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Abstract7

Using a Particle Cohort Study (ParCS) apparatus, the swelling kinetics of individual granules for sweet8

potato, corn, tapioca, and A-type wheat starches were investigated in water, glucose, and sucrose solutions.9

Building on previous work that introduced an empirical swelling function for four pulse starches, and previous10

modeling efforts, we extended the analysis to a broader range of starch types and solute environments to11

explore gelatinization at the single-granule level. For the first time, we found that while the swelling curves12

can be collapsed onto a master curve with only four model parameters (as shown previously) the shape of the13

resulting master curves are starch-type dependent and insensitive to these solution conditions. We further14

showed that swelling rate and intra-sample variability to be intrinsic to starch type and also insensitive15

to these solution conditions. Also for the first time, we made measurements of the diffusion of water into16

individual starch granules and found it to be three orders of magnitude lower than what was assumed in17

previous modeling. Finally, we showed that a previously proposed prediction of the correlation between18

swelling time and swelling ratio is not born out by our data. Altogether, these insights provide a major19

advance in our understanding of starch behavior in complex environments, and provide a foundation for20

improved predictive models in food processing where control over gelatinization is essential.21
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1. Introduction23

Starch is a polysaccharide found in plants, making up a significant portion of the carbohydrate contents24

[1]. When heated in the presence of excess water, starch undergoes starch gelatinization, an irreversible25

process. This process is characterized by granule swelling, loss of semi-crystalline internal structure, and26

an associated increase in viscosity [2]. This is an advantageous process in advanced food processing due27

to its unique ability to alter food products, governing their stability and texture. As well, the propensity28

of starches to gelatinize relates to their digestibility and glycemic index, therefore the ability to control29

gelatinization is similarly significant from a health perspective [3]. Despite the widespread use of starch in30

various industrial applications, studying this gelatinization behavior remains complex due to the influence31

of both intrinsic compositional factors and environmental conditions.32

Structurally, starch granules are composed of linear amylose and highly branched amylopectin molecules33

which are made up of chains of glucose units [2]. Starch can generally be classified by their botanical34

source, in the form of pulse, tuber, root, cereal, and psuedo-cereal starches. These sources differ in several35

key characteristics, including granule morphology, the amylose-to-amylopectin ratio, granule crystallinity,36

amylopectin chain length distribution [4, 5], and overall granule composition [6, 7, 8]. These inherent37

differences affect thermal behavior; for example, starches with higher amylose content are often associated38
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with higher gelatinization temperatures, while higher protein content is linked to reduced granule swelling39

capacity [9, 10]. Beyond different starch types, it is common for starch granules of a singular source to exhibit40

heterogeneity, where a sample can contain a variety of sizes, shapes, and internal structures [11, 12, 13].41

Gelatinization is also influenced by its processing conditions, such as the inclusion of other components42

and ingredients. In particular, adding sugar has been found to cause an increase in the temperature required43

for gelatinization to occur, the extent of which can differ depending on the molecular weight, structure and44

concentration of the sugar [14, 15, 16, 17]. The mechanism underlying this effect is not universally agreed45

upon. Proposed explanations include solute–water interactions that limit water availability for granule46

swelling, solute–starch interactions that increase intermolecular bonding, and effects related to the sugar47

glass-transition temperature, below which the solute–water system becomes rigid [17, 18, 19].48

In work by Renzetti et al. (2021) [20], consistent increases in gelatinization temperature were observed49

with increases in concentrations of sugar, while the thermal profiles remained largely unchanged. They50

suggest here that the inherent molecular mechanism of gelatinization is unaffected by the added solutes,51

though also observe that sugar ingress into the granule may impact kinetics at higher concentrations. While52

models have previously explored the specific role of these solute-water interactions [21] in multi-component53

systems, empirical data on sugar diffusivity on a granule-basis is limited.54

To measure the impact of these various factors on gelatinization, several methods are typically employed.55

Differential scanning calorimetry (DSC) and pasting provide insights into characteristic thermal and rheo-56

logical transitions. However, as bulk methods, they cannot capture the physical behavior or heterogeneity of57

individual granules [22, 23]. On the other hand, visualization of starch swelling is typically qualitative and58

involves discrete samples, rendering it unsuitable to quantify both swelling behavior and thermal behavior59

within the same set of measurements.60

Developments have been made into the temporal resolution of the gelatinization process, utilizing various61

forms of microscopy with tracking systems to allow for the rapid collection of granule-based data in real-time62

[24, 25]. Segmenting and tracking starch granule gelatinization using machine learning technology has been63

employed previously with success, allowing for automatic granule detection across large data sets [26]. The64

use of single particle imaging has further been applied to the kinetic modeling of starch gelatinization, where65

the observation of swelling behavior in individual granule measurements enables a quantitative analysis of66

both swelling kinetics and intra-sample variability. For example, the swelling behaviors of waxy-maize67

starch granules have been previously studied utilizing similar methods, and described with empirical models68

[27, 28].69

Recently, the intra-sample variability was investigated for four pulse starches [29] with the use of a70

Particle Cohort Study apparatus (ParCS), a technique involving a flow through chamber coupled with hot71

stage microscopy [30] that allows for continuous, time-lapse imaging of the entire gelatinization process.72

Through this method, it was determined that swelling curves from the four types of individual starch73

granules could each be collapsed onto a universal curve described by a Gompertz function. Additionally, the74

granules were characterized with two parameters: the swelling rate and swelling time. However, it remains75

unclear whether the universality of this curve is a result of the similar botanical grouping of the four pulse76

starches, or if the same observations would be maintained across all starch sources and swelling behaviors.77

Building on the results of Mo et al. (2023) [29], Li et al. used experimental data from individual78

red bean starch granules to refine a mathematical model of gelatinization and use numerical simulation to79

explore the physical origins of the swelling rate and swelling time [31]. Li et al. were able to generate a80

mathematical correlation to predict the swelling rate and swelling time directly from the physical properties81

of the starch. Notably, one key finding of this model was that the swelling rate is entirely determined by82

the diffusive time scale, and that a diffusion coefficient can be estimated from the measured swelling rate.83

