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a  b  s  t  r  a  c  t

Microparticles  were  made  by  a  water-in-oil  emulsion  technique  from  acid-hydrolyzed  and  debranched
normal,  waxy  and  high-amylose  corn  starches.  The  starches  prepared  had  a weight-average  molecu-
lar weight  (Mw)  ranging  3.6 ×  107–2.5 ×  104, a polydispersity  ranging  1.16–9.16,  an  apparent  amylose
content ranging  2.84–100%.  These  microparticles  exhibited  crystallinity  ranging  4.41–22.84%,  swelling
power  ranging  2.45–7.84  and  percentage  of leaching  ranging  1.72–74.91%.  Swelling  power  in  water
(R2 = 0.86)  and  percentage  of leaching  in  water  (R2 = 0.89)  were  modeled  by a  response  surface  method,
using the  following  parameters:  Mw, polydispersity,  apparent  amylose  content  and crystallinity  of starch
tarch
icroparticle

welling
eaching
rystallinity
esponse surface method

in microparticles.  Overall,  this  study  showed  the  key  parameters  for  controlling  the  behavior  of  starch
microparticles  were  related  to  the cohesiveness  of  the  three-dimensional  network,  particularly  through
the  retrogradation  of  starch  polymers,  the  formation  of  crystallites  and junctions  zones.  Such  micro-
particles  could  be used  for designing  economical  and biocompatible  delivery  systems  of compounds  for
food,  drug,  or  other  applications.
olecular weight

. Introduction

Over the last decades, polymer-based delivery systems have
ained considerable interest. These systems, commonly based on
he formation of hydrogels from synthetic or natural polymer, have
een extensively studied and developed (Hamidi, Azadi, & Rafiei,
008). On the one hand, the preparation of synthetic polymers is
ften well understood and controlled, leading to “smart” mate-
ials with finely tuned characteristics. However, these polymers
annot be guaranteed for innocuousness, because of potential reac-
ants remaining from their synthesis or products resulting from the
olymer enteric degradation (Goddard & Hotchkiss, 2007). More-
ver, these systems rely on the use of non-renewable resources.
iopolymers also exhibit disadvantages that must be overcome

or delivery applications (e.g. variability of their physicochemical
haracteristics depending on their source). However, biopolymers
hat can readily make hydrogels (e.g. chitosan, carrageenan and
tarch) are well known for their biocompatibility and non-toxicity

Chandra & Rustgi, 1998; Reis & Cunha, 2001; Varshosaz, 2007). In
his perspective, starch has been widely studied, after modifications
r in combinations with other polymers (Calinescu, Mulhbacher,

∗ Corresponding author. Tel.: +1 765 494 6317; fax: +1 765 494 7953.
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Nadeau, Fairbrother, & Mateescu, 2005; Elvira, Mano, San Román,
& Reis, 2002; Fransén, Björk, & Edsman, 2008; Oechslein, Fricker, &
Kissel, 1996; Onofre, Wang, & Mauromoustakos, 2009; Rahmouni
et al., 2003; Tuovinen et al., 2004).

In the case of in vivo delivery of bioactive compounds, whether
the carriers are pre-hydrated hydrogels or hydrogels formed in situ
from dry particles, these systems rely on the capability of the
polymer network to swell upon water absorption and eventu-
ally to disintegrate, in order to let active compounds be released
and diffuse (Peppas & Brannon-Peppas, 2001). This disintegration
can also be achieved via digestion of starch in the gastrointestinal
tract: swelling and leaching of the loaded particles are here crucial
parameters to tune the kinetics of degradation, because they will
affect the accessibility of glucan chains to the digestive enzyme
�-amylase (Cristina Freire, Fertig, Podczeck, Veiga, & Sousa, 2009).
Achieving a wide range of swelling and leaching characteristics can
then lead to controlled delivery profiles of target compounds. Thus,
this study aims to show that microparticles having potential for
simple delivery systems can be prepared from starch only, by taking
advantage of starch molecular properties and characteristics.

Starch is composed of amylopectin and amylose, two high
molecular-weight, polydisperse (1,4)-�-d-glucans. Amylopectin is
highly branched through (1,6)-�  linkages (Mw ∼5 × 107–5 × 108,

average chain length ∼20–30 units) and soluble in water as an iso-
lated polymer (as opposed to native state in granular form), and
amylose is linear or slightly branched (Mw ∼105–106, average chain
length ∼102–103 units), nearly insoluble in water as an isolated

dx.doi.org/10.1016/j.carbpol.2013.11.031
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2013.11.031&domain=pdf
mailto:yao1@purdue.edu
dx.doi.org/10.1016/j.carbpol.2013.11.031
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olymer (as opposed to native state in granular form) (Calvert,
997; Smith & Denyer, 2003). The structure–function relation-
hips of amylose and amylopectin and their interactions in starch
etworks are well understood (BeMiller, 2007, chap. 6). Among
ther features, amylopectin and amylose chains are able to form
ouble helices which may  in turn associate to form crystallites. In
eneral, native starch is isolated under the form of semi-crystalline
ranules where amylopectin is mainly responsible for crystallinity
Calvert, 1997). When heated in presence of water, starch gran-
les disrupt and polymers leach out to form a three-dimensional
etwork that turns into a gel upon cooling. Cohesiveness of this
el is provided by the double helices formed by associated glu-
an chains (junction zones) and amylopectin is mainly responsible
or long-range interactions. These associations can reach a further
xtent until partially recreating crystallinity (Mitchell, 2005; Smith

 Denyer, 2003). This process, called retrogradation, involves amy-
ose in the first stages and amylopectin over a longer time-scale
nd in a lesser extent. From the sole standpoint of starch char-
cteristics, crystallinity of retrograded starch depends on factors
uch as molecular weight and chain lengths of both amylose and
mylopectin and branching patterns of amylopectin (Gidley, 1989;
idley & Bulpin, 1989; Mua  and Jackson, 1997a, 1997b). However,
ater content (interfering with hydrogen bonding of glucan chains)

nd temperature profile (modifying kinetics of associations) also
lay major roles in network formation and retrogradation (Gidley

 Bulpin, 1989; Kim, Kim, & Shin, 1997; Robin, Mérinat, Simon, &
ehmann, 2008).

