
M
c

K
R

h

�

�

�

�

�

a

A
R
R
A
A

K
E
N
F
C
G
A

0
h

Colloids and Surfaces A: Physicochem. Eng. Aspects 411 (2012) 129– 139

Contents lists available at SciVerse ScienceDirect

Colloids  and  Surfaces  A:  Physicochemical  and
Engineering  Aspects

jo ur nal homep a ge: www.elsev ier .com/ locate /co lsur fa

icroencapsulation  of  oil  droplets  using  freezing-induced  gelatin–acacia
omplex  coacervation

yuya  Nakagawa ∗,  Hiromistu  Nagao
esearch Center for Nano-Micro Structure Science and Engineering, University of Hyogo, 2167 Shosha, Himeji City, Hyogo 671-2201, Japan

 i  g  h  l  i g  h  t  s

This  is  a work  on  engineering
nanoparticles  that  encapsulate  oil
droplets.
A  gelatin–acacia  complex  coacerva-
tion  was  employed  for  encapsulation
technique.
A  freezing  process  was  applied  to
control  the kinetics  of a complex
coacervation.
The  encapsulation  properties  could
be  controlled  by the cryoprocessing
parameters.
The  release  patterns  could  be  tuned
without  changing  the  chemical  com-
positions.
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a  b  s  t  r  a  c  t

A  freezing  process  was  applied  to control  the kinetics  of  a gelatin–acacia  complex  coacervation  technique
for encapsulating  emulsified  oil  droplets.  An oil-in-water  emulsion  was  stabilized  with  a  gelatin–acacia
solution,  and  the  pH  of  the  solution  was  adjusted  to  a selected  value  with  acetic  acid.  When  the  pH  of
the emulsion  was adjusted  to  4.7,  the  system  was  visibly  stable  at ambient  temperature  for  up  to 12  h.
Freezing  the  emulsion  caused  polymer  phase  separation  (complex  coacervation)  in the  cryoconcentrated
phase  and resulted  in  encapsulated  oil  droplets  and  the accumulation  of  a cream  layer  in the  freeze-
thawed  solution.  Observation  by  transmission  electron  microscopy  clarified  the  formation  of  50–4000  nm
core–shell  nano-microparticles,  the  surfaces  of which  were  surrounded  by  polymeric  membranes.  The
membrane  properties  of  the particulate  systems  were  dependent  on  the  cooling  rate  that  was  used during

◦
omplex coacervation
elatin
cacia

freezing.  For  example,  when  an  emulsion  with  a pH  of  4.7  was  frozen,  a cooling  rate  of −1.0 C/min
maximized  the  encapsulation  yield,  whereas  a rate  of −2.0 ◦C/min  was effective  in  limiting  the  release
rate  of  the ingredient  (�-carotene)  from  the oil  phase  through  the  shell  membrane.  The  results  of  this
study  suggest  that  the formation  of nano-microparticles  could  be  highly  associated  with  the  kinetics  of
freezing,  so  their  resultant  properties  could  be fine-tuned  using  a freezing  operation.  This  is  a potential

l  stra
concept  providing  a  nove
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tegy  for  engineering  core–shell  nanoparticles.
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1. Introduction

Encapsulation by complex coacervation is recognized as a

potential technique for fabricating nanoparticles with a lipid
core. This process could potentially be used for designing
nano/microencapsulation systems to realize desirable functions,
such as preservability, miscibility, deliverability, and controlled
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elease of the ingredients. Encapsulating oil droplets with coac-
rvate membranes yield core–shell nanoparticles that are of great
nterest for the pharmaceutical [1–7] and food [8–12] industries.
he lipid core enables large amounts of lipophilic substances with
ow aqueous solubilities to be loaded, and the shell membrane
rotects the ingredients from unfavorable oxidation and/or con-
rols the diffusion rate of the ingredients through the membrane.
his particulate system is a useful vehicle for lipophilic drugs and
utraceuticals, as well as for flavor encapsulation [13,14].

