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a b s t r a c t

A new and convenient synthetic route using high-pressure homogenization combined with water-in-oil
(w/o) miniemulsion cross-linking technique was used to prepare sodium trimetaphosphate (STMP)-
cross-linked starch nanoparticles. Dynamic light scattering (DLS) and transmission electron microscopy
(TEM) revealed that starch nanoparticles had narrow size distribution, good dispersibility and spherical
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shape. Effect of process parameters (surfactant content, water/oil ratio, starch concentration, homoge-
nization pressure and cycles) on the starch nanoparticle size in miniemulsion was evaluated. We show
that there is an optimal surfactant concentration giving rise to smaller starch nanoparticles and better
stability. Apart from the water/oil ratio and starch concentration, the homogenization pressure and cycles
(passes) also significantly affect the size of starch nanoparticles (p < 0.05). The stability analysis of starch
nanoparticles in water for 2 h to 2 days and in temperature ranges of 25–45 ◦C showed firm structure and

opart
good stability. These nan

. Introduction

In recent years nanoparticles (NPs) have drawn considerable
ttention for their small size, customized surface, improved sol-
bility and multiple functionality (Singh & Lillard, 2009). Many
rganic and inorganic polymers such as poly(caprolactone) (Calvo,
emuñán-López, Vila-Jato, & Alonso, 1997), poly(ethyleneimine)
Godbey, Wu, & Mikos, 1999), poly (lactic acid) (Zambaux,
onneaux, Gref, Dellacherie, & Vigneron, 1999), poly(ethylene
lycol) (Veiseh, Gunn, & Zhang, 2010), poly(lactic-glycolic acid)
Manchanda, Fernandez-Fernandez, Nagesetti, & McGoron, 2010)
nd hydroxyapatite (Wu et al., 2010) have been investigated
or the preparation of nanoparticles with different characteris-
ics and the development of novel and advanced materials (Ozin

Cademartiri, 2009). Likewise, many researchers have also pre-
ared nanoparticles using natural compounds such as chitosan,
extran, gelatin, alginate, albumin and starch (Aumelas, Serrero,

urand, Dellacherie, & Leonard, 2007; Bertholon, Hommel, Labarre,

Vauthier, 2006; Bravo-Osuna, Schmitz, Bernkop-Schnürch,
authier, & Ponchel, 2006; Janes, Fresneau, Marazuela, Fabra, &
lonso, 2001; Liu et al., 2008; Simi & Emilia Abraham, 2007).

∗ Corresponding author. Tel.: +86 10 62737351; fax: +86 10 62737351.
E-mail address: dongli@cau.edu.cn (D. Li).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.10.011
icles are expected to be exploited as drug carriers.
© 2010 Elsevier Ltd. All rights reserved.

Starch is widely used in food, chemical, textile, papermaking,
medicine and many other industries because of its biodegradabil-
ity, reproducibility and cheapness (Hoover, Hughes, Chung, & Liu,
2010; Song et al., 2009). In medical applications, starch is often used
as a pharmaceutical excipient and bonding material. However, raw
starch has limited applications due to its innate disadvantages such
as poor solubility in cold water, tendency to retrograde and high
viscosity once it is gelatinized. Therefore, some degree of modifi-
cation is essential to enhance its functionality. Starch nanoparticle
is one of the products of such modification and is used as a vehi-
cle of drug delivery especially in nano-scale drug delivery systems
(Santander-Ortega et al., 2010; Simi & Emilia Abraham, 2007).

Starch nanoparticles (StNPs) or nanospheres are nano-sized
(1–1000 nm in the pharmaceutical field) particulates of starch
prepared by chemically cross-linking starch molecules with appro-
priate cross-linkers. Once the starch structure is opened and
dispersed by the application of alkali, acid and enzymes, the forma-
tion of the hydrogen bonds can be accelerated through which such
nanoparticles can be formed (Deetae et al., 2008; Hoover, Hughes,
Chung, & Liu, 2010). These starch nanoparticles help encapsulate

and deliver the hydrophilic drugs to targeted spots, in the absence
of which these drugs are sensitive to the environment prevailing
in stomach, intestine and blood circulation system. This approach
(encapsulation of active drug in starch nanoparticles) minimizes
the undesired release of the drug (such as initial burst), improves

dx.doi.org/10.1016/j.carbpol.2010.10.011
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:dongli@cau.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.10.011
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ig. 1. Flow chart of the starch nanoparticle preparation. The composition of soluti
he article.

he efficacy of drug delivery, prolongs the residence time of drugs
nd reduces the drug-related side effects (Kreuter, 2007; Singh &
illard, 2009).

