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A B S T R A C T

A thorough understanding of starch structure from crystal distribution level is crucial for production, processing, 
and application of starch. In this study, we utilized a custom-built polarization-based quantitative phase mi
croscopy based on digital holography as well as a multimodal polarization microscope to investigate the crys
talline structure of starch granules at the level of the Maltese cross. Through quantitative analysis, we observed 
that crystalline regions are distributed on both sides of the granules, with non-crystalline material extending 
radially in between, with amylose playing a significant role in disrupting this crystal alignment. This offers in
sights into why starch granules exhibit low overall crystallinity, often below 20%, as observed in maize and 
potato starches. Additionally, in situ enzymatic hydrolysis and digestion analysis of starch granules revealed the 
rapid breakdown of granular structures at specific points in the process. The crystalline heterogeneity, quantified 
as variation in birefringence intensity (with standard deviations of 25–50% for maize starch and 13–25% for 
potato starch), which was observed across the granule population of the same starch type, resulted in asyn
chronous granule disruption, emphasizing the structural complexity within starch granules. These findings 
contribute to a deeper understanding of current models of starch structure, particularly in terms of how crys
talline and amorphous regions interact during gelatinization and enzymatic processes. This study offers deeper 
insights into starch structure-function relationships and underscores the value of digital holographic quantitative 
phase microscopy for starch analysis.

1. Introduction

Starch accounts for 70%–80% of the calories consumed globally and 

is a key component in many foods due to its desirable functional and 
nutritional properties, which are important to e.g. the food industries 
(Muñoz, Pedreschi, Leiva, & Aguilera, 2015). Starch is biosynthesized as 
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semicrystalline granules with a hierarchical and multiscale organiza
tion, featuring structural elements ranging from glucose monomers at 
the nanometer scale to granules of several micrometers (Lourdin et al., 
2015). The granules comprise crystalline and amorphous lamellae with 
a repeat distance of 9–10 nm, blocklets measuring 30–200 nm, growth 
rings ranging from 200 to 600 nm, and other supramolecular arrange
ments such as superhelices (Lourdin et al., 2015). This multi-level starch 
structure determines its functionality and applications. Research on 
structural features of starch is therefore important to both academic and 
applied science.

As well known, the disappearance of the Maltese cross, which in
dicates the orderly alignment of amylose and amylopectin molecules 
within the granules, is a key indicator of structural changes in starch 
granules and is characteristic to starch hydrothermal hydration and 
disassembly, a process known as gelatinization (Cai & Wei, 2013; Cai, 
Zhao, Huang, Chen, & Wei, 2014; Liu, Charlet, Yelle, & Arul, 2002; Patel 
& Seetharaman, 2006; Yeh & Li, 1996) and digestion (Ding et al., 2021; 
Fuwa, Sugimoto, Takaya, & Nikuni, 1979). A deeper understanding of 
starch granule birefringence for different types of starch granules 
depending on e.g. its content of amylose may provide valuable insights 
into the architecture and functionality of starch granules.

The Maltese cross pattern in starch granules is observed using 
polarized microscopy, a technique that exploits the concept of polari
zation, which describes the direction of oscillation of electromagnetic 
radiation. Polarization measurements can assess the molecular-level 
birefringence of optically anisotropic materials which have two 
different refractive indices and refract the incoming light into two rays 
due to the ordered arrangement of their internal microstructures. 
Polarized microscopy, specifically, measures phase retardation and op
tical axis orientation in transparent specimens by acquiring multiple 
images with different polarization configurations (Bunker & Anderson, 
1928; Xiao et al., 2020).

Polarization microscopy methods such as differential interference 
contrast (DIC) microscopy have traditionally been associated with 
qualitative imaging of anisotropic materials (Xiao et al., 2020). The first 
quantitative birefringence analyses were done by sequential acquisition 
at different phase retardance delays (Abraham & Elbaum, 2013; Mehta, 
Shribak, & Oldenbourg, 2013). This time-consuming approach limits its 
ability to measure dynamic processes that impact birefringence. As a 
result, analyses of crystallite alignment and distribution in starch 
granules, or of crystal structure dynamics during treatments, e.g. 
digestion or gelatinization, have been difficult. This limits the under
standing of starch structure and greater utilization of starch.

Recent advances in birefringence imaging integration with other 
imaging techniques, such as quantitative phase microscopy (QPM) and 
digital holographic microscopy (DHM) (Coppola & Ferrara, 2020), may 
resolve some of these issues. DHM, an interferometric-based imaging 
method, enables non-destructive and label-free quantitative phase 
measurements of biological samples and microstructures (Ebrahimi, 
Moreno-Pescador, Persson, Jauffred, & Bendix, 2023; Kemper & Von 
Bally, 2008). In DHM, the relative orientation between two interfering 
beams, the beam which interacts with the sample and the reference 
beam, determines whether the system operates in on-axis or off-axis 
geometry. The on-axis mode features a simpler setup but often suffers 
from artifacts due to the overlap of the zero-order diffraction and twin 
images, necessitating time-consuming image acquisition and iterative 
data processing to remove artifacts. By contrast, the off-axis geometry 
introduces a tilt between the reference beam and the beam modulated 
by the sample, allowing for single-shot acquisition and thus faster 
measurements (Ebrahimi & Dashtdar, 2021). In polarization-based 
DHM, two holograms must be recorded using illuminations with two 
perpendicular polarization states of the reference wave. This approach 
combines the benefits of birefringence imaging with the rapid, quanti
tative capabilities of DHM, enabling more efficient and accurate analysis 
of microstructural dynamics in samples. A numerical method can then 
be employed to simultaneously reconstruct the amplitude, phase, and 

polarization information of the sample (Colomb et al., 2005).
Although the crystal type and crystallinity of starches have been 