Complex coacervation is a liquid–liquid phase separation
henomenon that occurs when mixing oppositely charged poly-
lectrolyte solutions. Proteins and polysaccharides are commonly
sed for complex coacervation for entrapping targeted materials

n the concentrated polymer phase [15,16]. In particular, gelatin
s widely used in combination with polyanions, such as gum aca-
ia [1–3,5,8,17,18],  carboxymethylcellulose [19], sodium dodecyl
ulfate [20], chitosan [21,22], agar [23], gellan [24], and pectin
25]. Recent investigations have provided further support for the
igh potential of complex coacervation for designing functional
ano/microencapsulation systems. A challenge is to increase our
nowledge of complex coacervation methods and develop stan-
ardized protocols for improving the quality of encapsulated
roducts.

The complex coacervation method principally consists of an
mulsification step for making an oil-in-water emulsion, a coac-
rvation step for coating the oil droplet surface by adjusting the
H of the solution, and a step for fixating the shell membrane
hrough the gelation of the coacervates or by chemical crosslink-
ng. The technique is a simple and solvent-free process and thus

ould be highly advantageous for the fabrication of nanoparti-
les in industry. However, from an engineering perspective, it
ould be important to ensure a high reproducibility and min-

mize lot-to-lot variations caused by polymer phase separation

26]. The complex coacervation process is greatly affected by the
roperties of the polymers, including their molecular weights,
oncentrations, and ionic charge densities, which are fixed by
he formulations [27]. In contrast, other variables, such as the

Fig. 1. Particle fabrication by freezing-induced com
ysicochem. Eng. Aspects 411 (2012) 129– 139

ionic charge balance (controlled by pH adjustment) and the ther-
mal  conditions during processing, are fixed by the processing
conditions. The development of new approaches for control-
ling the pH and temperature of coacervation systems would be
beneficial.

Motivated by this information, the present work attempted to
adopt a freezing process to control the kinetics of complex coacer-
vation. The growth of ice crystals in a solution induces a liquid–solid
phase separation, in which the liquid phase is known as the cry-
oconcentrated (or freeze-concentrated) phase. As schematized in
Fig. 1, the freezing front rejects solutes when the velocity is suffi-
ciently low, whereas it engulfs solutes when the velocity is high. As
a consequence, freezing leads to the formation of an ice microstruc-
ture when the freezing front progresses at a certain velocity [28].
The concentration of solute in the cryoconcentrated phase is con-
trolled by the phase equilibrium (Fig. 1). When the temperature
of a freezing solution is fixed, the solute concentration of the cry-
oconcentrated phase coincidently follows the phase equilibrium.
When oppositely charged polymers are freeze-concentrated with
a pH control agent (i.e., an acid), a complex coacervation can be
induced by controlling the solution temperature. In a eutectic sys-
tem, the solute concentration of the cryoconcentrated phase can
theoretically be variable between that of the original and the eutec-
tic. Freezing enables highly concentrated microspaces to be realized
without loading alternative additives. Polymer phase separation is
known (based on the problems it causes during industrial pharma-
ceutical freeze-drying) to be induced in freezing systems [29,30];
thus, it may be useful for fabricating nanoparticles by complex
coacervation.

In this work, a gelatin–acacia solution was  used to encapsulate
oil droplets by complex coacervation induced by freezing. First,
coacervate formations from frozen gelatin–acacia solution and
gelatin–acacia oil-in-water (o/w) emulsion were assessed. Second,

the core–shell structures of the fabricated particles were observed
with transmission electron microscopy (TEM). Finally, release tests
of a lipophilic ingredient (�-carotene) were conducted with fabri-
cated specimens for studying the shell membrane properties.

plex coacervation (schematic illustrations).
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. Materials and methods

.1. Materials

Gelatin (from porcine skin type A, ∼300 bloom), acacia gum
analytical grade), and �-carotene (type I) were purchased from
igma–Aldrich Co. Ltd., Japan. Triolein was supplied by Tokyo
hemical Industry. All the other chemicals used in this work were
f analytical grade.

