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The  rheological  behavior  of  suspensions  containing  vacuum  freeze  dried  and  spray  dried  starch  nanoparti-
cles  was  investigated  to explore  the  effect  of  these  two  drying  methods  in  producing  starch  nanoparticles
which  were  synthesized  using  high  pressure  homogenization  and  mini-emulsion  cross-linking  technique.
Suspensions  containing  10%  (w/w)  spray  dried  and  vacuum  freeze  dried  nanoparticles  were  prepared.  The
continuous  shear  viscosity  tests,  temperature  sweep  tests,  the  frequency  sweep  and  creep-recovery  tests
were  carried  out,  respectively.  The  suspensions  containing  vacuum  freeze  dried  nanoparticles  showed

−1 ◦

heological behavior
tarch nanoparticles
pray drying
acuum freeze drying
uspensions

higher  apparent  viscosity  within  shear  rate  range  (0.1–100  s ) and  temperature  range  (25–90 C). The
suspensions  containing  vacuum  freeze  dried  nanoparticles  were  found  to have more  shear  thinning
and  less  thixotropic  behavior  compared  to  those  containing  spray  dried  nanoparticles.  In  addition,  the
suspensions  containing  vacuum  freeze  dried  particles  had  stronger  elastic  structure.  However,  the sus-
pensions  containing  spray  dried  nanoparticles  had  more  stiffness  and  greater  tendency  to  recover  from
the deformation.

© 2012 Elsevier Ltd. All rights reserved.
. Introduction

Starch nanoparticles (particle size 1–1000 nm)  comprising
tarch molecules and various cross-linkers are new class of bioma-
erials (Rodrigues & Emeje, 2012; Simi & Emilia Abraham, 2007).
hey have excellent mechanical and inherent functional prop-
rties such as low/non toxicity, low immunogenicity and good
iocompatibility. Because of this reason, these starch nanoparticles
ave drawn considerable attention in food (Arora & Padua, 2010),
edicine (Santander-Ortega et al., 2010), textile (Vigneshwaran

t al., 2006), and biotechnology fields (Xiao et al., 2005). These
tarch nanoparticles have been regarded as highly valuable for their
otential application as drug carrier materials in pharmaceutical

ndustry (Jain, Khar, Ahmed, & Diwan, 2008; Kumari & Rani, 2011;
alam, Lim, & Seifalian, 2011; Mohanraj & Chen, 2006).
Physical methods such as precipitation (Ma,  Jian, Chang, & Yu,

008) and microfluidization (Liu, Wu,  Chen, & Chang, 2009) can

roduce these starch nanoparticles. Similarly chemical methods
uch as emulsion polymerization (Wang, Liu, & Pope, 2003) and
mulsion cross-linking (Jain et al., 2008) can be used to produce

∗ Corresponding author. Tel.: +86 10 62737351; fax: +86 10 62737351.
E-mail address: wlj@cau.edu.cn (L.-j. Wang).

1 These authors contributed equally to this work.

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.07.059
these nanoparticles. Among these methods, emulsion cross-
linking has been applied more commonly to manufacture various
starch nanoparticles (Agnihotri, Mallikarjuna, & Aminabhavi, 2004;
Bodnar, Hartmann, & Borbely, 2006). The emulsion cross-linking
method has become the method of choice because it is easy to carry
out and the yield of the nanoparticles is fairly high. When high pres-
sure homogenizer is applied to produce the emulsions, this method
is capable of reducing amount of surfactants used, lowering the par-
ticle size with ease, and increasing the productivity (Liu et al., 2009;
Mcclements, Decker, & Weiss, 2007).

When the nanoparticles are produced, it is necessary to remove
the solvent, especially water by drying. The drying step is necessary
to extend the storage life of the starch nanoparticles and to reduce
the volume/weight of the final product. So far, spray drying and vac-
uum freeze drying are the two  most commonly used methods for
removing the water in the production of nanoparticles (Jain et al.,
2008; Patil, Dandekar, Patravale, & Thorat, 2010). The particle tem-
perature (during drying) and the rate of water removal are quite
different in these two drying systems. Because of these reasons,
the final particles produced by using these two drying systems are
quite different, especially in appearance, particle size, degree of

crystallization, and re-dispersibility. Among these properties, re-
dispersibility of particles can have remarkable influence or impact
on their application (Kho & Hadinoto, 2010). The rheological prop-
erties can be excellent indicators of the re-dispersing behavior of

dx.doi.org/10.1016/j.carbpol.2012.07.059
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:wlj@cau.edu.cn
dx.doi.org/10.1016/j.carbpol.2012.07.059
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uspensions containing these starch nanoparticles (Kimura et al.,
011).

