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a  b  s  t  r  a  c  t

Novel  amphiphilic  polymers  (starch–deoxycholic  acid,  St–DCA)  were  firstly  synthesized  on  the  basis  of
starch  (St)  as  a  hydrophilic  segment  and  deoxycholic  acid  (DCA)  as  a hydrophobic  segment.  Hydrophobi-
cally  modified  starch  contained  5.4–8.9  deoxycholic  acid  groups  per  100  anhydroglucose  units  of  starch.
Self-aggregates  of  St–DCA  conjugates  were  formed  in  the  PBS  media.  Physicochemical  characterizations
of  St–DCA  conjugates  were  investigated.  The  mean  sizes  of  self-aggregates  decreased  with  the  degree  of
eywords:
tarch
eoxycholic acid
elf-aggregates
anoparticles

substitution  (DS)  and  pH  increasing.  Zeta  potential  indicated  that  nanoparticles  were  covered  with  neg-
atively  charged  starch  shells  from  −5.4  to  −23  mV.  TEM  images  demonstrated  that  nanoparticles  were
of  spherical  shape.  The  critical  aggregation  concentrations  (cac)  were  dependent  on  the  DS  and  pH  in  the
range  of  0.0185–0.0441  mg/mL.  Thus,  the  study  suggested  that  self-aggregated  nanoparticles  of  St–DCA
conjugates  could  have  good  pH-responsive  and  potential  application  in  pharmaceutical  and  biomedical
fields  as  the  delivery  of  anti-tumor  drugs.

© 2013 Elsevier Ltd. All rights reserved.
. Introduction

The various amphiphilic polymers consisting of hydrophilic
nd hydrophobic segments have been paid more and more atten-
ion as promising delivery systems of drugs and genes because
f advantages such as their potential biotechnological, pharma-
eutical applications, extending drug circulation time, enhancing
ts bioavailability and reducing the drug toxicity and side effects
Hu et al., 2008; Kataoka, Harada, & Nagasaki, 2001; Kim et al.,
005; Wang et al., 2011; Zhou et al., 2010). In the aqueous
edia, amphiphilic polymers form spontaneously micelles or

elf-aggregates, which are promoted via undergoing intra- or inter-
olecular association between hydrophobic segments because of

he preference for the formation of free emergy-minimized struc-
ure (Akiyoshi, Deguchi, Moriguchi, Yamaguchi, & Sunamoto, 1993;
ee, Jo, Kwon, Kim, & Jeong, 1998a; Nagasaki, Yasugi, Yamamoto,
arada, & Kataoka, 2001; Wang et al., 2011). Considering that the

ormation of self-aggregation from amphiphilic polymers to resem-
le that of low molecular weight amphiphiles, these polymeric

icelles or self-aggregates consist of the inner core of hydropho-

ic segments and the outer shell of hydrophilic segments, and
ore–shell structure has been recognized as a potential delivery

∗ Corresponding author. Tel.: +86 931 8912387; fax: +86 931 8912582.
E-mail address: mzliu@lzu.edu.cn (M.  Liu).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.10.081
carrier, because the inner core may  serve as a microcontainer for
various hydrophobic anticancer drugs (Kazunori, Glenn, Masayuki,
Teruo, & Yasuhisa, 1993; Kim et al., 2000; Nakanishi et al., 2001;
Wang et al., 2011). In the past decades, amphiphilic polymers
have received much attention on the design and characterization
of novel hydrophobically modified polymers due to their unique
properties with respect to biotechnological and pharmaceutical
applications (Du et al., 2006; Kuang et al., 2012; Lee, Jo, Kwon, Kim,
& Jeong, 1998b; Xiong, Qi, & Yao, 2012).