Further experimental validation is also required to test the robustness of this model, especially across other84

starch types and systems.85

In this study, we employ the ParCS method to monitor gelatinization and quantify the swelling rate86

and swelling time of individual starch granules from four different botanical sources. Measurements are87

conducted in water and in two concentrations of both glucose and sucrose. Using this dataset, we seek to88

address the gaps identified in the literature to first determine if a wider range of starch types (beyond the89

pulse starches studied previously) also exhibit a universal swelling curve. Second, we seek to determine if90
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the theoretical predictions from [31] can be validated.91

We hypothesize that a universal swelling curve will be observed regardless of starch type, but that the92

addition of solutes will cause a deviation from the universal curve, consistent with previously observed93

concentration-dependent changes in swelling kinetics [20]. We further hypothesize that the correlation94

between physical properties and swelling parameters developed by Li et al. [31] will be validated by the95

new swelling data, where we expect the diffusive time scale to govern swelling kinetics across starch types.96

Finally, this work aims to continue progress towards a more complete, data-supported understanding of97

the fundamentals of gelatinization, and support the use of predictive modeling for optimizing industrial98

processes and better control of starch behavior in food systems.99

2. Materials and Methods100

2.1. Materials101

Sodium metabisulfite was obtained from MCB (Norwood, Ohio, USA). Hard red spring wheat berries102

(Triticum aestivum L.) and popcorn variety corn kernels (Zea mays everta) were sourced from Anita’s103

Organic Mill (Chilliwack, BC, Canada). Garnet variety sweet potatoes (Ipomoea batatas) were sourced104

from A.V. Thomas Produce (Atwater, CA, USA) and cassava root (Manihot esculenta) was purchased from105

Sunlight Farms (Vancouver, BC, Canada).106

Food grade glucose (dextrose anhydrous) was obtained from NOW Foods (Bloomingdale, IL, USA) and107

food grade sucrose was purchased from Red Path (Toronto, ON, Canada). Sucrose solutions were prepared108

at 0.5 M and 1 M concentrations, while glucose solutions were prepared at 1 M and 2 M, to compare solutions109

of equivalent monosaccharide units [14, 19]. All solutions were prepared with ultrapure water in 100 mL110

quantities, allowing the same base solutions to be used for all of the starch types. The ultrapure water used111

in this study was purified with a PURELAB Chorus 1 water purification system (Elga LabWater, Lane End,112

England, UK).113

Starch Isolation114

Three different procedures from the literature were used as a basis for starch isolation, with some mod-115

ifications to accommodate the different starch types [29, 32, 33]. Sweet potato and cassava tubers were116

washed, peeled, and cut into approximately 1 inch cubes, while the wheat and corn kernels were kept whole.117

Each type of raw plant material (200g) was placed in 200 mL of 0.5% sodium metabisulfite solution for 24118

hours at 4°C. After soaking, the samples were drained and rinsed 2-3 times with deionized (DI) water in a119

beaker to rinse off the solution.120

Each sample was then combined with 500 mL of fresh DI water and blended using a conventional blender121

for 5 minutes. In succession, the blended slurry was filtered once with a 500 µm (35 mesh) sieve, and twice122

using a 149 µm (100 mesh) sieve, retaining the filtrate at each step. After every filtration, the collected123

residue in the sieve was rinsed with additional DI water until the water ran clear, to aid in extracting124

any remaining starch. The sieved starch slurry filtrate was left to settle in a beaker at room temperature125

(approximately 24°C) for 4-5 hours until well-separated into two layers.126

The upper liquid of each settled starch suspension was poured off and discarded, and the settled starch127

precipitate was re-suspended in 40 mL of fresh ultrapure water in 50 mL falcon tubes. The starch was128

centrifuged at 1500 G for 15 minutes. The resulting supernatant was poured off and the upper, non-white129

layer was scraped off of the pellet. This centrifugation process was repeated 3 more times. All remaining130

purified starch was transferred to a 40°C oven and left to dry for 24 hours. The dried starch was ground131

using a mortar and pestle until very fine.132

Starch Granule Characterization133

To characterize the starch granules, as well as to validate the diameters measured through image analysis,134

the particle size distribution of each raw starch type was measured using a MicroTrac Series 5000 Sync135

Particle Size Analyzer (ATS Scientific Inc, Burlington, ON, Canada). In triplicate, 0.5 ± 0.005 g of starch136

was suspended in 20 mL ultrapure water. Each starch type was measured assuming a refractive index137
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Table 1: Mean diameters for four starches, reported with two methods. Note that the variability reported for laser diffraction
is between the mean from different replicates, while that for image analysis is the standard deviation of the full distribution of
granules. a: reported in [35, 36, 23, 37, 38]

Corn Wheat Sweet Potato Tapioca
Laser Diffraction (vol. weighted) [µm] 16.54 ± 0.22 16.58 ± 0.32 15.98 ± 0.11 12.88 ± 0.33
Image Analysis (vol. weighted) [µm] 18.19 ± 3.97 21.15 ± 4.36 19.65 ± 5.02 16.72 ± 3.23
Image Analysis (# weighted) [µm] 16.66 ± 2.95 18.04 ± 4.50 15.84 ± 4.37 14.92 ± 2.96

Amylose contenta 21-28% 23-27% 14-20% 17-21%

(RI) = 1.54, corresponding to the reported RI value for starch granules [34]. The equivalent spherical138

diameters of the starch granules measured using image analysis (both number- and volume-weighted), the139

volume-weighted mean diameters obtained from laser diffraction, as well as the amylose content for each140

of the starch types are reported in Table 1. In addition, the particle size distributions and representative141

microscopic images are depicted in Figure 1, using diameters from both methods - cumulative distributions142

are used to compare the two methods in order to eliminate any effects of bin size on the results.143

2.2. Particle Cohort Study (ParCS)144

A ParCS apparatus was used in this study to monitor the starch granules throughout the entire gela-145

tinization process. In a vial, 0.7 ± 0.2 mg of starch was suspended in either 19 mL of ultrapure water or146

the respective sugar solution. The water used for samples was recorded to have a pH of 6.1 and no pH147

adjustments were made to any of the solutions.148

To suspend an appropriate amount of starch granules, the vials were briefly shaken, then 3 mL of the149

suspension was taken up with a syringe and immediately transferred to the ParCS chamber. A view of150

the chamber and overall experimental set-up are depicted in Figure 2. The suspension was left for several151

minutes once added to the chamber, in order to allow the starch granules to settle to the lower window.152

Each starch sample was heated in the ParCS chamber using the following profile (Equation 1), using a153

