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Nanoparticles with a compact spherical structure and a narrow size distribution were prepared from
a zein protein polymer by electrohydrodynamic atomization. The effects of key parameters of the process
(polymer concentration, flow rate and applied voltage) on the size and morphology of the particles was
studied. Zein nanoparticles could be obtained from zein concentrations ranging from 2.5% to 15% (w/w).
The sizes of these particles, ranging from 175 to 900 nm, increased with increasing polymer concen-
tration. Compact nanostructures were obtained for 2.5% and 5% zein solutions whereas 10% and 15%
solutions yielded collapsed and shrunken particles. Flow rate also exerted an effect, the lower the flow
rate the smaller the nanoparticles. The morphology of the nanoparticles did not change after incorpo-
rating curcumin in proportions ranging from 1:500 to 1:10 (curcumin:zein), and the encapsulation
efficiency was around 85e90%. Fluorescence microscopy images showed that the nanostuctures obtained
took the form of matrix systems with the curcumin homogeneously distributed in the zein matrix. The
curcumin remained in the amorphous state in the nanoparticle, as revealed by X-Ray diffractometry,
evidencing intimate contact with the polymer. After three months of storage at 23 �C and 43% relative
humidity in the dark, neither the size or the morphology of the nanoparticles had undergone significant
changes, nor had the curcumin content altered. Thanks to encapsulation, the curcumin presented good
dispersion in an aqueous food matrix: semi-skimmed milk.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Curcumin [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-
3,5-dione] is a polyphenol found in the rhizomesof theplantCurcuma
longa. C. longa extracts contain three different diarylheptanoids:
curcumin, demethoxycurcumin, and bisdemethoxycurcumin
(Jayaprakasha, Rao, & Sakariah, 2002). Commercially available cur-
cumin generally consists of a mixture of these three naturally occur-
ring curcuminoids, with curcumin as the main constituent (Ahsan,
Parveen, Khan, & Hadi, 1999). Traditionally, curcumin has been
employed as a natural food dye which impairs an attractive bright
yelloweorange color. Furthermore, curcumin has been shown to
possess antioxidant (Jayaprakasha, Rao,& Sakariah, 2006; Sreejayan&
Rao,1997), anti-inflammatory (Ammon&Wahl,1991; Jurenka, 2009),
antimicrobial (Kim, Choi, & Lee, 2003;Wang, Lu,Wu,& Lv, 2009), anti-
cancer (Villegas, Sanchez-Fidalgo, & de la Lastra, 2008; Yoysungnoen,
Wirachwong, Changtam, Suksamram, & Patumraj, 2008) andwound-
healing (Biswas & Mukherjee, 2003) properties. Current consumer
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demands for more natural foods with fewer synthetic additives,
together with this wide range of biological activities, have made
curcumin a focus of interest for both researchers and the food
industry. However, certain problems limit the use of curcumin in
foods: its lowwater solubility (Wang, Lu, Lv, & Bie, 2009), which may
limit its dispersion in food matrices; its low bioavailability, which
negatively affects its biological efficacy (Shaikh, Ankola, Beniwal,
Singh, & Kumar, 2009); and its rapid degradation under neutral or
alkaline pH conditions or when exposed to light (Tonnesen, 2002).

Encapsulation involves immobilizing a particular compound in
a material that coats it or in which it is dispersed. Encapsulation
processes are widely used in various industrial sectors, such as
pharmaceuticals, agrochemicals and foodstuffs. Encapsulation can
improve the organoleptic characteristics of a product, masking
undesirable flavors, odors and colors; facilitate the handling and
dosing of certain ingredients and additives which pose problems of
volatility, stickiness or low solubility in water; or release the active
compound at controlled rates or under specific conditions. Encap-
sulation can also protect the molecule from degradation or loss of
functionality due to the effects of light, oxygen, pH, moisture or
interaction with other food matrix components.
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Attempts have been made to encapsulate curcumin by several
methods, including chemical/physico-chemical and physico-
mechanical techniques. There are reports of its being incorporated
into cyclodextrins (Baglole, Boland, &Wagner, 2005), liposomes (Li,
Ahmed, Mehta, & Kurzrock, 2007), microemulsions (Lin, Lin, Chen,
Yu, & Lee, 2009), micelles (Yu & Huang, 2010) and super-
paramagnetic silica reservoirs (Chin et al., 2009), as well as of the
development ofmicro or nanoparticles by spray-drying (Wanget al.,
2009), solvent emulsioneevaporation (Mukerjee & Vishwanatha,
2009; Prajakta et al., 2009; Shaikh et al., 2009), antisolvent precip-
itationmethod (Patel, Hu, Tiwari, & Velikov, 2010) or ionotropic pre-
gelation followed by polycationic cross-linking (Das, Kasoju, & Bora,
2010) using coatingmaterials such as zein, gelatine, starch, alginate,
chitosan, pluronic or polylactic-co-glycolic acid.