The biocompatible and biodegradable properties of biomaterial
carriers are two important factors in the development of nanopar-
ticles drug delivery system (Zhou et al., 2010). Therefore, a number
of nontoxic and biodegradable polymers have been used exten-
sively as carrier materials such as poly (l-lysine), heparin, chitosan,
dextran and pullulan (Abbasi et al., 2007; Jiang, Quan, Liao, & Wang,
2006; Li et al., 2009; Na, Lee, & Bae, 2007; Wang, Wang, Xiang, & Yao,
2010). Among the above polymers, natural polysaccharides such as
chitosan, dextran, pullulan and curdlan, due to their outstanding
advantages, have attracted much attention and been researched in
the field of drug delivery systems (Hu et al., 2008; Liu, Jiao, Wang,
Zhou, & Zhang, 2008). They have been hydrophobically modified
with alkyl chains and bile acids to form micelles or self-aggregates

in aqueous media (Wang et al., 2011). A great deal of studies has
been reported to investigate and characterizes the properties of
polysaccharide conjugates, especially developing their promising
potential for biotechnology and medical application (Hu et al.,

dx.doi.org/10.1016/j.carbpol.2013.10.081
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.10.081&domain=pdf
mailto:mzliu@lzu.edu.cn
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008). There have been many researches on hydrophobically mod-
fied chitosan and its derivatives in the recent years (Kwon et al.,
003; Park, Kwon, et al., 2004). However, there are few studies on
elf-aggregates of hydrophobically modified starch in the aqueous
edia.
Starch, next to chitosan and cellulose, is the most common

olysaccharide and has a repeated structure of 1, 4-�-linked-d-
lucose units, and is mainly used as the food additive. Starch
as been known as a good candidate material for the prepara-
ion of nanocarriers, because it is biocompatible, biodegradable,
on-immunogenicity and low toxicity. Starch and its derivatives
re used extensively in drug delivery systems (Zhang, Zhang,
t al., 2013). For example, hydrophobic starch derivatives, such
s palmitoylated starch acetate (Tan, Xu, Li, Sun, & Wang, 2010)
nd propyl starch (Santander-Ortega et al., 2010), have been
repared to encapsulate anticancer drugs. In addition, the self-
ssembled micelles of hydrophobically modified starch have also
een reported as a potential drug carrier, such as fatty acid modi-
ed hydroxyethyl starch and lipoic acid modified PEGylated starch
Besheer, Hause, Kressler, & Mäder, 2007; Zhang, Zhang, et al.,
013). Thus, in this study, starch was hydrophobically modified
y deoxycholic acid to obtain self-aggregates in the PBS solution.
eoxycholic acid (DCA), a main component of bile acid, contains

he hydrophilic moieties, such as the carboxyl group at the end
f the branched side chain of carbon atoms and the hydroxyl
roups at both 3� and 12� positions and the hydrophobic cyclopen-
enophenanthrene nucleus in its molecule (Wang et al., 2011). DCA
s a main component of bile acid, which is the main product of chole-
trol metabolism and biologically the most detergent-like molecule
n the body (Kim et al., 2000; Lee et al., 1998a). Since DCA is known
o form micelles in water because of its amphiphilicity, it plays an
mportant role in the emulsification, solubilization, and absorption
f cholesterol, fats, and liphophilic vitamins in the body (Enhsen,
ramer, & Wess, 1998). Thus, it is expected that the introduction
f DCA into the starch could induce self-association to form self-
ggregates.

In this study, starch was firstly hydrophobically modified by
ntroducing DCA moieties to prepare the novel self-aggregated
anoparticles of starch–deoxycholic acid (St–DCA) conjugates by
he coupling reaction between hydroxyl group of starch and car-
oxyl group of DCA. By varying the ratio of DCA, a series of St–DCA
onjugates with different degree of substitution (DS) values were
repared. Herein, we investigated the effects of DS and pH on the
ormation of self-aggregates and the physicochemical characteri-
ation of St–DCA conjugates in detail.

. Experimental

.1. Materials

Soluble starch (Mw  = 8.8 kDa) was purchased from Zhejiang
inghu Chemical Reagent Factory, chemical purity grade. 1-Ethyl-3-
3-dimethylaminopropyl) carbodiimide hydrochloride (EDC·HCl),
-hydroxysuccinimide (NHS) and deoxycholic acid (DCA) were
urchased from Aladdin Reagent Inc. (Shanghai, China). Pyrene was
urchased from Sigma–Aldrich. The other reagents were of analyt-

cal grade and used without further purification.