extensively studied, traditional methods typically provide only the mean 
crystallinity of a starch sample. These methods are limited in visualizing 
the spatial distribution of crystalline domains within individual granules 
and in capturing the heterogeneity within one starch type. Such het
erogeneity is critical for understanding key properties such as gelatini
zation and digestion. Birefringence imaging offers a means to visualize 
crystal distribution, but it is often limited in quantitative analysis. In this 
study, we applied a custom-built polarization-based DHM configuration 
to achieve quantitative birefringence and optical-axis orientation im
aging of single starch granules, enabling in situ monitoring and quan
tification of starch digestion. The microscope takes advantage of a 
highly stable, common-path geometry using a Fresnel biprism 
(Ebrahimi, Dashtdar, Sánchez-Ortiga, Martínez-Corral, & Javidi, 2018; 
Yaghoubi, Ebrahimi, & Dashtdar, 2022). We further employed gradient 
light interference microscopy (GLIM) module to investigate the 3D 
structures of starch granules by scanning in different depths (Nguyen, 
Kandel, Rubessa, Wheeler, & Popescu, 2017). We showed that the po
larization strength can be quantitatively understood using quantitative 
phase polarization microscopy method and proved that the crystal is not 
evenly distributed in the granules, thereby gaining a deeper under
standing of starch structure. The enzymatic hydrolysis and digestion of 
gelatinized starch is also analyzed using the technique, enhancing in
sights into starch digestion processes.

2. Materials and methods

2.1. Materials

Six starch samples were used in this study, including three maize 
starches: waxy maize starch (WMS), purchased from Cerestar-AKV I/S 
(Denmark); normal maize starch (NMS), Commercial Clinton 106, from 
Archer Daniels Midland (ADM, Decatur, IL, USA); and high amylose 
maize starch (HMS), provided by the Maize Genetic Breeding Labora
tory, Northwest A&F University, Yangling, China. Waxy, normal, and 
high amylose potato starches (WPS, NPS, HPS) were extracted in the 
laboratory as previously described (Guo et al., 2024; Tian et al., 2024). 
The amylose contents are WMS: 0.1%, NMS: 30.7%, HMS: 51.6%, WPS: 
1.9%, NPS: 19.8% and HPS: 34.4%. Pancreatin (A7545) and amylo
glucosidase (A7095) were purchased from Sigma-Aldrich (USA), while 
isoamylase (E-ISAMY, 200 U/mL) was obtained from Megazyme 
(Ireland). All other chemical reagents used in this study were sourced 
from Sigma-Aldrich (USA).

2.2. Starch structural characterization

2.2.1. Size exclusion chromatography (SEC)
The weight-based molecular weight distribution of native starch and 

the chain length distribution of isoamylase-debranched starch were 
analyzed using size exclusion chromatography coupled with a triple 
detector array (SEC-TDA, Viscotek, Malvern, UK) (Tian et al., 2024). The 
system was equipped with GRAM 1000 SEC columns (Polymer Stan
dards Service GmbH, Mainz, Germany) and connected to a refractive 
index detector (PN3140, PostNova Analytics, Landsberg, Germany). For 
native starch analysis, samples (5 mg) were dissolved in 1 mL of DMSO/ 
LiBr solution (0.5% w/w, Avantor, US) at 80 ◦C overnight. The solution 
was then centrifuged at 20,000g for 5 min, and the supernatant was 
injected into the SEC system. Elution was carried out using DMSO/LiBr 
at a flow rate of 0.5 mL/min with a column temperature of 65 ◦C. To 
prepare debranched starch samples, starch dispersions were heated in 
screw-capped tubes with DMSO/LiBr (5 mg/mL) at 80 ◦C for 3 h. Three 
volumes of absolute ethanol were added to the DMSO-dissolved starch 
system to precipitate the gelatinized starch, which was then collected by 
centrifugation at 4000g for 10 min and dried in a fume hood at ambient 
temperature. Debranching was performed by adding 2 μL of isoamylase 

S. Ebrahimi et al.                                                                                                                                                                                                                               Food Chemistry 514 (2026) 148970 

2 



(0.4 U) to 1 mL of sodium acetate buffer (0.01 M, pH 4.0), incubating at 
40 ◦C for 3 h, followed by freeze-drying. The debranched starch samples 
were then prepared at a concentration of 5 mg/mL for subsequent 
analysis. Samples dissolved in DMSO/LiBr were prepared before 
injecting onto the SEC system.

2.2.2. High-performance anion exchange chromatography-pulsed 
amperometric detection (HPAEC-PAD)

Isoamylase enzymatic debranching was performed as described in 
SEC and the debranched starch (40 μL, 5 mg/mL) was injected onto a 
CarboPac PA-200 column attached to an HPAEC-PAD (Dionex, Sunny
vale, CA, USA) system. Columns were pre-washed with 100 mM NaOH 
at 0.4 mL/min for 20 min. The elution process made use of three solu
tions: MilliQ water (eluent A), 1 M NaOH (eluent B), and 1 M NaOH 
enriched with 25 mM NaAc (eluent C). The elution gradient functioned 
at a rate of 0.4 mL/min and proceeded in the following manner: an 
initial phase of 0–5 min (with 15% of eluent A and 85% of eluent C), 
followed by 5–130 min (where eluent B increased linearly to 40% and 
eluent C dropped linearly to 45%), 130–135 min (with 80% eluent A and 
20% eluent C), and lastly from 135 to 145 min (reverting to the original 
eluent mixture). Peak integration and detector response were performed 
as described (Tian et al., 2024).

2.2.3. Wide angle X-ray scattering (WAXS)
After conditioning the samples in a humidity chamber at 90% rela

tive humidity with saturated KCl for 72 h, the samples were analyzed 
using a Nano-inXider instrument (Xenocs SAS, Grenoble, France) under 
the conditions of a 40 mA current, 40 kV voltage, and 0.1542 nm 
wavelength Cu Kα radiation. The radial average intensity, I, was 
measured as a function of the scattering angle 2θ within the range of 
5–40◦. The relative crystallinity was calculated using PeakFit software 
(version 4.12, Systat Software, Inc., San Jose, CA, USA), which esti
mated the amorphous background scattering. The relative crystallinity 
(%) was determined by the formula: Relative crystallinity (%) = (Peak 
areas/Total area) (Tian et al., 2024).