Nowadays, research on nanostructures is receiving much
attention because of the unusual properties that materials on the
nanometer length scale acquire (Huang, Yu, & Ru, 2010). One of the
main benefits of nanotechnology in the active compound encap-
sulation field derives from the greater specific surface of the
particles, which improves their dispersion and even enhances the
bioavailability of the encapsulated compounds. For example, there
were developed zeinecurcumin colloidal nanoparticles by anti-
solvent precipitation method, achieving good solubilization in an
aqueous medium (Patel et al., 2010).

Electrohydrodynamic atomization (EHDA) or electrospray is
a well-known method for preparing monodisperse nanoparticles
from a multitude of different precursors. EHDA has been used to
produce inorganic nanoparticles, drug nanoparticles and polymeric
drug delivery nanoparticles and to encapsulate drugs with poor
solubility in water. This technique relies on the break-up of a liquid
into fine charged droplets under the action of an electric field.
Commonly, the electrospray is generated when a liquid is passed
through a thin metal tube such as a nozzle, capillary or needle 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. Depending on the strength of the electric
field, the flow rate and the properties of the liquid, different
spraying modes are achieved. The most effective mode of obtaining
a narrow size distribution of small droplets is to work in the cone-
jet mode, also known as the stable non-pulsating Taylor cone. In
this electrospraymode the pendant drop adopts the shape of a cone
and the liquid at the tip of the cone takes the shape of a fine jet
(Hartman, Brunner, Camelot, Marijnissen, & Scarlett, 2000).

EHDA presents several advantages compared to other micro-
and nanoparticle manufacturing techniques. For instance, EHDA
possesses high encapsulation efficiency and does not require
a tedious separation process to remove the particles from the
solvent, as happens with a great variety of encapsulation tech-
niques. Moreover, EHDA allows particles of different diameters
with a narrow size distribution to be obtained with ease. The
particle structure can be obtained from matrix systems when
working with one electrified jet, while more sophisticated struc-
tures such as hollow nanoparticles and core-shell particles are
possible when working with coaxial electrified jets.

Zein, the maize prolamin protein, was selected as the encapsu-
lating material. Zein comprises a group of alcohol soluble proteins
which present the property of being insoluble in water (Shukla &
Cheryan, 2001). The literature contains some works regarding the
utilization of zein as a wall material for encapsulating a variety of
compounds in the food, pharmaceutical and agricultural fields (Liu,
Sun, Wang, Zhang, & Wang, 2005; Onal & Langdon, 2005; Parris,
Cooke, & Hicks, 2005; Patel et al., 2010; Zhong & Jin, 2009; Zhong,
Jin, Davidson, & Zivanovic, 2009), including antimicrobials (essen-
tial oils, lysozyme), drugs (ivermectin, gitoxin), vitamins (riboflavin)
and polyphenols (curcumin). In these studies, zein micro- and
nanoparticles were produced bymethods such as phase separation,
spray-drying, coacervation, and antisolvent precipitation. Zein
nanostructures in the form of nanofibers, as carriers of antioxidant
natural compounds, have also been obtained by electrospinning (Li,
Lim, & Kakuda, 2009). However there is no previous report on the
study of zein nanoparticle formation using EHDA.

The first objective of the present study was to explore the use of
the EHDA technique to obtain zein nanoparticles. For this purpose,
the effect of relevant electrospray processing parameters (polymer
concentration, applied voltage and flow rate) on the size and shape
of the resulting zein structures was studied. The next objective was
to incorporate the natural food dye and active compound curcumin
into zein nanoparticles developed by EHDA and to study the
morphology, some physical properties, and stability during storage
of the curcumin-loaded zein nanoparticles. Finally, the effective-
ness of the developed curcumin-loaded zein nanoparticles as
coloring in a food matrix, semi-skimmed milk, was evaluated.

2. Materials and methods

2.1. Materials

Zein from maize and curcumin from Curcuma longa (turmeric)
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Ethanol was acquired from Panreac (Barcelona, Spain).

2.2. Molecular weight profile of zein

The molecular weight of the industrial sample of zein was
determined by SDS-PAGE in a vertical electrophoresis unit (Bio-Rad
Laboratories, Hercules, CA, USA). The procedure was that of
Laemmli (1970) with slight modifications. The sample was dena-
tured by mixing 2 mg of zein with 1 mL of loading buffer (2.5% SDS,
10 mM TriseHCl, 1 mM EDTA, 6% glycerol, 0.01% bromophenol
blue). The sample-buffer mixture was allowed to stand at room
temperature for 2 h with occasional shaking and centrifuged at
13,000 g for 10 min. Afterwards, 10 mL of each sample were loaded
into each slot in the gel. The stacking gel was 4% acrylamide and the
resolving gel was 12% acrylamide. Electrophoresis was carried out
at 25 mA/gel over 1.5 h. The gels were stained with coomassie
brilliant blue. The molecular weights of the standard protein
mixture (Bio-Rad) were 199 kDa (myosin), 116 kDa (b-galactosi-
dase), 97 kDa (bovine serum albumin), 53 kDa (ovalbumin), 37 kDa
(carbonic anhydrase), 29 kDa (soybean trypsin inhibitor), 20 kDa
(lysozyme) and 7 kDa (aprotinin).

