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Starch is successively modified by acetic anhydride and phthalic anhydride, and then starch-based
nanospheres are fabricated by a simple nanoprecipitation procedure. These pH-responsive amphiphilic
starch-based nanospheres of uniform size are used as particulate emulsifiers to stabilize Pickering emul-
sions. CLSM and SEM characterization find that starch-based nanospheres adsorbed at the interface
between oil phase and water phase. Moreover, the catastrophic inversion and transitional inversion of
such emulsions can be easily achieved by varied the water/oil volume ratio and pH of aqueous dispersion,

Crown Copyright © 2012 Published by Elsevier Ltd. All rights reserved.

1. Introduction

There has been growing interest in Pickering emulsions because
the particulate emulsifiers can give superior stability than con-
ventional surfactant molecules (Binks, 2002; Pickering, 1907).
Meanwhile, these solid-stabilized emulsions avoid the application
of hazardous surfactants and open up a new application prospect of
emulsion (such as colloidsomes) (Friberg, 2010; Rossier-Miranda,
Schroen, & Boom, 2009). Therefore, a wide variety of micro- and
nanoscale particles with different sizes and shapes have been used
as emulsifiers to stabilize the emulsion (Dinsmore et al., 2009; Fuyjii,
Read, Binks, & Armes, 2005; Kim et al.,2007; Noble, Cayre, Alargova,
Velev, & Paunov, 2004).

In consideration of the practical application of emulsion in food,
cosmetics and pharmaceutics fields, the particulate emulsifiers
used in such emulsions should derivate from natural biopoly-
mers (Augustin & Hemar, 2009; Dickinson, 2010). Although some
particles based on viruses, protein or cells have been explored
to stabilize Pickering emulsions, there are still no inexpensive
particles of natural origin to meet the larger scale application
in industrial products (Fujii et al., 2009; Russell et al., 2005;
Semo, Kesselman, Danino, & Livney, 2007).Another interesting
approachin the design of particulate emulsifiers is the utilization of
hydrophobically modified polysaccharide. Micro-size amphiphilic
starch granules and cellulose fibers have been used as emulsifier to
stabilize emulsion (Tzoumaki, Moschakis, Kiosseoglou, & Biliaderis,
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2011; Wege, Kim, Paunov, Zhong, & Velev, 2008; Yusoff & Murray,
2011). However, these larger particles are unstable against the
gravity force and tend to sediment, resulting in a poor stability for
the obtained emulsion.

Starch, as the second largest component of the biomass, and is an
excellent material to meet food and biomedical requirements due
to its biodegradability, derivability and low cost. We have shown
recently that hydrophobically modified starch could form uniform
nanospheres and vesicles through a nanoprecipitation procedure
(Tan et al., 2009; Tan, Xu, Li, Sun, & Wang, 2010; Tan et al., 2010b).
Herein, a new facile approach is presented to fabricate amphipathic
starch-based nanospheres as particulate emulsifier for Pickering
emulsion.

2. Experimental
2.1. Materials

Waxy maize starch with molecular weight (Mw) of 180,000
was obtained according to a previously published method (Chang,
Lin, & Lii, 2004). Acetic anhydride (AC), phthalic anhydride (PTA),
fluorescein isothiocyanate (FITC), dibutyltin dilaurate (DBTDL)
and N,N-dimethylaminopyridine (DMAP), were obtained from Alfa
Chemical Co. Ltd. (America). All other chemicals were obtained
from Beijing Chemical Works (China) and were used as received.

2.2. Preparation of starch mixed ester (S-AC-PTA)

Three grams of waxy maize starch dispersed in 30mL of
N,N-dimethylformamide (DMF) was reacted with 4.8 g of acetic
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anhydride in the presence of 10 mL of pyridine and 0.05 g of DMAP
for3hat80°C,and then 1.4 g of PTA was added and the mixture was
allowed to react for 3 h at 80°C under stirring. The S-AC-PTA was
precipitated, washed with water three times, and dried at 50°C.

2.3. Preparation of fluorescein labeled starch (FS)

One gram of the waxy maize starch dissolved in 10 mL of
dimethyl sulfoxide (DMSO) was reacted with 25 mg of FITC in the
presence of 1.5mL of DBTDL for 5h at 100°C. The polymer was
precipitated, washed repeatedly with acetone until filtrate free of
fluorescin as detected by fluorescence spectroscopy. The final prod-
uct was dried at 60 °C in the oven.