Platinum series universal benchtop PID controller (OMEGA Engineering, Norwalk, CT, USA) to monitor154

and control the temperature. As soon as the granules were settled and positioned within the chamber, the155

temperature of the chamber was equilibrated to 50°C for 3 minutes. The temperature was maintained at156

50°C for 2 more minutes, and then increased linearly at a rate of about 5.7°C/min. After reaching 90°C,157

this temperature was maintained for 5 minutes, demonstrated by the following function with T in units of158

Celcius and t in units of seconds:159

T =


50 180s ≤ t < 300s

0.0952t+ 21.43 300s ≤ t < 720s

90 t ≥ 720s

(1)

The full gelatinization process was observed for each starch sample, attempting to capture around 100-160

150 randomly dispersed granules in the field of view. Following manual adjustment and removal of unusable161

objects, ie. those that were aggregated or layered, approximately 60 starch granules were accurately quan-162

tified in each set of images. Notably, the wheat granules only include those considered type A, the larger,163

lenticular population, with granules >10 µm due to limitations in the microscope resolution that prevent164

accurate analysis of the smaller type B population. The pixel areas of each granule, extracted by the soft-165

ware were converted to granule diameter (D) using the following formula, assuming a roughly spherical166

conformation:167

D = 2

√
A

π
(2)

Overall, images were captured every 2 seconds, over the full 17 minute (or 1020 s long) heating period, but168

only every 3rd image was used in subsequent analysis (e.g., one image every 6 seconds).169
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(a) (b)

(c)

(d)

Figure 1: Particle size distributions for particle size analysis represented through volume-weighted size distribution (a) and
cumulative distribution of the same data shown in full (b) and zoomed in (c) to better show the differences between measurement
method. Representative optical micrographs of each starch type prior to gelatinization (d).
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Figure 2: Illustration of the ParCS apparatus and experimental set-up. Readers are directed to [30] for more specific details
on the construction of the chamber.

Glass slide treatment170

In order to prevent movement caused by convection when the starch granules are heated, a coating is171

required for the lower glass window. The same procedure as outlined in [29] was followed, where microscopic172

glass slides were coated with APTES (3-aminopropyltriethoxysilane) to introduce a positive charge and173

attract the negatively charged phosphate monoester groups present in the starch [39]. Cleaned and dried174

microscopic slides were first immersed in 1% (v/v) HCl in ethanol solution for 30 minutes then rinsed in175

ultrapure water. Once dry, the slides were transferred to a solution of 5% (v/v) APTES in acetone for at176

least 24 hours, rinsed with acetone, then allowed to dry completely.177

During this study, the higher molar concentrations of the sugar solutions were observed to result in the178

appearance of wrinkling of the APTES coating on the glass slide [40, 41]. We hypothesize the osmotic179

pressure created between the outer high molarity solution and the thin interface between the glass slide and180

coating layer caused the detachment of a portion of the coating from the slides, and led to a subsequent181

rippling through the rest of the coating layer. For several tests, this caused a disruption in the gelatinization182

process and prevented accurate tracking of swelling due to the unpredictable movement of the granules,183

making the data unusable. For future studies, we suggest using a lower concentration of APTES when184

preparing a glass slide, to ideally form a thinner initial coating and prevent undesirable film detachment.185

2.3. Automated Software186

To track the swelling of starch granules over time, custom, deep-learning-based, computer-vision software187

was used. Based on the successes of transformer-based architectures, we decided to use vision transformer188

based models to both track and segment each starch particle in the sequence of micrographs. Specifically,189

we used two stages, both of which are based on the segment-anything-model (SAM) [42].190

We first used a fast version of SAM, or “FastSAM” [43] to detect granules in each micrograph. Next, we191

tracked their bounding boxes using ByteTrack [44], which is integrated within FastSAM. Once we have the192

bounding boxes, we prompt SAM (which is computationally more intensive) with only the bounding boxes193

to reduce computation resources. SAM then outputs a binary mask labeling each pixel as either part of the194

granule or not.195

From the binary masks we then find the contours surrounding each granule using the Suzuki-Abe contour196

finding algorithm [45], followed by the Douglas-Peucker curve simplification algorithm [46] to select a subset197

of anchor points around each starch granule. After that, we fit the anchor points to a periodic cubic spline198
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to capture the boundaries and compute the area of each granule. Finally, additional software was developed199

in-house to enable curation of the data and manual corrections of the anchor points when needed.200

2.4. Data Analysis201

All data analyses were performed in Python (version 3.11.10). Pairwise Kolmogorov–Smirnov tests were202

conducted using the SciPy library (version 1.15.2), to assess differences between cumulative distributions of203

measured values at a significance level of p = 0.05.204

2.5. Mathematical Models205

Past work found favorable results when fitting the starch swelling behavior of four different legumes to206

a Gompertz function; a sigmoidal growth model [29, 31]. This empirical function is based upon four free207

parameters, Df , D0, kG, and tG, where Df and D0 can be extracted directly from the intial and final208

equilibrium diameters in the swelling curves. When non-dimensionalized in terms of diameter and time, the209

equation is as follows:210

D(t)−D0

Df −D0
= exp(−e−kG(t−tG)). (3)

The fitting of data to this equation therefore allows the extraction of parameters: kG, representing the211

swelling rate of the individual granules, and tG, representing the time of at which swelling becomes rapid.212

Using these parameters, we can further calculate the swelling temperature of each granule, or TG. We213

determine these temperature values by calculating the point at which the diameter exceeds a particular214

threshold value, previously described by [29]. As done by Mo et al., tG is defined as the the point at which215

the dimensionless diameter is equal to 0.05, allowing for a more accurate measurement than what may be216

achieved if determined qualitatively or “by eye”. To find the point at which D(t)−D0

D0
= 0.05, or D(t) =217

1.05D0, we substitute this into the original Gompertz function and then rearrange it to solve for the time218

at which the size has increased by 5%, or t5%,219

t5% = tG − 1

kG
ln

[
− ln(

0.05D0

Df −D0
)

]
. (4)

These time values, represented here as t5%, then can used in the equation for the heating profile (Equation 1),220

to determine the swelling temperature, or TG.221

Testing theory predictions222

The results of Li et al. (2025) [31] suggest that kG, and thus the timescale of gelatinization, can be223

determined solely by the diffusive time scale. Based on this, we aimed to estimate the diffusion coefficient224

by fitting the non-dimensionalized data to the Gompertz function. The measured diffusivity is expected to225

reflect the rate of water transport into the starch granule, which is governed by the resistance of the starch226

network and its internal morphology. We emphasize that this is only an estimate. The uncertainty arises227

because the theory has not been quantitatively validated for a system with known material parameters, so228

the precise dimensionless time corresponding to a particular level of swelling cannot be fixed.229