2.3. Preparation and properties of zein solutions

Zeinwas dissolved in 80% (w/w) aqueous ethanol and stirred for
30 min at room temperature until completely dissolved. Several
concentrations of zein in ethanol were prepared, ranging from 1%
to 20% (w/w).

The viscosity of the polymer solutions was determined with
a Thermo Haake Rheostress 1 rotary rheometer (Karlsruhe, Ger-
many) using 60 mm plateeplate geometry with a gap of 0.5 mm.
Flow curves were obtained by shearing up from 0.1 to 100 s�1 and
shear stress was recorded.

2.4. Nanoparticle production

The experimental set-up used to carry out the electro-
hydrodynamicatomizationof thehydroalcohlic solutionconsistingof
zein polymer or zein polymer and curcuminwas supplied by YFLOW
Ltd (Málaga, Spain). It consists of a stainless steel needle charged by
a high voltage power supply with a range of 0e30 kV. The collector
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platewasfixedat aworkingdistance of 7 cmbelow theneedle tipand
connected to the grounded counter electrode of the power supply. A
5 mL plastic syringe was filled with the solution and a syringe pump
wasused to control theflowrate atwhich the solutionwasdispensed.
The syringe outlet was connected to the needle through a Teflon�

pipe. Avideo camera connected to amonitorwas used tomonitor the
cone-jet mode. The electrospray droplets were dried during the fly
time, on the way to the surface of the collector plate, which was
previously covered with aluminum foil. The relative humidity and
temperature of the chamber were set at 30% and 25 �C, respectively.

The effect on the shape and size of the zein structures of the
main electrospray variables, namely the polymer concentration in
the aqueous ethanol, the flow rate and the applied voltage, was
investigated to determine the optimal conditions for obtaining
homogeneous nanoparticles.

2.5. Nanoparticle morphology

The particle morphology was studied by scanning electron
microscopy using a HITACHI S-4100 unit equipped with a BSE
AUTRATA detector and an EMIP 3.0 image capture system (HITACHI,
Madrid, Spain). The sampleswere collected on an aluminum sample
holder, which was placed on the surface of the collector plate. The
samples were kept at 0% RH, in the dark, and treated with gold-
epalladium immediately prior to analysis. Images were captured at
10 kV, at a distance of 5 cm,with 5000� and 20,000�magnification.

2.6. Curcumin-loaded zein nanoparticles and encapsulation
efficiency (EE)

Once the best processing conditions to obtain zein nanoparticles
had been established, curcumin-loaded zein nanoparticles were
prepared. For this purpose, curcumin was added to the zein solu-
tion at different weight ratios ranging from 1:500 to 1:10 (curcu-
min:zein) and the solutions were electrosprayed. Samples were
collected on an aluminum foil placed over the collection plate and
stored at 0% RH, in the dark, until they were analyzed.

The curcumin loaded in the nanoparticles was measured by
dissolving the nanoparticles in 80% (w/w) aqueous ethanol and
measuring the absorbance of curcumin at 428 nm using a UVeVis
spectrophotometer. In previous experiments it had been checked
that the presence of zein in the solution did not interfere with the
maximum absorbance peak of curcumin. The concentration of
curcumin in the sample was calculated from the previously
prepared standard calibration curve for curcumin in 80% (w/w)
ethanol. The EE of curcumin was obtained as the mass ratio
between the curcumin determined in the nanoparticles and that
used in the preparation of the nanoparticles.

2.7. Fluorescence microscopy

The distribution of curcumin in the zein nanoparticles was
investigatedbyfluorescencemicroscopybecause curcuminpresents
autofluorescence. The fluorescence microscope used was a Nikon
Eclipse 90i equippedwith aDigital Sight DS-5Mc refrigerated digital
camera. The samples were collected on a glass sample holder and
observed under a blue filter (excitation at 340e380 nm, emission at
345e485), green filter (excitation at 465e495 nm, emission at
515e555 nm) and redfilter (excitation at 540, emission at 605e655)
and without attenuation filters. Photographs were taken at 1000�.

2.8. Solid state characterization

X-ray powder diffractometry was carried out to investigate the
nature of the curcumin loaded in the zein nanoparticles. The XRD
patterns of commercial curcumin, curcumin-loaded zein nano-
particles and unloaded zein nanoparticles were recorded using
a Bruker AXS D500 spectrometer with a BraggeBrentano geometry
at awavelength of 1.5406 (corresponding to the Cuka peak). Powder
X-ray diffractograms were recorded in a diffraction angle (2q) range
of 2�e40� using a step size of 0.03� and an exposure time of 8 s.

2.9. Optical properties

The color of the nanoparticles was determined with a Konica
Minolta CM-35000d spectrophotometer set to D65 illuminant/10�

observer. The CIELAB color space was used to determine the
parameters: L* [black (0) towhite (100)], a* [greenness (�) to redness
(þ)] andb* [blueness (�) to yellowness (þ)]. The colorwas expressed
using thepolar coordinates L*C*h� where L* is the sameas above,C* is
the chroma or saturation index (C*¼ (a*2þ b*2)1/2) and h� is the hue
(h� ¼ arctg (b*/a*)). The total colordifference (DE)was also calculated
according to theequation:DE¼ [(DL*)2þ (Da*)2þ (Db*)2]1/2. Samples
were measured in triplicate and ten measurements were taken of
each sample.