.2. Nano-microparticle fabrication procedures

A gelatin solution (2%, w/v) was prepared by dissolving gelatin
ranules in distilled water, with stirring at 60 ◦C. A 90 mL  gelatin
olution was mixed with 10 mL  of �-carotene solution (1000 ppm of
-carotene dissolved in triolein) and emulsified with a high-speed
omogenizer (Clearmix, M-Technique Co. Ltd., Japan) at 18000 rpm

or 3 min. Five grams of gum acacia was added to 100 mL  of the
btained o/w emulsion with stirring at 60 ◦C. The pH of the obtained
olution, measured using a pH meter (SK-620PH, Sato Keiryoki MFG
o. Ltd., Japan), was 5.60. Acetic acid was carefully added to the
elatin–acacia o/w emulsion until the desired pH levels (4.7, 4.0,
nd 3.1) were achieved. Each 0.5 mL  solution was  poured into a vial
2 mL  tubing vial with a diameter of 10 mm),  and the vials were set
n a cooling plate. The cooling plate temperature was controlled
y an external coolant circulation system (FP50, Julabo, Germany).
he solutions in the vials were frozen using the following 3 freezing
rotocols:

FR (rapid freezing): the heat exchanger surface was first stabi-
ized at 20 ◦C. Then, coolant that had been precooled to −40 ◦C was
oaded into the heat exchanger.

FC (constant rate freezing): the heat exchanger surface was first
tabilized at 20 ◦C by the circulated coolant. Then, the coolant was
ooled down to −40 ◦C at −1 ◦C/min.

FS (constant rate freezing/slow): the heat exchanger surface was
rst stabilized at 20 ◦C by the circulated coolant. Then, the coolant
as cooled down to −40 ◦C at −0.25 ◦C/min.

The mean cooling rates of the solutions during these freezing
rotocols were measured to be −2.0, −1.1, and −0.26 ◦C/min for
he FR, FC, and FS protocols, respectively.

The obtained frozen samples were subsequently freeze-thawed
or observation with TEM or freeze-dried to obtain dried specimens.
reeze-drying was carried out in an evacuated chamber at approxi-
ately 10–20 Pa. After the 48 h primary drying stage (temperature

f −10 ◦C), secondary drying was carried out at 25 ◦C for 3 h. Before
he analyses, the freeze-dried specimens were stored in a vacuum
esiccator at room temperature, without direct exposure to the sun.

.3. Viscosity measurement

In order to assess gelling property of the solutions, viscosity was
easured under controlled cooling conditions. A rheometer with

he concentric cylinder attachment was used for the measurement
AR2000ex, TA Instruments, USA). A 6 mL  of the o/w emulsion pre-
ared via the procedure in Section 2.2 was set in the sample space.
emperature was first stabilized at 25 ◦C and then cooled to 5 ◦C at
2 ◦C/min or −1 ◦C/min, simulating the FR and FC freezing proto-

ols. Viscosity data was  collected every 0.5 ◦C of temperature step
t shear rate of 2.0 s−1.

.4. TEM observation
The freeze-dried specimens were rehydrated with distilled
ater. A meshed Cu grid was dipped in the solution and dried

n a vacuum desiccator overnight. The specimens were then
bserved using TEM (JEM-2100, JEOL Co. Ltd., Japan). Based on
ysicochem. Eng. Aspects 411 (2012) 129– 139 131

the obtained TEM images, mean particle sizes were estimated
by analysis software (ImageJ 1.40 g). At least 400 particle sam-
ples were counted from two  or three different pictures for each
specimen.

