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Film-forming Characteristics of Starches

Z.1LIUAND].H. HAN

ABSTRACT: Our objective was to understand the film-forming characteristics of amylose, amylopectin, and
high-amylose (55%) starch solutions at ambient environment. By using an inverted phase-contrast microscope
connected to an imaging system, we were able to record and analyze the microstructural evolution of starch
throughout the process of film formation. The results of image analysis suggested that the coil-to-helix transi-
tion, followed by the helices aggregation, dominated the initial stage of starch film formation from solutions,
although the time when these phenomena occurred depended on the amylose content. Fresh amylose films
exhibited an assembly of giant dendrites with quarternary branches. In contrast, amylopectin films showed a
structure of networked clusters. Interestingly, the high-amylose (55%) starch film showed a heterogeneous
structure with both amylose-rich and amylopectin-rich phases, which are integrated seamlessly by the intermo-

lecular interaction between amylose and amylopectin.
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Introduction

dible filmzs and coatings based on biopolymers have long been
sed for protecting foods and pharmaceuticals from moisture
and oxygen invasion, as well as for carrying colorants and antimicro-
bial, flavoring, and leavening agents (Guilbert and others 1995). As
arenewable biopolymer that has been massively produced world-
wide (Liu 2002), starch is a relatively cost-effective choice compared
with protein and wax as the foundation material for edible films
and coatings (Wolff and others 1951; Mark and others 1966; Jokay
and Mitan 1969). Furthermore, it is hihghly likely to customize
starch-based edible films and coatings for desirable functionalities
because of the availability of a wide variety of starches (Liu 2004),
which may contain any amount of amylose or amylopectin through

genetic engineering techniques (Davis and others 2003).

A high amylose content in starch is known to lead to strong and
flexible films (Wolff and others 1951; Moore and Robinson 1968; Lour-
din and others 1995; Palviainen and others 2001), probably due to
the crystallization of amylose (van Soest and others 1996; Forssell
and others 1999; Mylldrinen and others 2002). Research on the crys-
tallography of amylose has revealed A-, B- and V-type crystals (Whit-
tam and others 1989; Welland and Donald 1991; Helbert and Chanzy
1994; Hulleman and others 1996). The A- and B-type amylose crystals
are constructed by amylose double-stranded helices but with differ-
ent packing modes (Wu and Sarko 1978a, 1978b). Water-cast amylose
films often show B-type crystallization (Unbehend and Sarko 1974;
Wu and Sarko 1978b; Mylldrinen and others 2002). The V-type amy-
lose crystal is based on left-handed single-stranded helices that are
affiliated by some small molecules such as ethanol (Welland and
Donald 1991), isopropanol (Buléon and others 1990), n-butanol
(Helbert and Chanzy 1994), and glycerol (Hulleman and others
1996). Amylose-alcohol V-type microcrystals are often roughly
square-, rectangular- or platelet-shaped; the crystals have an orthor-
hombic symmetry, and within the unit cell the amylose chains are
organized in antiparallel pairs of parallel amylose helices with a num-
ber of precipitant molecules located between the helices (Buléon and
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others 1990; Helbert and Chanzy 1994; Hulleman and others 1996).
Compared with amylose, amylopectin is relatively slow to crystallize
by water evaporation (Goodfellow and Wilson 1990) because of its
high molecular weight and hyperbranched structure. It may develop
B-type crystals after long-period conditioning under high relative
humidity (for example, 91%) (Mylldrinen and others 2002). Regard-
less of the content of amylose in starch (Rindlav and others 1997),
the degree of crystallinity for fresh starch films is very low (<10%)
(Rindlav-Westling and others 1998; Garcia and others 2000; Myllarin-
en and others 2002). Microscopically, starch films show either few in-
teresting features (Garcia and others 2000) or presumably a structure
similar to that of starch gels, which resembles a network of rodlike
strands (Unbehend and Sarko 1974; Leloup and others 1992; Rind-
lav-Westling and others 1998).