2.10. Curcumin-loaded zein nanoparticle stability studies

Stability studies were carried out for 1:10 curcumin:zein nano-
particles. The nanoparticles were stored in the dark in desiccators at
23 �C and 43% relative humidity over a period of three months.
Curcumin-loaded zein nanoparticles were monitored for changes in
particle sizeandshape, thenatureof the curcuminsolid state (crystal/
amorphous ratio) and the curcumin content of the nanoparticle. The
sampling time points were at 7, 15, 30, 60 and 90 days of storage.

2.11. Coloring capacity of curcumin-loaded zein nanoparticles in an
aqueous food matrix

Semi-skimmed milk (commercially acquired, subjected to
conventional industrial homogenization and UHT treatments) was
selected as an aqueous food matrix to assay the food coloring
capacity of the curcumin incorporated into the zein nanoparticles.
For this purpose, zein nanoparticles containing 10% (w/w) curcu-
min (1:10 curcumin:zein proportion) were incorporated into the
food matrix to achieve curcumin concentrations of 0.05, 0.1 and
0.15 g/100 mL of milk and were stirred for 15 min. The milk color
was determined, as described above, by placing 5 mL of milk in
a glass sample holder, 40 mm in diameter. For the purposes of
comparison, a sample with 0.1 g commercial curcumin/100 mL of
milk and a blank consisting of 100 mL of milk without additions
were analyzed. The color of the samples was evaluated at day 0 and
after seven days of refrigerated storage at 4 �C in dark conditions.

2.12. Statistical analysis

Statistical tests were performed using the SPSS� computer
program (SPSS Statistical Software, Inc., Chicago, IL, USA). One-way
analysis of variance was carried out. Differences between pairs of
means were compared using a Tukey test. The level of significance
was set at p � 0.05.

3. Results and discussion

3.1. Nanoparticle production

The main variables that affect the electrospray process include
the properties of the polymer in solution (concentration, molecular
weight, viscosity, surface tension, conductivity of the solvent) and
the processing conditions (flow rate, applied voltage and distance
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between the tip and the collector plate). In this study, the effect of
zein concentration, flow rate and applied voltage on the size and
morphology of the zein structures were explored.

3.1.1. Zein molecular weight
Themolecular weight profile of a polymer is an important factor

that must be known before undertaking an electrospray process.
Lowmolecular weight polymers lead to the formation of debris and
a higher concentration of polymer in the solution is required for the
formation of particles, whereas high molecular weight polymers
present a great number of entanglements, allowing the formation of
particleswith a lowconcentrationof polymer. Zein consists basically
of two subunits: a-zein, which is soluble in 95% ethanol and ismade
up of two bands of around 24 and 22 kDa respectively, and b-zein,
which is soluble in60%ethanol and is composedofa-zein aggregates
cross-linked by disulfide bonds (Shukla & Cheryan, 2001). However,
b-zein is somewhat unstable and tends to coagulate and precipitate,
so it is not commonly present in commercial zein preparations
(Shukla & Cheryan, 2001). The molecular weight profile of the
commercial zein employed in thepresent studyunder bothdisulfide
reducing and non-reducing conditions is shown in Fig. 1. There are
twobands close together in the19 to29kDamolecularweight range,
whichcanbeattributed to the subunitsofa-zeinpreviously reported
at 22 and 24 kDa (Shukla & Cheryan, 2001). Furthermore, a diffuse
band can be seen at around 50 kDa, which may be attributed to
covalently linked a-zein dimmers (Landry & Guyon, 1984) as this
band disappears when the protein is subjected to disulfide bond
reduction conditions. The other narrow bands of high molecular
weight at the top of the gelmay be attributed to residual b-zein. This
shows that high molecular weight aggregates that would have
raised the average molecular weight were absent, and it was
concluded that the zein employed in the present work has an
average molecular weight of around 25e30 kDa, so it can be
considered as a low molecular weight polymer.