Recently, various techniques such as supercritical fluid extrac-
ion, solvent evaporation, precipitation and emulsion cross-linking
ave been used to prepare nanoparticles (Bravo-Osuna, Schmitz,
ernkop-Schnürch, Vauthier, & Ponchel, 2006; Chang, Jian, Yu, &
a, 2010; Chaudhuri & Paria, 2010; Chavanpatil, Khdair, & Panyam,

007; Mai Hoa, Chi, Triet, Thanh Nhan, & Chien, 2009; Wang,
metana, Boeckl, Brown, & Wai, 2009). Among these techniques,
upercritical extraction is mainly used to produce inorganic metal
anoparticles. The solvent evaporation requires very large quantity
f organic solvent and the precipitation method always involves
omplicated processing-steps. The emulsion cross-linking tech-
iques, especially the water-in-oil (w/o) emulsion cross-linking
as well defined and simple preparation steps with mild process-

ng conditions. Hence this technique could meet the requirement
f producing nanoparticles from hydrophilic natural materials
uch as starch, gelatin and their derivatives (Ethirajan, Schoeller,
usyanovych, Ziener, & Landfester, 2008; Liu et al., 2008).
The (w/o) emulsion cross-linking technique involves the dis-

ersion of the aqueous phase (containing starch and cross-linkers)
n the oil phase with the presence of emulsifiers. This emulsion is
uite stable and generates starch particles through cross-linking
eaction (Ethirajan, Schoeller, Musyanovych, Ziener, & Landfester,
008). These emulsion droplets help maintain the shape and size
f the particles within the dispersed phase. From this technique
anoparticles can easily be obtained if we can produce miniemul-
ion containing nano-scale droplets. As the miniemulsion is a
on-equilibrium system, energy input from chemical potential or
echanical devices is required (Antonietti & Landfester, 2002;
sua, 2002). Miniemulsion can be produced using micro-emulsion
ethod by creating chemical potential through the use of surfac-

ants. However, this method requires large quantity of surfactants
ompared to the miniemulsion which is obtained using mechani-
al devices. The former is actually more expensive than the latter

ethod (Antonietti & Landfester, 2002). Although instruments such

s rotor–stator emulsifiers, sonicators and high-pressure homog-
nizers can be used to provide mechanical energy to produce
iniemulsions, high-pressure homogenizer is much more efficient

han others to prepare nanoparticles (Asua, 2002).
article 

nd solution B was defined in Table 1; all the process parameters were described in

In these contexts, the aim of this study was to investigate
a new synthetic route of producing starch nanoparticles using
high-pressure homogenizer applied to water-in-oil miniemulsion
cross-linking. We assessed various surfactant and starch contents
as well as different water/oil ratios. Furthermore, the particle size,
stability of the dispersion, rehydration and morphology of the
nanoparticles has also been studied.

2. Materials and methods

2.1. Materials

Water soluble starch was purchased from Beijing Aoboxing
Biological Technique Company (Beijing, China). Sodium chloride,
sodium hydroxide, cyclohexane, acetone and acetic acid were pro-
vided by Beijing Chemical Company (Beijing, China). Tween-80 and
Span-80 were purchased from Tianjing Fuchen Chemical Company
(Tianjing, China). Sodium trimetaphosphate (STMP) was obtained
from Tianjing Dengfeng Chemical Company (Tianjing, China). All of
these reagents were of analytical grade and used without further
purification. Deionized water was used throughout the work.