.2. Synthesis of starch–deoxycholic acid (St–DCA) conjugates

Deoxycholic acid was grafted into the soluble starch by the

oupling reaction between hydroxyl group of starch and carboxyl
roup of DCA as described by the literature (Dentini et al., 2001; Gao
t al., 2008; Kim et al., 2013), and the reaction scheme was  shown
n Scheme 1A. Briefly, the soluble starch (0.162 g, 1 mmol) was
mers 102 (2014) 838– 845 839

dissolved in 15 mL  DMSO under stirring at 45 ◦C. Different amounts
of activated DCA (0.2–0.5 mol/mol sugar residues of starch) were
added into the DMSO solution containing starch with the forma-
tion of ester linkages. To activate the carboxyl groups of DCA in the
DMSO, equal amounts of EDC (1.2 equiv. DCA) and NHS (0.6 equiv.
DCA, 15 min later) were added into DCA solution for 30 min at
room temperature. The mixture was  reacted under gentle stirring
at 45 ◦C for 48 h. Then, the reactant mixture was cooled to room
temperature and dialyzed against the excess amount of distilled
water/methanol mixture (1:4, v/v) for 5 days using a dialysis tube
(molecular cut off 7 kDa), and the distilled water/methanol mixture
was  exchanged at intervals of 8 h. Finally, the sample was  followed
by lyophilization to obtain St–DCA conjugates.

2.3. Characterization of the St–DCA conjugates

The chemical structure of St–DCA conjugates was  confirmed
using a Fourier transform infrared (FTIR) spectrometer (Nicolet
670 FTIR, USA) and 1H NMR  (Bruker Avance III 400, DMSO-d6).
Lyophilized St–DCA samples were pressed with KBr and scanned
from 4000 to 400 cm−1 with a resolution of 4 cm−1.

X-ray diffraction (XRD) spectrometry was obtained using XRD-
6000 power diffractomer (Shimadzu, Japan). A Cu K� radiation was
used in range of 3–90◦ (2�) at 40 kV and 40 mA.

2.4. Determination of DCA content and degree of substitution

The amount of DCA covalently bounded to starch was
determined spectrophotometrically according to the procedure
literatures (Gao et al., 2008; Nichifor & Carpov, 1999; Wang
et al., 2011; Yuan, Li, & Yuan, 2006). Briefly, the polymer sample
(4–10 mg)  was  accurately weighted and dissolved in 0.5 mL DMSO,
then 0.5 mL  acetic acid solution (60%) and 9.0 mL  water/sulfuric acid
(65/50, v/v) were subsequently added. The content of the sample
solution was homogenized, heated at 70 ◦C for 30 min, and then
cooled to room temperature. The UV (Lambda 35, Perkin Elmer,
USA) absorbance of sample solution at 380 nm was measured
against a blank containing the same components as the sample but
without the polymer. Individual calibration curves of absorbance
verus DCA concentrations were made. The DCA contents were
determined according to calibration curves. The degree of substitu-
tion (DS, mol%, expressed as mole DCA/100 sugar residues of starch)
was  calculated according to the following formula.

DS = 16200 × w

392.57 × (1 − w)

where w is the content of the DCA determined from the corre-
sponding calibration curve, 16,200 is 100 × Mw  of glucose unit, and
392.57 is the molecular weight of the DCA residue.

2.5. Preparation of self-aggregated nanoparticles of St–DCA
conjugates

The self-aggregated nanoparticles of St–DCA conjugates were
prepared using a sonication method. The St–DCA conjugates
(20 mg)  were dissolved in 20 mL  of phosphate buffered saline (PBS)
solution with various pH under gentle shaking at 37 ◦C for 48 h,
followed by sonication using a probe-type sonifier at 100 W for
10 min. The sonication was repeated three times to obtain optically

transparent solution. To protect the solution from the heat build-
up during sonication, the pulse function was  used (pulse on, 5.0 s;
pulse off, 2.0 s). The solution of self-aggregates was passed through
a 0.45 �m filter (Millipore) and stored at room temperature.
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cheme 1. (A) The synthesis schemes of St–DCA conjugates and schematic illustr
ehaviors of St–DCA conjugates under different pH conditions.

.6. Dynamic light scattering (DLS) and zeta potential
easurements

The self-aggregated nanoparticles size was determined using
LS at room temperature on a 90Plus particle size analyzer

Brookhaven Instruments Corporation) at the 90◦ scattering angle.
ll sample solutions were filtered using disposable 0.45 �m Milli-
ore filters prior to analysis at a concentration of 1.0 mg/mL.