The rheological properties, which include the continuous shear
iscosity and storage or loss modulus, vary with shear rate,
emperature, frequency and time. The rheological properties of sus-
ensions containing nanoparticles are investigated and reported.
or example, the rheological features of suspensions contain-
ng chitosan–sodium tripolyphosphate nanoparticles (Li & Huang,
012), iron nanoparticles (Borin, Zubarev, Chirikov, Müller, &
denbach, 2011), cell-wall particle (Day, Xu, Øiseth, Lundin, &
emar, 2010) and silica nanoparticles (Triebel & Münstedt, 2011)
ave been reported. However, to the best of our knowledge, there
re no publications reporting the effect of drying methods (used
o produce nanoparticles) on the rheological properties of suspen-
ion containing starch nanoparticles. Therefore, the objective of this
tudy was to investigate the effect of two drying methods (vac-
um freeze drying and spray drying) on the rheological properties
f suspensions containing these starch nanoparticles. The contin-
ous shear viscosity tests are carried out to determine the effect
f shear rate and temperature on apparent viscosity of the suspen-
ions. The dynamic rheological tests are carried out to investigate
he effect of frequency on the elastic and loss modulus and phase
ngle. The creep recovery test is carried out to determine the extent
f recovery (from deformation) of the suspensions from applied
tress. The Cross model is used to represent the shear dependent
iscosity while the Power Law type equations are used to represent
he frequency dependence of storage and loss modulus. The creep-
ecovery data are modeled using Burger’s model which contains
axwell and Kelvin models in series.

. Materials and methods

.1. Materials

Soluble starch was purchased from Beijing Aoboxing Biologi-
al Technique Company (Beijing, China). Sodium chloride, sodium
ydroxide, cyclohexane, acetone and acetic acid were provided by
eijing Chemical Company (Beijing, China). Tween-80 and Span-80
ere purchased from Tianjing Fuchen Chemical Company (Tian-

ing, China). Sodium trimetaphosphate (STMP) was  obtained from
ianjing Dengfeng Chemical Company (Tianjing, China). All of these
eagents were of analytical grade and used without further purifi-
ation. Deionized water was used throughout the work.

.2. Preparation of starch nanoparticles

The method used to prepare the starch nanoparticles is based
n the emulsion cross-linking technology using a high pressure
omogenizer and is reported in our previous work (Shi, Li, Wang,
i, & Adhikari, 2011).

After twice washing with acetone, starch nanoparticles were
ispersed into 100 mL  deionized water for further drying.

.3. Drying methods

The dried starch nanoparticles were prepared using spray drying
nd vacuum freeze drying methods as described below.

.3.1. Spray drying method
A bench-top spray dryer (GPW120-II, Shandong Tianli Drying

quipment Co., Ltd., Shandong, China) with 500 mL/h evaporation
apacity was used throughout the spray drying trials. The atom-

zation of the droplet was accomplished using a 0.7 mm two-fluid
ozzle and compressed air was used as atomizing medium. The
ow rate of the compressed air was 10 L/min and its pressure was
aintained at 608 kPa. The feed flow rate and inlet temperature
mers 90 (2012) 1732– 1738 1733

were set at 5.4 mL/min and 100 ◦C, respectively. The powders were
collected at the cyclone and finally transferred to zip-lock bags.
These spray dried starch nanoparticles were stored in desiccator
containing dried allochroic silicagel under 25 ◦C.