2.2. Preparation of starch nanoparticles

Starch nanoparticles were created in w/o miniemulsion sys-
tem using emulsion cross-linking technique with STMP as a
cross-linking agent. This method combines the processes used for
preparing starch nanoparticles and miniemulsions. The solidifica-
tion of the starch particles and cross linking reaction takes place
during the stable phase of miniemulsion. The flowchart for prepar-
ing the starch nanoparticles is provided in Fig. 1. As can be seen from
this figure there are five main steps: (1) the water phase was formed
by mixing solution A and solution B. Solution A was prepared by dis-
solving water soluble starch in sodium hydroxide solution and then
stirring it for 2 h until the starch was fully dissolved. Solution B was
prepared by dissolving STMP in sodium chloride solution. The pro-

portions of starch, sodium hydroxide, sodium chloride and STMP
are listed in Table 1. (2) The oil phase was prepared by dissolving
the mixture (Table 1) of Span-80 and Tween-80 in cyclohexane and
stirring the resultant mixture. The temperature of the oil phase was
maintained at 45 ◦C by a thermostat. (3) The oil phase was stirred
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Table 1
Composition and ratio of the constituents in water phase and oil phase.

Deionised water (g) Soluble starch (g) NaOH (g) STMPa (g) NaCl (g) Cyclohexane (ml) Surfactant (g)

Solution A 30 8 1.5 0 0 0 0
2
0
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Solution B 20 0 0
Oil phase 0 0 0

a STMP refers to sodium tripolyphosphate.

t 5000–6000 rpm for 20 s using the high-speed shear apparatus
IKA® T25 digital, Staufen, Germany) and both the solutions A and

were mixed to produce solution C. Then solution C was poured
nto the oil phase immediately at constant stirring of 10,000 rpm for
min (coarse emulsion). (4) The coarse emulsion was subsequently
omogenized in a high-pressure homogenizer (ATS® AH-100D, BVI,
anada) at pressures ranging from 10 MPa to 60 MPa for 1–5 passes.
5) The miniemulsion obtained by the following steps 1–4 was kept
tirring and the starch in the dispersed phase was cross-linked
y the STMP for 3 h (the cross-linking time was calculated from
he beginning of the mixing operation to the time when the gel
n the bottom cannot fall down after inverting the beaker). The
tarch nanoparticles were precipitated from the miniemulsion by
dding 10% (v/v) acetic and separated from rest of the liquid mix-
ure by centrifugation (3000 rpm). The nanoparticles obtained from
he centrifugation process were further purified using acetone and
nally washing with water. Subsequently the water was removed
y vacuum freeze-drying for 30 h. The dry samples obtained from
he vacuum freeze-drying process were packaged in ziplock bags
nd kept in desiccators for further analysis.

.3. Particle size and distribution analysis

The average size (Z-average size) of nanoparticle in miniemul-
ion as well as in water was measured using a Zetasizer (Nano
S, Malvern Instruments, Worcestershire, UK). The polydispersity
ndex (PdI) which reflects the range of nanoparticle size can be mea-
ured by this instrument, from values lower than 0.1 for suitable
easurements and good-quality of the colloidal suspensions to val-

es close to 1 for poor-quality samples which has a very broad size
istribution and may contain large particles or aggregates. Spe-
ific calculation process is defined in the ISO standard document
3321:1996 E (Malvern Instruments, 2007).

.4. Dispersion and morphology examination

The dispersion of starch nanoparticles in the miniemulsion was
bserved using a 400× optical microscope coupled with a digi-
al camera (Olympus® CX31, Olympus Instruments, Tokyo, Japan).
lthough the size of starch nanoparticles in miniemulsion could
ot be measured within the magnification limit of the microscope,
he dispersion situation could be qualitatively illustrated from the
mages.

The morphological examination of starch nanoparticles after

2starch OH +
P ONaO

O

O
P
O

O

O

acuum freeze-drying was performed using a Transmission Elec-
ron Microscope (TEM H-800, Hitachi Instruments, Tokyo, Japan).
ried starch nanoparticles were dispersed in alcohol. This suspen-

ion was then gently dropped on the copper mesh (3 mm i.d.) and
as observed under TEM after drying in air for 10 min.
1.5 0 0
0 150 4.5 (Span-80:Tween-80 = 84:16)

2.5. Statistical analysis

All the experiments were carried out in triplicates and the size
data are expressed as mean ± standard deviations. Statistical anal-
ysis system (SAS v.9.0, Cary, NC, USA) was used for analysis of
variance and significant differences were analyzed by Duncan’s
multiple range tests at 0.95 confidence level.