The zeta potentials of self-aggregated nanoparticles were mea-
ured using a Zetasizer (Malvern Instruments Ltd, UK). The
oncentration of self-aggregates was kept constant at 1.0 mg/mL
n various pH of PBS solution.

.7. Morphology observation of self-aggregated nanoparticles

The morphology and size of self-aggregates were observed using
ransmission electron microscope (TEM) (Tecnai G2 F20 S-Twin, FEI
ompany, USA). A drop of sample solution (1.0 mg/mL) was placed
nto a 300-mesh copper grid coated with carbon. About 2 min  after
eposition, the grid was tapped with filter paper to remove sur-
ace water, followed by air-drying at room temperature and then
bserved at an acceleration voltage of 80 kV by TEM.
.8. Fluorescence spectroscopy measurement

To investigate the fluorescence spectroscopy characteristics,
he St–DCA conjugates suspension was prepared by the same
of self-aggregated nanoparticles; (B) the schematic illustration of self-aggregated

procedure as the self-aggregated preparation. The potential of self-
aggregated property and the critical aggregation concentration
(cac) of St–DCA conjugates were estimated by the probe fluores-
cence technique in which pyrene was used as a hydrophobic probe.
Briefly, a known amount of pyrene solutions (1 mL,  6 × 10−6 M)
in acetone were added to a series of colorimetric tube (10 mL),
and followed by evaporation to remove acetone. Then, the vari-
ous concentrations (1 × 10−4 to 1.0 mg/mL) of St–DCA conjugate
suspension were added to each colorimetric tube containing the
pyrene residues with the final concentration of 6.0 × 10−7 mg/mL.
The solutions were sonicated in an ultrasonic bath for 2 h to reach
the solubilization equilibrium of pyrene between water phase and
nanoaggregates overnight at room temperature. The excitation
spectra of pyrene were recorded in the range of 300–350 nm using
a fluorescence spectrophotometer (LS55, Perkin-Elmer, USA) at the
emission wavelength (�em) of 390 nm and an integration time of
100 nm/min. The slit openings for excitation and emission were set
at 15 and 15 nm,  respectively.

3. Results and discussion
3.1. Synthesis and characterization of St–DCA conjugates

Hydrophobic deoxycholic acid with a rigid cyclopen-
tenophenanthrene nucleus structure was  selected to graft into
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Fig. 1. (A) FTIR spectra of (a) starch, (b) DCA, and (c) St–DCA conjugate; (B) FTIR spectra of St–DCA conjugate derivatives: (a) St–DCA5.4, (b) St–DCA7.8, (c) St–DCA8.0, and (d)
St–DCA8.9; 5.4, 7.8, 8.0, 8.9 are the degree of substitution (DS) of DCA.
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of DCA. The structure of St–DCA conjugates was also verified by
1H NMR  spectrum. Four peaks located between 4.5 and 5.6 ppm
consisting of the C2-OH (a, 5.54 ppm), C3-OH  (b, 5.43 ppm), C1-H

Table 1
Properties of starch–deoxycholic acid (St–DCA) conjugates in PBS solution (pH = 7.4).

Sample Feed ratioa Xb (%) DSc dd (nm) �e (mV) cacf(mg/mL)

St–DCA5.4 0.2 11.5 5.4 247 −23 0.0383
St–DCA7.8 0.3 16.0 7.8 223 −16.9 0.0342
St–DCA8.0 0.4 16.3 8.0 198 −18.6 0.0269
St–DCA8.9 0.5 17.7 8.9 182 −15.5 0.0185

a Mole ratio of DCA and sugar units of starch.
Fig. 2. 1H NMR  spectrum o

tarch. For the synthesis of St–DCA conjugates, deoxycholic acid
as covalently attached to starch in the presence of “zero length”

rosslinker of EDC and NHS reacted with a carboxyl group of the
CA to initially form an active ester intermediate, producing a
ovel kind of amphiphilic polymer. The various St–DCA conjugates
ith different DS of deoxycholic acid were firstly synthesized by

ontrolling the feed ratio of DCA to starch. The synthesis procedure
f St–DCA conjugates was illustrated in Scheme 1A. The DS of DCA
as calculated through DCA content results. With the changed

atio of DCA to glucose units from 20 to 50%, the DS of DCA was
hanged from 5.4 to 8.9 with DCA contents in St–DCA conjugates
anged from 11.5 to 17.7% as shown in Table 1. The structure
f St–DCA conjugates was confirmed by analysis of FTIR. The
ormation of ester linkage between DCA and starch was evidenced
n the FTIR spectra in Fig. 1A, which showed the FTIR spectra of
tarch, DCA and St–DCA. The peak at 1648 cm−1 in the spectrum
f starch (Fig. 1A(a)) was possibly a feature of water, and the
ands at 3419 and 2926 cm−1 were characteristic of O H and