2.3.2. Freeze drying method
A laboratory-scale vacuum freeze dryer (LGJ-18, Sihuan, China)

was  used to dry the starch nanoparticles. The sample dishes
(0.1 m2 × 3 cm)  containing the suspension (0.1 m2 × 1 cm)  were
placed in the cold trap of the vacuum freeze dryer (−60 ◦C) for 5 h to
ensure complete freezing of the sample. Subsequently, the frozen
samples were placed in drying chamber and then the chamber was
evacuated (<100 Pa). The temperature of frozen samples was var-
ied from −30 ◦C to 45 ◦C step by step in the 28 h-long drying period
(1 h each at −30 ◦C, −25 ◦C, −20 ◦C, −15 ◦C, −10 ◦C, −5 ◦C; 2 h each
at 0 ◦C, 5 ◦C, 10 ◦C, 15 ◦C, 20 ◦C, 25 ◦C, 30 ◦C, 35 ◦C, 40 ◦C and finally
4 h each at 45 ◦C). The vacuum freeze dried starch nanoparticles
were stored in the same desiccator in which spray dried samples
were stored.

2.4. Suspension preparation

According to our previous research, the moisture content of
spray dried sample was  9.6% (w/w, dry base) and that of the
vacuum-freeze dried sample was 8.15% (w/w, dry base). For rheo-
logical tests, dried starch nanoparticles were added into deionized
water and stirred using a magnetic stirrer (300 rpm) for 30 min at
25 ◦C to make the 10% (w/w,  wet basis) suspensions.

2.5. Rheological tests

Rheological measurements were performed using AR2000ex
rheometer (TA Instruments Ltd., New Castle, DE). The tempera-
ture was  controlled and adjusted by the Peltier Plate system which
contained a platinum resistance thermometer (PRT) sensor posi-
tioned in the middle of the lower sample plate and ensured accurate
measurement and control of sample temperature. A thin layer of
silicone oil was  applied on the surface of the samples in order to
prevent evaporation. The linear viscoelastic region was determined
for each sample through strain sweeps at 1 Hz (data not shown).
Storage modulus G′, loss modulus G′′, and ı of starch nanoparti-
cles suspensions were determined within the linear viscoelastic
region. An equilibration time of 2 min  was maintained before each
measurement.

2.5.1. Continuous shear viscosity measurements
The continuous shear tests were performed at 25 ◦C over the

shear rate range of 0.1–100 s−1 to measure the apparent viscosity.
A parallel plate (40 mm  diameter, 1 mm gap) was chosen for the
continuous shear viscosity measurements.

2.5.2. Flow curves measurements
The flow curves of the suspensions containing starch nanopar-

ticles (produced using both the vacuum freeze and spray drying
methods) were measured at 25 ◦C with the shear rate range increas-
ing from 0.1 s−1 to 100 s−1, then decreasing from 100 s−1 to 0.1 s−1.
A parallel plate (40 mm diameter, 1 mm gap) was chosen for these
flow curve measurements.

2.5.3. Temperature ramp measurements
The temperature ramp measurements were carried out using
a shear rate of 5 s−1 and the test temperature was  increased from
25 ◦C to 90 ◦C at a heating rate of 2 ◦C/min. The test temperature
was  maintained at 90 ◦C for 3 min. Finally the test temperature was
lowered to 25 ◦C at a cooling rate of 2 ◦C/min. The sample was held



1 te Polymers 90 (2012) 1732– 1738

a
c

2

a
t
a
t
p
f

2

s
t
s
r
d
s

2

l
f
(
w

t
i
s
p
w
w
f
c
n

3

3

p
s
u
V

�

H
n
c
i

t
s
s
f
w
t
6
f
c
t

Fig. 1. Effect of the drying methods on the apparent viscosities of 10% (w/w) starch
nanoparticles suspension.

Fig. 2. The SEM images of starch nanoparticles prepared through different drying
734 A.-m. Shi et al. / Carbohydra

t 25 ◦C for 5 min. A parallel plate (40 mm diameter, 1 mm gap) was
hosen for the temperature ramp measurements.

.5.4. Frequency sweep measurements
The frequency sweep tests were performed at 25 ◦C over the

ngular frequency range of 0.1–10 rad/s. The oscillating stress for
he frequency sweep measurements was selected as 0.7958 Pa
ccording to the strain sweep results (data not shown) in order
o confine within the linear viscoelastic region for all samples. A
arallel plate geometry (40 mm diameter, 1 mm gap) was  chosen
or these frequency sweep measurements.

.5.5. Creep-recovery measurements
Creep-recovery experiments were carried out using a shear

tress of 7.958 mPa  at 25 ◦C. The variation in shear strain in response
o the applied stress was measured over a period of 2 min. The
tress was subsequently removed, and the changes in strain were
ecorded for a further period of 2 min. A parallel plate (40 mm
iameter, 1 mm gap) was  chosen for these creep-recovery mea-
urements.