2.2.4. Small-angle X-ray scattering (SAXS)
The nano-lamellar structure of starch was analyzed using a Nano- 

inXider instrument (Xenocs SAS, Grenoble, France). Starch powder 
was dissolved in excess MilliQ water and incubated at 4 ◦C overnight. 
The resulting suspension was centrifuged at 5000g for 5 min, after which 
the supernatant was removed. The remaining suspension (0.7 mL) was 
then transferred to 1-mm-thick sample cells for further measurement. 
The data fitting, including the determination of the thickness of crys
talline (dc) and amorphous (da) lamellae, was performed using a pre
viously described method (Tian et al., 2024).

2.2.5. Fourier transform infrared - attenuated total reflectance 
(FTIR–ATR) spectroscopy

FTIR–ATR spectroscopy was conducted using a Bomem MB100 FTIR 
spectrometer equipped with a Golden Gate attenuated total reflectance 
(ATR) accessory. The starch samples were first equilibrated to the 
ambient laboratory humidity. Spectra were collected at a resolution of 4 
cm− 1, with co-added scans for each sample. Background spectra were 
obtained by cleaning the ATR crystal with a mixture of ethanol and 
water, followed by recording 128 co-added scans. A Lorentzian line 
shape with a half-width of 19 cm− 1 and a resolution enhancement factor 
of 1.9 was applied. After performing baseline correction and deconvo
lution analysis using OMNIC software, the IR absorbance values at 1022 
and 1045 cm− 1 were extracted from the spectra (Tian et al., 2024).

2.3. Multimodal bright-field (BF), polarization, differential interference 
contrast (DIC) and quantitative-phase digital holographic microscopy 
(DHM)

The polarization light microscopic visualization of starch granules 

was performed using an inverted light microscope (Nikon, Eclipse Ti2) 
under bright-field, dark-field polarized and differential interference 
contrast (DIC) modes at cross-polarization state. GLIM module (Phi 
Optics Inc), mounted on the microscope output was used for QPM ac
quisitions and 3D phase imaging by z-scanning. The GLIM module in
tegrates DIC with low-coherence, common-path digital holography, 
effectively suppressing multiple scattering and speckle noise artifacts 
and enabling time-lapse imaging of thick specimens. Its strong optical- 
sectioning capability also supports tomographic imaging. By precisely 
adjusting the phase difference between the two interfering beams via a 
spatial light modulator, multiple intensity images are acquired, which 
are then used to generate phase-gradient maps and, eventually, a 
quantitative phase map through integration along the phase shift di
rection. A 20× microscope objective lens (Plan Apo, NA = 0.75) was 
used for multimodal imaging and the images were captured by a sCMOS 
camera (Hamamatsu, ORCA Flash4.0, 2048 × 2048 pixel array and 
6.5 μm pixel-pitch).

Additionally, a common-path digital holographic microscopy setup 
was implemented based on the Fresnel biprism nearly off-axis geometry 
and 4f optical filtering system to quantify the birefringence retardance 
and optical axis orientation of starch granules. A schematic configura
tion of the setup is shown in Fig. S5.

2.4. In situ analysis of starch enzymatic hydrolysis and digestion by QPM

A GLIM protocol was employed for dynamic investigation of phase 
changes in gelatinized starch granules through enzymatic digestion. This 
QPM technique combines DIC microscopy with low-coherence inter
ferometry and holography and achieves quantitative polarization- 
sensitive tomographic images of both thin and thick samples by opti
cal sectioning. The possibility of real-time imaging of the technique 
makes it a powerful candidate for screening dynamic phenomena. A 40×
microscope objective lens (Plan Apo, NA = 0.95) was used for this 
measurement. Depending on the starch digestion rate, time-lapse images 
were captured at acquisition rates of 1 Hz–10 Hz and for acquisition 
times of a few hundred seconds to a few thousand seconds.

2.5. Statistical analysis

All experiments were conducted in triplicate, and the data are pre
sented as mean ± standard error. The normality of the data was assessed 
using the Shapiro-Wilk test, which confirmed that the data followed a 
normal distribution. Pearson's correlation analysis was applied to assess 
linear relationships between variables, with the understanding that 
nonlinear relationships may not be captured by this method. Statistical 
significance was determined using Duncan's post hoc test at a 95% 
confidence level (p < 0.05). All analyses were performed using SPSS 
20.0 (SPSS Inc., Chicago, IL).

3. Results and discussion

3.1. Multi-scale structures of maize and potato starches with different 
amylose content

To link features of starch granules, such as molecular structure 
(Fig. S1, Fig. S2, Table S1, and Table S2), lamellar structure (Table S3), 
crystalline structure (Fig. S3 and Table S3), and granular surface 
structure (Fig. S4 and Table S3) with data from our custom-built mi
croscope, we first characterized the starch granules according to the 
following:

3.1.1. Chain length distributions (CLDs) of starches as analyzed by SEC 
and HPAEC-PAD

Size-exclusion chromatography (SEC) analysis of starch samples are 
shown in Fig. S1A and Table S1 (Hernández et al., 2008; Zhong, Liu, 
et al., 2020b). Here, we found that WMS contained a higher proportion 

S. Ebrahimi et al.                                                                                                                                                                                                                               Food Chemistry 514 (2026) 148970 

3 



of molecules with large hydrodynamic radii, reflecting the dominance of 
amylopectin fractions. NMS showed a broader size distribution, indi
cating the presence of both amylopectin and amylose. HMS displayed a 
bimodal size distribution, corresponding to the higher amylose content. 
Similar trends were observed in potato starches, where WPS resembled 
WMS, while NPS and HPS showed broader and bimodal distributions, 
respectively.