 H stretches in the starch (Fang, Fowler, Sayers, & Williams,
004). A significant shift at 1714 cm−1 was the carbonyl band of

CA units, and the characteristic peaks at 2926 and 2862 cm−1

Fig. 1A(b)) were assigned to the stretching vibration of DCA (Cui
t al., 2012). In comparison with the FTIR spectra of starch and DCA,
he new absorption band at 1742 cm−1 (Fig. 1A(c)) was assigned
CA conjugates (DMSO-d6).

to the carbonyl of ester bond of St–DCA, further confirming the
formation of St–DCA conjugates. Fig. 1B showed the FTIR spectra
of St–DCA conjugates with the different DS. It also showed that
increasing of the feed ratio of DCA to starch (from 20 to 50%), the
ester linkage peak at 1742 cm−1 became sharper and stronger,
and the intensity of vibration of hydroxyl group at 3405 cm−1

became weaker, which indirectly indicated the increase of DS
b Weight fraction of DCA.
c Degree of substitution of DCA per 100 glucose units of starch.
d Mean diameter measured by dynamic light scattering.
e The �-potential of St–DCA conjugated in PBS solution at 1 mg/mL.
f Critical aggregation concentration determined by fluorescence spectroscopy.
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Table 2
Properties of starch–deoxycholic acid (St–DCA) conjugate in PBS solutions of differ-
ent  pH.

Sample pH da (nm) �b (mV) cacc (mg/mL)

St–DCA8.9

5.5 225 −5.4 0.0441
6.5 194 −10.2 0.0259
7.4 182 −15.5 0.0185
Fig. 3. XRD spectra of (a) starch, (b) DCA, and (c) St–DCA conjugate.

c, 5.10 ppm) and C6-OH (d, 4.60 ppm) (Fig. 2) could be assigned to
ontribute to the hydroxyl groups from glucose unit of starch (Liu,
haudhary, Yusa, & Tadé, 2011), which were also confirmed that
he soluble starch were amylose. The characteristic peaks of DCA
ppearing at 0.6–2.5 ppm including 18-CH3 (0.60 ppm), 19-CH3
0.90 ppm), 21-CH3 (0.99 ppm), and methylene–methine envelope
1–2.5 ppm) (Kim et al., 2005; Park, Kim, et al., 2004) in Fig. 2
ere clearly observed, which could prove the presence of DCA in

t–DCA conjugates.

.2. Physical properties of St–DCA conjugates

To investigate the changes of the microstructure between starch
nd St–DCA conjugate, X-ray diffraction diagrams were showed in
ig. 3. The soluble starch had typical diffraction peaks at 2� = 17.3◦,
2.0◦, and 23.9◦, which were assigned to the crystal form and
ere indicative of the B-type pattern (Cheetham & Tao, 1998). The
iffraction curve of DCA showed eight typical crystal peaks at 2�
quals 10.7◦, 13.3◦, 13.9◦, 14.7◦, 16.0◦, 17.8◦, 18.9◦, and 23.5◦. In
ontrast of starch and DCA, St–DCA conjugates showed a broad
iffraction peak at round 2� = 16.0◦, and partial peaks disappeared
nd the intensity and location of peaks were changed obviously in
he diffraction pattern of starch in St–DCA conjugates. The results
ndicated that the crystalline structure of starch had been com-
letely disrupted after chemically modification, proving that DCA
as coupled to starch successfully (Gao et al., 2008; Wang et al.,

011).