.6. Statistical analysis

All of these rheological measurements were carried out in trip-
icate. The experimental rheological data were obtained directly
rom the TA Rheology Advantage Data Analysis software V 5.4.7
TA Instruments Ltd., Crawley, UK). The average of the three runs
as reported as the measured value with standard deviation.

Duncan’s multiple comparison method was used to determine
he significant effect of different drying processes on the rheolog-
cal properties of the suspensions containing vacuum freeze and
pray dried starch nanoparticles. A confidence level was  set at

 < 0.05 and the SAS software (SAS Institute Inc., Cary, NC, USA)
as used in these statistical analyses. The apparent viscosity data
ere modeled according to Cross model which is frequently used

or suspensions, dispersions, polymer solutions or melts and the
reep data were modeled according to Berger’s model, using the
on-linear regression feature in SPSS 13.0 (SPSS Inc., Chicago, USA).

. Results and discussion

.1. Continuous shear viscosity properties

In order to describe the variation in the flow properties of sus-
ension containing cross-linked starch nanoparticles (obtained by
pray and freeze drying as described in Section 2.3)  under contin-
ous shear, the Cross model (Eq. (1)) is used (Susan-Resiga, Bica, &
ékás, 2010).

 = �∞ + �0 − �∞
1 + (C �̇)m (1)

ere � is the apparent viscosity (Pa s), �∞ is the viscosity at infi-
ite shear rate (Pa s), �0 is the viscosity at zero shear rate, c is the
onsistency (s), �̇ is the shear rate (s−1), and m is the flow behavior
ndex (dimensionless).

The predicted apparent viscosity values are obtained by fitting
he experimental flow curves to Cross model. The flow curves of the
uspensions (10%, w/w) of starch nanoparticles dried by both the
pray and freeze drying methods are shown in Fig. 1. As we  can see
rom this figure, the apparent viscosity of all the samples decreases
ith the increase in the shear rate. Specifically, for suspension con-

aining spray dried starch nanoparticles, the viscosity changed from

.88 to 0.14 Pa s with shear rate varying from 0.1 to 100 s−1 while
or suspension containing vacuum-freeze dried starch nanoparti-
les, the viscosity changed from 9.53 to 0.17 Pa s. And from Table 1
he flow behavior index (m) in Eq. (1) was all over zero and the
methods: (A) represents spray dried sample and (B) represents vacuum freeze dried
sample.

Cross model, a typical shear thinning model, fitted the flow curves
well with R2 > 0.995. These illustrate that the suspensions of the
starch nanoparticles exhibit shear-shining behavior. It can further
be seen from Fig. 1 that the suspension containing nanoparticles
dried using vacuum freeze drying shows higher apparent viscosity
than the suspension containing spray dried particles throughout

the shear rate range. This indicates that the characteristics of the
starch nanoparticles obtained from these two drying methods are
different. As reported previously and from Fig. 2, because of the
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ig. 3. Flow curves of spray and vacuum freeze dried starch nanoparticles suspen-
ions at solid concentration of 10% (w/w) at 25 ◦C.

ggregation and swelling, the particles produced through spray
rying had higher particle size (1000–2000 nm) and lower particle
umber density (per unit volume of suspension) than the particles
roduced through vacuum freeze drying (700–900 nm)  (Shi, Wang,
i, & Adhikari, 2012). Due to much higher particle number den-
ity the suspensions containing vacuum freeze dried particles are
xpected to have greater hydrodynamic interactions at the same
hear rate which resulted into higher apparent viscosity (Chevalier,
illement, & Ayela1, 2009). Furthermore, it was observed during
he experiments that the spray dried particles resisted dispersion
nd more agglomeration occurred compared to the vacuum freeze
ried particles. The freeze dried mass easily turned into individual
articles at very low shear or even during gentle manual handling.
he consistency or visual appearance of both the spray dried and
acuum freeze dried suspensions was very close at higher shear
ates which corroborates with fact that the measured viscosity val-
es of both the suspensions were very close at the shear rate of
00 s−1.

