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Localization and dynamics of amylose—lipophilic
molecules inclusion complex formation in starch
granulesf

Marianna Manca,® Albert J. J. Woortman,® Andrea Mura,?® Katja Loos*® and
Maria Antonietta Loi*®

Inclusion complex formation between lipophilic dye molecules and amylose polymers in starch granules is
investigated using laser spectroscopy and microscopy. By combining confocal laser scanning microscopy
(CLSM) with spatial resolved photoluminescence (PL) spectroscopy, we are able to discriminate the presence
of amylose in the peripheral region of regular and waxy granules from potato and corn starch, associating a
clear optical fingerprint with the interaction between starch granules and lipophilic dye molecules. We show
in particular that in the case of regular starch the polar head of the lipophilic dye molecules remains outside
the amylose helix experiencing a water-based environment. The measurements performed on samples that
have been extensively washed provide a strong proof of the specific interaction between lipid dye molecules
and amylose chains in regular starch. These measurements also confirm the tendency of longer amylopectin
chains, located in the hilum of waxy starch granules, to form inclusion complexes with ligands. Through
real-time recording of CLSM micrographs, within a time frame of tens of seconds, we measured the
dynamics of occurrence of the inclusion process between lipids and amylose located at the periphery of

www.rsc.org/pccp starch granules.

Introduction

Starch is the main source of carbohydrates for humans and many
animal species, and consequently is one of the main ingredients of
food." Starches from different botanical sources are found in the
form of granular structures, ranging in size between ~1 and over
100 pm,* which are characterized by variable contents of amylose
and amylopectin. They consist typically of 10-30% amylose and
90-70% amylopectin, but high-amylose starches with a content
up to 85% exist, and the so-called waxy starches are constituted
of nearly 100% amylopectin.>*

Several models have been proposed in order to explain the
architecture of these semi-crystalline structures.® A cluster-like
arrangement of the amylopectin polymers generates alternating
stacks of amorphous and crystalline lamellae. The amorphous
regions consist of branching zones of the amylopectin chains,
while the crystalline lamellae are constructed by an ordered
packing of parallel linear glucan chains.”” Amylose chains
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appear generally interspersed among the amylopectin clusters,*°
although it has been commonly assumed that amylose resides
mainly in the amorphous regions.'>'> Jane and co-workers
demonstrated that amylose bundles are more concentrated near
the surface of the granule,'® which in native starch and according to
Lineback’s model* (“hairy billiard ball” model) and later experi-
ments (by Stark and Lynn)" has been characterized by the terminals
of the amylose chains protruding from amylopectin clusters.

The tendency of amylose chains to generate inclusion complexes
in the presence of an appropriate guest molecule has been the object
of wide interest.">'®"” The amylose helix presents a hydrophobic
cavity that shows high affinity for apolar guest molecules.'® In
the process of inclusion complex formation, amylose coils
undergo a conformational change, assuming the structure of a
left-handed helix that allows inclusion of guest molecules such
as iodine," dimethyl sulfoxide (DMSO)*° or potassium hydro-
xide.”* Among others, inclusion complexes between amylose and
lipids such as fatty acids and phospholipids have been widely
investigated.>*>* It has been demonstrated that amylose-lipid
inclusion complexes affect the staleness,> digestibility,'® and
rheological properties of food.*® It is therefore important to
understand the nature of the process and its dynamics.

The most accepted model describes the aliphatic chain of
the fatty acid molecule hosted inside the hydrophobic cavity of the
amylose helix,>” while the polar group, including the carboxylic
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acid, remains outside the helix due to electrostatic interactions.>”>°
Several studies have been carried out in order to validate the models.
Karkalas and co-workers, for example, determined the thermal
properties of the inclusion complexes, investigating their dissocia-
tion temperature and dissociation enthalpies.’® Lately, we have
shown by Confocal Laser Scanning Microscopy the formation of
specific inclusion complexes between lipophilic molecules with
regular and waxy starch granules from different botanical sources.*
Importantly, and in contrast to what is commonly believed, we
demonstrated that the inclusion also occurs at temperatures below
the gelatinization point for very low lipid concentrations.