Debranching (with subsequent SEC analyses) (Fig. S1B and Table S1) 
revealed that WMS contained mainly short amylopectin chains, with no 
detectable amylose. NMS displayed a wider range of chain lengths, with 
both short amylopectin chains and long amylose chains. HMS showed a 
significant shift towards longer chain lengths, with amylopectin chains 
being more evenly distributed, and a clear presence of long amylose 
chains, contributing to the bimodal distribution. In the potato starches, 
WPS exhibited a pattern similar to WMS, dominated by short amylo
pectin chains. NPS showed a wider distribution, and HPS presented a 
profile dominated by long chains, indicative of a high amylose content 
disrupting the regular amylopectin structure.

HPAEC analysis (Fig. S2 and Table S2) (Lim, Zhang, Ferruzzi, & 
Hamaker, 2019; Zhong, Bertoft, Li, Blennow, & Liu, 2020) revealed that 
WMS was dominant in short chains (fa, DP 6–12), with few intermediate 
and long chains. NMS exhibited a more balanced distribution of chain 
lengths, with a noticeable presence of both short (fa) and longer chains 
(fb1, fb2). HMS was characterized by a high proportion of fb1 chains and 
less fb3 chains. In potato starches, WPS showed patterns similar to WMS, 
dominated by short chains. NPS contained both short and long chains, 
and HPS exhibited the highest proportion of fb1 chains and lowest fb3 
chains.

3.1.2. Crystalline structure and lamellar structure
To understand how amylose and amylopectin contribute to granular 

architecture, Small-angle X-ray scattering (SAXS) was employed to 
analyze lamellar structures (Table S3). The effects of amylose on 
lamellar organization were found to be crop-dependent. For maize 
starches, WMS exhibited a total lamellar thickness (dac) of 9.2 nm, with 
crystalline (dc) and amorphous (da) lamellae of 7.2 and 2.1 nm, 
respectively. With increasing amylose content, NMS showed only minor 
changes (dac = 9.3 nm, dc = 7.6 nm, da = 1.7 nm), whereas in HMS a 
reduction in dac (9.1 nm) and dc (7.1 nm) accompanied by an increase 
in da (1.9 nm) was observed, indicating disruption of lamellar packing in 
an intrinsically less ordered structure. In contrast, potato starches 
showed a different trend. WPS displayed dac, dc, and da values of 8.8, 
6.7, and 2.1 nm, respectively. In NPS, dac and dc decreased to 8.4 and 
6.1 nm, while da slightly increased to 2.2 nm. Notably, HPS exhibited 
increased dac (9.1 nm) and dc (7.0 nm), suggesting an expansion or 
reinforcement of the lamellar structure.

Wide-angle X-ray scattering (WAXS) (Fig. S3 and Table S3) provides 
data on crystalline polymorphs and relative crystallinity, revealed that 
WMS and NMS predominantly exhibited an A-type crystalline structure 
(Yang, Gu, & Hemar, 2013), representing a compact double-helix typical 
of cereals. By contrast, HMS shifted to a more hydrated B-and V-type 
crystalline structure, attributed to long amylopectin side chains associ
ated with amylose (Tian et al., 2024). Potato starches (WPS, NPS, HPS) 
consistently exhibited a B-type crystalline structure (Dankar, Haddarah, 
Omar, Pujolà, & Sepulcre, 2018), typical of tuber starches. As amylose 
content increased, the crystallinity decreased across both maize and 
potato starches. In WMS, crystallinity was 14.4%, decreasing to 11.6% 
in NMS, and further dropping to 8.5% in HMS. For potato starches, WPS 
exhibited the highest crystallinity at 17.0%, which decreases to 16.1% in 
NPS and 14.7% in HPS.

3.1.3. Surface order degree
We finally used FTIR spectroscopy to gain insights into the relative 

ordering of the crystalline and amorphous regions of starch granules, 
specifically the 1045/1022 cm− 1 ratio (Table S3) (Warren, Gidley, & 
Flanagan, 2016). A higher ratio indicates a greater degree of crystalline 

order, while a lower ratio suggests a more amorphous structure. In 
WMS, the 1045/1022 ratio was 0.73. In NMS, the ratio decreased to 
0.69, and in HMS, it further decreased to 0.67. For potato starches, WPS 
showed a ratio of 0.87, which decreased to 0.83 in NPS, and then slightly 
increased to 0.87 in HPS.

3.2. A custom-built DHM configuration provides insights into the crystal 
distribution within starch granules

To quantify birefringence of starch granules, we developed a 
polarization-based DHM method (Fig. S5). The system employs a diode 
laser with a wavelength of 650 nm and coherence length of a few mil
limeters as the light source. A 1-in. right-handed circular polarizer 
(Thorlabs, central wavelength 633 nm) was used to generate the 
required input circular polarization sate. A Fresnel biprism, made from 
BK7 glass (refractive index of 1.51) with the dimension of 60× 40 mm 
and the refringence angle of 0.07 rad and positioned 60 mm from the 
microscope objective rear aperture in the microscope's optical path, 
splits the wavefront into two overlapping beams through refraction 
phenomena resulting in an off-axis imaging geometry (Ebrahimi et al., 
2018; Ebrahimi, Dashtdar, Fonda, & Cabrera, 2025; Goodwin, Lim, 
Mahajan, & Nolte, 2025). A rotating film polarizer (Thorlabs, 0.5-in. 
diameter, wavelength range 400–700) was inserted in the reference 
wave path to produce the orthogonal polarization states. The holograms 
were recorded by a FLIR CMOS sensor (1920 × 1200 pixels, pixel size 
5.86 μm). This design is highly compact and readily adaptable for 
integration with lab-on-a-chip platforms (Ballard, Zhang, & Ozcan, 
2017; Merola et al., 2015). By using a single illumination beam, the 
setup enables off-axis polarization digital holographic imaging without 
requiring additional optical components such as mirrors and beam- 
splitters (Tsai, Vyas, & Luo, 2024). Its common-path geometry pro
vides enhanced robustness against vibrations, environmental distur
bances, and optical misalignment (Anand, Chhaniwal, & Javidi, 2018). 
The polarization sensitivity of the system facilitates simultaneous ho
lographic imaging of orthogonal polarization components in birefrin
gent specimens and supports quantitative extraction of two-dimensional 
birefringence metrics, including phase retardation and optic-axis 
orientation (Coppola & Ferrara, 2020).