2.5. Release test

The release curves of �-carotene were obtained in an ethanol
solution. A freeze-dried specimen was  crushed into granules, of
which 20 mg  was put into 1 mL  of ethanol and shaken for 1 min  until
the dried samples were saturated with the solvent. Another 4 mL  of
ethanol was added to the solution, and from this moment, 20 �L of
the solution was sampled periodically for 3 h to detect the release
pattern of �-carotene. The �-carotene concentration in each sam-
pled solution was  analyzed using an ultraviolet–visible (UV–vis)
spectrophotometer (Nanodrop 2000C, Thermo Fisher Scientific Inc.,
USA). The total mass of �-carotene in each freeze-dried specimen
was used to standardize the released amount, so the amount of
non-associated (oil off) �-carotene was  not subtracted from the
value. The total released amount of �-carotene was  evaluated with
a solution sampled after 24 h.

2.6. Zeta (�)-potential measurement

The zeta (�)-potentials of the gelatin, acacia, and gelatin o/w
emulsions were determined by dynamic light scattering (Zetasizer
NanoZS, Malvern Instruments Ltd., Worcestershire, UK). Measure-
ments were carried out at 25 ◦C in triplicate.

2.7. Turbidity measurement

The turbidity of the gelatin–acacia solution (specially pre-
pared, 0.2% and 0.5% (w/v) of gelatin and acacia, respectively) and
gelatin–acacia o/w emulsion (specially prepared via the former
method by replacing the gelatin and acacia concentrations with
0.2% and 0.5% (w/v), respectively) were measured by detecting
visible light absorption at 750 nm with a spectrometer (QE65000,
Ocean Optics Co. Ltd., USA).

2.8. Phase equilibrium data measurement

Phase equilibrium data for the aqueous acetic acid system con-
taining 0.2% (w/v) gelatin and 0.5% (w/v) acacia were generated by
differential scanning calorimetry analysis (DSC8500, Perkin-Elmer,
USA). The solutions were first cooled to −40 ◦C and then heated
to 60 ◦C at 10 ◦C/min. Endothermic peaks were used to obtain
solid–liquid phase equilibrium plots.

3. Results and discussions

3.1. �-Potential of the solutions

The �-potentials of the gelatin solution, gelatin o/w emulsion,
and acacia solution were plotted as a function of the pH (Fig. 2). The
gelatin (type A) used in the study showed a typical trend of positive
values in the measured pH range (1.8–7.0), with increases in the �-
potential with a decreasing pH. The acacia exhibited an opposite
charge to the gelatin solution over the measured pH range; there-
fore, coacervation could occur at a pH where the charge opposition

is wider than a certain level [17]. The plot for the gelatin o/w emul-
sion was  different from that of the gelatin solution. The pH range
where the charge opposition was  maximized was  narrower than
that for the gelatin solution.
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Fig. 2. The pH dependence of the �-potential.

.2. Phase separation of the solutions before and after freezing
The phase separation of the gelatin–acacia solutions is summa-
ized in Fig. 3a. Phase separation could clearly be confirmed in the
olutions with pH levels of 3.0 and 4.0, whereas it was  not visi-
le in the others. These solutions were frozen in a refrigerator at

ig. 3. The pH dependence of the phase separation (gelatin–acacia solution); open circle: u
olution.
ysicochem. Eng. Aspects 411 (2012) 129– 139

−40 ◦C (cooled by air convection) overnight and then thawed at
ambient temperature for 3 h. Comparisons of the phase separations
of the solutions are presented in Fig. 3b. It is interesting that clear
phase separations could be confirmed for all the solutions contain-
ing acetic acid, except for one with a pH of 2.0. It was  evident that
the freezing induced gelatin–acacia complex formation.