Although there is great interest in the inclusion complex
formation, very limited data are available concerning the
dynamics of the process. Recently, Cao and co-workers pre-
sented a study on the dynamics of complex formation involving
well-defined amylose brushes and fatty acids characterized by
different lengths of the aliphatic chain (C8 and C14), showing
that octanoic acid (C8) is included more efficiently than longer
fatty acids.**

The aim of this work is to associate an optical fingerprint
with the interaction between starch granules and lipids, thus
determining the role of the amylose chains present in the
peripheral region of the granules. Combining Confocal Laser
Scanning Microscopy (CLSM) with spatial resolved photo-
luminescence (PL) spectroscopy, we established that the
presence of amylose in the starch granules modifies the PL
signature of the lipid-dye, which is used as a nano-probe to
detect its interaction with the surroundings. We demonstrate in
this way that in regular starch, as opposed to waxy starch, the
hydrophobic head remains outside the helix. Furthermore,
measurements performed on samples that have been exten-
sively washed provide a strong proof of the specific interaction
between lipid dye molecules and amylose chains in regular
starch. These measurements also confirmed the tendency of
longer amylopectin chains, located in the hilum of waxy starch
granules, to form inclusion complexes with ligands.

Finally, the study conducted in real time of the dynamics of
inclusion of lipophilic molecules in the peripheral starch of the
granules, demonstrated that the process is completed in about
10 seconds, demonstrating again the efficiency and specificity
of the process of inclusion complex formation between the
amylose in the periphery of the starch granules and lipids.

Results and discussion

Confocal Laser Scanning Microscopy (CLSM) combined with
spatially resolved photoluminescence (PL) spectroscopy is an
ideal tool to investigate the nature and the properties of the
inclusion complex formation between starch granules from
different botanical sources and lipids. The samples were pre-
pared by suspending starch granules in water and exposing
them to 5-hexanodecanoylaminofluorescein, a lipophilic fluor-
escent molecule (lipid-dye) characterized by an aliphatic chain
of 15 carbon atoms and a polar head based on a carboxylic acid
and a fluorescein molecule. The exposure of the starch granules
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to the lipid-dye molecules, as well as the CLSM measurements,
were performed at room temperature, well below the gelatini-
zation temperature of starch, using lipid—dye concentrations as
low as 0.02% with respect to starch. The amylose content in
starch has been estimated to be roughly 30%.>*° Therefore the
amount of complex formed in our case is limited by the lipid-
dye concentration we have used. It is therefore evident that
techniques such as DSC and X-ray analysis are not sensitive
enough to detect such a low percentage of complexes. While
photoluminescence based techniques are the only ones which
may allow this level of sensitivity.

Fig. 1 shows the CLSM images of starch granules in water-
based suspension after addition of 0.02% (based on starch)
lipid-dye molecules at room temperature. The starch granules
are from regular potato (Fig. 1a), waxy potato (Fig. 1b), regular
corn (Fig. 1c) and waxy corn (Fig. 1d). The CLSM images were
recorded after rotating the starch-lipid-dye suspensions overnight
in a dark environment at room temperature.

The micrographs reveal a bright rim area around the granules
from both the regular potato and regular corn starch (Fig. 1a and
¢), which highlights the typical shape and structure of the starch
granules.”® Potato starch granules appear to be in oval shape
with smooth surfaces with dimensions ranging between 10 and
100 pm. Corn starch granules present a truncated shape with
dimensions ranging between 5 and 30 pm.*’

The sharpness and the thickness of the rim (dimension
smaller than 1 um) indicate the formation of inclusion complexes
between the amylose chains present in the outer region of the
granules and the lipid-dye molecules. In agreement with the above-
mentioned theories, the aliphatic chain of the lipid-dye can be

a)

30tm

Fig. 1 CLSM micrographs of potato (a) and corn (c) regular starch granules;
potato (b) and corn (d) waxy starch granules, in suspension after addition of
lipid—dye molecules to starch in a ratio of 0.02%. The suspensions were
rotated overnight at room temperature in a dark environment.
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included in the amylose polymer, while the fluorescent polar
head remains outside. In both regular corn and potato starches
the background remains dark, suggesting that all lipid-dye
molecules are involved in the inclusion complex process leav-
ing no molecules in the water-based solution.

The micrographs of the waxy potato and waxy corn starches
(Fig. 1b and d) show a contour area around the granules which
is not as defined as in the case of the regular starch granules.
The rims in these cases appear much broader, with a variable
thickness up to 5um after one day of incubation, which is the
same incubation-time as the non-waxy granules in Fig. 1a and c.
The diffuse emission might be considered a sign that the lipid-dye
molecules are involved only in weak interactions with the compo-
nents of the starch granules.

