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a b s t r a c t

Surface chemical microstructure of hydrochloric acid hydrolyzed tapioca starch producing differ-
ent amylose:amylopectin (Am:Ap) ratios were studied with scanning chemical force microscopy
(CFM). The chemical force probes were functionalized of two types with –OH (phosphate spe-
cific) and –CH3 (carbon specific). Lateral force trace-minus-retrace (TMR) images from –OH and
–CH probes revealed changes in the phosphate domains and the carbon backbone for the vary-
eywords:
cid hydrolysis
mylopectin
mylose
canning chemical force microscopy (SCFM)
hosphate

3

ing acid hydrolyzed tapioca starch compared to that of the native tapioca starch. Scanning electron
micrographs (SEM) showed different degree of the granule surface disruption before and after
hydrolysis. The exterior structures of the acid hydrolyzed starch granules were chemically inves-
tigated with CFM to study the relationships of the surface molecular structures and the Am:Ap
ratios.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Acid-modified starch is one of the major ways to add
alue to tapioca starch. Medicinal tablet production using acid
ydrolyzed starch by a direct compression process is used in
he pharmaceutical industry [1–5]. Acid hydrolysis of starch
elow the gelatinization temperature is done to increase the
elative crystallinity of the starch granules [4–10]. Acid preferen-
ially hydrolyzes amorphous regions, while the crystalline regions
emain intact. Amylose:amylopectin (Am:Ap) ratio can be altered
nder different acid hydrolysis conditions [7–10]. Native tapioca
tarch tablets have lower crushing strength than those from acid-
odified preparations [5,11]. The increase in crushing strength of

cid-modified starch results from the increased in crystallinity of
he granules.
Although there have been a number of studies using scanning
orce microscopy (SFM) to study the structure of starch gran-
les [12–14], systematic investigations of the exterior surface of
cid hydrolyzed starch granules are more limited [15–19]. Exte-
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ior surfaces of the starch granules can play an important role
n defining their chemical properties and modifications [20–24].

branch of SFM where the SFM probe is chemically modified
o have specific functional group is known as scanning chemi-
al force microscopy (CFM). CFM is an applied concept of lateral
orce microscopy (LFM), also known as frictional force microscopy
FFM). The molecular friction is measured from the lateral twisting
f the cantilever rather than the normal up and down deflection
n SFM (Fig. 1). Molecular friction results from the probe–specimen
nteraction. Probe having specific functional group, such as, –OH
nd –CH3, would be able to detect for hydrophobic/hydrophilic
nteractions [25] or specific chemical domains, such as, the phos-
hate/phosphorus [26], amine/amide/nitrogen [26,27], or carbon
ackbone [26,27] of the surface. The functionalized probe would
xhibit higher interaction (molecular frictional interaction) to spe-
ific domains on the specimen surface [25–29]. Phosphate content
as been correlated to the relative crystallinity of acid-modified
tarch [5,30]. Phosphate in native tapioca starch is primarily found

n amylopectin clusters [5,30–34]. By chemically modifying the
FM probe with –OH and –CH3 functional group, we expect
o probe the phosphate domain with the –OH probe, and the
arbon backbone with the –CH3 probe of the granule exterior sur-
aces.

http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
mailto:scdar@mahidol.ac.th
dx.doi.org/10.1016/j.ijbiomac.2008.10.005
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F only the vertical deflection of the cantilever in SFM. (b) Lateral twisting of the cantilever
r ld in LFM.
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ig. 1. (a) Scanning parallel to the direction to which the cantilever is held results in
esult from scanning the sample at 90◦ to the direction to which the cantilever is he

In this work, we have employed the use of functionalized –CH3
nd –OH probes to investigate the surface phosphate domain and
arbon backbone of the exterior structures of acid hydrolyzed starch
ranules in order to study the relationships of the surface molecular
tructures and the Am:Ap ratios.

. Experimental

.1. Materials

Tapioca starch was obtained from a commercial source in

hailand. HCl, NaOH, trichlorooctadecylsilane (silane, C18H37SiCl3),
0% H2O2, 98% H2SO4, and toluene were purchased from
erck KG, Darmstadt, Germany. Potassium iodide, iodine,

cetic acid, pure potato amylose, ethanol, and paraffin wax
ere purchased from Sigma Co., Ltd., USA. Silicon nitride

ig. 2. Percent amylose after various hydrolysis times of (a) 0.7 M and (b) 2.0 M HCl. Fig. 3. SEM micrographs of tapioca starch: (a) native, (b) 0.7 M, and (c) 2.0 M HCl.
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robe-cantilever assemblies were purchased from Veeco Store,
SA.