2.4. Preparation of fluorescein labeled starch mixed ester
(FS-AC-PTA)

One gram of FS dispersed in 20 mL of DMF was reacted with 1.6 g
of acetic anhydride in the presence of 5 mL of pyridine and 0.05g
of DMAP for 3 h at 80°C, and then 0.5 g of PTA was added and the
mixture was allowed to react for 3h at 80°C under stirring. The
FS-AC-PTA was precipitated, washed with water three times, and
dried at 50°C.

2.5. Preparation of amphiphilic starch-based nanospheres

The amphiphilic starch-based nanospheres were prepared by a
nanoprecipitation process. Typically, 20 mg of starch mixed ester
was dissolved in 20 mL of tetrahydrofuran. Alkalescent distilled
water (20mL, pH=7.5) was then added dropwise to the polymer
solution. The resulting nanoparticle suspensions were stirred at
room temperature until tetrahydrofuran was completely vaporized
from the aqueous suspension.

2.6. Preparation of pickering emulsion

Stock solutions (1 wt% solids) of the starch-based nanospheres
with different pH were adjusted as required by adding a few drops
of either concentrated HCl or NaOH. These aqueous dispersions
were then homogenized with certain amounts of oil phase for
3min at 20°C using an IKA Ultra-Turrax T18 homongenizer at
12,000 rpm. Immediately after the homogenization, the emulsion
type was determined by a conductivity measurement and also by
observing the outcome of a drop of each emulsion added to either
pure oil or pure water.

2.7. 1H NMR characterization

The 400 MHz 'H NMR spectra were measured on a Bruker AV400
spectrometer (Ettlingen, Germany). The samples of S-AC-PTA dis-
solved in dg-DMSO were recorded for '"H NMR at 25 °C.

TH NMR (DMSO-dg): §=7.7-7.5 (PTA H), 5.5-3.5 (Starch H),
2.1-1.9 (ACH).

2.8. Nanospheres characterizations

2.8.1. SEM observation

The appearance of nanospheres was characterized by scanning
electron microscopy (SEM) using a model XL30 ESEM microscope
(Philips). A droplet of suspension was placed on a silica surface.
After the water was evaporated at room temperature, the system
was covered by gold before measurement.

2.8.2. DLS characterization
The particle size and polydispersity of nanoparticles in aqueous
solution were measured by dynamic light scattering using a 90 Plus

particle size analyzer (PSA; Brookhaven) at 25 °C. The suspensions
were diluted with distilled water to a concentration of about 0.01%.
The mean particle size was approximated as the diameter and the
combined polydispersity as the polydispersity index (PDI).

2.9. Emulsions characterizations

2.9.1. Optical characterization

The morphology of emulsion droplets was observed with a dig-
ital optical microscopy (MOTIC, China). The emulsion droplet size
was obtained by processing the image using the microscopic image
analysis software.

2.9.2. CLSM characterization

The distribution of fluorescein labeled nanospheres in emul-
sion droplets interface was observed by confocal laser scanning
microscopy (CLSM) using a Leica TCS SP2 CLSM. The samples were
excited by using a 554 nm He/Ne laser. A droplet of suspension was
placed on a glass surface, and visualized directly.

2.9.3. SEM characterization

The arrangement of nanospheres on the surfaces of emulsion
droplets was investigated by scanning electron microscopy using
a model XL 30 ESEM microscope (Philips). First, 4 mL of emulsion
prepared using 2 mL of stock solutions (1 wt% solids) and 2 mL of
toluene. A droplet of emulsion was air-dried on a silica surface.
After the water was and toluene evaporated at room temperature,
the system was covered by gold before measurement.