In a recent work® we presented an investigation of the inter-
action of the lipid-dye molecules (5-hexanodecanoylamino-
fluorescein) with potato starch granules in their regular and waxy
forms, demonstrating that the absence of amylose in the waxy
starch granules affects the size and shape characteristics of the
luminescent rim, due to the weak interactions of the lipid-dye with
the components of the waxy starch. Here, our goal is to find a
quantitative fingerprint characteristic of the interaction of the
lipid-dye with amylose and amylopectin by recording point by
point the emission spectra in different samples.

Photoluminescence(a.u.

500 550 600 650 700
Wavelength (nm)

Fig. 2 CLSM images of regular potato (a) and waxy potato (b) starch
granules after addition of 5-hexadecanoylaminofluorescein molecules. PL
spectra (c) recorded in the regular potato rim area (circle A) and in the
waxy potato rim area (circle B). The emission of the reference lipid—dye
molecules in solution is also shown. Excitation wavelength 488 nm. The
lipid—dye to starch ratio used is 0.02%.
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Fig. 2 shows the CLSM images with a 50 pm field-of-view of
regular potato (Fig. 2a) and waxy potato (Fig. 2b) starch granules
in water-based suspensions after addition of the lipid-dye
solution. Fig. 2c shows the spatially resolved PL spectra recorded
in the regions highlighted by white circles in Fig. 2a and b and
the spectrum of the lipid-dye molecules in DMF-water solution
(20 pl of 0.02% lipid-dye in DMF solution in 1 ml of water-based
solution). The regions are specifically selected focusing the laser
at these points after image acquisition. The spectrum recorded
exciting the regular potato starch sample in region A (Fig. 2a)
shows the emission of 5-hexadecanoylaminofluorescein mole-
cules, with the main emission peak at ~530 nm.

The spectrum associated with region B in the rim of waxy
potato starch granules (Fig. 2b) also presents the main photo-
luminescence peak at 530 nm, without a spectral shift with
respect to the spectrum recorded exciting the regular potato
starch; in this case, however, the emission appears narrower
(the difference in full width at half maximum (FWHM) is
~10 nm between spectra A and B). The emission resulting
from the free lipid-dye molecules in DMF-water solution shows
the same spectral characteristics of emission recorded exciting
regular starch granules.

In Fig. 3 we present the CLSM micrographs with a field-of-
view of ~30 um of regular (Fig. 3a) and waxy corn (Fig. 3b)

N

lipid-dye

Photoluminescence(a.u.) o

500 550 600 650 700
Wavelength (nm)

Fig. 3 CLSM images of regular corn (a) and waxy corn (b) starch granules
in suspension after addition of 5-hexadecanoylaminofluorescein mole-
cules. PL spectra (c) recorded in the regular corn rim area (circle A) and in
the waxy corn rim area (circle B). The emission of the reference lipid—dye
molecules in DMF-water solution is also shown. Excitation wavelength
488 nm. The lipid—dye to starch ratio used is 0.02%.

This journal is © the Owner Societies 2015
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starch granules, in water-based suspension after exposure to
5-hexadecanoylaminofluorescein molecules in solution. As in
the case of all samples reported, exposure to the lipid-dye was
performed at room temperature, well below the gelatinization
temperature of starch. Fig. 3c shows the spatially resolved
photoluminescence spectra recorded in the two regions indicated
by a white circle in the CLSM micrographs and the spectrum
recorded exciting the lipid-dye molecule in DMF-water solution as
a reference. In this case we also found that a narrower emission
spectrum is associated with the fluorescent rim of the waxy starch
granules and a superposition of the spectra obtained from regular
starch and free lipid-dye molecules.

The consistent finding of different spectra of the same dye
in regular and waxy forms of starch suggests that the presence
of amylose chains in the peripheral regions of the granules
affects the nature of the interaction and consequently the
photoluminescence properties of the complex formed between
the lipid—dye molecules and the starch.

The difference between the spectra associated with the
regular and waxy starch granules can be explained by the
different environment experimented with the lipid-dye,
depending on the chemical composition of the granule. In
the case of the regular potato starch, the aliphatic chains of the
lipid is included inside the amylose chains and the polar
groups stay outside due to the hydrophobic nature of the
interaction, while in the case of the waxy form the lipid-dye
molecule (both the aliphatic chain and the polar group) enters
the inner structure of the granule giving rise to a broader and
less-defined rim.** The embedding of the lipid-dye molecule in
the granule structure causes the suppression of vibrational
modes of the molecule, for example, C-H stretching and
bending vibrations, and C-C and C-H bending, which are
reflected in a narrower and less structured emission spectrum
compared to the spectrum of the lipid-dye molecule complexed
with the regular starch granules.

