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Optical Anisotropy and Dimple Formation on Films Formed after
Drying of Gelatinized Starch Solution Droplets
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ABSTRACT: We study the microstructures in the drying droplets
of gelatinized starch solutions on a flat substrate. Cryogenic
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of these drying droplets for the first time reveal a relatively thinner y»‘,‘&?‘gﬂ AN
solid elastic crust of uniform thickness at the free surface, an g‘if@;‘\"; ‘
intermediate mesh region below the crust, and an inner core of a "~~~
cellular network structure made of starch nanoparticles. We find
that the deposited circular films formed after drying are
birefringent and azimuthally symmetric with a dimple at their
center. We propose that the dimple formation in our sample occurs due to the evaporation-induced stress on the gel network
structure in the drying droplet. The polarizing optical microscopic studies show that these films are optically uniaxial at their center
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and increasingly biaxial away from the center.

B INTRODUCTION

The study of various properties of the solute films formed
upon drying of solution droplets cast on a flat substrate has
been an active fleld of research during the last two decades.
The solution droplets of various solutes such as polymers,' >
DNA,*° nanotubes,’”® nanorods,'®'! liquid crystals,12’13
colloids,"*™"” surfactants,"® salts,"”*° and biological materi-
als”' 7 have been used for this purpose. The most spectacular
phenomenon found after the dryin% of such a dilute solution
droplet is the coffee ring effect.'”" In this phenomenon, a
circular stain is found to form due to the outward capillary flow
of solute particles toward the pinned edge of the droplet upon
evaporation of the solvent. The deposited film formed in this
way shows the highest thickness near its edge. However, the
pattern of deposited film depends on the properties of solute
particles,”* the ambient conditions,” and the properties of
substrates.”> "’ Interestingly, self-assembled structures of
solute ingredients have also been observed in some cases
which make the deposited thin films birefringent.*”'>**
Kajiya et al. studied this coffee ring effect as a function of the
concentration of a polymeric solution.” They found that the
mismatch in the thickness of the dried film at its rim and the
center reduces with increasing the initial polymer concen-
tration, and the film became almost flat at a certain
concentration. Further increase of the solute concentration
again started to produce a dimple at the center of the dried film
which became deeper on increasing the solute concentration.
The mechanism of this dimple formation in the films for higher
solute concentrations is found to be different from that of
lower solute concentrations. It has been proposed that this
dimple formation in the higher concentration regime is driven
by the buckling of a crust formed at the free surface of a
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droplet during its drying.”*"~>" However, detailed studies on
the microstructure inside these drying droplets have not yet
been performed. A few models on crust formation at the free
surface of different solution droplets have also been
proposed.”>*?

Here, we have studied the properties of the biodegradable
films formed on drying droplets of gelatinized starch solutions
cast on a flat plastic substrate. Starch, the most abundant and
consumable carbohydrate, is the source of large polysacchar-
ides found in nature. Starch naturally occurs in the form of
grains and is made of amylose and amylopectin which are
generally linear and branched polymers, respectively. The
starch grains on heating in excess water swell and rupture
irreversibly by imbibing water above a certain temperature.
This process allows the starch polysaccharides to disperse in
water and is known as the gelatinization of starch.”* The
gelatinized starch solutions cast on a flat substrate produce
transparent films after drying.> ™" In recent years, starch-
based bioplastics have attracted much attention as a
replacement for synthetic polymer films in plastic industries
due to their biodegradable properties.*®

We report detailed cryogenic scanning electron microscopy
studies on the vertical cross-section of drying gelatinized starch
solution droplets to investigate the microstructure inside them.
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The circular starch films formed upon complete drying are
found to be azimuthally symmetric with a dimple at their
center. Using polarized optical microscopy and conoscopy
studies, we find that the films are optically uniaxial at the center
with an optic axis normal to the film whereas they are
increasingly biaxial away from the center. Based on our
experimental results, we propose the possible origin of the
formation of the dimple as well as the birefringence in the
films.