3.1.2. Zein concentration
The effect of polymer concentration on the morphology of the

resulting zein structures was studied for concentrations of polymer
in aqueous ethanol ranging from 1% to 20% (w/w). In order to study
the effect of the zein concentration in the formation of structures,
the flow rate was maintained at 0.15 mL/h and the voltage applied
was fixed at 14 kV.With these parameters it was possible towork in
the cone-jet mode throughout the range of zein concentrations
tested.
Fig. 1. Electrophoretic patterns of commercial zein under disulphide bond non-
reducing (lane 2) and reducing (lane 3) conditions. Lane 1 corresponds to the
molecular weight marker (kDa).
Previously, the rheological behavior of zein solutions had been
studied and data from the ascending flow curve fitted well to the
Ostwald de Waele model, indicating that the aqueous ethanol
solutions of zein showed Newtonian behavior under the conditions
tested in this study. Fig. 2 shows the effect of zein concentration on
the viscosity of the solution. As can be observed, the viscosity
increased with the concentration of zein in the solution. Fig. 3
shows the morphology of the zein structures obtained with
increasing concentrations of zein. As can be observed, at 1%
(Fig. 3A) of zein the polymer concentration in the solution was too
low for particle formation. At this concentration, there were not
enough intermolecular entanglements among polypeptide chains
of this low molecular weight polymer to allow the chains to
aggregate into spheres after solvent evaporation. Instead, it can be
seen that a discontinuous film generated by droplets carrying a low
concentration of polymer was formed. When the concentration of
zeinwas increased to 2.5% the formation of compact particles could
be observed (Fig. 3B). These were round in shape, with a relatively
smooth surface, and between 175 and 250 nm in diameter, showing
low size dispersion. Thus, increasing the concentration of polymer
in the droplet promotes the entanglement of polymer chains,
which impedes droplet fission and leads to the formation of
particles. Compact particles have been associated with small
droplet size and a low concentration of solutes (Raula, Eerikainen, &
Kauppinen, 2004). In the present study, small compact particles
could not be achieved for zein concentrations of 1%, which can be
related to the low molecular weight of zein compared to other
polymers.

When the concentration of zeinwas increased to 5% (Fig. 3C) the
particles maintained their morphology, showing a round shape and
compact structure, and the size increased to between 200 and
350 nm. The increase in particle size with higher polymer concen-
tration has been reported for other polymers also, such as poly-
caprolactone (Xie, Lim, Phua, Hua, & Wang, 2006), Eudragit (Raula
et al., 2004) and an elastin-like polypeptide (Wu, MacKay,
McDaniel, Chilkoti, & Clark, 2009), and could be related to the
greater mass of the polymer in the droplets generated during the
electrospray process and to the viscosity of the solution. Viscosity
plays a significant role during the break-up and atomization of the
liquid jet, and thus influences the droplet size (Tang&Gomez,1996).

A further increase in polymer concentration to 10% (Fig. 3D) not
only gave rise to an increase in the particle size but also to a change
in its morphology. The size of the particles was between 450 and
650 nm and they tended to collapse and shrink. This change in
morphology could be related to an increase in droplet size along
Fig. 2. Viscosity of the polymer solution as a function of zein concentration.



Fig. 3. SEM images showing the effect of zein concentration on the size and shape of nanostructures obtained at a constant flow rate (0.15 mL/h), needle-to-tip distance (7 cm) and
voltage (14 kV). A: 1%; B: 2.5%; C: 5%; D: 10%; E: 15%; F: 20%.
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with a rapid evaporation of the solvent, creating a polymer
concentration gradient along the droplet and the formation of
a semi-solid skin of polymer at the surface. The shell layer thus
created impeded the diffusion of the solidified polymer to the center
of the droplet, inhibiting the formation of compact particles; after
drying the shell collapsed and shrunken particles were obtained.
However they were not seen to fragment. Li et al. (2009), who
studied the formation of zein nanofibers, also obtained shrunken
nanoparticles when they used 10% zein solutions under conditions
very close to those employed in the presentwork. Raula et al. (2004)
studied the effect of the solvent on the formation of Eudragit
particles and obtained differentmorphologies comprising compact,
hollow collapsed, and shriveled structures. As can be observed in
Fig. 3E, a further increase in the concentration of zein in the solution
to 15% produced particles with similar morphologies and increased
particle size: between450 and900nm.Also, the greater particle size
with higher zein concentrationwas observed to be accompanied by
greater particle-size dispersion. A zein concentration of 20% (Fig. 3F)
gave rise to the transition from particles to fibers, a finding which
was in accordance with the work by (Li et al., 2009). As can be
observed in Fig. 2, the viscosity of the zein solution increased
considerably when the concentrationwas raised from 15% to 20%. If
the viscosity is high enough, a stable elongated jet can be obtained.
An increase in the viscosity of the solutionpromotes a high cohesion
and entanglement between polymer chains which prevents the
liquid from breaking up into droplets, so a transition from electro-
spray to electrospinning occurs. In the electrospinning process, the
entangled polymer network is stretched and as the jet extends and
travels to the ground collector it dries and hardens, resulting in the
formation of electrospun fibers. In this study, the transition of zein
solutions from electrospray to electrospinning greatly depended on
the viscosity of the solution. Uniform fibers without beads were
formed for viscosities �0.027 Pa s, whereas for viscosities between
0.002 Pa s and 0.012 Pa s the zein solution broke into droplets, giving
rise to the formation of particles. In this respect, the formation of
nanofibers fromzein andother proteins is another area of increasing
interest for different purposes, including encapsulation (Dror et al.,
2008; Li et al., 2009; Woerdeman et al., 2005).
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3.1.3. Flow rate
The flow rate is an important parameter in the EHDA process,