3. Results and discussion
3.1. Synthesis of S-AC-PTA

In this process, the commercially available corn starch was suc-
cessively esterized by acetic anhydride and phthalic anhydride.
The acetic ester groups (AC) afforded sufficient hydrophobility
for starch mixed ester so the aggregation and collapse of the
nanospheres in water could be avoided. And the phthalic ester
(PTA) was introduced as pH responsive amphiphilic groups, by
which the hydrophobic phenyl and hydrophilic carboxyl could sus-
tain the obtained nanospheres a certain hydrophobic/hydrophilic
balance to stabilize the O/W or W/O emulsions. The structural fea-
ture of S-AC-PTA is illustrated in Fig. 1. The degree of substitute (DS)
of AC and PTA determined by 'H NMR is 2.34 and 0.35, respectively
(Chi et al., 2008).

3.2. Preparation of amphiphilic starch-based nanospheres

The nanospheres were prepared by the dropwise addition of
alkalescent water into a tetrahydrofuran solution of S-AC-PTA
under stirring. After the complete removal of tetrahydrofuran,
sphere-shaped particles were obtained. DLS characterization indi-
cated that these nanospheres exhibit a size of ca. 270 nm in aqueous
media (Fig. 2). The formation of such nanosphere is essentially
based on the interfacial deposition of amphiphilic polymers, fol-
lowing displacement of a semi-polar solvent miscible with water
from a lipophilic solution (Liebert, Hornig, Hesse, & Heinze, 2005).
It is noted that the pH of added water must be alkaline to facili-
tate the deprotonation of carboxyl groups, or else flocculation and
sedimentation is difficult to be avoided during the nanoprecipita-
tion process. Moreover, an appropriate DS of PTA is crucial for such
system. Higher PTA amounts tend to increase the solubility of S-AC-
PTA in water and hence no nanospheres form, whereas lower PTA
amounts can not maintain the nanospheres sufficiently amphipatic
to stabilize an emulsion.
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Fig. 1. The "H NMR spectrum and potential structural character of S-AC-PTA.

3.3. Preparation of emulsion

A1wt%aqueous dispersion of nanospheres was used as the par-
ticulate emulsifier to stabilize an emulsion with undecanol as the
oil phase. Electrical conductivity measurement and droplet tests
indicated that O/W emulsions were obtained at pH 7.5 for the
water and undecanol volume ratio of 1/1 (Table 1). Typical optical
microscopy images of the emulsion droplets are shown in Fig. 3A.
These O/W emulsions droplets were spherical, with diameters of
24 pm according to the statistical analysis from image analysis.

3.4. Characterization of emulsion

To explore the distributed situation of nanospheres in emulsion,
afluorescent group was introduced in starch-based nanospheres by
covalently bonding starch with fluorescein isothiocyanate (Li et al.,
2011). As shown in Fig. 4A, a green halo was present surrounding
the emulsion droplet when an emulsion was prepared using flu-
orescently labelled particulate emulsifier. Moreover, most of the
fluorescence dot aggregated to form a dense film around the dis-
persed drops impeding coalescence. This fact gave direct evidence
that the nanospheres were adsorbed at the interface between oil
phase and water phase.

SEM characterization was also used to detect the microappear-
ance of emulsion in its dry state. We adopted toluene as the oil
phase, which possess the similar boiling point as water. It enables
both the oil and aqueous phases of an emulsion to be simultane-
ously removed from the droplet at ambient. This method is easily
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conducted and different from the complicated critical point dry-
ing technique (Fujii, Armes, Binks, & Murakami, 2006; Read, Fujii,
Amalvy, Randall, & Armes, 2004). Fig. 4B shows typical SEM micro-
graphs obtained from a toluene-in-water emulsion with a volume
ratio of 1/1. Collapsed emulsion droplets with 10 wm of diameter
could be easily distinguished from the background. The surface of
the collapsed droplet is coated with nanospheres (Fig. 4C), further
supporting the notion that the nanospheres adsorb at the oil-water
interface. It is noted that the size of emulsion droplets in dry state is
less than its size in aqueous (23 wm). Therefore, this large interfa-
cial area reduction may result to the ejection of nanospheres from
the interface during the drying process. And this fact can be con-
firmed by two factors, some separated fragments could be observed
in the background (Fig. 4B), and the amplified image indicate that
the droplets are not densely covered by the nanospheres (Fig. 4D).