B EXPERIMENTAL METHODS

Preparation of Starch Solutions and Films. The starch
grains were extracted from potatoes procured locally from a
market. A beaker containing starch grains dispersed in water
was closed tightly by using aluminum foil and kept at 90 °C for
1.5 h with continuous staring of the sample using a magnetic
stirrer. At this temperature, the starch grains become
completely gelatinized. The cooled sample was then
homogenized using an ultrasonic probe sonicator (QSONICA
Q700). A 17 mL aliquot of the starch solution was taken in a
20 mL glass bowl and sonicated in pulsed mode (2 s on/4 s
off) for 10 min with 40% amplitude of vibration using a 6 mm
diameter tip. The sonicated starch solution was then cooled to
room temperature by keeping it in a water bath for 5 min. Five
different gelatinized starch solutions were prepared with
concentrations of 10.8, 9.5, 8.0, 6.5, and 5.0 wt %, respectively,
for our experimental studies. These solutions were dropcasted
on a flat plastic substrates by using a micropipette. The
droplets, upon complete drying at room temperature and
ambient humidity, produce starch films on the substrate. The
flat plastic substrates were used as the films produced can be
easily detached from the substrate for further studies.

Weight Measurement during Drying. The weight loss
during the drying of a starch solution droplet was measured
using a quartz crystal microbalance with precision of 107 g.
For each experiment, 150 uL of starch solution was dropcasted
on the flat surface of a plastic petridish using a micropipette.
This droplet was then allowed to dry in air at room
temperature (about 25 °C) and humidity in the range 53%—
55%.

Polarizing Optical Microscopy (POM) and UV—Visible
Spectroscopy. Both the conoscopic and orthoscopic polar-
izing optical microscopy (POM) studies of starch films were
performed by using an Olympus BXSO polarizing optical
microscope. The UV—visible transmission spectroscopy
studies of starch films were performed by using a Lamda 35
PerkinElmer spectrophotometer.

Linear Birefringence Measurement Setup. A custom-
ized experimental setup using a photoelastic modulator (PEM)
was used to measure the retardation of the circular starch film
along its diameter (see the Supporting Information for details).
The thickness profile of the film was measured by cutting it
along the same diameter after the retardation measurement
and taking the cross-sectional image by using a microscope
(Olympus BXS0) attached with a digital camera (Canon EOS
80D). The digital image processing software (image], NIH)
was used to obtain the thickness profiles of the films. The
linear birefringence profile of the film was calculated from the
ratio of the measured optical path difference and the
corresponding thickness.

Cryo-Scanning Electron Microscopy (Cryo-SEM). The
cryo-SEM  studies on the starch solution droplets were

performed by using a Carl Zeiss (Ultra Plus model) system
(see the Supporting Information for details).

X-ray Diffraction (XRD). A DY 1042-Empyrean (PAN-
alytical) X-ray diffractometer with PIXcel 3D detector was
used for acquiring the XRD profiles of the samples using Cu K,,
radiation of wavelength 1.54 A. The samples were kept on a
flat silicon stage of the diffractometer to acquire their XRD
profiles, and the measurements were performed in the grazing
angle of incidence of the X-ray beam. The silicon stage gives a
flat XRD profile which does not interfere with the sample
profiles.

B RESULTS

The native potato starch grains are spherical or elliptical in
shape and about 10 to 60 ym in size. The native starch grains
are semicrystalline in nature and possess birefringent proper-
ties. The potato starch grains upon heating in excess water
gelatinize in the temperature range from 60 to 75 °C. In this
process, starch grains lose their crystalline and birefringent
properties.””* The resulting gelatinized starch solution is
inhomogeneous due to the presence of so-called “ghost”
structures of grains and the entangled starch biopolymers.*"**
A homogeneous starch solution can be prepared by sonicating
the gelatinized sample. Probe sonication of this sample breaks
the starch biopolymers into nanoparticles and gives rise to a
homogeneous, transparent, and less viscous starch solution.
These starch solutions with various initial starch concen-
trations were dropcasted on a plastic substrate, and circular
transparent potato starch films were formed upon drying in
ambient conditions.

The drying dynamics of a starch droplet on a plastic
substrate were studied as a function of time after its
dropcasting. Figure la shows the images of a 150 uL droplet
with 5.0 wt % starch concentration at different time intervals of
its drying. Initially, the droplet dries with its edge pinned to the
substrate. After about 170 min, the droplet edge starts to
recede toward the center with the deposition of a peripheral
film from the initial pinned edge of the droplet. Further drying
reduces the effective diameter of the central spherical cap of
the sample. The time variation of the diameter of the circular
edge of the droplet cap normalized by the initial diameter of
the droplet is shown in Figure la. Initially, this normalized
diameter remains constant and starts to decrease after about
170 min. The complete drying of this droplet gives rise to a
circular starch film with a diameter same as that of the initial
droplet.