Similar analyses were made with gelatin–acacia o/w emulsions.
For the unfrozen emulsions, as observed for the gelatin–acacia
solutions, apparent phase separations could be confirmed at pH
levels between 3.0 and 4.0 (Fig. 4a). Turbid phases appeared in the
upper portion owing to creaming of the emulsion. The creaming
appeared to be caused by the gelatin–acacia complex coacervation
at the interfaces of the oil droplets. It was observed in a separate
experiment (data not shown) that spontaneous creaming slowly
proceeded in the set of the solutions; visible phase separation was
confirmed 1–2 days after the emulsification. As confirmed in Fig. 4b,
creaming was confirmed in all the solutions after freezing, where
freezing was  conducted within 1 h of emulsification. This creaming
could be partly due to the complex coacervation. However, for the
solution that did not contain acetic acid (pH 5.4), this phase sepa-
ration could simply be associated with emulsion instability caused
by freezing. Freezing provokes a lot of phenomena that affect emul-
sion stability [31,32]. Based on previous reports, dehydration due
to ice crystal formation would enhance the interaction between
droplets and cause their coalescence, adsorption of the emulsifier
onto the ice crystal surface may  reduce the emulsion stability, and
freeze concentration of solutes and suspended matters could fur-
that the addition of acetic acid would lead to emulsion instability
due to the complex coacervation of the gelatin–acacia system. A
phase diagram of the aqueous acetic acid system containing gelatin

pper phase, closed circle: lower phase, (a) unfrozen solution and (b) freeze-thawed
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ig. 4. The pH dependence of the phase separation (gelatin–acacia o/w emulsion); op
olution.

nd acacia is presented in Fig. 5. The obtained diagram was  close to

hat of the water–acetic acid binary system, suggesting that the
ontribution of gelatin and acacia to the lowering of the freez-
ng point was not obvious compared with that of acetic acid. The

ig. 5. Phase diagram of the aqueous acetic acid system containing gelatin and
cacia.
cle: upper phase, closed circle: lower phase, (a) unfrozen solution, (b) freeze-thawed

phase diagram showed that the acetic acid concentration in the cry-

oconcentrated phase reached approximately 58 wt% at the eutectic
point. The equilibrium freezing points for the solutions with pH lev-
els of 4.8, 4.0, and 3.0 were −0.03, −0.3, and −3.7 ◦C, respectively.

Fig. 6. The viscosity profile of the solution during cooling.
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Fig. 7. TEM images of the specimens, FR0, FR1

hen the temperature of the freezing solution was −3.7 ◦C, the
H of the cryoconcentrated phase should coincidently be set to pH
.0. The cooling rate during freezing must correspond to the rate of
H decrease. Our major interest in this work is to know the influ-
nce of this kinetic parameter on the formation of nanoparticles by
omplex coacervation.

.3. Viscosity profile during cooling

The gelling characteristics of the present emulsion system upon
ooling were analyzed as shown in Fig. 6. When an aqueous gelatin
olution (2%, w/v) was cooled at –1 ◦C/min, the uptake of the vis-
osity was observed at around 17 ◦C, and it continued to increase

bove 35 Pa s until 5 ◦C. When the emulsions were cooled down, the
ptake of the viscosity was also observed at around 17 ◦C. How-
ver the viscosity increase was saturated at around 4–6 Pa s. The
ptake rate was  slowed by increasing cooling rate and by adding
, FR3 (the specimen IDs are listed in Table 1).

acetic acid. Free gelatin would make segregated gel networks and
localized in the solution. This resulted in slight increase of the vis-
cosity. The oil droplets associated with the gelatin and acacia would
suspend with the free gels.

3.4. TEM analysis of the prepared nano-microparticles

The observations of the particles fabricated via the procedure
shown in Section 2.2 were made with TEM. Figs. 7 and 8, the
specimen IDs are listed in Table 1. These analyses confirmed the
formation of a shell membrane surrounding a lipid core. The parti-
cle sizes varied from approximately 50–4000 nm and were affected
by the emulsification and postprocessing conditions (thawing and

freeze-drying). The thicknesses of the membranes varied from
approximately 10–50 nm,  depending on the size of the particles,
with thicker membranes for larger particles and vice versa. It is
worth noting that nano-microparticles were successfully prepared
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Fig. 8. TEM images of the specimens, FC0, FC