The parameters obtained by fitting Cross model to experimental
ata are presented in Table 1. This model shows that the viscosity
f the suspension containing spray dried particles at zero shear rate
s 2.161 × 105 Pa s while the viscosity of the suspension containing
acuum freeze dried particles is 4.119 × 105 Pa s. Interestingly, the
nfinite-rate viscosity values of the suspensions containing spray
nd vacuum freeze dried particles are 0.116 Pa s and 0.109 Pa s,
espectively which are statistically insignificant (p > 0.05). This
llustrates that the apparent viscosity of starch suspensions con-
aining nanoparticles varies with variation in shear rate and
ltimately these two suspensions display the similar viscosity
ecause of the same mass concentration of starch nanoparticles.

It can also be seen from Table 1 that the c and m values of suspen-
ion containing vacuum freeze dried particles are higher than those
f suspension containing spray dried particles. This result shows
hat suspensions containing vacuum freeze dried starch nanoparti-
les undergo higher shear thinning than the suspensions containing
pray dried particles.

.2. Shear stress–shear rate rheograms

Fig. 3 shows the shear stress–shear rate rheograms of suspen-
ion containing starch nanoparticles obtained from both drying
ethods. The rheograms of shear stress versus shear rate show

he non-Newtonian shear thinning characteristics of these sus-

ensions (Maroda et al., 2011; Rodríguez-Marín, Núñez-Santiago,
ang, & Bello-Pé rez, 2010). It can be seen from this figure that

oth the suspensions display hysteresis between the shear increas-
ng (up curve, 0.1–100 s−1) and shear decreasing (down curve, Ta
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ig. 4. The variation of apparent viscosity and viscoelastic modulus with tempera-
ure of 10% (w/w) starch nanoparticles suspension containing starch nanoparticles
btained from spray drying and vacuum freeze drying.

00–0.1 s−1) curves. The hysteresis might have been resulted from
he swelling of starch nanoparticles due to interaction of OH-groups
f starch when they form hydrogen bonds with water molecules
n suspension. Fig. 3 further shows that the shear stress of the
uspensions containing vacuum freeze dried particles is always
igher compared to that of the suspensions containing spray dried
anoparticles within the entire shear rates tested. The data pre-
ented in Fig. 3 corroborate the apparent viscosity data presented
n Fig. 2 that the apparent viscosity values of suspension containing
acuum freeze dried particles were always higher than the those
uspensions containing spray dried particles within the entire shear
ate tested.

A careful observation of up curve and down curve of these two
ypes of suspensions reveals that the hysteresis loop areas (Pa s−1)
between up and down curves at chosen shear rate) of suspension
ontaining vacuum freeze dried sample is 99.88 Pa s−1 and that of
uspension containing spray dried samples is 117.97 Pa s−1. When

 suspension traverses through an increasing and decreasing shear
oop/cycle as describe in Fig. 3, it takes time for internally perturbed
tructure to recover. When this shear cycle completes, it makes a
omodeisterse of starch nanoparticles in the suspension. This is
he reason why the suspension’s viscosity at down cycle was lower
han that in up cycle, generating a fusiform loop whose area is a

easure of thixotropy (Cai et al., 2011). Thus, suspension contain-
ng vacuum freeze dried sample has less thixotropic behavior than
hat containing spray dried sample.

.3. Temperature sweep properties

The rheograms of suspensions containing starch nanoparticles
repared from both the drying methods are shown in Fig. 4(A).

hese two suspensions show similar trend but different magni-
ude of viscosity as a function of temperature. Specifically, in the
rst 1500 s, when the temperature was below 70 ◦C, the viscosity
f both the suspensions decreased in similar fashion and both the
mers 90 (2012) 1732– 1738

suspensions exhibited shear thinning trend. This may  be due to the
fact that the increase in the thermal energy provided additional
kinetic energy to starch dispersions or starch molecules which
resulted into lower lowering of the shear viscosity with increase
in suspension temperature. Furthermore, declustering/break up of
particle aggregation can also be possible reason for the decrease in
shear viscosity when the thermal energy (temperature) is allowed
to increase at the same time when the shearing action is main-
tained.