3. Results and discussion

3.1. Preparation of starch nanoparticles

In the dispersed phase of the miniemulsion, the hydroxyl
groups of starch molecules reacted with STMP and the
starch chains were reorganized into three-dimensional con-
formation. These macromolecular structures were trapped
within nano-scaled droplets and eventually starch nanopar-
ticles were formed. The reaction between STMP and starch
can be represented by the chemical formulae below (Fang
et al., 2008).

Na

P
O

O O

NaO

starch starch
+ Na2H2P2O7

NaOH

With the composition and ratio of the water and oil phases
given in Table 1, we prepared starch nanoparticles using water/oil
ratio (v/v) of 15/150 and homogenizing the mixture at 30 MPa and
3 passes. The average size (Z-average size) and the spread range
of starch nanoparticle were 172.2 ± 1.3 nm and 101.4 ± 7.9 nm,
respectively. The size distribution of these particles is presented
in Fig. 2(C).

The dispersion of miniemulsion under the 400× optical micro-
scope is provided in Fig. 2(A). This figure shows that there is no
aggregation of the dispersed phase droplets which corroborates
well with reasonably sharp peak and monodispersion of droplets
seen in Fig. 2(C). The dispersed droplets appear to be spherical and
intact.

The morphology of the starch nanoparticles is shown in Fig. 2(B),
which shows that the most of starch nanoparticles have a good
sphericity and the particle size ranges between 50 nm and 250 nm.
The TEM image shows that some starch particles are significantly
larger and darker than others. This can be attributed to overlapping
of nano-particles on the copper mesh during sample preparation,
since that as the concentration of starch nanoparticles solution is
higher, the quantity of the starch nanoparticles becomes relatively
larger, so that the particles will have a trend to aggregate together.

3.2. Particle size analysis
The emulsion composition in Tables 2–4 is accordance to the
ratio in Table 1. Specifically, the composition of the solution A is
8 g starch, 1.5 g NaOH and 30 g water while the solution B is of 2 g
STMP, 1.5 g NaCl and 20 g water. In Table 4, the ratio of the starch,
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Fig. 2. Exterior morphology and particle size distribution of starch nanoparticles. (A) Shows optical microscopic image of miniemulsion (400×); (B) reflects transmission
electron micrograph of starch nanoparticles; (C) represents particle size distribution of starch nanoparticles in miniemulsion.

Table 2
Effect of the surfactant concentration on the particle size and mean PdI in cyclohexane.

Concentration (%, w/v) Z-avg (d nm) and mean PdI (in parentheses)

30 MPa – 1 cycle 30 MPa – 2 cycles 30 MPa – 3 cycles 30 MPa – 4 cycles 30 MPa – 5 cycles

3 273.0 ± 12.8b (0.375) 266.1 ± 2.3a (0.382) 180.2 ± 0.9b (0.179) 167.5 ± 0.7b,a (0.143) 157.4 ± 0.70b (0.137)
4 301.6 ± 2.9a (0.335) 196.8 ± 2.3b (0.223) 175.7 ± 1.0c (0.178) 164.7 ± 1.9b,c (0.165) 160.4 ± 3.54b (0.155)
5 281.5 ± 0.6b (0.309) 195.6 ± 0.1b (0.218) 172.6 ± 1.1d (0.168) 165.1 ± 1.4b,c (0.185) 159.7 ± 0.14b (0.186)
6 223.9 ± 1.8d (0.254) 185.1 ± 1.0d (0.184) 166.1 ± 1.3e (0.183) 158.8 ± 0.6d (0.154) 152.9 ± 0.78c (0.184)
7 245.6 ± 3.2c (0.304) 189.6 ± 1.4c (0.205) 173.6 ± 0.8d,c (0.182) 163.3 ± 0.5c (0.174) 158.8 ± 0.42b (0.170)

V mean
s ltiple

N
u
w
t
N
c
s
p
s

T
E

V
s

8 263.3 ± 12.4c,b (0.327) 197.3 ± 0.4b (0.210)

alues of the Z-avg represent the mean ± SD (n = 3) and values of PdI represent the
uperscripts were significantly different from each other according to Duncan’s mu

aOH, STMP and NaCl in mixing solution C is 8:1.5:2:1.5 and the
sages of water in solution A and solution B are always 30 g and 20 g
ith the increasing of the other components. For example, when

he starch usage is 2 g, there are 0.375 g NaOH, 0.5 g STMP, 0.375 g

aCl and the water in solution A is 30 g, in solution B is 20 g. All these
omponents in the water phase will be cross-linked and turned into
tarch nanoparticles in the emulsion droplets formed during high-
ressure homogenization. The particle size analysis data (Z-average
ize and mean PdI) are presented in Tables 2–5.

able 3
ffect of the water/oil ratio on the particle size and mean PdI in cyclohexane.