The emission fingerprint of the free lipid—-dye molecules in
DMF-water solution coincides with that of the regular potato
starch, indicating in both cases that the chromophore is in
contact with water. These kinds of chromophores are extremely
sensitive to the medium in which they are embedded (dielectric
constant); when the polar group of the lipid-dye molecule is in
water and free to move, the emission spectra results are broader
and more structured than those generated by an embedded
lipid—-dye molecule, as in the case of waxy starch.

To confirm that there is an actual difference in strength and
specificity between the interactions in the case of regular and
waxy starches, we performed a ‘“washing” process on regular
and waxy potato granules, and regular and waxy corn starch
granules, using different concentrations of DMF in water (50,
80, 90 and 100% v/v). Because the lipid-dye molecules are
poorly water-soluble but very well soluble in DMF, it may be
expected that washing with a high DMF concentration might
remove the lipid-dye molecules from the starch granules in the
case of non-specific interactions with the starch granules.

When the exposure time of the starch granules with the
lipid-dye solution is increased the luminescent rim around the
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granule becomes broader, especially in the case of the waxy
starch granules. We therefore increased the exposure time with
the lipid-dye solution from 1 day to 7 days.

Fig. 4a, c, e, and g show the CLSM micrographs of regular
potato, waxy potato, regular corn and waxy corn starch gran-
ules, respectively, acquired after 7 days of exposure to the lipid-
dye solution.

The regular starch granules (Fig. 4a and e) present a bright
rim, which is identical in dimension and shape to the rim
imaged after one day of exposure to lipid-dye molecules as

40um
I

Fig. 4 CLSM images of regular potato (a), waxy potato (c), regular corn
(e) and waxy corn (g) starch granules in suspension 7 days after the addition
of 5-hexadecanoylaminofluorescein molecules. The images (b), (d), (f), and
(h) refer to the same starch species acquired after the “washing” procedure
with 80% DMF. The lipid—dye to starch ratio used is 0.02%.
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reported in Fig. 1a and c. The longer incubation time clearly
increased the absorbance of the lipid—-dye molecules in the
waxy potato and waxy corn starch granules. Fig. 4c and g
evidence that the starch granules are completely stained.
Comparing these with Fig. 1b and d it is clear that the lipid-
dye goes through a time-dependent diffusion process inside the
waxy starch granules. We can also observe (Fig. 4c and g) that
the hilum of the waxy starch granules is brighter compared to
the rest of the granule, which is most probably due to the
complex formation between the lipid-dye molecules and
the longer amylopectin chains located in the inner part of the
granules.

Fig. 4b, d, f, and h show the CLSM images of, in the order,
regular potato, waxy potato, regular corn and waxy corn starch
granules washed with 80% DMF in water (v/v) solution, after 7
days of exposure to lipid-dye molecules. While the regular
starch granules (Fig. 4b and f) do not present a substantial
difference with respect to the unwashed granules (Fig. 4a and
e), the micrographs in Fig. 4d and e reveal, very interestingly,
that the washing process with the DMF-based mixture removes
dramatically the lipid-dye molecules from the granules.

This finding confirms that the presence of amylose in the
regular starch granules generates specific interactions between
the host and the ligand. The nature of such bonds has been
extensively debated, the general conclusion being that the
hydrophobic effect seems to be the main force responsible for
the specific interaction.?® Conversely, we can infer that in the
case of waxy starch the lipid-dye molecules do not seem to
undergo a specific interaction with amylopectin, and weaker
interactions explain the experiments in Fig. 4c and g. However,
after washing, some photoluminescence emission from the
lipid—dye molecules appears to persist only in the hilum of
the waxy starch granules (see Fig. 4h and Fig. Sle, ESIt). This
finding confirms our previous hypothesis of the interaction
between the lipid-dye molecules and the longer amylopectin
chains present in the hilum.**> However, the fact that a very
small amount of amylose chains is still present in the hilum of
waxy starches cannot be excluded."