3.5. Properties of emulsion

Fig. 3A shows image of emulsion, spherical droplets with size
of 24 um and even size distribution can be obtained. The emul-
sion is O/W type according to the conductivity analysis (Table 1).
Generally, phase inversion of particle-stabilized emulsions from oil
in water to water in oil can be achieved either by variation of the
oil/water ratio of emulsion (catastrophic phase inversion) (Binks &
Lumsdon, 2000a; Binks, Fletcher, Holt, Beaussoubre, & Wong, 2010;
Sun, Li, & Ngai, 2010). Therefore, the effect of water/oil ratio on
the emulsion type was investigated to detect such inversion in our
system. Emulsions were prepared separately at different water/oil
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Fig. 2. (A) SEM image of amphiphilic starch-based nanospheres. (B) Particle size distribution of amphiphilic starch-based nanospheres according to DLS characterization.
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Table 1

Characteristics of the emulsion prepared by homogenizing 1 wt% nanospheres dispersion with undecanol and toluene at different water/oil volume ratio and pH. The

emulsified experiment was carried out at 12,000 rpm for 3 min at 20°C.

0il pH of aqueous dispersion Volume of water/oil Conductivity of emulsion (pscm™1) Type of emulsion? Mean droplet size® (um)
Undecanol 7.5 11 66 o/wW 244

7.5 3/1 99 o/w 27.6

7.5 1/3 <1 w/0 20.0

55 11 <1 w/0 203
Toluene 7.5 171 113 o/wW 231

2 The type of emulsion determinded by conductivity measurement and droplet test.

b Mean droplet size determinded by the statistic analysis from optical image.

ratio by direct mixing of the components. According to Table 1 and
Fig. 3A-C, the conductivity falls gradually on increasing the volume
fraction of oil since the oil drops formed act as obstructing entities
in the conduction of the aqueous phase. When the water/oil ratio
in volume is 1/3, the conductivity falls precipitously to very low
values indicative of inversion to w/o emulsions. Systemic studies
indicated that the catastrophic phase inversion from wj/o to o/w
emulsions occurs at a volume fraction of oil about 0.7-0.75 with-
out altering the particle wettability. Although the droplet size was
slightly lower with increasing oil phase volume, phase inversion is
not accompanied by dramatic changes in the stability and size dis-
tribution of the emulsions. Importantly, all of the above emulsions
are stable to coalescence with no sign of the dispersed phase sepa-
rating in over 1 month. This is quite remarkable contrast to normal
surfactant systems.

For particle-stabilized emulsions, phase inversion can also be
obtained by variation of the particle hydrophobicity at constant

oil/water ratio (transitional phase inversion) (Binks & Lumsdon,
2000Db; Binks & Murakami, 2006). In our case, the surface of starch-
based nanospheres is hydrophility because of the deprotonation of
PTA units in an alkaline aqueous media. And the inherent wetta-
bility of starch-based nanospheres could be altered through the
protonation and deprotonation of carboxyl in PTA units. There-
fore, we conducted the emulsified experiment at a lower pH of
5.5, which below the pKa of S-AC-PTA (6.0). As shown in Table 1
and Fig. 2D, a stable W/O emulsion can be obtained when the
pH of the aqueous dispersion was decreased to 5.5, and the
droplet size is slightly decreased from 24 to 20 wm. However,
further decrease in pH lead to a rapid demulsification because
of the absolute protonation of carboxyl, which caused desorp-
tion of nanospheres from oil and water interface. Moreover, we
found that the emulsions show no sign of ageing after one month
if kept pH at about 7. While poor emulsion stability would be
presented when the pH is greater than 8, this coalescence may

Fig. 3. Optical images of emulsions prepared at pH 7.5 for undecanol as oil phase with water/oil volume of (A) 3/1, (B) 1/1 and (C) 1/3, respectively. (D) The W/O emulsions
prepared at pH 5.5 for undecanol as oil phase with water/oil volume of 1/1. All the scale bars are 50 wm. Inset is the distributions of droplet sizes of emulsions according to

statistical analysis.
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Fig. 4. (A) CLSM image of emulsion droplets prepared at pH 8 using fluorescent starch based nanospheres as emulsifier for undecanol-in-water emulsions. (B) SEM images
of toluene-in-water emulsion dried at ambient. (C) A single droplet and (D) a magnified area of the small rectangle shown in part C.

result from the gradual hydrolysis of AC groups under basic condi-
tions.