In the present work, the diffusivity is estimated from the swelling rate and the initial diameter, D0, of230

the starch granules, both of which can be extracted from fitting the data to the Gompertz function. From231

the expression used in Li et al. [31], we can write:232

κ =

(
D0

2

)2

kG. (5)

Furthermore, the work by Li et al. found a dependence of tG on the initial volume fraction of starch233

within the granule (ϕ0), the swelling ratio
(

Df

D0

)
, and the difference between the gelatinization temperature234

and the initial temperature (TG − T0).235
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tG = k1ϕ0

(
Df

D0

)k2

+ k3(TG − T0) (6)

From the simulations, the values of various constants were: k1 = 15.8 s, k2 = 0.732, and k3 = 2.14 s/K. In236

the present work, ϕ0 cannot be measured for individual granules, so it was assumed to be a constant and237

equal to 0.586, while 50°C was used for T0 in every experiment. In this study, we use the experimental data238

collected to determine the accuracy of this equation in predicting tG, by comparing the tG values extracted239

directly from the data (using Equation 3) to the tG values calculated from Equation 6.240

3. Results and Discussion241

3.1. Swelling curves collapse when nondimensionalized242

Using the image data analyzed via software, we plotted the swelling curves of individual granules to243

visualize how their size changes over time during heating and gelatinization. Approximately 200 granules of244

each starch type were tracked and analyzed. Representative samples for the four starch types, gelatinized245

in 2M glucose solution as an example, are shown in Figure 3.246

Differences are evident in swelling onset time, swelling capacity, and the initial and final granule sizes,247

both within a single starch type and between different starches. Each starch type also shows apparent248

differences in the shape of its swelling curves. These differences in shape will be discussed in subsection 3.2.249

After obtaining the swelling curves, we fit individual curves to Equation 3 to determine if they also follow250

a master curve, as observed in Mo et al. [29]. Representative curves for each starch type, gelatinized in251

water and in the four sugar solutions, were nondimensionalized, time-shifted, and plotted in Figure 4. The252

mean and standard deviations of the distributions of tG and kG are summarized in Table 2. Remarkably,253

for each starch type, a master curve exists that is agnostic to the five different gelatinization solutions of254

varying solute and concentration!255

These results suggest that the master curve may apply beyond just pulse starches. In light of [29], our256

findings further indicate that only three material parameters may be sufficient to fully describe swelling for257

any starch type, regardless of solution. Thus, we partially confirm our hypothesis (see subsection 3.2) that258

non-pulse starches follow a master swelling curve, but we must reject the idea that solution type alters the259

shape of the master curve.260

Finally, the curves for sweet potato starch gelatinized in water and 1M sucrose (Figure 4B) extend only261

to a non-dimensionalized time of about 6. This differs from what is observed in the other solutions and262

starch types, raising several important points. When plotted versus dimensionless time, the extent of the263

swelling curve (before and after t = 0) is influenced by the swelling rate (kG) and the time shift (tG),264

which stretch/compress and shift the zero point of the time axis, respectively. In some cases, truncation265

occurs simply because the experiment was stopped slightly earlier, highlighting the importance of running266

the experiment long enough to reach the final swelling diameter. Therefore, non-dimensionalized swelling267

curves should not be expected to always start and stop at the same time points.268

3.2. Swelling-curve shape and swelling ratio are starch-type-dependent269

As alluded to in the previous section, there were some noteworthy differences in the shape of the collapsed,270

swelling curves that contradict our hypothesis. For example, corn and sweet potato (Figure 3a/b) appear271

to fully equilibrate to a final diameter in the latest stages of heating, while the tapioca (Figure 3c) continue272

swelling gradually until the end of the heating time without an obvious equilibrium. These differences remain273

noticeable after nondimensionalization and are consistent across all granules and solution types. They reflect274

variation in equilibrium behavior between starch types. Thus, we must reject our hypothesis that a universal275

curve can be obtained that has the same shape for all starch types.276

A closer look at type-A wheat starch granules in water (Figure 5) reveals an additional subtlety in the277

swelling curves. When wheat starch was gelatinized in water or in lower sugar concentration solutions (0.5M278

sucrose and 1M glucose), normal swelling occurred until a dimensionless time of about 4 (see Figure 5a).279
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(a)

Corn

(b)

Sweet Potato

(c)

Tapioca

(d)

Wheat

Figure 3: Representative examples of starch-granule, swelling data for (a) corn (b) sweet potato (c) tapioca and (d) wheat, all
gelatinized in 2M glucose solution. Each individual line represents a different granule.
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(a)

Corn

(b)

Sweet Potato

(c)

Tapioca

(d)

Wheat

Figure 4: Starch granule swelling data non-dimensionalized and shifted to form a master curve for (a) corn (b) sweet potato
(c) tapioca and (d) wheat.
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Table 2: Tabulated values of the granule swelling time tG, swelling rate kG, swelling ratio Df/D0, swelling temperature TG, and
diffusivity κ for each starch gelatinized in five different solutions. The uncertainty intervals reported in this table correspond
to the variability between individual granules taken from the standard deviation in the measured distributions, and not the
resolution of the measurements which is much more precise.