Ratio (1/150, v/v) Z-avg (d nm) and mean PdI (in parentheses)

30 MPa – 1 cycle 30 MPa – 2 cycles 3

5 206.7 ± 1.3f (0.242) 162.0 ± 1.7f (0.197) 1
10 223.3 ± 0.1e (0.266) 181.1 ± 0.6e (0.202) 1
15 262.6 ± 3.2d (0.351) 191.1 ± 1.5d (0.221) 1
20 246.5 ± 0.4c (0.301) 195.5 ± 1.3c (0.225) 1
25 292.9 ± 6.3b (0.388) 229.6 ± 2.1b (0.246) 1
30 316.2 ± 5.4a (0.336) 292.8 ± 0.1a (0.451) 2

alues of the Z-avg represent the means ± SD (n = 3) and values of PdI represent the mea
uperscript were significantly different from each as determined by Duncan’s multiple ra
184.1 ± 0.6a (0.208) 170.5 ± 1.6a (0.177) 164.2 ± 0.07a (0.178)

s of three replicates. Values in a column followed by different lowercase letters in
range tests (p < 0.05). Data measured at 25 ◦C.

3.2.1. Effect of the surfactant content
As can be seen from Table 2, the size of the starch nanoparticles

in cyclohexane is affected by the increase in the surfactant con-
centration quite significantly in oil phase (p < 0.05). Except for the

single pass homogenization, the particle size showed a decreasing
trend at first and subsequently increased when the concentration
of surfactant in the oil phase was increased from 3% to 8% (w/v).
The particle size was the lowest (a minimum value) at 6% (w/v) of
surfactant concentration. ‘The optimal amount’ theory provides the

0 MPa – 3 cycles 30 MPa – 4 cycles 30 MPa – 5 cycles

47.9 ± 0.9e (0.167) 136.8 ± 0.6f (0.168) 132.2 ± 1.6e (0.171)
64.0 ± 0.2d (0.162) 156.2 ± 0.1e (0.147) 149.6 ± 0.6d (0.166)
75.6 ± 0.4d,c (0.170) 165.0 ± 1.7d (0.181) 160.3 ± 1.5c (0.200)
80.7 ± 0.1c (0.201) 173.2 ± 0.3c (0.190) 164.8 ± 0.1c (0.172)
99.9 ± 0.6b (0.225) 188.9 ± 2.8b (0.221) 182.7 ± 1.7b (0.213)
81.7 ± 13.7a (0.435) 245.0 ± 6.5a (0.371) 221.3 ± 4.2a (0.307)

n of three replicates. Values in a column followed by different lowercase letters in
nge tests (p < 0.05). Data measured at 25 ◦C.
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Table 4
Effect of the composition of water phase on the particle size and mean PdI in cyclohexane.

Content (1/50, w/w) Z-avg (d nm) and mean PdI (in parentheses)

30 MPa – 1 cycle 30 MPa – 2 cycles 30 MPa – 3 cycles 30 MPa – 4 cycles 30 MPa – 5 cycles

2 169.4 ± 1.3c (0.128) 145.0 ± 0.1d (0.095) 134.1 ± 0.2d (0.102) 124.0 ± 0.6d (0.115) 119.9 ± 0.4d (0.101)
4 182.1 ± 0.8c (0.160) 154.1 ± 0.2d (0.131) 139.2 ± 1.1d (0.127) 130.8 ± 0.7d (0.121) 125.1 ± 1.1d (0.128)
6 208.7 ± 1.4c (0.233) 177.3 ± 7.2c (0.191) 164.7 ± 7.7c (0.191) 152.0 ± 0.4c (0.212) 145.2 ± 1.3c (0.144)
8 223.9 ± 1.8c (0.254) 185.1 ± 1.0c (0.184) 166.1 ± 1.2c (0.184) 158.8 ± 0.6c (0.154) 152.9 ± 0.8c (0.184)