The objective of this work was to understand the microstructural
development during drying of amylose, amylopectin, and high-
amylose starch solutions, and the physical interaction between
amylose and amylopectin, by analyzing time sequences of phase-
contrast images. Understanding the film-forming characteristics is
of practical importance to produce starch films or coatings with
desirable microstructures that determine their performance.

Materials and Methods

Materials

Amylose (type III from potato, 2% butanol) was obtained from
Sigma-Aldrich (St. Louis, Mo., U.S.A.), high-amylose (Hylon'V, 55%
amylose, hereafter called 50/50), and waxy (Amioca, >99% amy-
lopectin) corn starches from National Starch & Chemical Co.
(Bridgewater, N.J., U.S.A.).

Water-cast high-amylose starch film

Five grams of high-amylose starch (50/50) was dispersed in 95 g of
deionized wtater and autoclaved at 127 °C for 20 min. After being
autoclaved, the starch solution was cooled to 50 °C to 60 °C, and 9 g
of the starch solution was transferred to a polystyrene petri dish (10-
cm dia) placed on a well-leveled wood slab. The petri dish was dried
for 24 h at ambient temperature to obtain a starch film on the petri
dish surface. The film on the petri dish was directly used for micros-
copy experiment without peeling off the film from the petri dish.
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Preparation of starch solutions

Starch (0.02 g) was soaked in 2 mL of distilled water at 25 °C for 4
hin a capped test tube. After agitation, the capped tube was auto-
claved at 127 °C for 20 min. After cooling to 100 °C in the autoclave,
the capped tube was inserted into a heating block maintaining
95 °C preventing starch gelation. The hot solution in the tube was
agitated and immediately filtered using a preheated syringe filter
(average pore size, 0.45 wm). The filtrate was collected into another
test tube in the same heating block, and the filtrate tube was then
capped to prevent water evaporation. This sample solution was
used immediately for photomicrography tests.

Visualization of starch film formation

A drop (about 0.2 mL) of the filtrates was placed onto a micro-
scope slide at ambient environment (23 °C, 40% relative humidity)
and observed using an inverted phase-contrast microscope (Nikon
Diaphot TMD, Kanagawa, Japan) equipped with a TV camera (Pa-
nasonic WV-1550, Matsushita Electric Industrial Co., Ltd., Osaka,
Japan). The transmitted light source in the microscope was a tung-
sten halogen bulb (12 V/50 W). An NCB10 (blue) color-correction
filter (Nikon) was placed on the filter receptacle to reduce the spec-
tral bandwidth of the source to the range of 430 to 530 nm. We used
the DL (dark low) series of objectives (Ph1 10x, Ph2 20x, and Ph3
40x), which are designed to produce positive contrast in specimens
having a significant difference in refractive index from the sur-
rounding medium. A 2.5x relay lens was placed in the tube adapter
connecting the TV camera to the microscope.

Phase-contrast microscopy is particularly powerful to produce
high-contrast images of transparent or translucent specimens such
as starch films. The inverted configuration, where the objective is
placed underneath the specimens, and the condenser above the
specimens, allows examining microstructural evolution of starch
films without the risk of water vapor interfering with the objectives.

The whole process of film formation was monitored and recorded
by a personal computer equipped with a video capture card. The
image resolution was set at 640 x 480 pixels. The compression meth-
od used in video recording was Huffyuv codec (Ben Rudiak-Gould),
which does not cause any loss in the video’s original quality.

Image processing and analysis

The recorded videos in audio-video-interleave (AVI) format were
converted to a time sequence of 8-bit grayscale images in bitmap
(BMP) format, which were trimmed by 5 pixels per side to remove
the unfocused areas.

An image analysis program (SigmaScan Pro 5.0, Statistical Solu-
tions, Saugus, Mass., U.S.A.) was used to measure the dimensions
of objects of interest (for example, dendrites, crystals) in the imag-
es, which were scaled by using a stage objective micrometer (0 to 1
mm/100).