.2. Preparation of acid hydrolyzed tapioca starch

Ten percent (w/v) starch was suspended in 0.7 M or 2.0 M

Cl for 3.5 h at 50 ◦C. The suspension was then neutralized

o pH of 7.0 ± 0.5 with 0.05 M NaOH and washed several
imes with deionized water. Acid-modified starch was sedi-

ented by centrifugation and was lyophilized. Amylose content
f tapioca starch (based on dry weight) was determined

s
1
i
m
a

ig. 4. Chemical force microscopy topography image of tapioca starch. Samples were pre
nd (c) 2.0 M HCl hydrolyzed starch interaction with –OH probe; (d) native, (e) 0.7 M HCl
ogical Macromolecules 44 (2009) 86–91

y iodine affinity method using potato amylose as standard
30,35].

.3. Granule surface disruption: scanning electron microscopy

The surface morphology of native tapioca starch and hydrolyzed

tarch was studied using a SEM (JEOL JSM-5310, Hert, UK) with
0 kV accelerating voltage and 10,000× magnification. The spec-
mens were coated with thin film of gold for conductivity. The

icrographs showed typical granule surfaces before and after
cid hydrolysis. At least 20 micrographs of different granules

pared for imaging as described in Section 2. (a) Native, (b) 0.7 M HCl hydrolyzed,
hydrolyzed, and (f) 2.0 M HCl hydrolyzed starch interaction with –CH3 probe.
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information and put forward only chemical interaction informa-
tion. However, for large height variations, TMR was not applicable,
as the appearance of the large objects in the top left hand images
in Figs. 4a and 6a suggested that not all the topography effects had
been removed.

Fig. 5. Simulation of lateral force microscopy trace-minus-retrace (TMR) data pro-
K. Wuttisela et al. / International Journal

f each sample were taken to verify the characteristic of the
ample.

.4. Preparation of CFM probe

Silicon nitride CFM probe was cleaned with H2SO4:H2O2 mix-
ure (7:3, v/v) for 30 min at 50 ◦C, rinsed with deionized water,
nd stored in deionized water until silane attachment. –OH func-
ional group was used after this cleaning process without further
ilane attachment because the cleaning process with H2SO4:H2O2
ixture had exposed the silanol group (–Si–OH).
For silane attachment, –CH3 probe modification was conducted

n a two-liter vacuum chamber equipped with a rotary vacuum
ump. Petri dish filled with paraffin wax support was placed in the
acuum chamber and kept under vacuum for 2 h to degas the paraf-
n support. A 200 �l aliquot of silane was placed on the paraffin
upport and cleaned CFM probe attached to a glass slide was placed
ver the Petri dish. The chamber was pumped for another 2 h and
ealed. The probe was kept under the silane vapor for 1 week, then
ashed with toluene, ethanol, and deionized water, and dried with
itrogen gas [28,29].

.5. CFM sample preparation

CFM sample preparation was done by placing 0.01 g of the
repared starch granules onto a pre-wetted mica sheet attached
n the sample stub. The excess starch granules were then blown-off
ith nitrogen gas at 200 psi leaving only granules that are bounded

o the mica sheet.

.6. Chemical force imaging

All images and chemical mapping data collection were per-
ormed using a scanning force microscope (Nanoscope IIIa

ultimode, Veeco Digital Instrument). The cantilever has a nominal
pring constant of 0.58 N m−1. The mode of operation for all experi-
ents was conducted using the contact mode, but with scanning at

0◦ to the orientation of the cantilever (Fig. 1). Scan size was 1 �m
nd scan rate was at 1 Hz.

. Results and discussion

.1. Amylopectin ratio increased from acid hydrolysis and surface
isruption analysis with SEM

Fig. 2 shows a plot of the Am:Ap ratio of tapioca starch ver-
us time following HCl hydrolysis. Amylopectin ratio increased
ith higher concentration of acid hydrolysis. Several previous work
ave investigated the Am:Ap ratio in relation to molecular weight
6,36–39]. Hydrolysis time of 3.5 h was chosen for further study
ecause there was a significant difference in the Am:Ap ratio for
oth 0.7 M and 2.0 M of HCl hydrolysis. The two acid concentrations
ere widely used in modifying starch for various applications [1–6].

he effects of acid hydrolysis on starch surface could be studied
rom representative SEM micrographs as shown in Fig. 3. Micro-
raph of native starch showed the pristine surface of the granule
tself. And between 30 min hydrolysis with 0.7 M and 2.0 M of HCl, it
ould be seen that 2.0 M hydrolysis had notable surface disruption
ompared to 0.7 M, as would be expected as the acid hydrolyzed
way the amylose part.
.2. Topography scanning force imaging

Fig. 4a–c shows topography images of –OH probe interaction
ith native, 0.7 M, and 2.0 M HCl hydrolyzed starch, respectively.