4. Conclusions

In summary, a simple and robust method was presented to
fabricate amphiphilic starch-based nanospheres to stabilize Pick-
ering emulsion. CLSM and SEM characterization indicated that
these nanospheres adsorbed at the interface between oil phase
and water phase. Moreover, the catastrophic inversion and tran-
sitional inversion of such emulsions could be easily achieved by
varying the water/oil volume ratio and pH of the aqueous dis-
persion, respectively. Because of the favorable biocompatibility of
polysaccharide-based polymer, this inexpensive and readily acces-
sible particulate emulsifier may be potentially used in biomedical
and food fields.

Acknowledgement

The financial supports from National Natural Science Foun-
dation of China (grant nos. 51021003, 21004065, 51073153 and
51103150) are gratefully acknowledged.

References

Augustin, M. A, & Hemar, Y. (2009). Nano- and micro-structured assemblies for
encapsulation of food ingredients. Chemical Society Reviews, 38, 902-912.

Binks, B. P. (2002). Particles as surfactants - similarities and differences. Current
Opinion in Colloid and Interface Science, 7, 21-41.

Binks, B. P., Fletcher, P. D. L, Holt, B. L., Beaussoubre, P., & Wong, K. (2010). Phase
inversion of particle-stabilised perfume oil-water emulsions: experiment and
theory. Physical Chemistry Chemical Physics, 12, 11954-11966.

Binks, B. P., & Lumsdon, S. O. (2000a). Catastrophic phase inversion of water-in-oil
emulsions stabilized by hydrophobic silica. Langmuir, 16, 2539-2547.

Binks, B. P., & Lumsdon, S. O. (2000b). Influence of particle wettability on the type
and stability of surfactant-free emulsions. Langmuir, 16, 8622-8631.

Binks, B. P., & Murakami, R. (2006). Phase inversion of particle-stabilized materials
from foams to dry water. Nature Materials, 5, 865-869.

Chang, Y. H,, Lin, J. H., & Lii, C. Y. (2004). Effect of ethanol concentration on the
physicochemical properties of waxy corn starch treated by hydrochloric acid.
Carbohydrate Polymers, 57(1), 89-96.

Chi, H., Xu, K, Wu, X. L, Chen, Q. Xue, D. H, Song, C. L, et al. (2008).
Effect of acetylation on the properties of corn starch. Food Chemistry, 106(3),
923-928.

Dickinson, E. (2010). Food emulsions and foams: Stabilization by particles. Current
Opinion in Colloid and Interface Science, 15, 40-49.

Dinsmore, A. D., Hsu, M. F., Nikolaides, M. G., Marquez, M., Bausch, A. R., & Weitz, D.
A.(2009). Colloidosomes: Selectively permeable capsules composed of colloidal
particles. Science, 298, 1006-1009.

Friberg, S. E. (2010). Foams from non-aqueous systems. Current Opinion in Colloid
and Interface Science, 15, 359-364.

Fujii, S., Aichi, A., Muraoka, M., Kishimoto, N., Iwahori, K., Nakamura, Y., et al. (2009).
Ferritin as a bionano-particulate emulsifier. Journal of Colloid and Interface Sci-
ence, 338, 222-228.

Fujii, S., Armes, S. P., Binks, B. P., & Murakami, R. (2006). Stimulus-responsive par-
ticulate emulsifiers based on lightly cross-linked poly(4-vinylpyridine)-silica
nanocomposite microgels. Langmuir, 22, 6818-6825.

Fujii, S., Read, E. S., Binks, B. P., & Armes, S. P. (2005). Stimulus-responsive emul-
sifiers based on nanocomposite microgel particles. Advanced Materials, 17,
1014-1018.

Kim, ]. W,, Nieves, A. F.,, Dan, N., Utada, A. S., Marquez, M., & Weitz, D. A. (2007). Col-
loidal assembly route for responsive colloidosomes with tunable permeability.
Nano Letters, 7, 2876-2880.

Li, Y., Tan, Y., Ning, Z,, Sun, S., Gao, Y., & Wang, P. (2011). Design and fabrication
of fluorescein-labelled starch-based nanospheres. Carbohydrate Polymers, 86,
291-295.