Washing procedures with 50% and 90% DMF were also
performed (see ESILi Fig. S1), revealing that the increasing
percentage of DMF has a proportionally stronger capacity to
remove the lipid-dye molecules from the waxy starch compared
to the regular starch granules. Washing with 90% and 100%
DMF solutions also resulted in a gradual loss of staining in the
case of regular starch granules.

In order to investigate the time scale of the inclusion
complex formation at room temperature, we performed real-
time CLSM measurements of the process. The experiment was
performed exposing potato and corn starch granules in the
regular and waxy forms to the lipid-dye molecules at room
temperature.

The inclusion complex formation could be observed from
the initial stage by adding a small amount of the lipid-dye
solution (3 pl, see the Experimental section) directly to the
starch suspension already present on the sample stage of the
confocal microscope. The effect of the addition of the lipid-dye
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t=0s t=1s

t=40s

Fig. 5 Photograms extracted from CLSM videos recorded on regular
potato starch (a—c) and waxy potato starch (d-f), (@ and d) before the
addition of the lipid—dye solution (t = 0), (b and e) recorded at 1 s after the
addition of the lipid—dye solution and (c and f) at 40 s after the addition of
lipid—dye solution. The lipid—dye to starch ratio used for the experiment is
0.08%.

solution was monitored in real time without stirring or heating.
Here it is important to notice that the ratio between the
concentration of the lipid-dye and the starch used for the
dynamics is 4 times higher (0.08%) than what has been used
for the previously reported measurements (0.02%).

A small amount (0.05%) of overnight complexed starch
granules was added to the starch suspensions as reference
starch granules, in order to facilitate the focusing operations
in the microscope stage.

In Fig. 5 we present a sequence of micrographs of potato
starch granules in the regular and waxy forms, extracted from
CLSM live recordings. Fig. 5a and d present the initial situation
at t = 0 s, when the lipid—dye molecules are added to the water-
based suspension of the starch granules of regular potato and
waxy potato located on the microscope stage, respectively.
These micrographs (Fig. 5a and d) are characterized by a dark
background except for a few reference granules, which were
inserted into the sample composed of not-complexed granules
with the aim of finding the focal plane. In Fig. 5d the presence
of the starch granules is very faintly visible before the addition
of the lipid-dye. This phenomenon can be explained by the fact
that the waxy starch interaction with the lipid-dye in this case
is not specific, and that the bright rim is due to adsorption and
diffusion of the lipid-dye molecules.** The lipid-dye molecules
in this case can easily be released in the solution and be
re-adsorbed by other granules in water-based suspension.

Fig. 5b presents the micrograph recorded 1 s after exposure
of the regular starch granules to the lipid-dye molecules. The
background appears luminescent, indicating that the fluores-
cent lipid—-dye molecules are homogeneously distributed in the
water based sample solution. At this time a weak luminescent
rim starts appearing, revealing the presence of several starch
granules. At 40 s after the exposure of the granules to the lipid-
dye molecules (Fig. 5c) the rim around the granules appears
brighter and more defined, while the background appears

This journal is © the Owner Societies 2015
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darker, indicating that most of the added lipid-dye molecules
are involved in the complex formation with the amylose chains
present in the outer region of the starch granules. The different
behaviours of regular and waxy starch within the interaction
with the ligand molecules are underlined by the comparison of
the photograms related to the two different species. Fig. 5e and
f show the waxy potato starch granules at 1 s and at 40 s,
respectively, after the exposure to the lipid-dye molecules. In
Fig. 5e the background luminescence is substantially the same,
compared to that shown in the photogram at ¢ = 0 s, suggesting
that the interaction taking place between waxy starch and lipid-
dye molecules is slower than the interaction with the regular
starch. After 40 seconds the granules are highlighted by a blur
rim (much less defined compared to those in the regular
starch). These findings confirm that in the case of the waxy
form of potato starch, a different and slower process occurs due
to the absence of amylose.*?

Fig. 6 presents a sequence of photograms extracted from live
CLSM recordings on regular and waxy corn starch granules
before and during the exposure to the lipid-dye molecule. Also
in this case the photograms show different phases of the process
initialized by the addition of the lipid-dye to the solution.

Fig. 6a and d present the situation at ¢t = 0 s, when the
addition of lipid-dye solution to the solution takes place. Also
in this case a few granules already complexed with lipid-dye
molecules were added before to the not-complexed suspension
of starch granules in order to facilitate the localization of the
unstained starch granules.