The variation of the weight of this drying droplet with time
is shown in Figure 1b. Initially, the weight of the droplet
decreases linearly due to the constant rate of evaporation of
water which was about 0.40 mg/min. The rate of weight loss
starts to decrease gradually after about 170 min until the
complete drying of the droplet. Therefore, we find that the
decrease in the rate of weight loss is correlated with the
receding of the droplet edge. The sample has negligible weight
loss after its complete drying.

Similar dynamics were also found for other starch solution
droplets with the same initial volume but different starch
concentrations. The time variation of weight for a 150 uL
starch solution droplet with a 9.5 wt % initial starch
concentration is shown in Figure S3 of the Supporting
Information. Initially, the weight loss rate was constant at
about 0.36 mg/min, and the rate subsequently started to
decrease with the receding of the droplet edge which occurred
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Figure 1. (a) The variation of normalized diameter of a 150 uL starch
solution droplet with 5.0 wt % starch concentration during its drying.
The images show the sample corresponding to some of the data
points as indicated. (b) The variation of weight during its drying. The
straight line (green) shows the initial linear variation of the weight
with a 0.40 mg/min weight loss rate.

more than 100 min from its dropcasting. But our SEM studies
reveal that a gel network forms in the droplet of this
concentration within about 10 min of its dropcasting.
Therefore, the decrease in the weight loss rate is independent
of sol—gel transition but depends on the drying dynamics of
the droplets.

The starch solution droplets after drying produce circular
films on the substrate. These circular films have azimuthal
symmetry with a radial variation of their thickness. Figure 2a
shows the thickness profiles along the diameter of starch films
formed after the drying of different volumes of droplets with a
same initial starch concentration of 9.5 wt %. It is found that all
these profiles show a sharp increase near the edge of the films
and a dimple at their center, giving rise to an “M-shaped”
thickness profile. The films have a maximum thickness h,,,, and
radius r, depending on the initial volume of the droplets. The
normalized thickness profiles (h/h,,) of these films when
plotted with their normalized radial distance (r/r,) collapse to
a single curve as shown in Figure 2b. Therefore, the scaled
thickness profile (h/h,,,,) is a function of only the scaled radial
distance (r/r,) when other experimental parameters remain
same.

Figure 2c depicts the thickness profiles of starch films
formed from the same volume of droplets (300 uL) but with
different initial starch concentrations. The normalized thick-

ness profiles (h/h,,) as a function of normalized radial
distance (r/r;) of the data shown in Figure 2c are plotted in
Figure 2d. The dimple at the center of the film formed from
the droplet with 10.8 wt % initial starch concentration is
deeper and wider compared to that of the film formed from the
droplet with 5.0 wt % initial starch concentration. Therefore,
the variation of (h/h,,,) with (r/r;) of the films depends on
the initial starch concentration of the droplets.

The dried starch films are transparent in visible light (see
Figure S4 in the Supporting Information). The XRD profiles of
potato starch grains and starch films as shown in Figure 3 were
measured to determine their crystalline structure. The profiles
exhibit peaks on top of a broad amorphous hump. This
indicates that the samples are semicrystalline in nature. The
peak positions in the XRD profile of native starch grains agree
with those found for the potato starch grains having a B-type of
crystal polymorph with hexagonal lattice structure.”*™* The
similarity of the diffraction profiles shown in Figure 3 indicates
that the film also has a B-type of crystal polymorph.

The circular starch films are found to be linearly birefringent.
The deposited starch film becomes birefringent after drying the
droplet though the gelatinized starch solution is optically
isotropic. Figure 4a shows the POM texture of a starch film
formed after drying a 10 uL droplet with a 10.8 wt % starch
concentration. The film between crossed polarizers appears
gray-white which implies that the retardation introduced by
the film is in the first order of the Levy chart. The black
brushes of the Maltese cross along the pass axis of polarizers
divide the whole circular film into four quadrants and remain
invariant on rotating the sample on the microscope stage.
These observations indicate that the principal axes of index
ellipse on the film are along the radial and azimuthal directions,
respectively. The POM studies using a A-plate (530 nm) were
performed to determine the orientation of the major axis. The
introduction of the A-plate with the slow axis at an angle of 45°
with respect to the polarizer changes the color of the first and
third quadrants to yellow, whereas the second and fourth
quadrants become blue as shown in Figure 4b. These colors
belong to the first and second order of the Levy chart,
respectively. Therefore, the effective addition and subtraction
of the optical path differences occur in the blue and yellow
colored quadrants, respectively. These observations imply that
the major and minor axes of the index ellipse on the sample are
along the azimuthal and the radial directions of the film,
respectively.