In this study, molecular weight, branching degree, amy-
ose/amylopectin ratio and crystallinity of starch polymer were
onsidered as essential parameters to characterize starch micro-
articles designed as potential delivery systems, all of which affect
he swelling and leaching behaviors of starch-based retrograded
articules.

Indeed, weight average molecular weight (Mw) and polydis-
ersity are two obvious parameters characterizing starch at the
olecular level. Considering polydispersity allows taking into

ccount the distribution of molecular masses in two given starches
hat would have the same weight average molecular weight (Gidley
t al., 2010). It gives a realistic idea of what the starch network is
omposed of (a blend of extremely long and extremely short chains
s. a homogeneous blend of medium length chains, for example).

Apparent amylose content and crystallinity were chosen as
otential parameter controlling swelling and leaching properties
f the particles. Indeed, amylose chains are known to interact
apidly by forming double helices referred as junction zones in
hese networks. Amylopectin chains are also known to exhibit sim-
lar interactions, but these latter need a much longer period of time
o occur, which may  be over a week-long storage period (Gidley,
989; Gidley & Bulpin, 1989; Mua  and Jackson, 1997a, 1997b).
hese double helices can be packed and arranged in crystalline
tructures, which represent a higher degree of order compared
o junction zones and are quantified by the crystallinity param-
ter. Apparent amylose content and crystallinity could a priori
e considered respectively as indirect and direct markers of the
trength of the three-dimensional network created by amylose and
mylopectin (Gidley et al., 2010; Rindlav, Hulleman, & Gatenholm,
997; Rindlav-Westling, Stading, Hermansson, & Gatenholm, 1998;
indlav-Westling, Stading, & Gatenholm, 2002).

In this study, it was decided not to choose the branching
egree as a pertinent parameter. The branching degree would
ave allowed differentiating the ordered structure occurring from
mylose or amylopectin (Reis & Cunha, 2001). However, this

ifferentiation appeared to be already considered in our study,
ince debranching (i.e. the reduction of branching degree) directly
eads to increased apparent amylose content. In addition, lightly
ranched amylopectin molecules (after debranching treatment)
lymers 103 (2014) 234– 243 235

could also be involved in junction zones or crystalline patterns
and could participate to the strengthening of the starch network,
affecting the swelling and leaching properties of the particles. These
effects are taken into account by the measurement of apparent
amylose content and crystallinity, as well as Mw and polydispersity,
and the characterization of branching degree could be considered
redundant in this perspective.

Subsequently, this study aims to: (1) provide a practical platform
for manipulating the swelling and leaching properties of “starch-
only” microparticles, and (2) reveal the impact of amylose and
amylopectin on the specific properties of starch particulates as
potential delivery agents. To achieve this aim, microparticles were
made by water-in-oil emulsion from starches that were specifically
degraded and debranched. Their swelling and leaching proper-
ties in water were characterized, and these two parameters were
modeled according to molecular parameters of starch, including
molecular weight and polydispersity, amylose content, and crys-
tallinity.

2. Experimental

2.1. Materials

Normal corn starch (NCS, 24.8% amylose), high amylose corn
starch (HACS, 74.1% amylose) and waxy corn starch (WCS, 0% amy-
lose) were provided by Cargill Inc. (Minneapolis, MN). All chemicals
were purchased from VWR  International (Radnor, PA) except for
those indicated otherwise.

2.2. Starch modification

2.2.1. Acid hydrolysis
A 30% (w/w on dry starch basis) slurry was made by dispersing

starch in 0.6 M hydrochloric acid. The slurry was  placed in an oscil-
lating water bath at 50 ◦C and agitated at 90 rpm over 4, 8 or 16 h.
After acid treatment, the slurry was  neutralized with 1.0 M sodium
hydroxide and centrifuged at 3200 × g and 4 ◦C for 10 min  (Allegra
6KR centrifuge, Beckman Coulter, Brea, CA). The starch recovered
was then washed three times with de-ionized water and recovered
each time by centrifugation (3200 × g, 4 ◦C, 10 min). The recovered
starch was then dried overnight in a ventilated oven (FED53 with
R3.1 controller, Binder, Bohemia, NY) at 55 ◦C. In further descrip-
tion of the materials, a 0-h acid treatment means that starch did
not undergo the acidic treatment but was  dried overnight along
the samples with acid treatment.

2.2.2. Debranching
A 5% (w/w on dry starch basis) slurry was made by dispers-

ing starch in a 200 mM sodium acetate aqueous solution (pH 5.0),
and autoclaved at 121 ◦C for 10 min. The gel obtained was cooled
to 40 ◦C in an agitated water bath (90 rpm, 40 ◦C) and pullulanase
(P5420 from Klebsiella pneumoniae, Sigma–Aldrich, St. Louis, MO)
was added (2.0%, w/w  on dry starch basis). Debranching was
performed for 9, 18 or 36 h in a water bath. At the end of the
treatment, the starch dispersion was placed for 10 min  in a boiling
water bath to inactivate the enzyme. Starch was then precipitated
with ethanol, recovered by centrifugation (3200 × g, 4 ◦C, 10 min),
washed three times with ethanol and recovered each time by cen-
trifugation (3200 × g, 4 ◦C, 10 min). The recovered starch was then
dried overnight in an oven with air-circulation at 55 ◦C. In further
description of the materials, a 0-h debranching refers to starch that
did not undergo the pullulanase treatment but was autoclaved,

placed in a boiling water bath, precipitated with ethanol, washed
with ethanol and dried overnight like debranched starches.