The program was also used to obtain the grayscale images’ inten-
sity histograms, in which the number of pixels in the images with a
particular intensity is collected as a function of the pixels’ intensity.
Denoted by a grayscale level, the pixel intensity describes how dark
or bright a pixel in an image is. For 8-bit images, the pixel intensity
is assigned a value between 0 and 255. The higher the number, the
brighter the pixel represents. A macro (in Visual Basic for Applica-
tions) was coded to calculate the average pixel intensity (so-called
image intensity) and its standard deviation (intensity stdev) from
the intensity histogram data. While a higher value of image intensity
corresponds to an overall brighter image, a higher value of standard
deviation indicates a broader distribution of the pixel intensities in
the image.

The intensity of each pixel in a phase-contrast image is primarily
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related to the optical path length, which is a product of the refrac-
tive index and specific thickness of the component that the pixel
represents in a specimen. Therefore, the image intensity can be
used as a gauge for approximating relationships between various
components or structures in the specimen. When the refractive
indices of the components (for example, amylose or amylopectin)
are different from those of the surrounding medium (for example,
water here), the components show up against the background in
the phase-contrast image. Because the refractive indices of the
components are related to their microstructures and/or densities,
any changes in the microstructures and/or densities would (for
example, coil-like “free” amylose molecules converting to ordered
double helices, or aggregation of helices) consequently be reflected
in the image intensity of the phase-contrast image, providing that
the intensity of light source remains constant. Normally, higher
refractive index of the components leads to lower image intensity
for positive contrast images as in our case.

Drying of a drop of distilled water was recorded, image pro-
cessed, and analyzed as mentioned previously. In 460 s, the image
intensity remains nearly constant at 60 with a standard deviation
of 16 (Figure 1), suggesting the negligible effect of water evapora-
tion on the image intensity and standard deviation. Only when the
droplet is partially dried (after 460 s of drying) and a contrast shows
against the microscope slide in the view field, peaks in both aver-
age intensity and standard deviation are observed (Figure 1).

Results and Discussion

Because starch films are normally prepared by casting gelati-

nized starch dispersions where many swollen starch granules
are often present (Zobel 1984), it is not surprising that starch films
are often microscopically featureless (Garcia and others 2000), due
to the dominating compaction of those granular remnants that
overshadow the possible microstructural development. The image
of a water-cast high-amylose starch film made from 5% 50/50 (Hy-
lon V) resembles a messy mixture of granular remnants (Figure 2),
probably linked by amylose exuded during starch gelatinization
(Zobel 1984). As with latex dispersions (DuChesne and others
1999), the 5% 50/50 dispersions formed films through aggregation
and compaction of swollen starch granules, probably driven by
water evaporation. The same pattern was observed from the 5%
amylopectin solutions (data not shown).
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Figure 1—Development of image intensity and intensity
standard deviation (stdev) with time for distilled water
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Amylose films

It took about 35 min for a drop of amylose aqueous solutions to
dry up and form a film. Multiple transitions were observed on the
plot of image intensity (brightness) and intensity stdev as the dry-
ing proceeds (Figure 3). The increasing image intensity (bright-
ness) in the 1st 5 to 11 min was presumably attributed to the
known coil-to-helix transition (Wilson and others 1987; Goodfel-
low and Wilson 1990), by which the fully solubilized amylose mol-
ecules associate with each other to form double-stranded helices
upon cooling from 95 °C to 23 °C. The corresponding peak on the
standard deviation curve indicates that the helix formation is a
heterogeneous or random transition process. Although the amy-
lose solution concentrates with water evaporation, the image in-
tensity hardly changed, due to the stability of amylose helices in
the very dilute solution. The helices has little chance to precipitate
(Gidley and Bulpin 1989), because the degree of polymerization
of our potato amylose is in the range of 4920 - 5500 (Takeda and
others 1984; Sievert and Wuersch 1993). However, when the crit-
ical gelation concentration is reached at about 28 min (Figure 3),

Figure 2—Photomicrograph of Hylon V film (5% dispersion
casting)
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Figure 3—Development of image intensity and intensity
standard deviation (stdev) with time for 1% aqueous amy-
lose solutions
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the solution starts to gelate due to the aggregation of helices,
which forms amylose microcrystals (Gidley 1989). High refractive
index of the amylose microcrystals relative to that of the surround-
ing medium (that is, water) leads to the decreasing image inten-
sity from 28 min (Figure 3). The gelating process was finished in
about 4 min from minute 28 to minute 32 (Figure 3). Shortly after-
ward, the image intensity showed a peak transition (minute 36 to
38) (Figure 3), which was attributed to the formation of amylose
films through rearrangement of those microcrystals or aggregation
with patterns (Wu and Sarko 1978a, 1978b).