Starch Solution tG [s] kG x 103 [s−1] Df/D0 TG [°C] κ [µm2/s]

Corn

Water 527± 28 35.9± 16 2.14± 0.31 68.2± 3.3 2.44± 1.39
1 M Glucose 588± 25 21.5± 7.6 2.77± 0.41 70.9± 3.2 1.46± 0.68
0.5 M Sucrose 616± 23 23.0± 11 2.63± 0.33 73.8± 3.3 1.75± 1.20
2 M Glucose 630± 24 26.5± 11 2.42± 0.28 76.5± 3.3 2.00± 1.14
1 M Sucrose 660± 25 28.0± 9.5 2.26± 0.15 80.0± 3.3 2.14± 0.95

Tapioca

Water 525± 20 59.9± 33 2.37± 0.44 69.1± 2.0 3.37± 1.91
1 M Glucose 624± 13 46.9± 16 2.47± 0.63 77.8± 1.6 2.23± 1.03
0.5 M Sucrose 587± 8 55.0± 44 2.37± 0.44 74.3± 1.5 3.44± 2.67
2 M Glucose 649± 15 66.5± 35 2.51± 0.41 80.8± 1.8 3.81± 2.73
1 M Sucrose 650± 15 64.2± 34 2.35± 0.37 80.8± 1.9 3.74± 2.12

Type-A Wheat

Water 511± 37 22.6± 15 2.50± 0.77 63.0± 2.9 1.90± 1.71
1 M Glucose 520± 45 23.0± 15 2.25± 0.50 63.9± 3.8 2.16± 2.05
0.5 M Sucrose 536± 31 27.3± 19 2.22± 0.40 66.6± 4.0 2.55± 2.03
2 M Glucose 580± 29 24.0± 14 2.34± 0.34 70.7± 2.9 1.99± 1.14
1 M Sucrose 612± 11 24.0± 8.8 2.38± 0.23 74.4± 2.0 2.53± 1.76

Sweet Potato

Water 501± 63 17.2± 9.7 2.33± 0.40 61.0± 7.7 0.88± 0.61
1 M Glucose 562± 57 21.0± 20 2.58± 0.37 66.9± 7.8 1.42± 1.04
0.5 M Sucrose 565± 54 18.5± 9.0 2.39± 0.48 67.3± 8.1 1.15± 0.74
2 M Glucose 633± 77 22.9± 9.1 2.19± 0.34 75.6± 8.1 1.50± 0.84
1 M Sucrose 639± 66 17.6± 9.3 2.14± 0.39 75.2± 8.3 1.25± 0.59

(a)

Wheat in water

(b)

Figure 5: (a) Representative examples of swelling data for wheat gelatinized in water. Each individual line represents a different
granule. (b) Data from (a), non-dimensionalized and shifted to a master curve.
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After this point, the wheat starch granules began exhibiting an apparent “buckling” behavior where they280

began folding in on themselves rather than continuing to swell radially.281

This buckling behavior has been observed previously and was attributed to an asymmetric distribution282

of amylose and amylopectin within the granule [47]. Specifically, it was proposed that a higher ratio of283

amylopectin at the equatorial groove leads to folding of the granules and the formation of a pronounced284

“saddle” shape [47]. We observed this physical change in wheat starch at temperatures above 70°C. At285

this point, a certain degree of gelatinization occurs and the granules transform into their amorphous state286

[48, 49]. Separately, a study observed the collapsing and folding of type-A wheat granules above 85°C, and287

linked this to the expulsion of amylose molecules from the swollen granules [50].288

The non-radial and rapidly changing shape of the granules recorded at the later time points was slightly289

more difficult to track using the current methods (Figure 5a). Nevertheless, the swelling curves still collapsed290

after using the Gompertz function as an approximation to determine kG and tG, though with somewhat291

more erratic results at the higher time values (Figure Figure 5b). This is likely because the success of using292

the Gompertz function to obtain kG and tG mainly depends on the region of rapid change.293

The “buckling” was not observed when the wheat starch was gelatinized in higher concentrations of294

sugar, as shown by the granules heated in 2M glucose solution (Figure 3). This suppression of buckling295

has been observed in previous work, where sugars are shown to decrease the swelling power and amylose296

leaching of wheat starch granules, implied to be a consequence of the stabilization of the granule structure297

[51, 52, 53]. Sucrose was also described as having a role in delaying rupture and decreasing amylose leach-298

ing, as demonstrated through subsequent microscopic imaging of samples heated to progressively higher299

temperatures [54].300

To our knowledge, we are the first to directly observe through continuous observation of individual301

granules, that addition of sugar can suppress granule buckling in wheat starch. One possible explanation for302

the suppression of buckling may be due a shifting of the “buckling temperature” to a higher value, similar303

to how the gelatinzation temperature is elevated [14]. In that case, buckling was not observed under these304

experimental conditions. However, it might have occurred if the starch granules had been heated for longer305

or to a higher temperature. This would align well with a previous study by Bean and Yamazaki (1978) [50],306

in which they heated their wheat starch up to temperatures of 105°C. They briefly noted the role of sucrose307

in delaying swelling temperatures and granule collapse, but did not provide data once granule folding was308

visually identified.309

Alternatively, the suppressed buckling may also be connected to the ability of sugar solutions to reduce310

the swelling ratio. For example, [21] found that a maximum swelling ratio was achieved at 5 wt% and311

10 wt% sucrose for rice and maize starches, while concentrations above these values began decreasing the312

swelling ratio. To check if this is happening here, we can compare the swelling ratios for each starch type313

and solution. We plotted cumulative distributions of the swelling ratio in Figure 6, and the means and314

standard deviations of each distribution are also reported in Table 2.315

For corn and sweet potato, one notable observation when comparing across solutions is a local maxi-316

mum in the swelling ratio as the sugar concentration increases. Similar concentration-dependent swelling317

trends have been reported in Desam et al., and several other studies [55, 20]. At lower concentrations, sugar318

molecules are said to disrupt the hydrogen-bonded structure of the water molecules, increasing the availabil-319

ity of free water to hydrate the starch granules and act as a better solvent [21]. At higher concentrations,320

swelling is thought to be inhibited. Water molecules bind increasingly to the sugar, reducing water activity321

and limiting starch chain mobility within the granule [16, 56].322

A final insight is better illustrated in Figure 7, where the starch types are plotted against each other for323

the same solution. Plotted in this way we clearly see a decrease in variability of the swelling ratio in 2M324

glucose when compared to the variability in water, for all four starch types. For wheat granules, nearly none325

exhibited a swelling ratio above 3 in 2M glucose (Figure 7b). By contrast, about 20% of granules exceeded326

this value in water. Thus, the role of sugar in decreasing the intra-sample variability of swelling ratios for327

granules of a given starch type is observed for this first time in this work. However, as this was not the328

intended focus of the current manuscript, we will pursue this finding further in future work.329
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(a)

Corn

(b)

Sweet Potato

(c)

Tapioca

(d)