.3. Self-aggregation of St–DCA conjugates

The amphiphilic St–DCA conjugates consisting of hydrophilic
tarch and hydrophobic deoxycholic acid could self-aggregate to
orm core–shell structure in the PBS solution with different pH val-
es because of the contact between the hydrophobic side chains
Chiu et al., 2010). The hydrophobic DCA groups could aggre-
ate spontaneously, which acted as physical cross-linkers between
olymers (Xiong et al., 2012). St–DCA conjugates were dispersed in
BS solution at 37 ◦C for 48 h to obtain optical transparent solutions,
ollowed by sonication to form self-aggregated nanoparticles. The
rush-like structured core of nanoparticles was self-aggregated by
ydrophobic effects of DCA, while the hydrophilic starch backbone

omprised the shell of nanoparticles in Scheme 1A.

The size of self-aggregated nanoparticles of St–DCA conjugates
ith different DS in PBS solution (pH 7.4), which was determined

y DLS. As shown in Table 1, the mean sizes of self-aggregated
a Mean diameter measured by dynamic light scattering.
b The �-potential of St–DCA conjugated in the various PBS solution at 1 mg/mL.
c Critical aggregation concentration determined by fluorescence spectroscopy.

nanoparticles were in the range of 182–247 nm,  depending on the
DS values. The size of self-aggregates decreased as the DS increased,
which indicated the formation of more compact hydrophobic cores,
resulting in that the sizes were smaller, because the hydropho-
bic interaction was much stronger as the DCA contents in St–DCA
conjugates increased (Wang et al., 2011). It was worthy to know
that the size of self-aggregates based on St–DCA conjugates was
obviously close to other amphiphilic polysaccharide polymers, such
as deoxycholic acid modified chitosan (Hu et al., 2008; Lee et al.,
1998a). The effects of pH on the self-aggregate nanoparticles of
St–DCA conjugates were also important. The sizes of St–DCA8.9 con-
jugates increased in PBS solution of different pH values varying
from 7.4 to 5.5 (Table 2). The change could give a possible explain
that the core–shell structure of nanoparticles was disrupted in the
acidic conditions to agglomerate weakly resulting in large size and
a little floccules, because the hydrogen-bond interactions between
the hydroxyl groups of starch and DCA were greatly reduced under
the acidic conditions, and the structure of self-aggregates became
loose which led to the larger size as shown in Scheme 1B (Zhang,
Shan, et al., 2013). Other possible season was that the electro-
static repulsion became weak between nanoparticles to form the
larger aggregation of nanoparticles. Simultaneously, according to
report of literatures (Chen et al., 2013; Cui et al., 2012), the pH-
sensitivity of St–DCA conjugates was  attributed to the introduced
DCA (pKa = 6.58) to form ester linkage, because the ester linkage
was  susceptible to the acidic environment to promote the par-
tial hydrolysis of the ester linkage. In addition, the contents of
obtained DCA as a result of hydrolysis further influenced the pH-
responsive property of St–DCA conjugates. As a consequence, the
partial hydrolysis under the acidic conditions could have an effect
on core–shell structure of St–DCA conjugates to form loose struc-
ture. Furthermore, the hydrolysis degree increased with increased
pH values in PBS solution, so that the size of St–DCA conjugates
increased. But changes of particle sizes of St–DCA conjugates were
only 40 nm (from 180 nm to 220 nm), mainly because the hydrol-
ysis of St–DCA conjugates under acidic conditions was  partial and
incomplete.

The morphology of the self-aggregated nanoparticles was
observed by transmission electron microscope (TEM). The images
of St–DCA5.4 (pH 7.4) and St–DCA8.9 (pH 5.5 and 7.4) were cho-
sen as samples in Fig. 4. The TEM results showed that the samples
of these self-aggregated nanoparticles were spherical. But the size
was  smaller than the results determined by DLS  measurement.
It was ascribed to the solvent effect of different state of sam-
ples. It is well known that DLS provided the size for the particles
swollen in the solution, whereas TEM images obtained the size
at the dried state of the samples (Xiong et al., 2012). The images
also showed that size of self-aggregated nanoparticles decreased
with the DS increased, which was in a good agreement with the
DLS results. However, these nanoparticles appeared a structural
collapse when the pH was lowered from 7.4 to 5.5 as showed in