A hologram image of a starch granule is shown in Fig. 1(a). The 
interference pattern includes three-dimensional structural information 
of the starch granule coupled with refractive index distribution i.e., 
optical path length information. The concentric rings visible in the ho
logram suggest layered structures within the granule, indicating varia
tions in thickness or refractive index that cause phase shifts in the 
transmitted light. The method provides a direct way to visualize the 
internal morphology of the granule without any labeling or staining via 
two separate image acquisitions performed at orthogonal polarization 
states. The holograms were reconstructed by Fourier transform analysis 
method. Via 2D fast Fourier transform, the spatial information of holo
gram can be transformed into frequency space (Fig. 1(b)). The high
lighted red circle indicates the first diffraction order corresponding to 
the structural feature in the granule, such as lamellae or other periodic 
arrangements. This component's prominence suggests a dominant 
structural motif, which can be linked to the organization of amylopectin 
and amylose chains within the granule. After windowing the first 
diffraction order and shifting the filtered spectrum to the center, an 
inverse Fourier transform results in the reconstruction of the amplitude 
distribution and phase delay. A second hologram was then captured at 
90-degree rotation of reference beam polarization (See Fig. S5) with 
subsequent reconstruction. By either subtracting or averaging the two 
obtained phase distributions we obtained both the birefringence phase 
retardation (Fig. 1(c)) and optical axis orientation (Fig. 1(d)) (see sup
plementary file for the mathematical descriptions). Birefringence occurs 
when light passes through an anisotropic material, like a starch granule 
with aligned crystalline regions, causing different phase delays for 
different polarization states. The color-coded map shows the retardance 
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angle in radians, with distinct regions of high and low birefringence 
(Fig. 1(c)). These variations reflect differences in crystalline order 
within the granule, with higher values (yellow regions) indicating more 
organized structures and lower values (blue regions) representing areas 
with higher amorphous content. The optical axis orientation map visu
alizes the vibration directions of the crystals relative to the optical axis, 
indicating the alignment of molecular structures. The color gradients 
represent different orientations of the optical axis in radian, which 
should correspond to the directions in which amylopectin chains are 
aligned. This information is crucial for understanding how the internal 
crystalline and amorphous regions are spatially organized and how they 
might interact with light under polarized conditions. Fig. 2 shows the 
birefringence maps for three different potato starch types, waxy, normal 
and high amylose. Here, the high-amylose starch shows a lower bire
fringence retardance compared with those of waxy and normal types.

To further investigate how starch structural parameters influence 
birefringence intensity, we calculated the mean birefringence intensity 
of 17 individual granules for each starch type (Fig. S6), and analyzed its 
correlation with starch structural parameters (Fig. 3). The mean value 
was calculated by averaging the local birefringence within the regions 
occupied by granules. When the correlation analysis was performed 
separately for the two crops, birefringence intensity exhibited a positive 
correlation with RCdeAP1 and RCna-AP, and a negative correlation with 
ACLdeAP1, ACLdeAP2, and RCna-Am. These findings highlight a critical role 
of molecular structural parameters in determining birefringence in
tensity. Specifically, they underscore the importance of amylopectin, 
particularly the content and lengths of amylopectin short chains, in 
forming a more ordered birefringent structure, while amylose disrupts 
this order (Zhong, Liu, et al., 2020a). When correlation analysis was 

performed using combined data from both crops, birefringence intensity 
showed a positive correlation with crystallinity and Rh-AM average, and 
a negative correlation with RCna-Am. These relationships suggest that 
birefringence intensity is primarily influenced by aggregated structural 
features, including overall crystallinity and molecular size. Differences 
observed between crop-specific and combined analyses mainly arise 
from substantial variations in molecular and supramolecular organiza
tion between maize and potato starches, which affect the direction and 
strength of the correlations. This reflects the multi-level influence of 
starch structure on functionality, with both molecular features (e.g., 
amylopectin chain length) and aggregated structures (e.g., crystallinity, 
crystalline lamellar thickness) contributing to functional outcomes in a 
crop-specific manner. Overall, the results indicate that birefringence 
intensity is jointly controlled by molecular and aggregated structures, 
especially the content of amylopectin (RCna-Ap), with the effects varying 
based on crop origin and structural scale. However, some starch struc
tural features, such as surface roughness, which are difficult to quantify, 
might also play an important role in the observed birefringence 
differences.

3.3. Increasing amylose content leads to a more heterogeneous internal 
crystalline distribution of starch granules

To validate our findings obtained from the custom-built birefrin
gence technique, we studied the morphology of starch granules using a 
multi-modal commercial Nikon microscope that integrates Bright Field 
(BF), Polarized Microscopy (PM), Differential Interference Contrast 
(DIC), and Quantitative Phase Microscopy (QPM) techniques (Fig. 4). 
Here, we aimed to understand how amylose content and botanical 

Fig. 1. Holographic imaging pipeline. (a) A raw hologram of a normal potato starch granule. (b) Fourier spectrum of (a). (c) Birefringence and (d) optical axis 
orientation maps, obtained by Fourier transform analysis and filtering the first diffraction order (the red circle in (b)) in Fourier domain. The color bar shows the 
phase delay in radian. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Birefringence phase delay images of potato starches with different amylose content, including waxy starch (left), normal starch (mid), and high amylose 
starch (right). The color bar shows the phase delay in radian. 
WPS: waxy potato starch; NPS: normal potato starch; HPS: high-amylose potato starch. Note: the image of NPS is the same as in Fig.1c as conditions are identical.
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source affect the crystal distribution of starch. For waxy and normal 
potato starch granules, BF imaging showed large, oval granules with a 
relatively uniform size distribution, indicating a consistent granule 
morphology. PM images revealed distinct Maltese cross patterns, 
indicative of strong birefringence and a highly ordered internal crys
talline structure, characteristic of amylopectin-rich regions. DIC imaging 
provided a more nuanced view by highlighting subtle variations in 
surface texture and internal structure that are not visible in BF or PM 
images. The DIC images displayed distinct shading and contrast varia
tions across the granule surfaces, which correspond to differences in 
refractive index and surface topology. These shading patterns indicate 
that the granules have an anisotropic distribution of surface irregular
ities, with certain regions showing more pronounced contrast changes 
than others. This suggests that the granules exhibit directional variations 
in microstructural features, such as zones of differing crystallinity or 
packing density, potentially aligned along specific orientations related 
to the granule's growth or the organization of amylopectin chains. QPM 
further complemented these findings by providing a quantitative phase 
map of the granules, illustrating how light is phase-shifted as it passes 