Materials are subsequently coded as follows: “type of starch-
acid treatment time-debranching time”. For example, high amylose
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orn starch acid treated for 4 h and not debranched will be coded
HACS-4-0”.

.3. Starch microparticles formation

A 17.5% (w/w on dry starch basis) suspension was made by
ispersing treated starch in de-ionized water and subsequent auto-
lave at 130 ◦C for 10 min. At the same time, a mixture of 30 mL
ineral oil and 2 mL  of sorbitan sesquiester emulsifier (Span 83,

igma–Aldrich, St Louis, MO)  was heated to 90–95 ◦C. As soon as
tarch autoclaving was completed, 8 mL  of the hot starch solution
as homogenized with the oil-Span mixture, at 24,000 rpm (T18
ltra Turrax homogenizer, IKA, Wilmington, NC) for 1 min  (temper-
ture dropped to ∼40 ◦C during this process). The suspension was
hen placed at 4 ◦C for 24 h to allow starch to retrograde. Starch

icroparticles were recovered by filtration, washed three times
ith hexane and three times with ethanol and dried overnight in

 ventilated oven at 55 ◦C. After drying, the microparticles were
onditioned at 53% relative humidity (over a saturated Mg(NO3)2
olution at 23 ◦C) until they reached a constant weight (in about a
eek).

.4. Apparent amylose content determination

Apparent amylose content was assessed with the iodine binding
ethod as described in details in the Method E2.3.5 of Current Pro-

ocols in Food Analytical Chemistry (Hoover & Ratnayake, 2001).
riefly, iodine and amylose form an inclusion complex that has

 maximum absorbance around 600–620 nm.  Thus, it is possi-
le to create a calibration curve of absorbance at 600 nm as a
unction of amylose content with standardized mixtures of pure
mylose and pure amylopectin. In this study, we used 5-point cal-
bration curve, using 0, 25, 50, 75 and 100% amylose (respectively,
00, 75, 50, 25 and 0% amylopectin), with defatted amylose from
otato (Sigma–Aldrich, St. Louis, MO)  and defatted amylopectin
rom maize (Sigma–Aldrich, St. Louis, MO). Then, starch samples

ade in this study were complexed with iodine, their absorbance
ead at 600 nm and their apparent amylose content inferred from
he calibration curve.

.5. Particle size measurement

Particle size profile was measured by light scattering with a
alvern Mastersizer 2000 instrument (Malvern, Worcestershire,
K) using a He/Ne laser at 633 nm and an electroluminescent diode
t 466 nm.  Laser alignment was performed in 100% isopropanol
n = 1.3776) and samples were suspended in isopropanol (1%, w/w),
t room temperature. Particle size distribution was obtained from
ata collected every 5 s over 2 min  at room temperature, making
ach particle size distribution the average of 24 measurements.

.6. Crystallinity of microparticles

About 500 mg  of starch sample was packed in an aluminum
older and mounted on a Philips PW3710 diffractometer interfaced
ith Automated Powder Diffraction (APD) software. Ni-filtered Cu
� radiation (� = 1.5418 Å) was used, and the tube was operated at
0 kV and 25 mA.  The intensity data were collected at room temper-
ture at 0.01◦ intervals in the 2� range 10–38◦, and the time spent at
ach step was 4 s. The patterns were smoothed for further analysis
y the PC-APD (version 3.6) software, and such a process resulted in

95 data points for the entire pattern. As the X-ray analysis reflects
he average of multiple scans for a sample and shows highly repro-
ucible results, a single test was conducted for each sample. In order
o calculate the crystallinity of each starch sample, initially around
lymers 103 (2014) 234– 243

450 data points in the nonpeak regions were selected as back-
ground intensities. A ninth order polynomial was  fitted using the
Origin 7.5 Evaluation version, generating the background profile.
Further, the cubic spline interpolation methodology was used for
estimating the background intensity at each measured diffraction
angle (2�) (Subbotin). The background profile was scaled such that
it abuts the semi crystalline pattern. The percentage of crystallinity
was calculated as follows:

% crystallinity = (total area − background profile area)
total area

× 100%

2.7. Swelling power, percentage of leaching and characterization
of leached materials of microparticles

About 0.100 g of starch microparticles (equilibrated at 53% rel-
ative humidity) accurately weighed (weight w1) was  soaked in
1.0 mL  de-ionized water (weight w2) for 30 min  at 23 ◦C, in a 2 mL
microcentrifuge tube. The tube and its content were centrifuged
at 17,500 × g for 2 min  (Microfuge 22R, Beckman Coulter, Brea, CA).
The precipitate and the supernatant were weighed (weights w3 and
w4, respectively). They were separately dried overnight in a venti-
lated oven at 55 ◦C. The two  subsequent fractions, dry precipitate
and dried supernatant, were weighed again (weights w5 and w6,
respectively).

A mass-balance control was made to check that
w1 + w2 = w3 + w4, with a tolerance of 5%.

The swelling power of the material was  then calculated as:

Swelling power = w3

w5
.

The percentage of leaching was calculated as:

Percentage of leaching = w6

w1
× 100%.

Swelling power and percentage of leaching measurement meth-
ods are summarized in Fig. 1.