affecting the size of the particles. Working in the cone-jet mode, it
has been described a scaling law which permits prediction of the
relationship between several process parameters and the droplet
diameter (Hartman, Brunner, Camelot, Marijnissen, & Scarlett,
1999; Hartman et al., 2000). According to this scaling law, the
droplet diameter will increasewith the liquid flow rate, and the size
of the resulting particles is expected to increase. The effect of the
flow rate on the diameter of polymeric nanoparticles has been
observed by several authors using different polymers (Hong, Li, Yin,
Li, & Zou, 2008; Meng, Jiang, Sun, Yin, & Li, 2009; Wu et al., 2009;
Xie, Lim, et al., 2006).
Fig. 4. SEM images showing the effect of flow rate on the size of zein nanoparticles
obtained at a constant zein concentration (2.5%), needle-to-tip distance (7 cm) and
voltage (14 kV). A: 0.05 mL/h; B: 0.1 mL/h; C: 0.15 mL/h.
In the present study, the effect of the flow rate on the size of the
nanoparticles was evaluated with the voltage fixed at 14 kV and the
zein concentration at 2.5%; under these conditions it was possible
to work in the stable cone-jet mode for flow rates of 0.05, 0.10 and
0.15 mL/h. As can be observed in Fig. 4, the size of the particles
decreased with the zein solution flow rate: the nanoparticle
diameters were observed to lie between 80 nm and 130 nm for the
0.05 mL/h flow rate, and in the 130e175 nm range when the flow
rate was increased to 0.10 mL/h. Fig. 4 also shows that the very fine
particles obtained at low flow rates tend to cluster together.

3.1.4. Applied voltage
The applied voltage is a key parameter in achieving a stable

cone-jet mode for the obtention of monodispersed nanoparticles.
In the present study, with zein concentrations of 2.5% and 5% (w/w)
it was not possible to obtain a stable cone-jet mode for voltages
other than 14 kV. When the concentration of the polymer solution
was increased to 10% (w/w), a stable cone-jet mode was achieved
under voltages of both 14 kV (Fig. 5A) and 16 kV (Fig. 5B). Compared
to the previous results for 14 kV, the higher voltage (16 kV) did not
change the shape of the particles to any considerable degree; this
behavior is in agreement with previous works (Hartman et al.,
2000; Hong et al., 2008; Tang & Gomez, 1996). However, at 16 kV,
small particles formed from satellite droplets were also obtained.
Hartman et al. (1999) have reported that the current through the
liquid cone increases with the applied voltage, affecting the jet
break-up mechanism. The mode in which the electrified jet breaks
up depends on the stress ratio at the jet surface, which is given by
Fig. 5. SEM images showing the effect of applied voltage on the size of zein nano-
particles obtained at a constant zein concentration (10%), needle-to-tip distance (7 cm)
and flow rate (0.15 mL/h). A: 14 kV; B: 16 kV.



Table 1
Lightness (L*), chroma (C*) and hue angle (h�) of the curcumin-loaded zein nanoparticles (various concentrations), the commercial curcumin and the zein nanoparticles. The
total color difference (DE) is calculated with respect to the zein nanoparticles.

L* C* h� DE

Commercial curcumin 62.1 � 0.1 a 74.5 � 0.1 f 62.6 � 0.03 a e

1:10 curcumin-loaded zein nanoparticles 65.6 � 0.8 b 80.5 � 0.6 g 88.5 � 0.1 b 35.3 � 0.4 a
1:20 curcumin-loaded zein nanoparticles 66.5 � 3.0 b 69.6 � 2.0 e 91.4 � 0.3 c 36.5 � 0.7 a
1:50 curcumin-loaded zein nanoparticles 78.1 � 4.6 c 59.1 � 3.4 d 95.9 � 0.6 d 41.2 � 1.5 b
1:100 curcumin-loaded zein nanoparticles 82.8 � 2.1 c 50.6 � 4.1 c 100.2 � 2.1 e 53.0 � 1.8 c
1:500 curcumin-loaded zein nanoparticles 83.1 � 1.0 c 22.4 � 1.0 b 102.3 � 0.5 f 59.8 � 0.7 d
Zein nanoparticles 83.9 � 1.1 c 5.1 � 0.52 a 108.8 � 0.7 g e

Different letters in the same column (a, b, c, d, e, f, g) indicate significant differences (p � 0.05) among samples.
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the ratio of the normal electric stress to the surface tension stress.
At a low stress ratio value the jet breaks up due to axisymmetric
instabilities, also known as varicose instabilities. In this varicose
break-up mode, monodisperse droplets are produced and the
number of secondary droplets is lower than the number of primary
droplets. At high flow rates, the current through the jet of liquid
increases, raising the surface charge and the stress ratio. Above
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, as in the case of
the present work when the voltage was set at 16 kV.
Fig. 6. Fluorescence microscopy image of 1:10 curcumin-loaded zein nanoparticles.
The image was taken with the green filter (excitation at 465e495 nm, emission at
515e555 nm).
3.2. Curcumin-loaded zein nanoparticles