Wheat

Figure 6: Cumulative distributions of the swelling ratio, Df/D0, for (a) corn (b) sweet potato (c) tapioca and (d) wheat,
gelatinized in different solutions. Statistical significance: Corn - all pairs were significantly different (p < 0.05), except 1M
glucose/0.5M sucrose (p = 0.099). Sweet potato - all pairs were not significantly different (p > 0.05) except 1M glucose/2M
glucose, 1M glucose/1M sucrose, and 1M glucose/water (p < 0.05). Tapioca - all pairs were not significantly different, except
1M glucose/water (p = 0.029). Wheat - 1M glucose/1M sucrose, 1M glucose/water, 1M glucose/0.5M sucrose, and 0.5M
sucrose/water were significantly different (p < 0.05).
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(a)

Water

(b)

2M
Glucose

Figure 7: Cumulative distributions of the swelling ratio, Df/D0, for starches gelatinized in (a) water and (b) 2M glucose
solutions. Note, the data are the same as in Figure 6. Statistical significance: Water - all pairs are significantly different (p <
0.05), except sweet potato/tapioca and sweet potato/wheat (p > 0.05). 2M glucose - all pairs are significantly different (p <
0.05), except wheat/corn, wheat/tapioca, and wheat/sweet potato (p > 0.05).

3.3. Sugar causes starch-dependent and solute-dependent increases in swelling temperature330

Having demonstrated that the presence of glucose and sucrose as solutes does not alter the shape of the331

swelling curves, we next analyzed their influence on the swelling temperature. The swelling temperature of332

the granules, or TG, was calculated using Equation 4 and Equation 1, and then the cumulative distribution333

of TG for each starch type in each solution was plotted in Figure 8. The means and standard deviations of334

each distribution are also reported in Table 2.335

For all four starch types, adding either sugar increased the swelling temperature. The effect became336

stronger as the solute concentration increased. This was the expected result and is consistent with measure-337

ments of DSC endotherms that show a shift to a higher temperature with added sugar [14, 57, 19, 58, 59].338

Thus we can proceed to analyze the data further for insights that may help with developing models of339

gelatinization.340

While the overall, qualitative impact of sugar on gelatinization temperature was as expected, there were341

some noteworthy quantitative differences between different starches. For corn and wheat, sugar type affected342

TG. Sucrose appeared to have a stronger effect than the equivalent glucose solution (Figure 8a/d). Both of343

these starches generally exhibit a very low variability in their TG values, which is evident from the steepness344

of the cumulative distributions. The tapioca starch granules also exhibit low variability in their TG, but the345

relative effect of solute type is not consistent with corn and wheat (Figure 8c).346

On the other hand, sweet potato differs yet again from the other starches, as it exhibited a much greater347

variability in TG (Figure 8b). The increased temperature variability was consistent across all solution348

conditions. This suggests it may be an intrinsic property of the starch source, as also noted by [27]. In349

addition, while the concentration of the solutes had an impact on the increase of TG, it was striking to350

observe no difference between the two sugar types at the same saccharide equivalence.351

Some studies have found that solute molecular size strongly affects the onset gelatinization temperature,352

possibly due to more available hydroxyl groups [19, 58]. Other studies report negligible differences when353

comparing solutions at equivalent saccharide unit concentrations [57]. Different starch types interact with354

sweeteners differently, depending on their structure.355

Starches with higher ratios of short amylopectin chains, such as wheat and corn, are unable to crystallize356

fully, allowing more bonds to form with sugar molecules [57]. Consequently, it is possible that unique357

interactions occurring between the different starch types and the sweeteners were being observed. A more358
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(a)

Corn

(b)

Sweet Potato

(c)

Tapioca

(d)

Wheat

Figure 8: Cumulative distributions of the swelling temperature TG for (a) corn (b) sweet potato (c) tapioca and (d) wheat,
gelatinized in different solutions. Statistical significance: Corn - all pairs are significantly different (p < 0.05). Sweet potato -
all pairs are significantly different (p < 0.05), except 1M glucose/0.5M sucrose and 2M glucose/1M sucrose (p > 0.05). Tapioca
- all pairs are significantly different (p < 0.001), except 2M glucose/1M sucrose (p = 0.74). Wheat - all pairs are significantly
different (p < 0.05), except 1M glucose/water (p = 0.29).
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(a)

Water

(b)

2M
Glucose

Figure 9: Cumulative distributions for the swelling temperature TG of starches gelatinized in (a) water and (b) 2M glucose
solutions. Note, the data are the same as in Figure 8.

consistent effect might have been observed if lower molecular weight solutes were compared with larger ones,359

such as oligosaccharides or some artificial sweeteners [60, 57, 59]. This comparison remains for future work.360

Figure 9 displays the same data as Figure 8, but directly compares the different starches gelatinized in361

the same solution using water and 2M glucose as examples. Plotted in this way, we can more clearly see362

the differences in TG, and in the variability of the starch granules. Notably, both corn and tapioca have the363

highest TG values, wheat starch has the lowest, and the sweet potato starch granules have a much greater364

variability in TG compared to the other types as previously noted.365

Tapioca exhibits relatively higher TG values, likely due to its amylopectin architecture. Its more or-366

dered crystalline structure requires more thermal energy to disrupt the amylopectin regions [61]. Across367

all solutions, the relationship among the four starches is generally consistent. The shape of the cumulative368

distribution is similar for all starch types but shifted to higher temperatures when comparing gelatinization369

in 2M glucose to water.370

In the context of traditional DSC measurements, the variability within a sample can be inferred from371

calculating the range, defined as the difference between the onset temperature of gelatinization and the372

conclusion temperature of the endothermic transition [62]. If taken to be synonymous to the variabilities373

reported in the current study, we find similarities to gelatinization temperatures observed in literature.374

Previous work found that the ranges for starch gelatinized in water, sucrose, or sodium chloride were not375

significantly different for native corn, wheat, and potato starches [63]. This aligns with the minimal changes376

in variability observed in our study across different solutions.377

In separate work, sweet potato starch gelatinization temperatures have shown to be highly dependent on378

several factors, including the specific variety of sweet potato, its growing conditions, and region of cultivation.379

Reported ranges in the gelatinization temperature vary widely, from 11°C - 29°C [64, 65]. Samples that have380

greater ranges in gelatinization temperature are attributed to having a heterogeneous distribution of a-, b-,381

and c- type crystalline structures across a single starch population, making it logical for the high variability382

reported in this work to be linked to the starch source itself.383

As a final point, we conclude that the quantitative effect of adding a solute when gelatinizing starch384

produces a result that is both starch dependent and solute dependent. This shows that more work is needed385

to understand the fundamental impact of solutes. The change in rank order of starch TG upon adding386

solutes suggests potential for tuning gelatinization temperature through product formulation. By extension,387

the best starch type for a particular application may depend on the solutes that will be needed. We posit388

that a better fundamental understanding will lead to predictive models for this purpose.389
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3.4. Sugar has minimal impact on swelling rate390