The dried supernatant (weight w6), defined as leached material,
was then characterized using high performance size exclu-
sion chromatography system coupled with a multi-angle laser
scattering detector and a differential refractive index detector
(HPSEC-MALS-RI) according to the same protocol as in 2.8 to deter-
mine its Mw and polydispersity.

2.8. Molecular weight and polydispersity measurement

A 1% (w/w on dry starch basis) suspension was  made by dispers-
ing dry samples in 100% HPLC grade DMSO and heated for 10 min  in
a boiling water bath. The subsequent clear solution was centrifuged
for 5 min  at 17,500 × g and 4 ◦C (Microfuge 22R, Beckman Coul-
ter, Brea, CA), the supernatant was  decanted, and filtered through
a 0.22 �m syringe-filter. Twenty microliters of this solution were
then injected on an HPSEC-MALS-RI system. This system was com-
posed of a Waters HPLC 515 pump (Waters, Milford, MA), an Agilent
PLGel 20 �m guard column, an Agilent PLGel 20 �m Mixed A col-
umn  (Agilent, Lexington, MA), a Wyatt Optilab T-rEX RI detector
coupled with a Wyatt DAWN HELEOS II multi-angle laser scatter-
ing detector (Wyatt, Santa Barbara, CA). HPLC grade DMSO was
used as mobile phase at 0.3 mL/min. The signal analyzed by the two
detectors was normalized using a pullulan standards (Mw = 50,000,
polydispersity = 1.06) provided by Sigma (Saint-Louis, MO). Data

was acquired and processed by Wyatt’s software ASTRA V. A dn/dc
value of 0.0659 L g−1 was used (Chakraborty, Sahoo, Teraoka, &
Gross, 2005; Yokoyama, Renner-Nantz, & Shoemaker, 1998) and a
second-order Berry formalism was  used to calculate the molecular
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Fig. 1. Schematic summary of swelling power

eight of starch samples. ASTRA V software estimated by calcula-
ion the number-average molecular weight Mn of the polymers, and
hus calculated their polydispersity index as Mw/Mn. Finally, from
he standpoint of calculations and statistical treatment, it was  cho-
en to use the variable Log Mw instead of Mw, for practical reasons,
ut it would not prevent any interpretation directly related to the
hysical parameter Mw.

.9. Statistical treatment and response surface models

Apparent amylose content, swelling power and percentage of
eaching determinations were all performed in triplicate. Values
re given as mean ± confidence interval (p < 0.05).

The four variables measured and used in this study (Mw, poly-
ispersity and apparent amylose of the microparticles starch, and
rystallinity of these microparticles) were used to model this out-
ut variable by response surface method. Briefly, if V is an output
ariable whose variations are due to input variables W,  X, Y and Z,
xperimental data consisting of quintuplets (V; W;  X; Y; Z) were
sed to compute a second order equation (representing a surface)
y least square regression and to provide a model V = f (W,  X, Y, Z).
he model obtained is called “full model” as it contains linear and
uadratic effects of the variables, as well as interactions between
hese variables. A regression coefficient R2 for the model is calcu-
ated, providing an estimate of the level of data variance explained
y the model itself. Provided that R2 has a satisfying value, the
odel V = f (W, X, Y, Z) can be interpolated: one would know easily
hat values of input variables W,  X, Y and Z would lead to a desired

alue for output variable V, within the limits of the experimental
ata provided initially.

In this study, the response surface method was computed using
YSTAT 12 (SYSTAT Software Inc., Chicago, IL).

. Results and discussion

The goal of this study was to understand what were the key
arameters driving the four output variables studied (swelling

ower of microparticles, amount of material leached out in water,
w and polydispersity of material leached out) in order to tailor

tarches according to desirable properties for future applications
f microparticles as potential delivery systems. Among these
ercentage of leaching measurement methods.

parameters, as stated in the introduction, we focused on easily
accessible molecular and macroscopic characteristics: weight-
average molecular weight (Mw), estimated polydispersity and
apparent amylose content of starch in microparticles and crys-
tallinity of the microparticles. By obtaining estimate models of
swelling power and leaching properties as functions of these
parameters and by knowing the respective intensities of their
effects, we were able to interpret more accurately the physical
phenomena underlying the swelling and the leaching of starch
microparticles into water.

Finally, absolute values of Mw must be considered with care.
Indeed, there is an ongoing debate on the measurement of Mw of
starch and starch components: SEC-MALS-RI system seems to be a
satisfactory technique to achieve this goal, but some pitfalls remain.
For example, amylopectin is thought to breakdown partially dur-
ing separation in the SEC columns, because of the shear forces it
is subjected to in this process, especially when DMSO is used as a
mobile phase because of its viscosity, which can lead to an under-
estimation of Mw; this effect could be avoided by using an aqueous
mobile phase due to a much lower viscosity, though it promotes
starch intermolecular associations of starch polymers, thus leading
to an overestimation of starch Mw (Gidley et al., 2010; Hoang et al.,
2008; You & Lim, 2000). However, none of these mobile phases
seems fully satisfying (Gilbert et al., 2010), so far, and we can only
remind the reader about this fact.