At t =5 s after the exposure of the not complexed granules to
the lipid-dye molecules, a defined and bright rim around a
multitude of regular corn starch granules appears (Fig. 6b). At
40 s after the exposure (Fig. 6¢), a large assembly of fully complexed
granules appears. The background is very dark, as are the inner
regions of the granules where the lipid-dye is not present. This
observation suggests that most of the added lipid-dye molecules are
involved in the inclusion complex formation.

t=0s t=5s t=40s

30y

Fig. 6 Photograms extracted from CLSM recordings performed on regular
corn starch (a—c) and waxy corn starch (d—f), during (a and d) the addition
of the lipid—dye solution (t = 0), at 5 s after the addition of lipid—dye
solution (b and e) and at 40 s after the addition of lipid—dye solution (c and f).
The lipid—dye to starch ratio used for the experiment is 0.08%.
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As expected, the waxy corn starch shows a totally different
behaviour. At ¢ = 5 s after the exposure (Fig. 6e), the profile of
the granules becomes highlighted by the presence of the
lipophilic fluorescent molecules in a rim which is less defined
and fuzzier than the one which characterizes the regular starch
granules, also confirming in this case that the presence of
amylose chains at the peripheral regions of the granules is a
discriminant for the inclusion complex formation. Fig. 6f
shows the waxy corn starch granules 40 s after the addition of
the lipid-dye molecules. In this case the whole starch granules
look more or less stained by the lipid-dye, indicating that the
lipid-dye molecules are able to penetrate the whole granule,
confirming again that the presence of the amylose chains
affects the interaction of the starch granules with the lipid-
dye molecules, and that it is the necessary element for the
inclusion complex formation in the peripheral region of the
granules at room temperature. Furthermore, a diffuse lumines-
cence is present in all samples, suggesting that a significant
amount of lipid-dye molecules is still not adsorbed within the
waxy corn starch granules at this time scale.

The experiments carried out on potato and corn starch
demonstrate that at a very low lipid—-dye concentration inclu-
sion complex formation occurs at room temperature in a
quantity detectable only by CLSM within tens of seconds.

Experimental
Materials and methods

Corn starch, waxy corn starch, potato starch, and Lugol
solution for microscopy were purchased from Sigma-Aldrich.
Waxy potato starch (Eliane 100) was supplied by Avebe Food.
5-Hexadecanoylaminofluorescein (C3sH43NOg) with a M, of
585.74 g mol ' was purchased from Life Technologies.
Dimethylformamide (DMF) extra pure was purchased from
Acros-Organics.

Starch suspensions for Confocal Laser Scanning Microscopy
(CLSM) were prepared at a concentration of 2% in distilled
water with 0.02% sodium azide as a preservative. 1 ml of the
as-prepared suspension was stained with additional 20 pl of a 0.02%
solution of the fluorescence dye 5-hexadecanoylaminofluorescein in
DMF, by rotating overnight at room temperature in the dark (stock
suspension).

For CLSM measurements 40 pl of the stained samples were
transferred to an object glass.

Washed starch suspensions for CLSM were prepared at a
concentration of 2% in distilled water with 0.02% sodium azide
as a preservative. 10 ml of the as-prepared suspensions was
stained with 200 pl of 0.02% DMF solution of the fluorescent
dye 5-hexadecanoylaminofluorescein, by rotating the prepara-
tion for 7 days at room temperature in the dark. The suspen-
sions were centrifuged for 5 min at 2000 rpm in a Heraeus
Labofuge 400R with a swing-out rotor. The supernatants were
decanted and an equal amount of distilled water with 0.02% sodium
azide was added. 1 ml of the suspension was taken as a reference
unwashed sample. For the washing procedure, several other aliquots
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of 1 ml of the suspension were transferred into separate microtubes
and centrifuged for 5 min at 2000 rpm. The supernatant was
decanted and 1 ml of 50%, 80%, 90% or 100% DMF was added,
followed by rotation for 1 hour in the dark. The suspensions were
centrifuged for 5 min at 2000 rpm and the residues were washed two
additional times under similar conditions. The residues washed with
different percentages of DMF were suspended in 1 ml of distilled
water with 0.02% sodium azide. For CLSM imaging 40 pl of the
washed and unwashed samples were transferred to an object glass.

For real time observations, 10 pl (potato starches) and 5 pl
(corn starches) of the stock suspensions (see above) were added
to 200 pl of the starch suspensions without lipid—-dye. From the
mixed solutions a drop (37 ul) was placed on the microscope
object glass and 3 pl of lipid-dye solution (molecular probe
0.02% 5-hexadecanoylaminofluorescein in DMF) was added
during the on-going CLSM measurements.