In addition to shifting the swelling temperature, the addition of sugar to the gelatinization solution could391

also impact the rate of swelling, or kG. If adding sugar delays the onset of swelling to higher temperatures, it392

might also slow the swelling rate. This slowing is not obvious from the nondimensionalized swelling curves.393

A slower swelling rate would appear only as a smaller kG value. Cumulative distributions for the394

reciprocal of the swelling rate (1/kG) are plotted for each starch type gelatinized in the 5 different solutions395

in Figure 10. We chose to use the reciprocal of kG because it presents the data in the form of a time scale,396

allowing for a more intuitive interpretation where larger values indicate a slower swelling behavior.397

A careful review of Figure 10 reveals that for all four starch types, sugar type and concentration demon-398

strate only a slight impact on the swelling rate. The variance of the distribution of swelling rates does not399

change and there is no apparent trend in terms of the influence of sugar type or concentration on the mean400

swelling rate. Although statistically significant differences were observed between some solution types, the401

associated effect size remains relatively minimal as depicted by the closely overlapping cumulative distribu-402

tions. Figure 11 displays the same data as Figure 10, but directly compares the different starches gelatinized403

in the same solution, with the examples of water and 2M glucose solution.404

For starches gelatinized in water (Figure 11b), tapioca had the most rapid swelling rate, followed by corn405

starch, wheat starch, and then sweet potato starch, whose distribution has the slowest swelling rate overall406

(Figure 11b). The same rank order is also observed for the 2M glucose solution, though the difference between407

the corn, sweet potato and wheat starches narrows slightly, primarily due to changes in the swelling rate of408

corn. Overall, swelling rate appears more dependent on starch type than solution type. This suggests it is409

tied to an intrinsic property of starch, largely unaffected by solutes. The fact that swelling rate is unaffected410

despite changes in swelling temperature is counterintuitive. This provides an important clue about the411

underlying mechanisms.412

In contrast to the present work, there have been several observations that might have signaled a stronger413

effect of sugar on granule swelling rate. For example, as we previously described in subsection 3.2 when414

discussing swelling ratio, researchers have cited the role of sugar in disrupting the interactions between water415

molecules and starch granules thus impacting the ability of starch to reach its complete swelling capacity416

[21, 55, 20]. However, these other studies investigated granule swelling behavior more indirectly through417

bulk measurements of swelling power, solubility, viscosity, and other rheological parameters.418

Therefore, prior work cannot be compared directly to the present work. For example, swelling power419

measures the extent of water absorption by calculating the ratio of swollen granule mass to dry mass [66],420

whereas kG is a kinetic parameter measuring the speed at which this water is absorbed. For those that421

have quantified the swelling rate of individual granules, they have primarily compared differences in starch422

swelling behavior due to differences in heating profiles for a single starch type, rather than varying the starch423

or solute type [27, 28].424

We speculate that the rapid swelling rate of tapioca starch is due to one or both of two factors related425

to its granular microstructure. First, tapioca starch has a relatively low amylose content, where common426

varieties fall within a generally narrow range of approximately 16-22% [38, 67]. Starches with high amylose427

content may swell more slowly. This is thought to result from interactions with amylopectin backbones428

and the formation of helical structures that impede transformation [68]. Second, relative to the other three429

starch types, tapioca starch contains minimal non-starch components, which include proteins, lipids, and430

phosphorus [67]. These components may inhibit swelling by forming complexes with amylose, reducing water431

availability, or acting as cross-linking agents [6, 7, 8].432

Because of the likelihood that swelling rate is primarily dependent on the starch composition, we suggest433

that it is an important parameter for describing the material properties of starch. In addition, it may434

provide a convenient and practical means of quantitatively differentiating starches from different species and435

cultivars. Naturally, more work is needed to relate the mean and variance of the distribution of swelling436

rates to specific performance metrics of interest to applications.437

3.5. Diffusivity can be extracted from the swelling rate438

In this subsection, for the first time, we present experimental estimates of the diffusivity of water in439

starch based on swelling of individual starch granules. This is made possible by the recent discovery of Li440
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(a)

Corn

(b)

Sweet
Potato

(c)

Tapioca

(d)

Wheat

Figure 10: Cumulative distributions of the reciprocal of the swelling rate kG for (a) corn (b) sweet potato (c) tapioca and
(d) wheat, gelatinized in different solutions. Statistical significance: Corn - all pairs were significantly different (p < 0.05),
except 1M glucose/2M glucose, 1M glucose/0.5M sucrose, and 2M glucose/1M sucrose (p > 0.05). Sweet potato - pairs were
not significantly different (p > 0.05), except 2M glucose/water, 2M glucose/1M glucose, 2M glucose/0.5M sucrose, and 2M
glucose/1M sucrose (p < 0.05). Tapioca - pairs were not significantly different, except for 1M glucose/water, 0.5M sucrose/2M
glucose, 0.5M sucrose/1M sucrose and 0.5M sucrose/water (p < 0.05). Wheat - pairs were not significantly different, except
for water/0.5M sucrose and water/1M sucrose (p < 0.05).
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(a)

Water

(b)

2M
Glucose

Figure 11: Cumulative distributions for the reciprocal of swelling rate kG for starches gelatinized in (a) Water and (b) 2M
glucose. Note, the data are the same as in Figure 10. Statistical significance: Water - all starch types are significantly different
from one another (p < 0.05). 2M glucose - all starch types are significantly different from one another (p < 0.05).

et al., through numerical simulations, that the swelling rate (kG) is equal to the diffusion rate as given in441

Equation 5. Cumulative distributions of diffusivity values are shown for each of the four starch types in442

Figure 12, and the means and standard deviations of each distribution are also reported in Table 2. Similar443

to the swelling rate, the diffusivity is relatively unchanged due to solution type and concentration, with no444

clear trends.445

Our estimates of the diffusion rate during swelling contradict the assumption in [31]. That assumption446

proposed that the self-diffusion coefficient of water determines the diffusion rate. The self-diffusivity of447

water molecules has been reported as being 2230 µm2/s at 25°C [69], while the self-diffusion coefficient of448

monosaccharides and disaccharides in water were reported to range from 153 to 222 µm2/s at 25°C and449