Fig. 4c, because of pH-induced the self-aggregation of nanopar-
ticles to make the microstructure destroyed under the acidic
conditions, which resulted in their partial departure to make the
self-aggregated nanoparticles decompose (Cui et al., 2012).
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ig. 4. TEM images of self-aggregated nanoparticles of St–DCA conjugates with dif
t–DCA8.9 (pH 5.5). (d) A photograph of St–DCA5.4 conjugate with before (left) and a

In Fig. 4d, the difference between the left vial and right vial
as clearly found, which was mainly attributed to the solubility

f starch. As we all know, the solubility is closely linked with tem-
erature, and the solubility of starch is very poor in cold water. As

 result, the amphiphilic St–DCA conjugates form self-aggregates
onsisting of the inner core of DCA and the outer shell of starch,
o St–DCA conjugates looked like opaque solution in PBS solution
f pH 7.4 (Fig. 4d, left), while the conjugates were at 37 ◦C for 48 h
o obtain transparent solution (Fig. 4d, right) due to the increas-
ng solubility of starch at 37 ◦C. Simultaneously, St–DCA conjugates

ere dispersed in PBS solution (pH 6.5 and 5.5) at 37 ◦C for 48 h to
btain transparent solution. However, the degree of transparency
as weakly decreased under acidic condition, and it was in a small

mount of turbidity in PBS solution of pH 5.5 (Fig. S1), which was
ttributed to hydrophobic molecule of DCA. Because the ester link-
ges were hydrolyzed partially in St–DCA conjugates to obtain free
CA under the acidic condition. Thus, it implied that the pH values
ad an effect on the self-aggregated process.

Supplementary material related to this article can be found,
n the online version, at http://dx.doi.org/10.1016/j.carbpol.
013.10.081.

The zeta potential was very useful to predict the physical storage
tability of the nanoparticles. If the nanoparticles had the higher
eta potential value, they would have the better stability (Wang
t al., 2011). As shown in Tables 1 and 2, the zeta potential values
f self-aggregated nanoparticles were negative ranged from −23
o −5.4 mV,  which indicated that nanoparticles were covered with
egatively charged starch, because starch had a negative charge
ith zeta potential of −10.3 mV  in PBS solution (pH 7.4) (Minimol,

aul, & Sharma, 2013). And the absolute values of zeta potential
f the self-aggregated nanoparticles were over 10.3 mV  and grad-
ally decreased as the DS increased in pH 7.4, which might be
ttributed to the electrolytes in PBS screen the negative charges

n the starch backbone (Wang et al., 2011). However, their absolute
alue were below 10.3 mV  in acidic conditions due to destroying the
hell with negatively charged starch to make the charge decrease
ith the pH value decreasing, which was contributed to the slight
 DS in different pH PBS solutions: (a) St–DCA5.4 (pH 7.4), (b) St–DCA8.9 (pH 7.4), (c)
right) self-aggregation.

protonation of hydroxyl groups under the acidic conditions. These
results implied that the self-aggregated nanoparticles had a long
term stability in physiological conditions, but the stability of
nanoparticles was weaker in acidic conditions, which indicated that
the nanoparticles were a promising carrier for drug release under
the cancer cell environment.

3.4. Critical aggregation concentration of self-aggregated
nanoparticles

The self-aggregation behavior of St–DCA conjugates in PBS solu-
tion media was  determined using a probe fluorescence technique
in the presence of pyrene, which is molecular fluorescence probe
frequently used to measured the critical aggregation concentration
(cac) of self-aggregates or micelles. The cac values are important
evidences to prove the formation of self-aggregates (Zhou et al.,
2010). Pyrene shows only small fluorescence intensity in a polar
environment because of its poor solubility and self-quenching (Hu
et al., 2008). With the formation of self-aggregated nanoparti-
cles, the microenvironment of pyrene changed from hydrophilic
to hydrophobic, it could preferably locate inside or close to the
hydrophobic microenvironment of self-aggregates rather than the
aqueous phase, resulting in different photophysical characteristics
(Huh et al., 2000; Kim et al., 2005; Wilhelm et al., 1991; Zhou
et al., 2010). The critical aggregation concentration (cac) was the
threshold concentration of self-aggregated formation by intra- or
intermolecular association. With the concentration increasing, the
peaks of excitation spectra of pyrene in PBS solution were shifted
from 326 to 329 nm,  these results indicated that covalently cou-
pled deoxycholic acids started to form hydrophobic domains in
PBS solution. The cac could be determined from the intensity ratio
(I329/I326) of the pyrene excitation spectra versus the logarithm
of the St–DCA conjugates concentration, which was ranged from