10 444.8 ± 9.3b (0.561) 289.5 ± 2.3b (0.409) 327.4 ± 12.7b (0.450) 254.7 ± 5.5b (0.378) 281.9 ± 5.2b (0.433)
40

V mean
s ltiple

p
c
t
d
(
c
e
t
i
m
m
o
t
a
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t
a
d
s
e
a
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t
p
e
b

3

t
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i
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e
p
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3
b
i

T
E

V
s

12 802.5 ± 77.1a (1) 463.6 ± 17.0a (0.732)

alues of the Z-avg represent the means ± SD (n = 3) and values of PdI represent the
uperscripts were significantly different from each other according to Duncan’s mu

ossible explanation for this phenomenon. According to this theory
ertain quantity of surfactant optimally covers the surface area of
he droplets which provides maximum stability against (emulsion)
roplet coalescence. This can be manifested into smallest emulsion
droplet) sizes. When the amount of surfactant is not enough to
ompletely coat the entire surface area of the droplets after homog-
nization process, the droplets tend to aggregate with each other
o reduce the surface area (Niemann & Sundmacher, 2010). Instead,
f there is an excess surfactant in the oil phase, free emulsifier

olecules will be formed within the emulsion which will ulti-
ately adhere to the droplets and will be covered by excess amount

f surfactant. Both of the above scenarios can absorb and disperse
he energy of emulsification. As a consequence, the energy avail-
ble for repelling or pushing the droplets apart decreases which
esults in the increase in the droplets size. These results show that
he getting the surfactant content right or determining the optimal
mount of surfactant for optimally coating the surface of the final
roplets is a critical step. Asua (2002) reported that the smallest
ize emulsion droplets can be obtained using high-pressure homog-
nization technology compared to other existing methods, such
s ultrasonic emulsification and high shear emulsification. These
esults also show that the nanoparticles in the droplets would be
he smallest when optimal surfactant concentration is used while
reparing the miniemulsion. Similar observations regarding the
ffect of surfactant concentration on the nanoparticles were made
y Antonietti and Landfester (2002) and Asua (2002).

.2.2. Effect of the water/oil ratio
The effect of the water/oil ratio (in miniemulsion) on the par-

icle size of the starch nanoparticles in cyclohexane is given in
able 3. This table reveals that the increase in the water/oil ratio
ncreases the particle size significantly (p < 0.05). The particle size
ncreased from 206.7 nm to 316.2 nm (1 pass through the homog-
nizer), 162.0 nm to 292.8 nm (2 passes), 147.9 nm to 281.7 nm (3

asses), 136.8 nm to 245.0 nm (4 passes), and 132.2 nm to 221.3 nm
5 passes) when the water/oil ratio increased from 5/150 (v/v) to
0/150 (v/v). One of the possible reasons for this increase may
e due to the fact that when the volume of the water phase is

ncreased, higher power input would be required during the emul-

able 5
ffect of the homogenization process on the particle size and PdI in cyclohexane.

Pressure (MPa) Z-avg (d nm) and mean PdI (in parentheses)

1 Cycle 2 Cycles 3 C

10 354.6 ± 40.9a (0.445) 278.0 ± 28.6a (0.429) 26
20 235.9 ± 35.6b (0.273) 190.5 ± 14.0b (0.197) 18
30 223.3 ± 0.1b,c (0.266) 181.1 ± 0.6c,b (0.202) 16
40 207.8 ± 5.9b,c (0.185) 174.0 ± 1.7c,b,d (0.157) 16
50 190.4 ± 3.3b,c (0.184) 160.7 ± 1.8c,d (0.153) 15
60 184.0 ± 0.2c (0.153) 152.7 ± 1.0d (0.156) 13

alues of the Z-avg represent the means ± SD (n = 3) and values of PdI represent the mean
uperscripts were significantly different from each other according to Duncan’s multiple
8.1 ± 18.7a (0.670) 387.4.0 ± 4.8a (0.512) 416.3 ± 15.8a (0.626)

s of three replicates. Values in a column followed by different lowercase letters as
range tests (p < 0.05). Data measured at 25 ◦C.

sification process to reduce the droplet size. Under the same energy
level (same homogenization cycles) the size of the droplets would
become larger when the water/oil ratio is increased. This will even-
tually lead to the increase in the size of the starch nanoparticles
in the emulsion droplets. Furthermore, at larger water/oil ratios
of coarse emulsion, the possibility of incomplete homogenization
of the coarse emulsion increases when higher water/oil ratios are
used. In this situation relatively larger starch nanoparticles will be
produced compared to the ones formed from lower water/oil ratios
(Antonietti & Landfester, 2002). The other possible reason is that
when increasing the water/oil ratio, there would be relatively less
emulsifier, which caused a lower surface tension of the droplets,
resulting in a bigger particle size. Such an effect of the water/oil
ratio is similar to the effect of the surfactant content.