Similar care should be taken about apparent amylose content
values. Indeed, its measurement relies on the ability of amylose
and amylopectin standard to bind iodine, with the assumption that
amylose is a purely linear polymer and amylopectin does not com-
plex with iodine (Herrero-Martínez, Schoenmakers, & Kok, 2004).
In fact, it has been proven that amylose exhibits some branching
and some longer branches of amylopectin can complex with iodine
(Chen & Bergman, 2007; Tester & Karkalas, 1996). Moreover, starch
and starch hydrolysis products cannot strictly be divided into two
categories, namely amylose and amylopectin: intermediate mate-
rial (lightly branched low Mw amylopectin or branched high Mw

amylose) exist in native starch and subsequently in starch hydrol-
ysis products (Chen & Bergman, 2007). Thus, the calibration curve

obtained for apparent amylose content as a function of absorbance
at 600 nm and the assessment of starch products against this cali-
bration curve may  be taken with caution. However, once again, we
can only remind the reader about this fact.
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.1. Characteristics of modified starches and microparticles

Tables 1–3 show the characteristics of starches obtained from
CS (Table 1), HACS (Table 2) and WCS  (Table 3), respectively.

We were able to obtain a set of materials with diverse struc-
ural parameters. The wide ranging of these parameters would
e beneficial to further model studies. Indeed, Mw ranged from
.6 × 107 for WCS-0-0 to 2.5 × 104 for WCS-16-18, which is con-
istent with values reported in former studies (Han, BeMiller,
amaker, & Lim, 2003; Nakajima, Iwasaki, Nabetani, & Watanabe,
990; Smith & Denyer, 2003). Mw was ranging 2.2 × 107–3.4 × 104,
.4 × 106–5.1 × 104 and 3.6 × 107–2.5 × 104 for NCS, HACS and
CS-based starches, respectively. These values showed that we

btained a large and continuous range of Mw after acidic and enzy-
atic treatment of the three kinds of raw starch materials. Although

olydispersity values of all the materials are comparable (3.9 ± 1.2
anging 1.00–9.16, 5.6 ± 1.6 ranging 2.79–9.74 and 4.4 ± 1.1 ranging
.47–8.60, for NCS, HACS and WCS-based starches, respectively) as
ell as their degrees of crystallinity (13.1 ± 2.5 ranging 7.63–21.55,

3.5 ± 1.8 ranging 7.99–19.16 and 15.1 ± 3.4 ranging 4.31–22.84,
or NCS, HACS and WCS-based starches, respectively), their appar-
nt amylose contents still reflects the composition of the starches
hey were made from (45.5 ± 8.4 ranging 24.81–79.33, 87.1 ± 5.4
anging 71.03–99.44 and 15.4 ± 4.2 ranging 2.31–27.89, for NCS,
ACS and WCS-based starches, respectively). Let us note that the
olydispersity value of sample HACS-8-18 was considered as a
tatistical outlier, and then discarded from the data set for cal-
ulation of the response surface models. Regarding the effect of
he treatments these starches have undergone, characteristic pat-
erns can be observed about crystallinity and apparent amylose
ontent that tend to increase with debranching time, up to a point
here it undergoes a sharp decrease. It can be hypothesized that,
uring the first stages of debranching, steric hindrance is lowered

n amylopectin and more branched chains are able to participate
n the formation of crystallites, especially the longer ones that
re in the core of amylopectin molecules. Then, during further
tages of debranching, small chains may  be released, increasing
he amount of amorphous material because of their inability to
articipate in the formation of these crystallites. However, this
easurement does not take into account the amount of junction

one that certainly play a role in the properties of the three-
imensional networks formed by amylopectin and amylose and
hen in the swelling and leaching properties of these networks.

It is also worth being noted that we obtained wide and contin-
ous ranges of swelling power values (4.1 ± 0.6 ranging 3.00–7.84,
.5 ± 0.1 ranging 3.12–3.85 and 3.1 ± 0.3 ranging 2.45–4.32, on
verage for starches made from NCS, HACS and WCS, respec-
ively) and percentages of leaching (16.9 ± 6.3 ranging 1.72–40.12,
.0 ± 1.4 ranging 2.24–11.11 and 28.5 ± 11.1 ranging 8.11–74.91,
n average for NCS, HACS and WCS-based starches, respectively).

Particle size distributions were also determined by light scat-
ering. For all the materials, particle size distributions exhibited
imilar patterns: the mean particle diameter was 15–20 �m,  90%
f the particles diameters were in the range of 5–45 �m,  and the
iameter of the biggest particles never exceeded 200 �m.  Given the
omogeneity of the dimensions of all the particles studied, particles
ize and specific area were considered as non-relevant parameters
n order to understand swelling and leaching.

.2. Percentage of leaching

A surface equation modeling percentage of leaching was  gen-

rated and the coefficients assigned to its effects are reported
n Table 4. R2 for this model is 0.890 (calculated by the method
f least square means), which means that ∼89% of the percent-
ge of leaching variance was explained by the model obtained. Ta
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Table 2
Characteristics of starches (Mw, polydispersity, apparent amylose content) and microparticles (swelling power, percentage of leaching, Mw and polydispersity of leached material) derived from acid-treated and debranched high
amylose  corn starch. Apparent amylose content, swelling power and percentage of leaching values are given as mean ± SEM (p < 0.05, n = 3). Polydispersity value in parentheses was considered as an outlier.