The center of the film between crossed polarizers appears
dark which implies that this region is either optically isotropic
or uniaxial with an optic axis along the normal to the film. The
conoscopic studies were performed to determine the nature of
the optical anisotropy of the dried starch films. Figure Sa shows
the conoscopic figures at the center (r = 0) and at r = 3 mm of
a starch film of diameter about 16 mm formed after drying a
600 pL droplet of concentration 9.5 wt %. The bottom row in
Figure Sa shows the conoscopic figures at the center of the film
for three different orientations of the sample on the
microscope rotation stage in the absence and presence of a
A-plate in the optical path. The intersection point of the
crossed isogyres parallel to the polarizers in the conoscopic
figures without a A-plate is always at the center of the field of
view. This observation confirms the optical uniaxiality of the
central region with an optic axis normal to the film."” The
insertion of the A-plate into the optical path changed the color
of the first and third quadrants to yellow, whereas the second
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Figure 2. (a) The thickness profiles along the diameter of starch films formed from different volume of starch solution droplets with 9.5 wt % initial
starch concentration. (b) The corresponding normalized thickness profiles as a function of the normalized radial distance. (c) The thickness
profiles along the diameter of starch films formed from 300 yL droplets with different starch concentrations. (d) The corresponding normalized
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Figure 3. XRD intensity profiles of native potato starch grains and the
film formed from a 600 uL droplet with 9.5 wt % starch
concentration.

and fourth quadrants became blue (see bottom row of Figure
Sa). It can be concluded from these observations that the sign
of the birefringence at the central region of the film is negative.
Hence, the conoscopic studies confirm that the index ellipsoid
at the center of the film has a uniaxial oblate shape.

The top row in Figure Sa shows the conoscopic figures at r =
3 mm of the film for three different orientations of the sample
on the microscope rotation stage. On rotating the film by 360°

Figure 4. POM images of the starch film (a) between crossed
polarizers and (b) after inserting of a A-plate with the slow axis at an
angle of 45° with respect to the polarizer.

on the microscope stage, the conoscopic figures at this location
show that the isogyres become crossed at four distinct
positions with a difference of 90°. At + 45° with respect to
a crossed position, the isogyres separate and become
hyperbolic (see the top row of Figure Sa) which indicates
the optical biaxiality of the film at this position."” These
hyperbolic isogyres containing the poles of the two optic axes
at their apex are centered at the middle of the field of view.
Further, the intersection point of the isogyres at crossed
positions also lies at the center of the field of view. These
observations indicate that one of the principal axes of the index
ellipsoid with the refractive index denoted as a and the optic
plane are perpendicular to the film at this biaxial region. The
orthoscopic studies as discussed above confirm that the other
principal axes with indices denoted as y and f on the plane of

19997 https://doi.org/10.1021/acsomega.3c02164
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Figure 5. (a) The conoscopic figures of starch film at r = 0 (bottom
row) and at r = 3 mm (top row) for three different orientations of the
sample on a microscope stage with and without the A-plate. The
angles 0° and +45° refer to the orientation of the optic plane with
respect to the polarizer in the biaxial region of the sample. (b) The
variation of the acute axial angle 2V along the radial direction of a film
formed after drying of a droplet (600 uL, 9.5 wt %). The thickness
profile of the film is also shown in this figure.

the film are along the azimuthal and the radial directions,
respectively. The conoscopic studies after inserting a A-plate
(530 nm) in the optical path were performed to determine the
order of the principal indices @, f, and y at the biaxial region of
the film. The insertion of the A-plate at a +45° orientation of
the optic plane to the polarizer changed the color in the region
between the uncrossed isogyres to blue, whereas it became
yellow at a —45° orientation of the optic plane as shown in
Figure Sa (top row). Therefore, from these observations, it can
be concluded that the film in its biaxial region is optically
negative, and « is the minor principal index. So the optic plane
containing the major principal index y and minor principal
index a lies along the azimuthal direction and perpendicular to
the film. The intermediate principal axis with the index f is
along the radial direction of the film.