through different parts of the granule. The QPM images revealed distinct 
color gradients corresponding to variations in optical path length dif
ferences, indicating regions of differing refractive index. Notably, QPM 
highlighted a directional distribution of crystallinity within the gran
ules, with higher phase shifts concentrated at two opposite ends of the 
granules and lower phase shifts on the other two ends. This pattern in
dicates that crystalline regions are positioned on both sides of the 
granules, with non-crystalline material extending radially in between, 
possibly aligning with the granule's growth direction or the orientation 
of amylopectin branches. For high-amylose potato starch granules, BF 
imaging revealed granules with highly irregular shapes, differing 
significantly from the more uniform shapes of waxy and normal starch 
granules. PM imaging showed significantly reduced birefringence, with 
an absence of the clear Maltese cross patterns observed in the other 
starch types, indicating a lack of internal crystalline order and a higher 
degree of amorphous structure. DIC imaging provided detailed contrast 
of the granules' rough surfaces, highlighting significant variations in 
surface topology and thickness, reflecting a more disordered internal 
structure and uneven packing. QPM further revealed highly heteroge
neous phase shift distributions, characterized by abrupt color changes, 
suggesting significant internal differences in density and refractive 
index, likely due to the high amylose content disrupting the crystalline 
regions and creating a more amorphous internal composition.

Waxy maize starch granules displayed uniform polyhedral shapes, 
distinct Maltese cross patterns under PM, and minimal surface rough
ness and structural disruptions, as seen in BF, DIC, and QPM imaging 
(Fig. 5). The crystalline regions were concentrated at the granule ends, 
showing ordered internal composition. In contrast, normal maize starch 
granules exhibited smaller, irregular shapes, reduced birefringence, and 
more pronounced surface roughness, indicating increased morpholog
ical variability. QPM showed uneven phase shifts, reflecting differences 
in internal refractive indices and amylose's less ordered distribution. 
High-amylose maize starch granules had highly irregular shapes, mini
mal birefringence, and significant surface roughness, indicating a 
largely amorphous structure. QPM revealed highly heterogeneous phase 
shifts, with variations in density and refractive index, pointing to both 
dense, amylose-rich amorphous areas and occasional crystalline 
pockets. The results underscore the significant impact of amylose con
tent on starch granule structure, from waxy starch with a highly ordered 
crystalline structure to high-amylose starch with a more disrupted, 
heterogeneous internal composition.

While the impact of increasing amylose content on starch structure 
shows similar trends for the two botanical sources studied (maize and 
potato), some distinct differences arise due to their unique granule ar
chitectures. Potato starch granules are generally larger with more 
complex surface features, which are highlighted by DIC and QPM im
aging. DIC reveals significant surface roughness and pronounced height 
variations in potato starch granules, suggesting a more heterogeneous 

Fig. 3. The correlation between birefringence from the microscopy and starch structural parameters. RCde-X: relative amount of fraction X of debranched sample; 
RCna-X: relative amount of fraction X of native sample; ACLde-X: the average chain length (DP) of the fraction X of debranched sample; Rhna-X: hydrodynamic radius of 
fraction X of native sample. RCX: relative mount of fraction X of debranched samples; ACLX: verge chin lengths (DP) of fraction X of debranched samples; fa: 
amylopectin chains with DP 6–12; fb1: amylopectin chains with DP 13–24; fb2: amylopectin chains with DP 25–36; fb3: amylopectin chains with DP >36. D, Bragg 
lamellar repeat distance; dac, da and dc, the thicknesses of total, amorphous, and crystalline lamellae, respectively; FTIR: the ratio of 1045/1022 cm− 1. *, **, and *** 
indicate significant correlations at p < 0.05, 0.01, and 0.001 levels, respectively.

Fig. 4. Microscopic imaging of potato starch granules using BF, PM, DIC, and 
QPM techniques. BF: Bright Field, PM: Polarization Microscopy, DIC: Differ
ential Interference Contrast, and QPM: Quantitative Phase Microscopy. In QPM, 
the color bar represents the gradient of optical phase, with red indicating re
gions of higher optical path length, and blue indicating lower optical path 
length. 
WPS: waxy potato starch; NPS: normal potato starch; HPS: high-amylose potato 
starch. (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
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surface structure and internal packing. This complexity in surface 
texture could result from the unique way, amylopectin and amylose are 
organized within potato starch granules, creating varied refractive index 
regions. In contrast, maize starch granules are smaller and more 
compact, with DIC imaging showing smoother surfaces and more uni
form thickness. However, in high-amylose maize starch, there is more 
evident granule aggregation, suggesting stronger inter-granular in
teractions, potentially due to different surface properties influenced by 
higher amylose content. This clustering tendency could reflect differ
ences in how amylose and amylopectin interact at the granule surfaces 
in maize compared to potato. QPM further distinguishes the two starch 
types by revealing differences in internal composition. Potato starch 
shows varied phase shift patterns within granules, indicating heteroge
neous internal structures with regions of different densities and refrac
tive indices. This suggests more localized variations in crystalline and 
amorphous regions within potato granules. By contrast, maize starch 
granules, particularly at high amylose levels, exhibit more uniform 
phase shifts within individual granules but greater variability between 
granules, indicating a more consistent internal composition within each 
granule but a broader range of granule types. Overall, the botanical 
origin influences starch granule properties, with potato starch having 
more heterogeneous surface and internal structures while maize starch 
showing more uniform but clustered granule behavior.