ia all the conditions used. The images demonstrated aggre-
ated and well-dispersed particles. Larger particles (approximately
000–3000 nm)  were usually associated with small particles and
ometimes appeared in deformed spheres. This trend was often
een in the specimens FR0 and FC0. For the specimens that did
ot contain acetic acid (FR0, FC0, and FS0), we often found free
olymeric matrices that were not associated with nanoparticles.
hese free polymeric matrices were also confirmed in the other
pecimen containing acetic acid, although usually very small par-
icles were embedded in the matrices (as was obviously apparent

n the image for FC1). FR3 was prepared from a solution with a pH
f 3.1; therefore, complex coacervation occurred before the freez-
ng step. The images obtained for FR3 were visibly similar to those
rom FR1. The mean particle sizes were analyzed from the TEM
, FS1 (the specimen IDs are listed in Table 1).

images as summarized in Fig. 9. It was  obvious that the particles
prepared with acetic acid were smaller than that prepared with-
out the acid. The mean particle sizes for FR1 and FR3 were 236
and 204 nm,  respectively. Whereas, that for FR0 was approximately
two times higher, that was, around 427 nm. Further, the different
freezing condition yielded different size of particles. When acetic
acid was  added, slower cooling condition yielded larger particle.
This trend was, however, not seen in the specimens not containing
acids, so the acid addition evidently contributed to the particle for-
mation via freezing. For FRT1, the specimen prepared by applying

rapid freezing and thawing, the formation of a particulate system
was observed, as in the freeze-dried specimen (FR1); however,
deformed particles were often observed, and the mean particle size
(ca 292 nm)  was higher than that for FR1. The data suggest that
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Fig. 9. The mean particle size of the specimens.
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Fig. 10. The total amounts of �-carotene released from the pr

he appearance of the particles was not permanently fixed during
reezing but could change after rehydration.
.5. Release curves of the prepared nano-microparticles

The release tests were conducted in ethanol solution to assess
he encapsulation yields and to clarify the differences in the shell

able 1
pecimen IDs.

ID pH adjustment Freezing protocol Preparation method

FR0 No additive (pH 5.6) FR Freeze-drying
FR1 pH 4.7 FR Freeze-drying
FR2 pH 4.0 FR Freeze-drying
FRT1 pH 4.7 FR Freeze–thawing
FR3 pH 3.1 FR Freeze-drying
FC0 No additive (pH 5.6) FC Freeze-drying
FC1 pH 4.7 FC Freeze-drying
FC2 pH 4.0 FC Freeze-drying
FC3 pH 3.1 FC Freeze-drying
FS0 No additive (pH 5.6) FS Freeze-drying
FS1 pH 4.7 FS Freeze-drying
FS2 pH 4.0 FS Freeze-drying
FS3 pH 3.1 FS Freeze-drying
 nano-microparticles (the specimen IDs are listed in Table 1).

membrane properties. The total amounts of �-carotene released
by the different specimens are compared in Fig. 10.  Approximately
0.20–0.35 kg/kg of �-carotene was recovered after the encapsula-
tion. These values were standardized to the total �-carotene load
in the oil phase, so they included any loss that occurred during
emulsification (e.g., degradation or oxidization during mechanical
homogenization) and encapsulation (e.g., oil off). It was apparent
that the freezing protocols did not affect the encapsulation yields
of specimens FR0, FC0, and FS0, which did not contain acetic acid.
When the pH levels of the original solutions were adjusted to 4.7 or
4.0, the freezing protocols clearly influenced the total amounts of
�-carotene released. The protocol FC (i.e., that with a mean cooling
rate of −1.1 ◦C/min) was  found to be favorable in terms of maximiz-
ing the encapsulation yields. The protocol FR (−2.0 ◦C/min) gave
almost constant yield values of approximately 0.2 kg/kg, whereas
FS (−0.26 ◦C/min) gave slightly higher yields for the solution with
a pH of 4.0. The specimens prepared from the solution with a pH of
3.1 exhibited similar encapsulation yields to those prepared from
the solutions with pH levels of 4.7 and 4.0. As discussed earlier, in