The reference measurement for the lipid-dye emission was
obtained by diluting 20pl of DMF solution in 1 ml of water.

Photoluminescence measurements

Confocal laser scanning microscopy and spatially resolved
photoluminescence measurements were performed with an
experimental set up based on an inverted Nikon Eclipse Ti
microscope with a 60 times magnification oil immersion objec-
tive characterized by NA = 1.4. The excitation source was an Ar"
laser (wavelength 488 nm).

The sample images were recorded using a set of photomul-
tiplier tubes (PMT) covering a spectral detection range of
~460-750 nm. The spatial resolution achievable, depending
on the excitation wavelength, was according to the equation:

d = 0.461/NA,

where 4 is the excitation wavelength and NA is the numerical
aperture of the microscope objective.

The real time CLSM measurements were performed acquir-
ing image frames with 1002 ms time intervals and dwell time-
line of 1.68 ps.

Spatially resolved PL spectroscopy was performed collecting
the photoluminescence signal of the sample using a mono-
chromator coupled with an Image EM CCD camera from
Hamamatsu. After raster scanning and imaging of the sample,
the laser beam was focused on a selected region (dimensions
smaller than 1 um?) of the sample, and for each position the
signal was measured using the Image EM CCD camera.

Photoluminescence (PL) measurements were performed
exciting the samples at 488 nm and recording the spectra using
a monochromator coupled with an Image EM CCD camera
from Hamamatsu. The spectra were corrected for the spectral
response of the set up.

Conclusions

Our work investigated the role of amylose chains in the inclu-
sion complex formation between starch granules and lipophilic
fluorescent molecules. By performing Confocal Laser Scanning
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Microscopy we explored the inclusion complex formation invol-
ving regular and waxy forms of starch obtained from two
different botanical sources. In particular, by correlating Con-
focal Laser Scanning Microscopy and spatially resolved spectro-
scopy we were able to discriminate the presence of amylose
polymers in starch granules using the photoluminescence
spectra of the dye as a nano-probe of the interaction experi-
enced by the lipid-dye molecule with the surroundings, demon-
strating that in regular starch the hydrophobic head remains
outside of the amylose chain.

By performing a “washing” process, we proved the specific
interaction of the lipid—-dye with amylose while the adsorbed
lipid-dye in the waxy starches was easily reversed by washing.
Only in the hilum do traces of complexation remain with the
longer amylopectin chains or with eventual traces of amylose.

Finally, real time monitoring of the inclusion process
allowed us to estimate within tens of seconds the dynamics
of the inclusion complex formation, visualizing in a relatively
simple way the first stage of the interaction between amylose in
the outer part of starch granules and the lipid—dye ligand below
the gelatinization temperature of the starch.

Acknowledgements

This work was funded by the Foundation for Fundamental
research on Matter (FOM), programme ‘Bio(-related) materials’
(BRM) under project # 437155. We acknowledge the expert
technical support of A. F. Kamp.

References

1 J. Juansang, C. Puttanlek, V. Rungsardthong, S. Puncha-
arnon and D. Uttapap, Food Chem., 2012, 131, 500-507.

2 B. Zhang, Y. Zhao, X. Li, L. Li, F. Xie and L. Chen, Food
Hydrocolloids, 2014, 35, 700-709.

3 A. C. Eliasson, Starch in Food: Structure Function and Applica-
tions, Wodhead Publishing Limited, Abington Hall, Abing-
ton Cambridge CB1 6A, England, 2004.

4 B. Manion, M. Ye, B. E. Holbein and K. Seetharaman,
Carbohydr. Res., 2011, 346, 2482-2490.

5 W.-C. Liu, P. J. Halley and R. G. Gilbert, Macromolecules,
2010, 43, 2855-2864.

6 C. G. Oates, Trends Food Sci. Technol., 1997, 8, 375-382.

7 G. T. Oostergetel and E. F. J. van Bruggen, Starch/Staerke,
1989, 41, 331-335.

8 P.]J.Jenkins and A. M. Donald, Int. J. Biol. Macromol., 1995,
17, 315-321.

9 G. T. Oostergetel and E. F. J. van Bruggen, Carbohydr.
Polym., 1993, 21, 7-12.

10 J. A. Putseys, L. Lamberts and J. A. Delcour, J. Cereal Sci.,
2010, 51, 238-247.

11 A. G.]. Kuipers, E. Jacobsen and R. G. F. Visser, Plant Cell,
1994, 6, 43-52.

12 N. J. Atkin, S. L. Cheng, R. M. Abeysekera and
A. W. Robards, Starch/Staerke, 1999, 51, 163-172.

This journal is © the Owner Societies 2015


https://doi.org/10.1039/c4cp05001k

Published on 13 February 2015. Downloaded by University of Groningen on 6/4/2019 10:54:32 AM.