3.4. 3D visualization of starch granules via QPM microscopy reveals 
crystal distribution consistent with the patterns observed in 2D 
visualization

To understand the internal optical heterogeneity and organization of 
the granules, the 3D visualization of potato starch granules was shown in 
Fig. 6. In waxy and normal starch granules, the crystalline regions are 
prominently distributed on both sides and remain consistent along the z- 
axis, indicating a well-ordered internal network with varying birefrin
gence. By contrast, high-amylose starch granules appear more uniformly 
colored with minimal variation, suggesting a predominantly amorphous 
structure due to amylose disrupting the crystalline order. This 3D view 
provides deeper insights into how amylose content affects the structural 
and optical properties of starch, enhancing our understanding of granule 
organization in three dimensions.

3.5. The crystalline regions in starch granules are aligned in specific 
directional patterns

More detailed insights into starch structure, particularly the align
ment of crystalline regions was obtained by using DIC and QPM. DIC 
shows that starch granules have crystalline regions distinctly distributed 
on both sides of granule, maintaining consistency along the z-axis, while 
non-crystalline regions extend radially between these two regions. This 
suggests a highly ordered alignment along one axis, consistent with the 
layered arrangement of crystalline lamellae, while the other axes appear 
more disordered due to the presence of amorphous regions. These 
amorphous areas, often disrupted by amylose or longer amylopectin 
chains, are less ordered and distributed randomly. The higher crystalline 
order along a specific axis indicates that amylopectin molecules are 
more tightly packed and aligned in that direction, while amylose dis
rupts this alignment, contributing to increased structural disorder in the 
perpendicular directions.

There are two main models describing how AP chains are organized 
in the branched polymer: the “cluster model” (Nikuni, 1978) and the 
“building block backbone model” (Bertoft, 2017). The key difference 
between them is that in the cluster model, long AP chains penetrate both 
crystalline and amorphous lamellae, while in the building block back
bone model, the chains are primarily oriented within the amorphous 
lamellae, with some extending into the crystalline regions (Zhong et al., 
2022). In the cluster model, short AP chains are densely packed together 
by branch points in the amorphous lamella, and longer parallel AP 
chains connect these clusters in a radial arrangement within the starch 
granule (Zhong et al., 2022). However, these models primarily focus on 
the alignment of amylopectin, while the alignment of crystallites re
mains unclear. It is generally assumed that the crystals are evenly 
distributed in all directions within the granules (Pérez & Bertoft, 2010; 
Wang & Copeland, 2015), although this assumption has been debated 
and lacks experimental evidence. By combining DIC and QPM micro
scopy, we provide the first experimental data showing that the crystal
line structure follows a clear directional alignment, with possible 
disordered crystals and amorphous regions in other directions. This 

Fig. 5. Microscopic imaging of maize starch granules using BF, PM, DIC, and 
QPM techniques. BF: Bright Field, PM: Polarization Microscopy, DIC: Differ
ential Interference Contrast, and QPM: Quantitative Phase Microscopy. In QPM, 
the color bar represents the gradient of optical phase distributions. 
WMS: waxy maize starch; NMS: normal maize starch; HMS: high-amylose 
maize starch.

Fig. 6. Three-dimensional imaging of phase gradience in potato starch granules. The color bar represents optical phase shifts (in radians). 
WPS: waxy potato starch; NPS: normal potato starch; HPS: high-amylose potato starch.
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helps explain why starch granules have relatively low crystallinity, 
typically below 20%, as seen in maize and potato starches used here. 
Although the microscope analysis is unable to observe molecular orga
nization directly, our data may contribute to refining the two well- 
recognized starch structure models, i.e., the cluster or backbone 
model. Furthermore, it helps clarify that amylose disrupts the granular 
structure by weakening the clear directional alignment of the crystalline 
structure.

3.6. The heterogeneity of crystalline structure affects thermal behavior of 
granules

New information on starch granular heterogeneity was provided by 
the multimodal characterization, and helps understanding the starch 
functionality, e.g., thermal and enzymatic hydrolysis properties. It is 
well known that starch granules exhibit a wide range of sizes, shapes and 
polarization patterns, leading to questions about whether granular 
structures influence starch functionality, including gelatinization and 
digestion. While some studies have provided evidence in this area (Cai 
et al., 2014; Corgneau et al., 2019; Pérez, Baldwin, & Gallant, 2009; Wei 
et al., 2010), our data reveal a different aspect of starch granule het
erogeneity. As shown in the QPM images in Figs. 4 and 5, the crystalline 
ordering varies between granules of the same starch type, regardless of 
their size and shape. This helps in understanding starch functionality, e. 
g., thermal properties and enzymatic reactions. The broad DSC peak 
traditionally interpreted as a gradual melting process within individual 
starch granules, from onset to final temperature (Biliaderis, Page, 
Maurice, & Juliano, 1986; Genkina, Kozlov, Martirosyan, & Kiseleva, 
2014; Ratnayake & Jackson, 2008), may instead result from variations 
in crystalline structure between granules. From our data, we propose 
that rather than each granule melting progressively, some granules may 
melt rapidly at different points within this temperature range. This 
broad peak reflects the heterogeneity in crystalline ordering among 
granules, with some melting closer to the onset temperature and others 
near the final temperature, rather than a continuous process within a 
single granule. The substantial impact of crystal alignment heteroge
neity on starch enzymatic hydrolysis and digestion is further discussed 
in the following two sections.