those solutions, the shell membranes (i.e., complex coacervation) of
the particles could be formed owing to adjustments in the acidity.
Therefore, a contribution of freezing was mainly to cause damage to
the preexisting nano-micorparticles penetrated by the ice crystals.
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tion, the release for FS1 almost terminated, whereas that for FC1
lasted for more than 8 h until the amount of released �-carotene
reached 0.3 kg/kg. The pattern of release from FC1 showed a smaller
initial burst and was  much slower than those observed for FC1 and

Table 2
Parameters used to fit �-carotene release curves.

ID Condition Kinetic
constant, k

Exponent,
n

Correlation
coefficient, R

FR0 pH 5.6 (in Fig. 11A) 0.55 0.24 0.98
FC0 0.80 0.10 0.98
FS0 0.73 0.13 0.97
FR1 pH 4.7 (in Fig. 11B) 0.51 0.28 0.97
FC1 0.59 0.20 0.99
FS1 0.80 0.20 0.99
FR2 pH 4.0 (in Fig. 11C) 0.72 0.18 0.99
FC2 0.50 0.25 0.99
Fig. 11. The release profiles of �-carot

s reported in previous studies [33–35],  rapid freezing was advan-
ageous for keeping nanoparticle stability, and it was  evident that
he results of the present study also followed this trend.

The �-carotene release curves for the different freezing pro-
ocols were compared in Fig. 11.  These plots were fitted by the
ollowing equation:

release = Q∞ktn (1)

here, Qrelease is the released amount of �-carotene, Q∞ is the
otal released amount (the value was taken from Fig. 10), k is the
inetic constant and n is the diffusional release exponent [36]. The
inetic constant indicates the rate of release, and the exponent sug-
ests the type of mass transfer. The exponent value becomes 0.5
hen the release kinetics is controlled by the Fickian diffusion.

his value deviates from 0.5 in case of anomalous diffusion, due
o polymer swelling, particle shape variance, particle size distribu-
ion etc. [37]. The dotted lines in the figure represent the obtained
tting curves. The obtained parameters were listed in Table 2. Judg-

ng from the exponent values, the present release systems were
learly controlled by non-Fickian diffusion, as confirmed in the
ther literature [38]. Although the encapsulation yields for spec-

mens FR0, FC0, and FS0 were not largely different, their release
urves were fairly different from each other (Fig. 11a). The freezing
rotocol FC caused an initial burst of release of the encapsulated
-carotene (i.e. larger k and smaller n), whereas the protocol FS
om the prepared nano-microparticles.

and FR were slightly successful in terms of reducing this initial
burst (i.e. faster cooling rate lead smaller k and larger n). When
nano-microparticles were fabricated from the solution with a pH of
4.7, the release patterns differed obviously (FR1, FC1, and FS1). The
release curves for FC1 and FS1 overlapped for the first 3 h. In addi-
FS2 0.67 0.20 0.99
FR3 pH 3.1 (in Fig. 11D) 0.78 0.18 0.99
FC3 0.68 0.15 0.92
FS3 0.65 0.19 0.97
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S1. For this specimen, the release lasted for approximately 8 h
ntil the amount of released �-carotene reached 0.22 kg/kg. The
otal released amount for FS1 and FR1 were similar, although they
howed quite different release profiles with clearly different dif-
usional release exponent values. As increasing the cooling rate, n
alue increased, suggesting the difference in the membrane prop-
rties. However, the dependency on the freezing protocols was
ot obvious in the specimens produced from solutions that were
djusted to pH 4.0 (FR2, FC2, and FS2). The kinetic parameters did
ot highly dependent on the freezing protocols. The release pat-
erns for the specimens FC3 and FS3 (produced from solutions with

 pH of 3.1) were burst types, whereas that for FR3 was  quite similar
o that for FR2 as also known from the kinetic parameter values. For
pecimens FR3, FC3, and FS3, as noted earlier, the particle forma-
ion process could almost have terminated before freezing because
f the adjustments in the acidity. On the other hand, that for FR2,
C2, and FS2 would be partly achieved before freezing and partly
xed during freezing.