However, when the temperature increased above 70 ◦C, it led to
a large increase in viscosity of both the suspensions. Heating might
have induced disruption of intra and inter molecular hydrogen
bonds between starch chains in starch nanoparticles. These effects
of heating facilitate the swelling of starch nanoparticles (Chung,
Min, Kim, & Lim, 2007) which is commonly known as gelatiniza-
tion (Fig. 4(B)). It is then reasonable to expect that the viscosity
of suspension containing these fully swelled starch nanoparticles
is remarkably higher because of higher hydrodynamic size of the
swelled nanoparticles. Meanwhile, when the temperature dropped
to 70 ◦C, the viscosity of suspension containing starch nanoparti-
cles also reduced to a normal value. This recovery or reversibility in
viscosity indicates that the main structure of most starch nanopar-
ticles has not been irreversibly destroyed (Fig. 4(A)). The small
disparity (or difference) in viscosity values at the beginning of
heating cycle and at the end of the heating cycle might be due to
the residual heat energy still remaining in the dispersion and as a
consequence the hydrodynamic radius of the starch nanoparticles
being lager compared to the size at the start of the heating cycle.
Between these two types of suspensions, the one containing vac-
uum freeze dried particles always displayed higher viscosity than
the suspension containing spray dried particles within the entire
temperature range. This difference can be explained from the char-
acteristic difference in the nanoparticles produced from these two
types of drying methods as mentioned Section 3.1.

3.4. Frequency sweep properties

Fig. 5 shows the variation of storage modulus (G′), loss modulus
(G′′), and loss angle (ı) as a function of frequency at 25 ◦C for 10%
(w/w)  suspensions containing the two different starch nanoparti-
cles. It can be seen from this figure that the moduli (G′ and G′′) of
these two  dispersions increase with the increase in the angular fre-
quency. The values of the phase angle (ı) remained almost constant
at 10◦, which illustrates that the storage modulus is higher than the
loss modulus in these two dispersions throughout the frequency
range.

The G′ of suspension containing vacuum freeze dried starch
nanoparticles is always higher than that of suspension containing
spray dried nanoparticles both of which follow similar increasing
trend when the angular frequency increased. The G′′ values of both
the vacuum freeze dried and spray dried nanoparticles suspensions
is the same at low frequency (0.1–1 rad/s). As can be seen from
Fig. 5, when the angular frequency increases from 1 to 10 rad/s, the
G′′ of suspension containing vacuum freeze dried sample is slightly
higher than that of suspension containing spray dried sample. The
ı values of the suspensions containing vacuum freeze dried par-
ticles are higher than those of dispersions containing spray dried
particles, similar to the trend seen in G′ values.

The frequency dependence of G′ and G′′ of suspension containing
starch nanoparticles can be represented by Power Law type equa-
tions, represented by Eqs. (2) and (3) below (Wang, Wang, Li, Xue,
G′ = K ′ · ωn′
(2)

G′′ = K ′′ · ωn′′
(3)
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ig. 5. Frequency dependence of 10% (w/w) starch nanoparticles suspension pre-
ared by different drying methods.

here K′ and K′′ are constants and reflect the elastic and viscous
roperties, respectively. n′ and n′′ are referred to as the frequency
xponents and ω is the angular frequency.

The Power Law parameters of G′ and G′′ for these two  suspen-
ions are presented in Table 1. The G′ and G′′ obeyed the Power
aw equations well with the linear regression coefficients (R2)
eing higher than 0.897. The K′ values (11.298 Pa sn, 16.051 Pa sn)
f these two suspensions is much higher than the K′′ values
2.500 Pa sn, 2.601 Pa sn), indicating that the suspensions contain-
ng starch nanoparticles are more elastic than viscous. Meanwhile,
he K′ and K′′ values of suspensions containing vacuum freeze dried

ample are slightly higher than those of dispersions containing
pray dried sample. These findings indicate that the vacuum freeze
ried nanoparticles can lead to the formation of more elastic struc-
ure in the suspensions compared to when spray dried particles

able 2
arameters of Berger’s model of starch nanoparticles suspension and recovery percentag

Drying methods EM (Pa) EK (Pa) � 

Spray drying 17.891 ± 1.704a 3.968 ± 0.093a 0
Vacuum-freeze drying 8.680 ± 0.638b 1.506 ± 0.028b 2

alues in a column with different letters were significantly different (p < 0.05).
a Values represent the mean ± standard deviation of triplicate tests.
Fig. 6. Creep-recovery behaviors of 10% (w/w) starch nanoparticles suspension pre-
pared by different drying methods.

are used. The n′ and n′′ values of both the vacuum freeze and spray
dried particles are very close to each other indicating that these
two  suspensions have similar frequency sensitivity.