Interestingly, the amylose films showed a pattern of dendrites.
As with the crystallization of ice (Gonda and Nakahara 1996) and
metallic alloys (Glicksman 1990; Trivedi 1990), the primary den-
drites of amylose grow in water phase of amylose solution while 90
degree side-branching (Figure 4). It is plausible that the dendritic
growth is driven by supersaturation of amylose due to water evap-
oration according to De Goede and Van Rosmalen (1990). Figure 5
shows the longitudinal growth rates of 2 dendrites (d1 and d2) se-
lected on Figure 4. Apparently, both dendrites initially grew at the
same rate of about 27 pm/s. After growing steadily for about 5 s,
dendrite d2 accelerated after the dendrite closely approaches the

ik

Figure 4—Growing amylose dendrites at 2305 s (a) and
those at 4 s later (b)
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water boundary (drying front), whereas dendrite d1 slowed down.
The higher growth rate of d2 is presumably caused by the higher
local supersaturation of amylose in its vicinity that has been dem-
onstrated by De Goede and Van Rosmalen (1990).

Unlike n-butanol precipitated amylose, which look like either
large, well-formed, 6-pedaled rosettes (50 to 80 um in diameter) or
clumps of hairlike needles (Schoch 1942), the amylose film so pre-
pared featured a layer of packed “giant” dendrites (Figure 6). The
dendrites grow continuously with 90-degree branching, which pos-
sesses a perfect pattern of fractals. Exhibiting a hierarchy of 4 levels
(Figure 6a), these quarternary dendrites were characterized by
unique crossed primary branches, the diameter of which was 1 to 2
pm. Like other crystalline polymers such as polypropylene, which
shows boundaries between spherulites (Feng and others 2000),
amylose dendrites stop growing where any 2 dendrites meet, leav-
ing behind distinct boundaries (Figure 6b).

Amylopectin films

A number of transitions in image intensity and intensity stdev
were also observed during the film formation of amylopectin solu-
tions (Figure 7). The 1st one is a sharp increase in the image inten-
sity occurring by 8 s (Figure 7 inset), due to the intramolecular coil-
to-helix transition of amylopectin branches, which is known as a
much faster process than the intermolecular coil-to-helix transition
of amylose (Goodfellow and Wilson 1990). Immediately afterward,
the image intensity dropped from 112 to 82 in 7 min, whereas the
intensity stdev remained at 45 (Figure 7). This intensity transition
presumably reflects the aggregation of intermolecular helices, by
which amylopectin molecules are gelated together. Afterward, the
image intensity showed little change with time, which may indicate
the slow aggregation and completion of aggregation of intramolec-
ular double-stranded helices and form gel particles according to
the result of Goodfellow and Wilson (1990).

In addition to transparency, the amylopectin film did show an
interesting microstructure pattern, which is an assembly of inter-
linked clusters (Figure 8a). Zooming in the structure unraveled a
biphasic structure, where clusters of particles were embedded in
an amorphous background (Figure 8b). Diameter of the particles
was 1 to 2 pm, the same as that of the strands constructing the pri-
mary branches in amylose dendrites (Figure 6). It is suggested that
the network of clusters resulted from association of both intramo-

Figure 6 —Photomicrographs of amylose films showing a
dendrite center (a) and boundaries (white arrow heads)
between dendrites (b)
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Figure 5—Growth of amylose dendrites d1 (A, see Figure
4a) and d2 (M, see Figure 4b). The origin of time axis cor-
responds to the 2293rd s on the time axis of Figure 4.
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Figure 7—Development of image intensity and intensity
standard deviation (stdev) with time for 1% aqueous amy-
lopectin solutions. The inset shows the development in the
1st 30 s.
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lecular and intermolecular double helices, and the amorphous
background is made of the chain segments that constituent the
amorphous lamellae in amylopectin, which also has been suggest-
ed by Daniels and Donald (2004).

