:50
3.3. Encapsulation efficiency

The reason for the use of acetone for the determination of the
encapsulation efficiencies for curcumin and piperine was the fact
that zein and chitosan are not soluble in acetone, while curcumin
and piperine are soluble. Thus, free (not encapsulated) curcumin
and free piperine are located in the upper phase and can be deter-
mined with HPLC. The encapsulation efficiency of curcumin ranged
from 80 to 92% and while for piperine values of 72–87% were
onditions for preparing the final curcumin and piperine loaded zein-

Electrospray parameter Electrospray conditions

Flow rate 0.3 ml/h
Voltage 20 kV
Nozzle diameter 0.6 mm



Fig. 13. The final curcumin and piperine loaded zein-chitosan nanoparticle product
dispersed in a mixture of glycerole (19%, w/w) and water and as powder filled in
capsules.
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observed (Table 7). Changing the curcumin to zein ratio from 1:10
to 1:20 and 1:30, respectively, at a fixed applied voltage did not
change significantly the EE of curcumin. The highest EE were
obtained at a applied voltage of 20 kV. A high encapsulation effi-
ciency achieved by electrospraying, ranging from 80% to 96% was
reported by other authors, too (Ding et al., 2005; Xie et al.,
2006b, 2008). In a work hydrophilic bovine serum albumin was
encapsulated in the hydrophobic polymers PLGA and PCL, resulting
in that the EE greatly depends on the interactions between the
polymer, protein, and organic solvent.

For determining the optimum zein to curcumin ratio, the for-
mulations CZN1, CZN2, CZN3, CZN4 and CZN7 had a satisfying par-
ticle size of approximately 300 nm. Considering the EE for
curcumin of these formulation, ranging from 79 to 89%, revealed
that the decision for CZN4 was right due to the fact of a curcumin
EE of 89%, the highest EE of these formulations.

Changing the piperine to chitosan ratio from 1:10 to 1:30 and
1:50, respectively, lead to an increase of the EE (Table 7). The high-
est EE of piperine was found in the optimised formulation
CPZChN6 with 87%. Once again the step by step optimised develop-
ment of the curcumin and piperine loaded zein-chitosan nanopar-
ticle was successful and justified.

The good solubility of curcumin and piperine in the solvent and
the intimate contact between the components could be a feasible
explanation for the good EE of curcumin and piperine in zein-
chitosan nanoparticles.

4. Conclusion

For the development of the curcumin and piperine loaded zein-
chitosan nanoparticles various formulation parameters like the
influence of the concentrations of curcumin, zein, piperine and chi-
tosan and the preparation parameters like the applied voltage and
the nozzle diameter were investigated step by step.

First, the zein concentration (1–20%) was tested and compact
spherical nanoparticles were obtained with 5% zein solution. Then,
the voltage was increased from 15 to 17.5, 20 and 22.5 kV, respec-
tively. A slight agglomeration of some particles, prepared with
17.5 kV and 22.5 kV was the reason to use 20 kV for further inves-
tigations. Next, the curcumin solution to zein solution ratio was
increased from 1:10 to 1:20 and 1:30, respectively, and the particle
size of the nanoparticles was investigated. Except for the formula-
tion prepared with a curcumin solution to zein solution ratio of
1:10 particles of more than 600 nm were observed. Due to the fact
that except for the formulation prepared with a piperine to chi-
tosan ratio of 1:50 with satisfying properties, the rest of the formu-
lations had some handicaps like a not appropriate shape of the
particles, or too big particles with a disadvantageous distribution.

For obtaining compact and sperical curcumin and piperine
loaded zein-chitosan nanoparticles with a mean particle size of
550 nm, 5% zein, 20 kV applied voltage, a curcumin to zein ratio
of 1:20 and a piperine to chitosan ratio of 1:50 were necessary.

The fact that a concentration of 10–25 mg/ml curcumin and
piperine loaded zein-chitosane nanoparticle are necessary to kill
the majority of the neuroblastoma cells revealed the impact of
the developed formulation.

The choice of the formulation CPZChN6 was confirmed the
results that the highest encapsulation efficiency of curcumin
(92%) and piperine (87%), respectively, were found in this opti-
mised formulation.

It was succeed to prepare curcumin and piperine loaded zein-
chitosan nanoparticles having a mean particle size of 550 nm and
appropriate properties for final consumption (Fig. 13).
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