Paper

13 J. Jane, J. Appl. Glycosci., 2006, 53, 205-213.

14 D. Lineback, Baker’s Dig., 1984, 58, 16-21.

15 J. Stark and A. Lynn, Biochem. Soc. Trans., 1992, 20, 7-12.

16 W. Saenger, Naturwissenschaften, 1984, 71, 31-36.

17 M. A. Whittam, P. D. Orford, S. G. Ring, S. A. Clark, M. L.
Parker, P. Cairns and M. ]J. Miles, Int. J. Biol. Macromol.,
1989, 11, 339-344.

18 M. Rutschmann and J. Solms, Lebensm.-Wiss. Technol., 1990,
23, 70-79.

19 R. E. Rundle and R. R. Baldwin, J. Am. Chem. Soc., 1943, 65,
554-558.

20 M. Tusch, J. Krueger and G. Fels, J. Chem. Theory Comput.,
2011, 7, 2919-2928.

21 A. Sarko and A. Biloski, Carbohydr. Res., 1980, 79, 11-21.

22 C. G. Biliaderis and J. R. Tonogali, J. Agric. Food Chem., 1991,
39, 833-840.

23 J. R. Katz, Recl. Trav. Chim. Pays-Bas, 1937, 56, 766-772.

24 S. Ahmadi-Abhari, A. J. J. Woortman, A. A. C. M. (Lizette)
Oudhuis, R. J. Hamer and K. Loos, Starch/Staerke, 2013, 65,
1-9.

25 J. K. Purhagen, M. E. Sjoo and A.-C. Eliasson, Eur. Food Res.
Technol., 2012, 235, 265-276.

26 J. Singh, N. Singh and S. K. Saxena, J. Food Eng., 2002, 52,
9-16.

This journal is © the Owner Societies 2015

View Article Online

PCCP

27 M. C. Godet, V. Tran, M. M. Delage and A. Buléon, Int.
J. Biol. Macromol., 1993, 15, 11-16.

28 C. Heinemann, B. Conde-Petit, J. Nuessli and F. Escher,
J. Agric. Food Chem., 2001, 49, 1370-1376.

29 C.E. Snape, W. R. Morrison, M. M. Maroto-Valer, J. Karkalas
and R. A. Pethrick, Carbohydr. Polym., 1998, 36, 225-237.

30 S. Immel and F. W. Lichtenthaler, Starch/Staerke, 2000, 52,
1-8.

31 J. Karkalas, S. Ma, W. R. Morrison and R. A. Pethrick,
Carbohydr. Res., 1995, 268, 233-247.

32 M. Manca, A. J. J. Woortman, K. Loos and M. A. Loi, Starch/
Staerke, 2015, 67, 132-138.

33 Z. Cao, T. Tsoufis, T. Svaldo-Lanero, A.-S. Duwez, P. Rudolf
and K. Loos, Biomacromolecules, 2013, 14, 3713-3722.

34 J. F. Toro-Vazquez, C. A. Gomez-Aldapa, A. Aragon-Pifia,
E. Brito-de la Fuente, E. Dibildox-Alvarado and M. Charé-
Alonso, J. Cereal Sci., 2003, 38, 269-279.

35 S. Ahmadi-Abhari, A. ]J. J. Woortman, R. ]J. Hamer,
A. A. C. M. Oudhuis and K. Loos, Carbohydr. Polym., 2013,
93, 224-231

36 J.-L. Jane, T. Kasemsuwan, S. Leas, H. Zobel and ]J. F. Robyt,
Starch/Staerke, 1994, 46, 121-129.

37 N. Singh, J. Singh, L. Kaur, N. Singh Sodhi and B. Singh Gill,
Food Chem., 2003, 81, 219-231.

Phys. Chem. Chem. Phys., 2015, 17, 7864-7871 | 7871


https://doi.org/10.1039/c4cp05001k