Amylose/amylopectin (50/50) films

Three major transitions were observed for the film formation of 50/
50 (Hylon V) solutions (Figure 9). The 1st transition occurring in the
1st 5 min was presumably attributed to the coil-to-helix transition of
amylopectin intramolecular branches, whereas the 3rd transition
occurring between 12 and 18 min to the coil-to-helix transition of
amylose molecules because the former normally proceeds faster
than the latter (Goodfellow and Wilson 1990). The 2nd transition
between 5 and 12 min (Figure 9) is supposedly a result of double-
helix formation of amylose molecules and amylopectin side-branch-
es. The premise is that amylose can interact with amylopectin in gels
or aqueous solutions. It has actually been found that the 2 compo-
nents can co-crystallize (Rindlav-Westling and others 2002) and that
the presence of amylopectin tends to stabilize the solutions of amy-
lose wrapped single-wall nanotubes (Star and others 2002). On this
basis, we suggested that both molecular and supramolecular inter-
action could occur. At molecular level, amylose molecules associate

Figure 8 —Photomicrographs of amylopectin film at low
magnification (a) and high magnification (b)
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Figure 9 —Development of image intensity and intensity
standard deviation (stdev) with time for 1% aqueous amy-
lose/amylopectin (50/50) solutions

Figure 10—Microstructures of amylose/amylopectin (50/
50) film: (a) phase separation; (b) network of high-amylopec-
tin region
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with amylopectin branches to form double helices, as probably indi-
cated by the 2nd transition (Figure 9). At supramolecular level, the
double helices of amylose bundle with those of amylopectin. The
amylose/amylopectin interaction at both molecular and supramolec-
ular levels leads to the formation of crosslinked giant molecules,
which would present a great stereochemical hindrance for the dou-
ble helices of amylose, amylopectin, or both to aggregate. The slight
decrease in the image intensity between 18 and 26 min possibly re-
flects the limited aggregation of the double helices in the solution.

The water-cast 50/50 films exhibit a biphasic structure (Figure
10), which is consistent with the findings of Rindlav-Westling and
others (2002). In general, the structure resembles a network of clus-
ters embedded in an amorphous background (Figure 10a). As in the
amylopectin films (Figure 8), the amorphous phase in the 50/50
films was composed of amorphous amylopectin chain segments.
However, the network phase for the 50/50 films show better con-
nectivity (Figure 10b) than the amylopectin films (Figure 8b), even
though the diameter of the particles is still in the range of 1 to 2 pm.
We believe that the network phase was composed of bundles of
double helices of amylose, amylopectin, or both. It is not surprising
that no pattern of dendritic growth was observed for the 50/50
films, which contains 55% amylose, because the molecular and
supramolecular interaction between amylose and amylopectin
leads to the formation of giant molecules. Moreover, no visible
boundaries exist between the network and amorphous phases
because the 2 phases were molecularly or supramolecularly inte-
grated via the formation or aggregation of double helices.

Conclusions

he mechanisms of starch film formation depend on the solid

concentration and amylose content. Generally, aggregation
and packing of swollen granules dominated the film formation of
starch dispersions with a relatively high solid concentration. How-
ever, both coil-to-helix transition and aggregation of double helices
are operative during the film formation from dilute starch solutions.
Nonetheless, the amylose content showed significant effects on
the moment when and the extent to which the double helices form
and aggregate. Among the 3 specimens examined, amylose solution
exhibited the most significant helical formation and aggregation. In
summary, the film formation of dilute starch solutions follows the
order of helical formation, aggregation or gelating, and reorganiza-
tion of aggregates; the former was primarily driven by cooling and
the latter 2 by dehydration.

Amylose films exhibited a pattern of 4-fold dendrites, whereas
amylopectin films showed a biphasic structure, in which a network
of clusters was embedded in an amorphous background. Amylose/
amylopectin (50/50) films showed a biphasic structure similar to
that of amylopectin. The 2 phases are integrated by molecular and
supramolecular interaction between amylose and amylopectin
through helical formation and bundling.
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