c
d
u
d
(
l

ogical Macromolecules 44 (2009) 86–91 89

ig. 4d–f shows topography images of –CH3 probe interactions
ith the three types of starch samples. Although, it was difficult to
robe the exact same area while changing the –OH probe to –CH3
robe, the experiment was performed with most care in order to
robe the same position as possible. As seen in Fig. 4, all images
howed very similar nodule-like structures that are blocklets of
mylopectin. The topography and size of the blocklets were sim-
lar using either the –OH or the –CH3 probes, this indicates similar
canning area and that the chemically modified SFM probes with
rganosilane did not reduce the xy-resolution of the probe or at
east not detectable for the particular scan size. The –CH3 probe
hould, however, show higher interaction to nonpolar domains of
he blocklet compared with –OH probe [25–27]. But, the differ-
nces in the chemical domain could not be determined with the
opography images.

.3. Chemical force imaging of phosphate and carbon backbone

To detect probe–specimen chemical interaction, three images
ere collected simultaneously, namely, the topography image,

he lateral force (LF)-trace image, and the LF-retrace image. LF-
race and LF-retrace images were collected in opposite scanning
irections. Topography image was collected as comparison, giv-

ng information regarding the z-axis and also in determining the
imilarity of the scanned area and quality (shown in Fig. 4a–f). A
ost-image processing, trace-minus-retrace (TMR), was performed
n LF-trace and LF-retrace images to correct for imaging that may
ave resulted from height differences. Fig. 5 shows a simulation
emonstrating the concept of TMR in canceling out topography
essing. (a) Simulated surface with two types of materials having different chemical
omains and areas with only height differences. (b) Topography profile of the sim-
lated surface. (c) Lateral force (trace) and (retrace) profile where both chemical
omains and height information are coupled together, and lateral force (trace) and
retrace) information have opposite signs. (d) Result of trace-minus-retrace profile,
eaving only the chemical domain information.
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ig. 6. Trace-minus-retrace (TMR) image. Samples were prepared for imaging as d
tarch interaction with –OH probe; (d) native, (e) 0.7 M HCl hydrolyzed, and (f) 2.0 M

Fig. 6a–c shows TMR images of –OH probe interaction to
ative, 0.7 M, and 2.0 M HCl hydrolyzed starch, respectively. The
ize of the blocklet structure increased with higher acid concen-
ration resulting from the exposure of the higher amylopectin
atio on the surface. Higher amylopectin ratio corresponded

o higher phosphorus content [5,30–34]. Dark areas in TMR
mages were not physical topography grooves, but corresponded
o regions of reduced chemical interaction. Light areas in the
MR images resulted from strong chemical interaction between
OH probes with the phosphate domains on the starch surface.

[
o
a
l
n

ed in Section 2. (a) Native, (b) 0.7 M HCl hydrolyzed, and (c) 2.0 M HCl hydrolyzed
hydrolyzed starch interaction with –CH3 probe.

olecular friction between –OH probes and phosphate sub-
trates had been shown to be higher than with carbon substrates
26]. This was because nonpolar–polar (–CH– ↔ –OH) van der

aal’s interaction was found to be smaller than van der Waal’s
orces to similar pairs polar–polar interactions (–OH ↔ –PO4−+)

25]. Vegte and Hadziioannou [26] had given detailed study
f various functionalized probe interactions including, –CH3
nd –OH probes to various substrates. The horizontal streak
ines were artifacts inherent to the nature of the CFM tech-
ique.
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Fig. 6d–f shows TMR image of –CH3 probe interaction to
ative, 0.7 M HCl hydrolyzed, and 2.0 M HCl hydrolyzed starch,
espectively. The blocklet structures were no longer observed, but
nstead the structures had plate-like sheet features. The –CH3
robe mapped the interaction of the nonpolar carbon backbones
f the glucose unit of the starch surface structure. The blocklet
tructures disappeared because the blocklet structures were pre-
ominantly phosphate domains in the amylopectin cluster that
ere not detected by the –CH3 probe. These results indicated that

he carbon backbone had plate-like structures while the phosphate
omains were packed in blocklets of the amylopectin clusters on
he starch surface.

. Conclusions

The exterior structures of the acid hydrolyzed starch granules
ere chemically investigated with CFM to study the relation-

hips of the surface molecular structures and the Am:Ap ratios. Of
he increasing acid concentration for hydrolysis, the amylopectin
atio increased and exposed more of the phosphate blocklets. The
hosphate domains were mapped as blocklets in the amylopectin
lusters with the –OH probe. While the –CH probe revealed images
f the carbon backbone of the glucose unit. The carbon backbone
ad a plate-like structure. The technique offered a potential route
o mapping molecular or chemical entities on the surface of starch
ranules and, in the future, on the interior of sectioned starch gran-
les.
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