Starch type Acid
hydrolysis
time (h)

Debranching
time (h)

Mw Polydispersity Crystallinity
(%)

Apparent
amylose
content (%)

Swelling
power

Leaching (%
w/w)

Mw of leached
material (Da)

Polydispersity
of leached
material

HACS 0 0 3,356,000 4.22 8.61 74.11 ± 1.34 3.42 ± 0.17 2.24 ± 0.48 974,200 2.62
HACS  0 9 218,600 4.38 12.96 80.94 ± 1.45 3.59 ± 0.07 2.85 ± 0.34 186,200 4.93
HACS  0 18 315,500 4.48 14.22 82.15 ± 0.55 3.63 ± 0.04 2.57 ± 0.46 222,200 8.59
HACS  0 36 161,900 4.31 16.66 81.75 ± 0.83 3.64 ± 0.03 4.07 ± 0.84 143,600 8.73
HACS  4 0 214,900 3.02 8.50 98.23 ± 1.77 3.75 ± 0.06 4.01 ± 0.50 704,800 1.46
HACS  4 9 111,900 2.79 12.88 99.44 ± 0.56 3.85 ± 0.19 2.74 ± 0.73 43,570 1.00
HACS  4 18 80,930 4.10 13.95 96.48 ± 1.46 3.45 ± 0.13 4.35 ± 0.47 312,900 5.45
HACS  4 36 97,300 4.36 17.59 99.44 ± 0.56 3.29 ± 0.02 3.22 ± 0.22 275,700 5.07
HACS  8 0 104,200 2.86 7.99 88.71 ± 1.78 3.64 ± 0.12 7.35 ± 1.69 173,100 2.29
HACS  8 9 67,680 3.63 12.81 98.81 ± 1.19 3.36 ± 0.08 4.30 ± 0.53 290,400 3.13
HACS  8 18 89,320 (15.18) 14.82 90.45 ± 0.96 3.25 ± 0.03 2.94 ± 0.02 880,600 3.35
HACS  8 36 94,420 8.38 16.83 95.94 ± 1.64 3.29 ± 0.18 3.46 ± 0.76 860,300 4.85
HACS  16 0 50,820 3.83 9.34 77.73 ± 1.68 3.35 ± 0.05 9.41 ± 0.08 107,200 2.20
HACS  16 9 249,200 6.59 10.98 73.04 ± 1.47 3.45 ± 0.33 11.11 ± 1.77 175,600 4.06
HACS  16 18 224,700 9.74 18.05 78.53 ± 0.54 3.12 ± 0.01 5.36 ± 0.23 877,100 5.52
HACS  16 36 137,000 8.45 19.16 71.03 ± 0.54 3.18 ± 0.12 9.49 ± 0.41 528,500 10.50

Table 3
Characteristics of starches (Mw, polydispersity, apparent amylose content) and microparticles (swelling power, percentage of leaching, Mw and polydispersity of leached material) derived from acid thinned and debranched waxy
corn  starch. Apparent amylose content, swelling power and percentage of leaching values are given as mean ± SEM (p < 0.05, n = 3).

Starch type Acid
hydrolysis
time (h)

Debranching
time (h)

Mw Polydispersity Crystallinity
(%)

Apparent
amylose
content (%)

Swelling
power

Leaching
(%, w/w)

Mw of leached
material (Da)

Polydispersity
of leached
material

WCS  0 0 35,510,000 1.16 – – – – – –
WCS  0 9 348,100 6.45 12.87 18.65 ± 0.40 2.91 ± 0.06 17.03 ± 1.07 314,000 11.79
WCS  0 18 192,100 6.60 21.65 27.89 ± 1.23 2.68 ± 0.08 15.48 ± 0.38 134,800 10.34
WCS  0 36 237,700 8.60 21.38 25.75 ± 0.29 2.45 ± 0.02 8.11 ± 0.07 165,100 8.67
WCS  4 0 589,200 1.71 6.86 3.78 ± 0.23 4.32 ± 0.90 74.91 ± 10.00 620,500 1.71
WCS  4 9 92,140 3.78 15.61 19.99 ± 0.86 2.82 ± 0.07 22.53 ± 2.36 1,391,000 6.92
WCS  4 18 92,440 7.78 14.57 18.52 ± 0.52 3.22 ± 0.21 27.42 ± 3.92 272,800 4.33
WCS  4 36 30,540 5.25 22.84 17.85 ± 0.15 2.60 ± 0.01 12.50 ± 0.15 341,900 9.45
WCS  8 0 171,300 1.46 4.41 3.38 ± 0.21 4.20 ± 0.30 48.89 ± 7.34 176,600 1.32
WCS  8 9 28,580 3.67 19.69 21.87 ± 1.24 2.72 ± 0.10 14.96 ± 1.11 145,800 3.79
WCS  8 18 29,860 3.86 20.96 23.21 ± 0.71 2.66 ± 0.09 13.10 ± 0.67 80,380 5.86
WCS  8 36 28,160 5.46 21.16 18.79 ± 0.66 2.45 ± 0.02 9.11 ± 0.22 102,100 6.69
WCS  16 0 53,780 1.47 4.31 2.84 ± 0.18 4.26 ± 0.15 73.24 ± 1.68 113,100 3.12
WCS  16 9 70,700 1.86 4.36 2.31 ± 0.12 3.92 ± 0.23 52.19 ± 2.48 169,200 3.19
WCS  16 18 24,790 4.04 16.90 14.63 ± 0.50 2.61 ± 0.05 14.41 ± 0.22 313,200 8.96
WCS  16 36 27,570 3.90 19.29 12.62 ± 0.56 2.81 ± 0.07 23.97 ± 0.74 288,000 6.65
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Table 4
Coefficient of response surface model for percentage of leaching and swelling power, usin

Effect % Leaching

Constant −173.445 

Log  Mw 92.783 

Polydispersity −4.979 

Crystallinity −1.964 

Apparent amylose content −0.74 

Log  Mw × Log Mw −8.462 

Polydispersity × polydispersity 0.211 

Crystallinity × crystallinity 0.08 

Apparent amylose content × apparent amylose content 0.004 

Log  Mw × polydispersity 0.874 

Polydispersity × crystallinity −0.236 

Polydispersity × apparent amylose content 0.03 

Log  Mw × crystallinity −0.208 

Crystallinity × apparent amylose content 0.017 
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Log  Mw × apparent amylose content −0.07
%  Lea

he analysis of variance gave p-values for the model as fol-
ows: regression p < 0.0005, linear p < 0.0005, quadratic p < 0.0005,
nteractions p < 0.086. It can also be noted that the four main
ffects are Log Mw, Log Mw × Log Mw, polydispersity and crys-
allinity, by order of decreasing importance, and that they all
ave negative effects on the percentage of leaching (percentage
f leaching increases when they decrease, all other parameters
emaining constant), at the exception of Log Mw (percentage of
eaching increases when Log Mw increases). On the other hand,
he quadratic (except for Log Mw × Log Mw) and interaction effects
crystallinity × crystallinity, crystallinity × amylose content, crys-
allinity × polydispersity, etc.) have minor influence in the model.