3.2.3. Effect of the starch concentration
We varied the soluble starch content in solution A from 2 g to

12 g and also reduced the amount of other components (except
water) according to the proportion in Table 1. The Z-average sizes
of the starch nanoparticles thus obtained are presented in Table 4.
This table shows remarkable increase in particle size when the
starch-STMP content was increased in water phase. The increase
in particle size to this extent could be explained by the increase
in the cross-linking reaction intensity. Our preliminary work indi-
cated that the cross-linking reaction was closely associated with the
concentration of reactants. For example, 8.0 g soluble starch, 1.5 g
NaOH, 2.0 g STMP and 1.5 g NaCl in 50.0 g DI water could be cross-
linked completely within 20 min. The reaction time was reduced
to 5 min if the reactant composition was maintained at 12.0 g solu-
ble starch, 2.25 g NaOH, 3 g STMP and 2.25 g NaCl. Quite contrary to
this, the reaction time was prolonged to 1 h when the concentration
of the reactants in the system was decreased to maintain at 2.0 g
soluble starch, 0.375 g NaOH, 0.5 g STMP and 0.375 g NaCl. It has
to be mentioned here that the reaction time reflects the intensity

of cross-linking and the apparent kinetics of cross-linking reaction
differs with the intensity of cross-linking. Because of this reason
the reaction time affects the viscosity of both the water phase and
the emulsion. The variation in the solution viscosity means that
the emulsion process requires different level of energy input to

ycles 4 Cycles 5 Cycles

0.4 ± 10.9a (0.134) 250.1 ± 6.5a (0.203) 236.4 ± 7.3a (0.023)
6.1 ± 0.1b (0.175) 176.7 ± 1.7b (0.123) 176.1 ± 3.5b (0.166)
4.0 ± 0.2c (0.162) 156.2 ± 0.1c (0.147) 149.6 ± 0.6c (0.167)
0.5 ± 1.5c,d (0.152) 151.8 ± 1.9c (0.149) 145.4 ± 0.4c (0.151)
3.6 ± 0.8d (0.101) 140.6 ± 0.6d (0.141) 135.9.1 ± 0.5d (0.124)
8.1 ± 1.6e (0.148) 128.9 ± 1.3e (0.149) 123.3 ± 1.0e (0.162)

s of three replicates. Values in a column followed by different lowercase letters as
range tests (p < 0.05). Data measured at 25 ◦C.
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ig. 3. Particle stability analysis of starch nanoparticles. (A–C) Represent effect of th
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reate the miniemulsions which eventually results in variation in
he size of starch nanoparticles (the reaction time, also called as
ross-linking time, was calculated from the beginning of the mix-
ng operation to the time when the gel in the bottom cannot fall
own after inverting the beaker).

.2.4. Effect of the homogenization pressure
The effect of homogenization pressure on the particle size was

nvestigated by varying the homogenization pressure from 10 MPa
o 60 MPa and the results are presented in Table 5. As can be
een from this table, the particle size decreased when the pressure
ncreased from 10 MPa to 20 MPa. However, the extent of varia-
ion is quite small when pressure varies from 20 MPa to 60 MPa.
ne of the explanation for this two tiered particle reduction is

hat although the energy supplied by the homogenization process
as sufficient to reduce size of droplets from micron to nano size,

his energy level may be insufficient to further break the droplets
nto further smaller in size of nano scale. At the homogenization
ressure of 10 MPa, the energy supplied is mainly utilized in form-

ng nano-sized droplets of the w/o coarse emulsion; while the
nergy supplied at higher homogenization pressures (20–60 MPa)
s clearly utilized to reduce the size of the nano-sized droplets
urther (Asua, 2002). In other words, greater the homogenization
ressure above the threshold value of 10 MPa (i.e. 20–60 MPa or
reater), the size of the emulsion droplets as well as the starch
anoparticles inside these emulsion droplets can become much
maller.