The results described earlier suggest that the formation of the
ano-microparticles was highly associated with the kinetics of

reezing. A freezing protocol fixes the temperature history during
reezing and, as a consequence, fixes the concentration history in
he cryoconcentrated phase. When a system (pH 4.8) was  frozen
y the FR protocol (−2.0 ◦C/min), it took approximately 1.8 min  for
he temperature to change from −0.03 ◦C to −3.7 ◦C. These tem-
eratures correspond to the equilibrium freezing temperatures of
he solutions with pH levels of 4.8 and 3.0, respectively. It has
een reported that the kinetics of protein–polysaccharide com-
lex coacervation occurred with a time scale of a few minutes at
mbient temperature [39]. The kinetics is dependent on the ratio
f the protein and polysaccharide, as well as the pH and temper-
ture. In a freezing system, the kinetics of a complex coacervation
hould differ from those under an ambient condition owing to its
ow temperature and the freeze-concentration effect of the poly-

ers. We,  however, do not have enough information to estimate
his. Nonetheless, in the system frozen using the FR protocol, the
uration required for the pH to shift from 4.8 to 3.0 is estimated
o be 1.8 min. This estimation increases to 3.3 min  with the FC
rotocol and 14 min  with the FS protocol. These durations seem

ikely to have an impact on the kinetics of the polymer phase
eparation and the subsequent shell membrane formation at the
nterface of the oil droplets. Shell membranes formed via different
inetics could result in different properties. These results suggest
hat this is an important aspect in engineering nanoparticles. The
resent technique enables the optimization of the properties of
ano-microparticles through the tuning of the processing param-
ters, rather than by changing the chemical compositions. This
eature would be a great advantage for tailoring particulate sys-
ems in cases where it is not desirable to use additives (e.g., food
ystems and cosmetics) or where chemical formulations cannot
e tuned on site (e.g., pharmaceutics and medical cosmetics). The
resent approach potentially gives a novel processing strategy for
ngineering core–shell nanoparticles.

. Conclusions

In this work, a freezing process was applied to the kinetics
ontrol of gelatin–acacia complex coacervation for encapsulat-
ng emulsified oil droplets. The o/w emulsions stabilized by
elatin–acacia solutions were prepared, and the pH levels of the
olutions were adjusted to the selected values with acetic acid.

lear phase separations (creaming) were confirmed in the emul-
ions with pH levels of 3.0 and 4.0, whereas the emulsions with
H levels higher than 4.7 were visibly stable at ambient tem-
erature for up to 12–24 h. As a consequence of freezing, the

[
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cream layers were apparently confirmed in the freeze-thawed
solutions. This could be partly because of polymer phase sepa-
ration (complex coacervation) in the cryoconcentrated phase. It
was confirmed by TEM observation that the oil droplets were
encapsulated with polymeric membranes to form core–shell nano-
microparticles (approximately 50–4000 nm)  and accumulated in
the cream layer. The membrane properties were found to be depen-
dent on the cooling rate during freezing. When an emulsion with a
pH of 4.7 was frozen, a cooling rate of −1.0 ◦C/min maximized the
encapsulation yield, whereas a rate of −2.0 ◦C/min was effective in
limiting the release rate of the ingredient through the shell mem-
brane. On the other hand, in the emulsions with pH levels of 3.0
and 4.0, complex coacervation occurred before freezing. In these
cases, freezing did not greatly alter the membrane properties but
caused damage due to ice crystal formation. This study suggests
that the formation of particulate systems could be highly associ-
ated with the kinetics of freezing, so the resultant properties of
nano-microparticles could be tuned using a freezing operation.
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