3.7. Enzymatic hydrolysis leads to gradual breakdown of amorphous and 
crystalline phases

The enzymatic hydrolysis of normal maize starch granules was 
further examined using QPM with a high dosage of amyloglucosidase 
(AMG), which allows monitoring granular disruption within a short 
time. AMG is widely used as a model digestive enzyme in in vitro ex
periments and is known to degrade native starch and produce porous 
structures (Genyi, Zihua, & Hamaker, 2006; Han et al., 2021). Time- 

lapse visualization captures dynamic changes in granule structure dur
ing hydrolysis, revealing real-time alterations in internal organization 
and optical properties (Fig. 7). At the initial stage (0 s) (Fig. 7a), the 
granules show distinct phase shifts with red and blue gradients, indi
cating a heterogeneous internal structure with varying refractive indices 
and densities. These patterns suggest a mix of crystalline and amorphous 
regions within the granules. As hydrolysis progresses, the phase shift 
variations diminish, reflecting the gradual breakdown of both crystal
line and amorphous phases. The QPM data indicates that the enzymatic 
action begins at the granule surface, gradually penetrating inward, as 
evidenced by the initial changes occurring predominantly at the pe
riphery of the granules. This suggests that amyloglucosidase attacks the 
starch granules from the outside inwards. Additionally, the images do 
not show a preferential attack on either crystalline or amorphous re
gions; instead, they suggest that the enzyme acts simultaneously on 
both, leading to a uniform reduction in structural order throughout the 
granules. In Fig. 7b, the granules exhibit reduced color intensity, indi
cating a more homogeneous internal composition as the enzyme disrupts 
both the crystalline and amorphous regions. After 150 s, the minimal 
remaining color variations signify nearly complete granule disintegra
tion, with a uniform low-density distribution of hydrolyzed starch 
components (see the Fig. 7c, showing the temporal phase decay for the 
granule specified by black dashed line in Fig. 7a).

The starch hydrolysis kinetics by amyloglucosidase has been investi
gated previously, which quantified the enzyme attack sites and the 
density of binding sites on starch granules (Tian et al., 2023). However, 
it did not address how these attack sites are distributed across the 
granular surfaces, particularly within crystalline or amorphous regions. 
This QPM visualization uniquely allows for quantitative and dynamic 
monitoring of structural changes, providing a deeper understanding of 
how enzymatic activity targets different regions within starch granules 
and the efficiency of hydrolysis across varying granule types. This re
veals that amyloglucosidase does not selectively target crystalline or 
amorphous zones but instead uniformly attacks the entire granule 
structure from the surface inward (Evers, 1971; Genyi et al., 2006; 
Shrestha et al., 2012). This provides a comprehensive view of the 
enzymatic breakdown process in real-time, highlighting the interactions 
between amyloglucosidase and the starch granule's internal structure, 
leading to a deeper understanding of the hydrolysis dynamics. However, 
the dosage of AMG and differences in starch granules from various 
botanical sources may influence the degradation pattern, which war
rants further investigation in future studies.

3.8. QPM allows monitoring the digestion of starch granules

An analysis of normal maize starch granule digestion was also con
ducted by QPM in Fig. 8 by using a mixture of amyloglucosidase and 
alpha-amylase in a low dosage that used in vitro digestion protocol 

Fig. 7. (a–c) Time-lapse QPM images showing the degradation of normal maize starch granules over time during high-dosage amyloglucosidase hydrolysis and (d) 
the corresponding phase decay profile for the granule specified by black dashed line in the first panel from the left. A total of 270 images were collected during the 
experiment at an acquisition rate of 1 FPS over 270 s. The color bar represents the optical phase shift in radian, with red indicating higher optical phase and blue 
indicating lower optical phase. The scale bar represents 50 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.)
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(Zhong, Liu, et al., 2020b) over time. This sequential visualization 
captures the dynamic changes in granule structure during the combined 
enzymatic hydrolysis, revealing notable differences in the digestion 
patterns compared to amyloglucosidase alone. At 10 min, the granules 
exhibit distinct phase shift patterns, with prominent color gradients 
indicating areas of high optical density and internal organization 
(Fig. 8a). These gradients suggest that the initial enzymatic action tar
gets specific regions within the granules, possibly beginning at both the 
surface and partially inside, reflecting the combined effect of alpha- 
amylase and amyloglucosidase. After 20 min, there was a marked 
reduction in phase shift variation and color intensity (Fig. 8c), indicating 
an accelerated breakdown of both crystalline and amorphous regions 
compared to amyloglucosidase alone (see the Fig. 8d, showing the 
temporal phase decay for the granule specified by white dashed line in 
left panel). The faster reduction in optical heterogeneity suggests that 
alpha-amylase rapidly cleaves the internal starch structure, com
plementing the outer-to-inner hydrolytic action of amyloglucosidase. 
The “inside-out” digestion pattern of maize starch is consistent with 
previous studies. The combined action of alpha-amylase and amylo
glucosidase leads to a quicker overall degradation process. At 30 min, 
the granules showed minimal remaining color variations, signifying 
near-complete disintegration (Fig. 8c). The mixed enzyme treatment 
suggests a synergistic effect where alpha-amylase rapidly degraded in
ternal structures while amyloglucosidase continued its outer-to-inner 
action. This QPM visualization distinctly shows that the combination 
of amyloglucosidase and alpha-amylase led to a more effective and 
quicker enzymatic hydrolysis of starch granules, compared to amylo
glucosidase alone. The data emphasize how the combined enzymes 
enhanced the breakdown of both the crystalline and amorphous regions, 
providing a more comprehensive understanding of the digestion dy
namics under mixed enzymatic conditions.

4. Conclusion

Using a custom-built polarization-based DHM and a multimodal 
polarization microscope we map the heterogeneous structure of indi
vidual starch granules. Crystalline regions are consistently distributed in 
3D space in a symmetrical way, with non-crystalline material extending 
radially in between. This directional crystalline alignment of high 
amylose starches is disrupted by amylose, which may interfere with the 
ordered structure. In situ analysis of enzymatic hydrolysis and starch 
digestion demonstrated that this crystalline heterogeneity leads to 
asynchronous breakdown of granules of the same starch type. However, 
additional biochemical validation, such as enzymatic digestion of pure 
amylose and amylopectin, will be needed in the future. These findings 
provide a more comprehensive understanding of the intricate organi
zation and functional properties of starch granules.
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