Liebert, T., Hornig, S., Hesse, S., & Heinze, T. (2005). Nanoparticles on the basis of
highly functionalized dextrans. Journal of the American Chemical Society, 127,
10484-10485.

Noble, P. F,, Cayre, O. ]., Alargova, R. G., Velev, O. D., & Paunov, V. N. (2004). Fabri-
cation of hairy colloidosomes with shells of polymeric microrods. Journal of the
American Chemical Society, 126, 8092-8093.

Pickering, S. U. (1907). Emulsions. Journal of the Chemical Society, 91,
2001-2021.

Read, E. S., Fujii, S., Amalvy, J. I, Randall, D. P., & Armes, S. P. (2004). Effect of
varying the oil phase on the behavior of pH-responsive latex-based emul-
sifiers: Demulsification versus transitional phase inversion. Langmuir, 20,
7422-7429.

Rossier-Miranda, F. ., Schroen, C. G. P. H., & Boom, R. M. (2009). Colloidosomes:
Versatile microcapsules in perspective. Colloids and Surfaces A: Physicochemical
and Engineering Aspects, 343, 43-49.



Y. Tan et al. / Carbohydrate Polymers 88 (2012) 1358-1363 1363

Russell, J. T., Lin, Y., Boker, A., Su, L., Carl, P., Zettl, H., et al. (2005). Self-assembly
and cross-linking of bionanoparticles at liquid-liquid interfaces. Angewandte
Chemie-International Edition, 44, 2420-2426.

Semo, E., Kesselman, E., Danino, D., & Livney, Y. D. (2007). Casein micelle as a natural
nano-capsular vehicle for nutraceuticals. Food Hydrocolloids, 21, 936-942.

Sun, G. Q,, Li, Z. F,, & Ngai, T. (2010). Inversion of particle-stabilized emulsions to
form high-internal-phase emulsions. Angewandte Chemie-International Edition,
49,2163-2166.

Tan, Y., Xu, K, Li, L. L, Liu, C, Song, C. L., & Wang, P. X. (2009). Fabrication of
size-controlled starch-based nanospheres by nanoprecipitation. ACS Applied
Materials and Interfaces, 1(4), 956-959.

Tan,Y., Xy, K, Li, Y., Sun, S. M., & Wang, P. X. (2010). A robust route to fabricate starch
esters vesicles. Chemical Communications, 46, 4523-4525.

Tan, Y., Xu, K., Wang, P, Li, W., Sun, S., & Dong, L. (2010). High mechanical strength
and rapid response rate of poly(N-isopropylacrylamide) hydrogel crosslinked
by starch-based nanospheres. Soft Matter, 6, 1467-1471.

Tzoumaki, M. V., Moschakis, T., Kiosseoglou, V., & Biliaderis, C. G. (2011). Oil-in-
water emulsions stabilized by chitin nanocrystal particles. Food Hydrocolloids,
25,1521-1529.

Wege, H. A, Kim, S., Paunov, V. N,, Zhong, Q., & Velev, O. D. (2008). Long-term
stabilization of foams and emulsions with in situ formed microparticles from
hydrophobic cellulose. Langmuir, 24, 9245-9253.

Yusoff, A., & Murray, B. S. (2011). Modified starch granules as particle-stabilizers of
oil-in-water emulsions. Food Hydrocolloids, 25, 42-55.



	Fabrication of starch-based nanospheres to stabilize pickering emulsion
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of starch mixed ester (S-AC-PTA)
	2.3 Preparation of fluorescein labeled starch (FS)
	2.4 Preparation of fluorescein labeled starch mixed ester (FS-AC-PTA)
	2.5 Preparation of amphiphilic starch-based nanospheres
	2.6 Preparation of pickering emulsion
	2.7 1H NMR characterization
	2.8 Nanospheres characterizations
	2.8.1 SEM observation
	2.8.2 DLS characterization

	2.9 Emulsions characterizations
	2.9.1 Optical characterization
	2.9.2 CLSM characterization
	2.9.3 SEM characterization


	3 Results and discussion
	3.1 Synthesis of S-AC-PTA
	3.2 Preparation of amphiphilic starch-based nanospheres
	3.3 Preparation of emulsion
	3.4 Characterization of emulsion
	3.5 Properties of emulsion

	4 Conclusions
	Acknowledgement
	References