The film is uniaxial at its center and becomes increasingly
biaxial along the radially outward direction. The acute axial
angle 2V between the two optic axes can be measured from the
conoscopic studies (see the Supporting Information for the
detailed procedure). The variation of the angle 2V along the
diameter of a starch film formed from a 600 L solution
droplet with 9.5 wt % initial starch concentration is shown in
Figure 5b. The angle 2V is zero at the uniaxial center, and it
increases monotonically toward the edge of the film. The
hyperbolic isogyres go out of the field of view for r > 6 mm of
the film (see Figure S7 in the Supporting Information), and the
measurement of the axial angle was not possible.

The anisotropic optical properties of these starch films arise
due to the orientational order of the starch biopolymers that

developed during drying. Therefore, measuring the linear
birefringence along the radial direction of starch films provides
valuable insight into the structure of these films. Figure 6a
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Figure 6. (a) The variation of (y — f8) and ( — ) along the diameter
of a starch film obtained from a droplet (600 uL, 9.5 wt %). The
variation of (y — f#) as a function of normalized radial distance on
starch films formed from (b) 300 uL droplets with different starch
concentrations and (c) different volumes of droplets with 6.5 wt %
starch concentration.

shows the variation of effective linear birefringence (y — f)
along the diameter of a starch film formed after drying a 600
uL droplet of concentration 9.5 wt % measured by using the
PEM technique. The birefringence profile along the radial
direction from the center to the edge of the film can be divided
into three regions with three different slopes. The measured
birefringence at the center of the film is zero due to its uniaxial
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Figure 7. (Left) The schematic representation of the index ellipsoids at different positions along the diameter of a starch film. (Right) The variation

of index ellipse in the a-f plane along the diameter of the film.

nature. Initially, the birefringence increases rapidly along the
radially outward direction from the center. Then it increases
with a relatively lower slope and again increases rapidly to the
maximum value near the edge of the film.

The variation of (f — @) along a diameter of a starch film
can be calculated from the measured values of the acute axial
angle 2V and the corresponding values of (y — ) (see the
Supporting Information for more detail). Figure 6a shows the
variation of (f — @) for the starch film (600 uL, 9.5 wt %)
which is calculated from the measured values of 2V (see Figure
5b) and the values of (y — f§) as shown in Figure 6a. It is found
that although (y — ) varies considerably along the radial
direction of the film, (f — @) remains almost constant.

The birefringence profiles of starch films obtained after
drying droplets of the same volume but with different starch
concentrations were measured to investigate the effects of the
initial starch concentration. Figure 6b shows the (y — /)
profiles of films obtained on drying 300 uL droplets with
different starch concentrations. These profiles are plotted as a
function of the normalized radial distance in the films. The
profiles have similar characteristic variations with three
different slopes along the radial direction. But the slope of
the middle part of the birefringence profile tends to decrease
on decreasing the initial starch concentration. The maximum
values of birefringence near the edge of these films are close to
each other, and hence it is independent of the initial starch
concentration of droplets.

The birefringence profiles of the starch films formed after
drying different volumes of droplets but with same initial
starch concentration (6.5 wt %) were measured to study the
effect of initial droplet volume. These profiles as a function of
the normalized radial distance (r/r,) are shown in Figure 6c.
The superposition of all these data indicates that the effective
birefringence (y — f) is a function of (r/r,) only when the
other experimental conditions remain the same. The very
similar values of maximum birefringence near the edge of these
films implies that it does not depend on the initial volume of
the droplets.

19999

The variation of index ellipsoid along the diameter of the
starch film viewed from the top is schematically shown in the
left side of Figure 7. The indicatrix in the biaxial region of the
film is a general ellipsoid with three different principal indices
a, 3, and y along the normal, radial, and azimuthal directions of
the film, respectively. The intersection points between the
optic axes and the ellipsoid in the biaxial region are indicated
by a pair of black dots on each indicatrix in this diagram. The
increasing angle 2V between the two optic axes toward the
edge of the film widens the separation between these dots
along the radially outward direction. At the center of the film
and with uniaxial character, the index ellipsoid appears circular
with the intersection point of the optic axis at its center. The
right-hand side of Figure 7 shows the variation of index ellipse
in the a-f plane along the diameter of the film. At the uniaxial
center of the film, the birefringence is negative, and the index
ellipsoid has an oblate shape. The indices @ and S have
maximum values at the center of the film, and they diminish
monotonically toward the edge, keeping their difference almost
equal.