Morphology and encapsulation efficiency (EE)
Based on the previous study discussed above, the processing

parameters for obtaining compact spherical nanoparticles with
a narrow size distribution were: protein concentration 2.5% (w/w),
flow rate 0.15 mL/h, voltage 14 kV, and maintaining a working
distanceof 7 cm.Curcuminwasdissolved into a2.5% (w/w)ethanolic
solution of zein at several concentrations to achieve curcumin:zein
weight ratios of 1:500, 1:100, 1:50, 1:20 and 1:10. At all these cur-
cumin concentrations, the curcumin-loaded zein nanoparticles
presented a similarmorphology and size distribution to those of the
unloaded zein nanoparticles obtained from a 2.5% zein solution
(data not shown). Consequently, adding curcumin to the zein solu-
tion appears not to have affected the electrospray process and thus
the formation of the zein nanoparticles, at least at the concentra-
tions assayed in this work. The EE of all the samples was around
85e90%, so a large amount of curcumin was loaded into the nano-
particles. Using the electrospray technique, it is possible to obtain
high EE compared to othermethods, such aswet or emulsion-based
techniques, which involve extracting the particles from an aqueous
phase. Other authors have also reported the high encapsulation
efficiency achieved by electrospraying, ranging from 80% to 96%
(Ding, Lee, &Wang, 2005; Xie, Marijnissen, &Wang, 2006). In other
work, it has been encapsulatedhydrophilic bovine serumalbumin in
the hydrophobic polymers PLGA and PCL, concluding that EE greatly
depends on the interactions between the polymer, protein, and
organic solvent, and that if the interactions are unfavorable the
incorporation of surfactants can improve the stability of the system,
increasing the EE (Xu & Hanna, 2006). A feasible explanation for the
good EE of curcumin in zein nanoparticles could be their good
solubility in the solvent and, according to results showed forward,
the intimate contact between both components.

3.2.1. Optical properties
The optical properties of the curcumin-loaded zein nano-

particles are shown in Table 1. A trend towards increased lightness
can be observed as the curcumin concentration in the nanoparticles
decreased, with themaximum lightness value being attained by the
plain zein nanoparticles. The hue angle also increased as the
curcumin concentration in the nanoparticle decreased. As ex-
pected, an evident decrease in the chroma value was obtained
when the curcumin concentration in the nanoparticle was reduced.
This shows the usefulness of nanoencapsulating natural dyes to
achieve a variety of different chroma and hue angle in addition to
those of the unprocessed compounds.

3.2.2. Fluorescence microscopy
In previous experiments in which the individual components

(curcumin and zein) were investigated separately, it was observed
that curcumin emitted intensely in the green region, to a lesser
extent in the red one, and was almost imperceptible in the blue
region, whereas zein showed no autofluorescence under the
experimental conditions employed (Medrano, 2010). Fig. 6 shows
the fluorescence microscopy image of the green region of the 1:10
curcumin-loaded zein nanoparticles. The presence of round shapes
and apparently compact structures with a narrow size distribution
can be observed, together with the green autofluorescence of the
curcumin distributed evenly throughout the zein nanoparticle.

3.2.3. Solid state characterization
The X-ray powder diffraction spectra of commercial curcumin,

zein nanoparticles and curcumin-loaded zein nanoparticles are
shown in Fig. 7. The zein nanoparticles did not display any crys-
talline peak in the diffractogram but showed one broad amorphous
peak. The curcumin diffractogram has the characteristically well-
defined sharp, narrow diffraction peaks of a highly crystalline
structure. Non-crystalline curcumin peaks were seen when the
curcumin was entrapped in the zein nanoparticles; this was
observed for all the curcumin:zein ratios tested, revealing the
amorphous state of the curcumin in the zein nanostructures. The
disruption of the crystalline structure of curcumin is proof of the
intimate contact between this compound and the zein protein,

maite
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Fig. 7. X-Ray diffraction spectra of zein nanoparticles loaded with different propor-
tions of curcumin. a: commercial curcumin; b: commercial zein; c: 1:10 curcumin-
loaded zein nanoparticles; d: 1:20 curcumin-loaded zein nanoparticles; e: 1:50
curcumin-loaded zein nanoparticles; f: 1:100 curcumin-loaded zein nanoparticles; g:
1:500 curcumin-loaded zein nanoparticles. Trace h represents the spectra of the 1:10
curcumin-loaded zein nanoparticles stored for 90 days (43% RH, 23 �C, dark
conditions).

Fig. 8. SEM images showing the effect of storage (43% RH, 23 �C, dark conditions) on
the morphology of 1:10 curcumin-loaded zein nanoparticles. A: day 0; B: day 90.
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which inhibits the curcumin molecules’ associating to form crystals
(Rawlinson, Williams, Timmins, & Grimsey, 2007).

3.3. Curcumin-loaded zein nanoparticle stability studies

The morphology and size of the zein nanoparticles loaded with
curcumin at a weight ratio of 1:10 and stored at 23 �C and 43%
relative humidity did not suffer significant changes after three
months of storage (Fig. 8). The round shape and compact structure of
the nanoparticles remained stable, agglomerateswere not observed
and the nanoparticles did not shrink butmaintained their size. After
three months of storage there was no recrystallization of the cur-
cumin in the nanoparticles, which retained its amorphous state
(Fig. 7, trace h). No changes were observed in the curcumin content
of thenanoparticle (data not shown)or in thephysical appearance of
the powder after three months of storage in dark conditions.