1 × 10−4 to 1 mg/mL. The change of the intensity ratio was showed
in Fig. 5. The cac values were estimated as the cross-point of two
straight lines when extrapolating the intensity ratio (I329/I326) at
low and high concentration regions, which were in the range of

http://dx.doi.org/10.1016/j.carbpol.2013.10.081
http://dx.doi.org/10.1016/j.carbpol.2013.10.081
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ig. 5. Intensity ratios (I329/I326) from pyrene excitation spectra as a function of St
.4),  (c) St–DCA8.9 (pH 6.5), and (d) St–DCA8.9 (pH 5.5).

.0185–0.0383 mg/mL  (Table 1). The cac values of the St–DCA con-
ugates decreased with the increase in the contents of hydrophobic
CA because of the enhanced hydrophobicity by introducing large
mount of DCA moieties into the starch. And it was found that
he cac values of St–DCA conjugates were even much lower than
hat of low molecular weight surfactants, such as 1.0 mg/mL  for
eoxycholic acid (Kratohvil, Hsu, & Kwok, 1986) and 2.3 mg/mL
or sodium dodecyl sulfate (Rahman & Brown, 1983) in water.
he values and its variation tendency were even similar and close
o the cac values of deoxycholic acid-modified chitosan conju-
ates (0.013–0.045 mg/mL) (Lee et al., 1998b). The results indicated
hat the high molecular weight and hydrophobic nature of the
tarch backbone in St–DCA conjugates hampered significantly the
ffective association among hydrophobic DCA, and the St–DCA
onjugates were a novel kind of amphiphilic polymers and could
orm the stable self-aggregates at low concentration in PBS solu-
ion media. It was evident that the cac values of self-aggregated
anoparticles could be controlled by the amount of DS (Na, Park,
im, & Bae, 2000). Fig. 5 showed the intensity ratio from pyrene
xcitation spectra of St–DCA conjugates with different DS. When
he DS increased from 5.4 to 8.9, their cac values were 0.0383,
.0342, 0.0269 and 0.0185 mg/mL, respectively, which further con-
rmed that when the DS increased, the cac values could decrease.
owever, Fig. 5 and Table 2 showed that the cac values of St–DCA8.9

onjugates were different in PBS solution with different pH, and
he cac values decreased with increasing pH due to the effective
ydrophobic interaction enhancing. As shown in Scheme 1B, when
he self-aggregates of St–DCA8.9 conjugates were in the neutral
conjugate concentration in PBS solution: (a) St–DCA7.8 (pH 7.4), (b) St–DCA8.9 (pH

condition, the hydrogen-bond interactions between the hydroxyl
groups of starch and DCA were enhanced to make hydrophobic-
ity improve, and self-aggregates became compact simultaneously
to obtain the smaller cac values. On the contrary, the hydrogen-
bond interactions became reduced and the ester linkages in
St–DCA conjugates were hydrolyzed partially under the acidic
condition, which led to the loose self-aggregates (Zhang, Shan,
et al., 2013).

4. Conclusions

A novel kind of amphiphilic polymers, hydrophobically modified
starch by deoxycholic acid (St–DCA), was  prepared and charac-
terized by FTIR, 1H NMR  and XRD. The various physicochemical
properties of self-aggregated nanoparticles with different DS and
pH were investigated. The mean sizes of self-aggregates of St–DCA
conjugates were in the range of 182–247 nm,  and the critical aggre-
gation concentrations (cac) of St–DCA conjugates were in the range
of 0.0185–0.0447 mg/mL, which indicated that the mean sizes and
cac values depended on the DS and pH values. The zeta potentials
of self-aggregated nanoparticles were negative. The TEM images
showed that self-aggregated nanoparticles were spherical. The
self-aggregated nanoparticles of St–DCA conjugates had a good

pH-responsive. The results of physicochemical properties could
suggest the potential applications of the novel self-aggregated
nanoparticles in the pharmaceutical and biomedical fields, espe-
cially, in the delivery of bioactive agents such as anti-tumor drugs.
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