The cryo-SEM studies of drying starch droplets were carried
out to investigate the submicroscopic structures of the samples.
Figures 8a,b show the cryo-SEM textures of a vertical cross-
section of a droplet (300 uL, 9.5 wt %) 10 min after its
dropcasting. The textures clearly show the presence of a thin
solid crust on the free surface of the droplet (Figure 8a) and a
cellular network inside the droplet (Figure 8b). It was found
from cryo-SEM studies that the gelatinized starch samples after
sonication consist of large numbers of nanoparticles of starch
biopolymers. The solid crust forms due to the increased
density of starch nanoparticles near the free surface of the
droplet during its drying. The walls of the cellular structures
are also composed of starch nanoparticles. Some of these
nanoparticles are found to float inside these cells (see Figure
S9 of the Supporting Information). The cellular network
structure can account for the gelling property observed in our
samples. A similar gel network structure has also been observed
in the retrograded starch samples.***’
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Figure 8. Cryo-SEM textures of the vertical cross-sections of droplets (300 L, 9.5 wt %) at different times after dropcasting. (a) The solid elastic
crust on the surface of the droplet after 10 min. (b) The cellular network structure inside the droplet after 10 min. (c) The texture near the contact
line after 14 h showing the droplet and the peripheral dried film fixed on the SEM holder. The magnified views of the marked region 1 (d) and
region 2 (e) showing the texture of the dried starch film and the mesh structure inside the droplet, respectively. (f) The SEM texture near the
central interfacial region of the droplet after 14 h. The magnified views of the marked region 3 (g) and region 4 (h) showing the crust on top of the
droplet and the cellular network structure well inside the droplet, respectively.

The circular edge of the droplets (300 uL, 9.5 wt %) after
about 8 h starts to recede from the initial pinned edge toward
the center, with the deposition of a peripheral film. Figure 8c
shows the SEM texture of the vertical cross-section of such a
droplet 14 h after dropcasting, near the receded contact line.
The magnified views of regions marked 1 and 2 in this figure
corresponding to the deposited film outside and the gel just
inside the droplet edge are shown in Figure 8d and Figure 8e,
respectively. It can be seen in Figure 8d that the deposited film
is composed of densely packed starch nanoparticles. A mesh

structure made of starch nanoparticle filaments is observed in
the magnified view of region 2 as shown in Figure 8e.

Figure 8f shows the cross-sectional cryo-SEM texture near
the free surface at the central part of this droplet. Three
different regions corresponding to a thin crust at the free
surface, an intermediate mesh structure, and a core with a
cellular structure have been observed in this part. A magnified
view of the marked region 3 near the free surface is shown in
Figure 8g, which depicts the dense crust at the free surface with
the underlying mesh structure. The dense crust is formed by
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densely packed starch nanoparticles and is the same as that
found for the dried peripheral film shown in Figure 8d. The
mesh region has a relatively large width but a lower density
compared to that of the crust. The cellular network structure
with the lowest density is observed below the mesh region.
The magnified view of the marked region 4 of this cellular
structure is shown in Figure 8h, which clearly reveals the
membranes separating the cells. Therefore, it can be inferred
from the SEM studies that the drying droplet develops a
relatively thinner solid elastic crust at the free surface, an
intermediate mesh region below the crust, and an inner core of
a cellular network structure. The schematic diagrams of the
drying starch droplet and its vertical cross-section showing
these three regions are depicted in Figure 9. It is apparent that

Circular

contact edge Cellular Crust

network

Droplet Mesh

region

Film

Figure 9. Schematic diagrams of the drying droplet and its vertical
cross-section.

the cellular network structure gives rise to the denser mesh
structure near the free surface of a droplet in the initial drying
stages, which transforms to the dried film at the receding
circular contact edge of the droplet upon further drying.

B DISCUSSION

The coffee ring effect observed on drying polymeric solution
droplets on flat substrates has been studied in detail.”** It was
found that in a low concentration regime, the ring-like stain
produced upon drying a droplet is due to the piling and
deposition of the solute particles toward the edge, driven by
capillary flow. This gives rise to a deposited film with a higher
thickness at the edge compared to that at its center. Further
studies showed that the difference in height at the edge and the
center decreases with increasing polymer concentration.” The
deposited film becomes almost flat at a critical concentration.
Upon further increase in the concentration, a dimple again
starts to form near the center. The width and depth of the
dimple in this high concentration regime increase with
increasing polymer concentration. The flattening of the
deposited film in the low concentration regime is thought to
arise from the increasing viscosity of the solution on increasing
the initial polymer concentration, which hinders the piling of
solute toward the edge. However, the formation of the dimple
in the high concentration regime is not well understood. It was
conjectured that the dimple formation in the high concen-
tration regime occurs due to the buckling of a crust of
nonuniform thickness formed on the free surface of the droplet
during its drying.’