3.4. Coloring capacity of curcumin-loaded zein nanoparticles in
semi-skimmed milk

Fig. 9 and Table 2 respectively show the visual aspect and the
color coordinates (lightness, chroma, hue angle, and total color
difference) of the milk samples. The addition of commercial cur-
cumin scarcely modified the lightness, chroma and hue angle of the
milk, resulting in a total color difference of 4.0 � 0.1 compared to
the aqueous milk without additions. This demonstrates the low
solubility of this food coloring in the food matrix employed. On
Fig. 9. Capacity of 1:10 curcumin-loaded zein nanoparticles to color semi-skimmed milk.
curcumin/100 mL milk; C: 0.05 g of nanoencapsulated curcumin/100 mL milk; D: 0.1 g com
adding the same amount of curcumin (0.1 g/100 mL) incorporated
into the zein nanoparticles, the hue angle changed from
110.7� � 0.1 to 96.6� � 0.1, the chroma rose from 7.8 � 0.1 to
61.7 � 0.1 and the lightness diminished from 87.8 � 0.1 to 83 � 0.1
compared to the milk without additions, so the total color differ-
ence was 51.3 � 0.1. The change in milk color as a result of adding
the curcumin-loaded zein nanoparticles is also evident in Fig. 9. The
addition of a higher amount of curcumin (0.15 g/100 mL) did not
produce an increase in chromaticity and the lightness, hue angle
and total color difference were scarcely modified, presumably
indicating that the color was saturated. When a lower amount of
curcumin was added (0.05 g/100 mL) the chromaticity increased to
a lower extent than with 0.1 g/100 mL, the hue angle shifted from
96.6 � 0.1 to 102.5 � 0.1 and the total color difference was
39.3 � 0.1. Consequently, this experiment shows that it is possible
to obtain milk-based products with different shades and chroma-
ticities by adding different amounts of curcumin-loaded zein
nanoparticles.
A: 0.15 g of nanoencapsulated curcumin/100 mL milk; B: 0.1 g of nanoencapsulated
mercial curcumin/100 mL milk; E: milk without additions.



Table 2
Lightness (L*), chroma (C*), hue angle (h�) and total color difference (DE) of themilk containing 1:10 curcumin-loaded zein nanoparticles. The total color difference is calculated
with respect to the milk without additions.

L* C* h� DE

Milk without additions 87.8 � 0.1 a 7.8 � 0.1 a 110.7 � 0.1 a e

Commercial curcumin (0.1 g/100 mL milk) 87.6 � 0.1 a 11.8 � 0.1 b 108.5 � 0.1 b 4.0 � 0.1 a
Curcumin-loaded zein nanoparticles (0.05 g curcumin/100 mL milk) 85.6 � 0.1 b 47.0 � 0.1 c 102.5 � 0.1 c 39.3 � 0.1 b
Curcumin-loaded zein nanoparticles (0.1 g curcumin/100 mL milk) 83.0 � 0.1 c 61.7 � 0.1 d 96.6 � 0.1 d 51.3 � 0.1 c
Curcumin-loaded zein nanoparticles (0.15 g curcumin/100 mL milk) 79.4 � 0.1 d 60.3 � 0.2 d 95.7 � 0.1 e 53.5 � 0.3 c

Different letters in the same column (a, b, c, d, e) indicate significant differences (p � 0.05) among samples.
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4. Conclusions

EHDA has shown itself to be a valuable tool for obtaining
nanoparticles of an edible zein biopolymer in several morphologies
and sizes depending on the different key parameters controlling
the process. Compact spherical nanoparticles were obtained from
2.5% zein solution, fixing the flow rate and voltage at 0.15 mL/h and
14 kV; increasing the polymer concentration to 15% gave rise to
particles of greater size and non-spherical morphologies. Small
compact nanoparticles could not be achieved for 1% zein solution.
The transition from particles to fibers happened between 15% and
20% zein solution. The flow rate affected to the size of the particles
whereas high voltages increased the size distribution of the parti-
cles. Nanoparticles made from 2.5% zein solution using a flow rate
of 0.15 mL/h and a voltage of 14 kV were loaded with several
amounts of curcumin comprised between 1:500 and 1:10,
achieving in all the cases great encapsulation efficiency. The cur-
cumin mixed intimately with the polymer in a matrix system
where the curcumin remained in the amorphous state, unlike
commercial curcumin. No changes in the morphology of the
nanoparticles or the curcumin content of the nanoparticle during
storage (23 �C and 43% RH, in the dark) were observed. The
nanoparticles showed good dispersion and coloring capacity in
semi-skimmed milk compared to commercial curcumin. Thus,
electrospray/electrohydrodynamic atomization technique enables
to obtain zein compact nanoparticles charged with curcumin
making possible to extend the use of curcumin like a coloring agent
in aqueous food products.
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