.2.5. Effect of the homogenization cycles (passes)
The influence of the homogenization cycles (passes) on the size
f the starch nanoparticles can be observed from Table 2 to Table 5.
imilar to the effect of the homogenization pressure on particle
ize, a two-cycle (pass) homogenization could decrease the particle
ize significantly compared to the corresponding particle size from
he one-pass homogenization. However, when the homogenization
ersion medium on particle size; (D) reflects effect of temperature on the on particle

passes of more than two (e.g. 3–5 passes) were used the extent of
reduction in particle size became relatively smaller. This could be
attributed to the efficiency of homogenization. The energy supplied
by single homogenization pass could be mainly utilized to reduce
the particle size from micron to nano scale; while energy supplied
by higher homogenization cycles (e.g. 2–5 homogenization passes)
can be insufficient to generate the change in the particle size to the
same extent.

3.3. Particle stability analysis

As can be seen from Fig. 3(A–D), there are two different emul-
sions i.e. w/o emulsion and water solution. In the w/o emulsion,
the composition of the elements is according to the ratio in Table 1.
The starch nanoparticles are solidified through the cross-linking
process into spherical colloidal particles. The whole emulsion is
full of these particles which are covered by the emulsifiers while
the main part is still oil phase such as cyclohexane. In water solu-
tion, all the starch nanoparticles are swelling without dissolving
into water and the network structure formed by the cross-linking
process was firm enough to resistant the effect of the water. This
also can be seen from the small variation of the particle size in water
for several hours in Fig. 3(A–D).

3.3.1. Effect of dispersion medium
The effect of dispersion medium on the size of the starch

nanoparticles and their stability in water could be observed in
Fig. 3(A–C). These nanoparticles were prepared using 30 MPa and
5 cycles. These figures show that different dispersion medium can
result in significant changes in the particle size of starch nanopar-

ticles. One of the reasons for this variation could be that in the
cyclohexane starch nanoparticles are trapped in droplets covered
with surfactant which is accessible only to a small amount of water.
While in water medium starch nanoparticles could absorb water
and undergo greater extent of swelling. However, in longer times
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n aqueous medium (for 2 h to 2 days) the size of starch nanoparti-
les did not change further. Thus, starch nanoparticles could have
stable structure when they are dispersed in water medium for

onger times.

.3.2. Effect of temperature
The effect of temperature on the stability of starch nanoparticles

n water medium is shown in Fig. 3(D). These starch nanoparti-
les were produced using 30 MPa and 5 homogenization cycles
ith various surfactant concentrations. As can be seen from this
gure, when the temperature was increased from 25 ◦C to 45 ◦C,
he change in the particle size was about 100 nm. This increase in
article size due to rise in temperature can be attributed to the
etwork in starch nanoparticles. The network formed by chemical
onding such as hydrogen bonds and covalent bonds might have
ltered when the temperature of medium was increased resulting
n increase in the particle size. However, the effect of temperature
ise (from 25 ◦C to 45 ◦C) was not strong enough to break such
hemical bonding, and that the starch nanoparticles were stable
nough to resist the further increase in their size.

. Conclusions

Sodium trimetaphosphate (STMP)-cross-linked starch nanopar-
icles were successfully produced using high-pressure homog-
nization technique combined with miniemulsion cross-linking.
tarch nanoparticles so produced displayed good sphericity in
hape and a comparatively uniform size distribution.

This study also demonstrated that when judicious amount of
urfactant in oil is used, sufficiently small size particles with good
tability could be produced. The water/oil ratio, concentration of
ross-linking reactants in aqueous phase, homogenization pressure
nd number of homogenization cycles (passes) could significantly
ffect the size of starch nanoparticles. With judicious manipu-
ations of these parameters, starch nanoparticles with desired
article size and size distribution could be produced. These starch
anoparticles could be swelled in water and they can be stable in
ater for several days. We also found that these nanoparticles were
ot affected by temperature of dispersion medium within 25–45 ◦C.
his makes them suitable as drug carriers for in vivo delivery as they
re very stable at body temperature.
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