In our sample, the cryo-SEM studies of drying droplets show
a thin crust at the free surface of droplets, but the thickness of
the crust is found to be uniform. We also found a mesh
structure below the crust which is much thicker and denser
toward the edge of the droplet compared to that near the top
central region (see Figure S10 in the Supporting Information).
We, however, have not observed the buckling of the crust
during drying in our samples. Therefore, we propose the

following mechanism for the dimple formation on the starch
films.

During drying, the droplet edge initially remains pinned to
the substrate and subsequently starts to recede toward the
center, depositing a peripheral film as shown in Figure 1. In
our sample, a cellular network structure develops in the core in
addition to the thin crust and the mesh structure around the
droplet as shown in Figure 8. The deposited film, the crust, as
well as the mesh structure have relatively higher densities
compared to the core cellular network region. The deposition
of this higher density peripheral film, therefore, generates a
radially outward stress on the interior gel network structure
during drying. This enhances the network density near the
edge, creating a low density region near the center of the
droplet. Hence on subsequent drying, a dimple forms at the
central region of the deposited film.

We also have found that the dimple in starch films becomes
deeper and wider on increasing the initial starch concentration
(see Figure 2c and Figure 2d). The formation of the gel
network structure in the droplet occurs earlier with increasing
initial starch concentration. Therefore, the generated stress in
the droplets with higher initial starch concentration becomes
operative relatively earlier after dropcasting than in the
droplets with lower initial concentration. These effects produce
the dimple on the film deeper and wider with increasing initial
starch concentration as observed in our experiments. The
starch nanoparticles observed in our samples are expected to
be birefringent due to the aggregated structure of the starch
biopolymers. We propose that the alignment of these
nanoparticles near the circular receding edge of the droplet
during drying perhaps leads to the formation of birefringence
in the deposited starch film.

B CONCLUSION

The drying dynamics of droplets of gelatinized potato starch
solutions on a flat substrate have been studied. The droplet is
initially pinned to the substrate at its circular contact line. The
edge of the droplet subsequently starts to recede toward the
center, leaving a birefringent peripheral film from their initial
pinned edge. The circular films formed after complete drying
are azimuthally symmetric and show an “M-shaped” thickness
profile along their diameter with a dimple at their center. The
width and depth of the dimples in dried films increase by
increasing the initial starch concentration. The cryo-SEM
studies of a drying droplet show a cellular network structure at
the core, an intermediate mesh region, and a solid crust of
uniform thickness around the free surface of the droplet. The
mesh structure is denser than the core cellular structure. Based
on our experimental results, we propose that the dimple
formation and the “M-shaped” thickness profile arise due to
the evaporation-induced deposition of the film which produces
a radially outward stress on the gel network structure in the
drying droplet. This stress drags the network structure toward
the edge, giving rise to a low density region at the center which
subsequently forms a dimple at the center of the film upon
complete drying. The POM studies show that the films at their
center are optically uniaxial, with the optic axis perpendicular
to the films, but become increasingly biaxial away from the
center. The cryo-SEM studies also reveal that the micro-
structures of the droplet and the film are composed of starch
nanoparticles which are possibly birefringent in nature. The
orientational order of these nanoparticles near the receding
edge of the droplet perhaps gives rise to the birefringence in
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the deposited film. Further detailed experimental studies are
required to confirm the origin of the birefringence of these

films.
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The Supporting Information contains the detail about
(a) the optical retardation measurement setup by using
PEM and (b) the sample preparation for cryo-SEM
studies, (c) the weight loss curve of a starch solution
droplet (150 pL, 9.5 wt %) during its drying on a plastic
substrate, (d) UV—visible transmission spectrum of a
starch film, the derivation of the formulas for measuring
(e) acute axial angle and (f) (f — a), (g) the conoscopic
figures along the radial direction of a starch film (600
uL, 9.5 wt %), the cryo-SEM textures of vertical cross-
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