In line with usual observations on starch materials, a high
mount of amylose and a high crystallinity tend to decrease the
mount of starchy material leaching out in water. This effect is
learly shown by Fig. 2(d) (percentage of leaching as a function
f amylose content and crystallinity) and also by Fig. 2(a) and
b). It was also expected that the microparticles, if considered as

 three-dimensional polymeric network, would be characterized
y their mesh. A greater number of associations of the polymer
hains composing this network would lead to a tighter network
ess able to let small residues go out of this mesh. Then, it makes
ense that a higher crystallinity and amylose content are condi-
ions for obtaining this kind of tighter network, given the ability of
mylose chains to associate in junction zones. The effect of polydis-
ersity is less clear. There is no obvious explanation about the fact
hat a greater polydispersity would prevent material to leach out
rom the particles. Actually, Fig. 2(a) and (b) show that polydisper-
ity have opposite effects on leaching depending on the amylose
ontent. Indeed, at higher amylose content and lower crystallinity,
igher polydispersity leads to higher leaching; at lower amylose
ontent, higher polydispersity leads to lower leaching. At least,
e can hypothesize that when the microparticles are formed and

llowed to retrograde, the short polymer chains are more mobile
han the longer ones and may  contribute to forming associations

ore homogeneously throughout the network. It is also interesting
o note that Mw is a significant parameter for modeling the per-
entage of leaching. Indeed, Fig. 2(c) and (f) clearly show that the
ower the Mw, the higher the amount of leaching material. Fig. 2(e)
imilarly show the synergy between crystallinity and Mw: lower
rystallinity and lower Mw leading to sharp increase in amount of
eached material. Finally, Fig. 2(d) shows that as expected, at high
mylose content, leaching remains almost constantly low while it

ncreases at lower amylose content, this increase being even more
ramatic at lower crystallinity. Overall, prolonged acid hydroly-
is and debranching leading to a significant decrease in Mw tend
o increase to the solubility of starch polymers and thus their
lymers 103 (2014) 234– 243

g Log Mw, crystallinity, polydispersity and amylose content as prominent effect.

 modeling coefficients Swelling power modeling coefficients

17.97
−5.644
0.118
−0.089
0.05
0.598
0.013
−0.006
0
−0.094
0.012
−0.001
0.016
0.001
−0.008

 model: R2 = 0.890 Swelling power: R2 = 0.861

leaching out of the microparticles. However, even at reduced Mw,
if amylose content is high enough to promote the formation of a
consistent three-dimensional network through retrogradation and
junction zones, leaching can be limited. The importance of this net-
work is highlighted by the impact of polydispersity on the particles
leaching properties: at low crystallinity, leaching increases sharply
with decreasing polydispersity, while at high crystallinity, poly-
dispersity have a minor effect on leaching, suggesting that starch
polymers with widely distributed Mw (high polydispersity) can be
retained by the formation of a highly retrograded, physically cross-
linked network.

3.3. Leached out materials

We  attempted to model the Mw and the polydispersity of
the materials leached out in water from the microparticles, but
response surface model showed no evidence of strong effects as for
polydispersity, crystallinity, amylose content or Mw of the starting
material. Several attempts of modeling these effects lead to surface
equations with R2 not higher than 0.49. This means that not more
than 49% the variations of Mw and polydispersity of the materials
leached out could be explained by the parameters we considered
in this study.

3.4. Swelling power

Finally, a surface equation modeling swelling power was gen-
erated and the coefficients assigned to its effects are reported in
Table 4. R2 for this model is 0.861, which means that ∼86% of the
swelling power variance was explained by the model obtained.
The analysis of variance gave p-values for the model as follows:
regression p < 0.0005, linear p < 0.0005, quadratic p < 0.0005, inter-
actions p < 0.011. Once again, this model can be considered as
fairly satisfying. It can also be noted that the main effect is by far
Log Mw, followed by Log Mw × Log Mw, polydispersity, crystallinity
and Log Mw × polydispersity, by order of decreasing importance.
Moreover, the other quadratic and interaction effects have minor
influence on the model. The coefficient of Log Mw is about 10 times
higher than the coefficient of the second most important effect,
Log Mw × Log Mw, in absolute value, and they have opposite signs.
Thus, when Log Mw (and then Mw) increases, the swelling power
decreases down to a point where the variable Log Mw × Log Mw

becomes about 10 times as high as Log Mw. At this point and for

higher values of Log Mw, Log Mw × Log Mw is prominent and the
swelling power increases. This second-order polynomial variation
with Log Mw explains the shapes of the surfaces plotting Swelling
power as a function of Log Mw shown in Fig. 3, where a saddle point
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Fig. 2. Surface plot of modeled percentage of leaching as a function of crystallinity, amylose content, polydispersity and Log Mw. When not plotted, variables were fixed at
the  following values: crystallinity = 13.9%, amylose content = 49.1%, polydispersity = 4.4 and Log Mw = 5.2 (their average value over the population of samples studied).