3.5. Creep-recovery measurements

The creep-recovery behavior of suspension containing starch
nanoparticles obtained from both the drying methods is presented
in Fig. 6. The suspension containing the vacuum freeze dried parti-
cles deformed to a greater extent during the creep test compared to
the suspension containing spray dried particles. Both the suspen-
sions showed some degree of recovery from deformation when the
stress is lifted.

The creep behavior can be described using Burger’s model,
which is composed of a Maxwell model and a Kelvin model
arranged in series (Jia, Peng, Gong, & Zhang, 2011):

ε = �0

EM
+ �0

EK
(1 − e−t/�) + �0

�M
· t (4)

� = �K

EK
(5)

where t represents the time after loading, EM and �M are the mod-
ulus and viscosity of the Maxwell spring and dashpot, respectively.
Similarly, EK and �K are the modulus and viscosity of the Kelvin
spring and dashpot, respectively; � = �K/EK is the retardation time
taken to produce 63.2% or (1 − e−1) of the total deformation in the
Kelvin unit. The parameters EM, EK, �M, and � can be obtained from
fitting the experimental data to the Eqs. (4) and (5) with SPSS soft-
ware.

The values of above mentioned four parameters for these two
types of suspensions are summarized in Table 2. As can be seen from
this table, the suspension containing spray dried starch nanopar-
ticles has higher EM, higher EK, lower �, and higher �M than those
suspensions containing vacuum freeze dried starch nanoparticles.
The parameter EM is associated with the Maxwell spring estab-
lishes instantaneous creep strain that would be recovered after

removal of the stress (Jia et al., 2011). This analysis shows that
the suspension containing spray dried nanoparticles has higher
propensity to recover compared to the suspension containing vac-
uum freeze dried particles. The retardant elasticity EK is related

e in creep-recovery test of 10% (w/w) starch nanoparticles suspension.a

(s) �M (Pa s) R2 Recovery (%)

.582 ± 0.037a 292.980 ± 7.133a 0.940 59.7

.290 ± 0.121b 56.407 ± 0.685b 0.985 45.8
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o the stiffness of polymer chains (chemical bonds) and �K indi-
ates the viscosity of the Kelvin–Voigt unit. The ratio of �K/EK is the
elaxation time � (Jia et al., 2011). This analysis suggests that spray
ried starch nanoparticles display more stiffness compared to the
acuum freeze dried starch nanoparticles. This analysis also indi-
ates that the relaxation time of spray dried starch nanoparticles is
horter than that of vacuum freeze dried particles. The increase in
he parameter �M leads to the decrease in the permanent deforma-
ion. The decrease in the permanent deformation ultimately affects
he recovery rate of the suspension (Jia et al., 2011). This analy-
is further shows that the spray dried starch nanoparticles have
ess irrecoverable creep deformation than the vacuum freeze dried
anoparticles.

. Conclusions

The rheological characteristics of suspensions containing vac-
um freeze dried and spray dried starch nanoparticles was

nvestigated. The suspensions containing vacuum freeze dried
anoparticles showed higher apparent viscosity compared to
he suspensions containing spray dried nanoparticles within
.1–100 s−1 shear rate and 25–90 ◦C temperature range. The sus-
ensions containing vacuum freeze dried particles had greater
ropensity to undergo shear thinning compared to the sus-
ensions containing spray dried nanoparticles. The stress–strain
heograms of both the suspensions exhibited hysteresis as a func-
ion of increasing and decreasing shear rates indicating that these
uspensions were thixotropic in nature. The suspension contain-
ng vacuum freeze dried nanoparticles was found to have less
hixotropic behavior compared to the suspension containing spray
ried nanoparticles. The vacuum freeze dried nanoparticles can
roduce suspension having stronger elastic structure compared
o the nanoparticles obtained from spray drying. On the other
and, the spray dried starch nanoparticles possessed more stiffness,
horter relaxation time, less irrecoverable creep deformation and
igher recovery rate compared to the vacuum freeze dried nanopar-
icles. These rheological properties of suspension containing starch
anoparticles can contribute to the application of starch nanoparti-
les in drug carrying and releasing. And under different shear rate,
emperature, frequency and stress, the interaction and structure
ariation of starch nanoparticles in suspension is still desired to be
bserved.
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