Fig. 3. Surface plot of modeled swelling power as a function of crystallinity, amylose content, polydispersity and Log Mw. When not plotted, variables were fixed at the
following values: crystallinity = 13.9%, amylose content = 49.1%, polydispersity = 4.4 and Log Mw = 5.2 (their average value over the population of samples studied).
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Fig. 4. Percentage of leaching vs. swelling po

nd a valley can be observed along the Log Mw axes. In that respect,
welling power reaches a minimum for Mw ∼105.5 and an abso-
ute maximum for the highest values of Mw, as shown in Fig. 3(c),
e) and (f). Generally, as shown in Fig. 3(a), (d) and (e), maximum
welling is reached with crystallinity < 14% (where crystallinity
lateaus or reaches a maximum). Swelling power is proportional
o amylose content and inversely proportional to polydispersity,
s suggested by the response surface factors and Fig. 3(a)–(f). This
an be related again to the characteristics of the three-dimensional
tarch network. It has been shown (Follain, Joly, Dole, & Bliard,
005; Rindlav et al., 1997; Rindlav-Westling et al., 2002, 1998) that
etwork composed of high molecular weight materials tends to
e more flexible and have potentially more inter-chain space to
bsorb and retain water, without disruption of the network. On the
ther hand, networks composed of low Mw elements would tend
o disrupt more easily in presence of water. Indeed, in the absence
f very long chains crossing throughout the whole network and
eeping it locked, clusters of the network could be disrupted and
eave space for water to come in, water being known to play the
ole of a plasticizer in this type of network (Follain et al., 2005).
s noted previously, swelling power plateaus or reaches a maxi-
um  for crystallinity of ∼14% and below. This means that swelling

ower can be kept constant or low for the lowest and the highest
alues of crystallinity. This could be related to the previous expla-
ation, about the disruption of network clusters: a high crystallinity
hroughout the network will prevent this latter from swelling,
ecause starch crystallites have very limited flexibility and can
old a very limited amount of water. However, if crystallinity
ecreases, the material consists in higher amount of amorphous
tarch and simple junction zones (as opposed to crystallites that
re organized and packed double helices). Then, water could be
bsorbed in higher quantities, leading to disruptions of the net-

ork homogeneity, and a higher swelling power. On the other hand,

here is no obvious explanation regarding the low swelling power
btained from low crystallinity values. In this perspective, retrogra-
ation was promoted in order to promote potential crystallization.
rom samples based on NCS, HACS and WCS.

However, with the same types of starches, promoting the forma-
tion of amorphous materials could be helpful to understand and
clarify some of the effects underlying the absorption of water in
starch networks. Indeed, methods using very quick drying of starch
particles and immobilization of the polymer chains without time
for retrogradation could be helpful, and spray drying could be a
good candidate for that. Finally, it is worth noting that amylose
content did not appear to be an important factor for modeling the
swelling power. This could mean that when retrogradation is highly
promoted, amylose and amylopectin do not have radically differ-
ent behavior regarding water absorption. In both cases, inter-chain
space is notably reduced and water uptake is decreased. Once again,
promoting the formation of amorphous material could lead to dif-
ferentiation between these two polymers and different outcomes
regarding materials properties.

3.5. Percentage of leaching vs. swelling power relationship

No obvious relationship was  found between swelling power and
leaching of the starch materials (R2 = 0.197 for linear correlation),
although straightforward observations can be made from the map-
ping of the materials according to their percentage of leaching vs.
swelling power (Fig. 4). Microparticles made from WCS  tend to pop-
ulate the low-swelling area of this scatter plot over a wide range
of leaching values. In contrast, materials made from HACS tend
to concentrate in the low-leaching-low-swelling part of this plot,
while materials made from NCS are more widespread. Additionally,
except NCS 0-0, no material exhibit clearly high-swelling-low-
leaching properties. However, we can speculate that appropriate
formulations of different materials prepared in this study could
reach this goal, and this work would deserve further attention.

Finally, it must be noted that microparticles were formed by a

unique water-in-oil emulsion technique. To our knowledge, it is the
first time that such a technique is used with simple starch to form
self-holding particles without need of chemical cross-linking. This
extremely simple technique could easily be transposed to larger
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and  size by size-exclusion chromatography in DMSO-LiBr coupled with multiple
N. Bordenave et al. / Carbohyd

cales, even with food grade ingredients such as edible oils. Some
f its obvious advantages are: the innocuousness of the chemicals
sed (in our procedure, hexane used can be easily replaced by other
leaning methods), the innocuousness of the material itself (only
tarch, physically cross-linked) and the simplicity of the process (a
atch or counter-current process can be expected for larger scale
roduction). Moreover, numerous chemical engineering methods
re already known to tune this process, in order to create various
aterials adapted to each specific use (different swelling/leaching

roperties, different particle size), and genetic engineering of starch
ources may  also help limiting the need for chemically modifying
he starch.

. Conclusion

This study is aimed at providing both a theoretical and a practi-
al framework for the use of starch in applications related to the
otential encapsulation and release of active ingredients, under
he form of microparticles. We  believe this study has shown that
or numerous applications, starch itself does not require chemi-
al modifications, neither sophisticated processes. However, this
ould not be achieved without understanding further what drives
he behavior of these starch microparticles. Thus, swelling power
nd percentage of leaching of the microparticles were correlated
o simple molecular characteristics of the starch, and these later
an be controlled to finely tune the macroscopic properties of the
aterial. Further work is then needed to correlate the properties

bserved here with actual controlled release of bioactive com-
ounds.
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