30 wt% [70].450

All values measured in this study range from 0.13 to 15 µm2/s. This is two to three orders of magnitude451

lower than reported diffusion coefficients for sugar and water. This is contrary to the notion that water452

enters starch granules primarily through pores in the starch, where it would be the self-diffusion of water453

that is most important. Thus, we must consider that diffusion of water directly into the starch matrix is454

the primary mode of mass transfer during swelling.455

Previously, measurements in the literature that reliably measured the diffusivity of water into starch456

have studied diffusivity in starch films, where water sorption methods are used to look at changes in water457

content over a drying period [71, 72, 73]. Those studies have reported diffusivities ranging from 100 to458

4000 µm2/s across varying experimental conditions, which is a factor of 10-100 times larger than what we459

measured in intact starch granules. This discrepancy highlights that different transport mechanisms may460

govern water-in-starch diffusion when comparing bulk and granule-level systems.461

These findings suggest much lower mobility within the starch granule matrix. This has important462

implications for understanding the mechanisms of gelatinization and structural changes during swelling.463

For example, it has been suggested that the diffusivity of water in starch granules is dependent on the464

internal cross-link density and polymer ordering of the starch molecules themselves, and is insensitive to the465

presence of external solutes, at least in the form of the low molecular weight sugars used in these experiments466

[13]. Additionally, these findings imply that the clear changes observed in gelatinization temperature with467

increased sugar concentration (Figure 8) were not governed by diffusion effects, perhaps allowing for the468

distinction of external and internal factors that impact the onset of swelling, with those that impact swelling469

kinetics.470
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(a)

Corn

(b)

Sweet
Potato

(c)

Tapioca

(d)

Wheat

Figure 12: Cumulative distributions of the diffusion coefficient κ for (a) corn, (b) sweet potato, (c) tapioca, and (d) wheat
starches gelatinized in different solutions. Statistical significance: Corn - pairs were significantly different (p < 0.05), except
1M sucrose/water, 1M sucrose/2M glucose, and 1M glucose/0.5M sucrose (p > 0.05). Sweet potato - starch in water was
significantly different from all sugar solutions (p < 0.05). Tapioca - all pairs were not significantly different, except for 1M
glucose/2M glucose, 1M glucose/1M sucrose, and 1M glucose/water (p < 0.05). Wheat - pairs were not significantly different,
except 1M glucose/1M sucrose and 0.5M sucrose/water (p < 0.05).
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(a) (b)

Corn

Figure 13: Swelling time tG vs. swelling ratio Df/D0 for (a) the four starches gelatinized in water, and (b) for just corn starch
granules with a swelling temperature of TG = 68.5± 0.5°C (b).

3.6. Partial validation of theoretical predictions471

Now that we had characterized these four starches with a variety of physical parameters, we sought to use472

our experimental data to assess the predictive model proposed by Li et al. (2025) [31] in their Equation 39.473

For the sake of this comparison, only the data collected for the starches gelatinized in water are analyzed,474

to match the conditions used in Li et al., where the addition of solutes and changes in the gelatinization475

conditions were not considered. We first plotted the swelling ratio, Df/D0, against the swelling time,476

tG (Figure 13a) and expected to find a power-law relationship if there is agreement with the numerical477

simulations. Evidently, there seems to be no clear dependence of swelling ratio on tG for any of the starches478

analyzed.479

Although there appears to be little correlation between tG and swelling ratio, we examined this more480

closely. In development of the theoretical model, each parameter was treated as an independent parameter481

and varied only while holding all of the other parameters constant. In the real data (Figure 13a), each482

granule can have its own unique set of parameters. In particular, the different granules have different483

swelling temperatures.484

So, one might instead hypothesize that a correlation between swelling ratio and tG may be observed485

if TG was held “constant”. To control for TG, we selected 15 corn granules from the dataset for which486

TG = 68.5 ± 0.5°C, and plotted this subset in Figure 13b. This subset shows even more clearly that there487

is no relationship between the swelling time and the swelling ratio. Consequently, this partially invalidates488

the model prediction from ref. [31] and instead suggests that swelling ratio is completely independent of489

swelling time.490

A second prediction of the model that we aim to assess is the relation between TG−T0 and tG, where we491

expected see a linear relationship. Recall that in this work, T0 is fixed at 50°C, similar to the simulations.492

As shown in Figure 14, we did, in fact, observe a clear linear relationship for all four starch types. This493

linear relationship is logical given that TG and tG are both determined based on when initial and rapid494

swelling are observed, respectively.495

In terms of correlation coefficients we found there to be the strongest correlation for corn starch (r =496

0.910), with a slightly weaker relationship observed with the tapioca starch granules (r =0.738) and sweet497

potato starch granules (r =0.797). Conversely, the wheat starch granules had a lower correlation coefficient498

of r = 0.251. A possible explanation for the much weaker correlation for wheat starch might be that the499

final diameter, Df , is less well defined as described earlier in subsection 3.2, making it more difficult to fit500

the data to the Gompertz function. This would directly influence Equation 4 and the calculation of TG.501
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Corn

(b)

Sweet Potato

(c)

Tapioca

(d)

Wheat

Figure 14: Swelling time tG vs. gelatinization temperature difference, TG-T0, for (a) corn, (b) sweet potato, (c) tapioca, and
(d) wheat gelatinized in water.
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(a)

Figure 15: Comparison of tG acquired experimentally, vs predicted tG from Equation 6.

Table 3: Optimized constants from fitting Equation 6 for each starch type gelatinized in water, and for all of the starches
considered together.

Test k1[s] k2 k3[
s
K ] r

Simulation [31] 15.8 0.732 2.14 -
Corn 617.95 0.091 7.70 0.923

Sweet Potato 575.21 0.269 7.31 0.849
Tapioca 633.40 0.063 6.98 0.770
Wheat 649.46 0.215 3.73 0.790

All Starches in Water 639.12 0.172 5.53 0.785

Finally, using Equation 6, we plotted the predicted tG values calculated from the starch granule properties502

to the experimental tG values we extracted from the Gompertz function in Figure 15. To optimize the line503

of best fit for each starch type and for all granules together, we adjusted the constants k1, k2, and k3 from504

the original simulation values. These values and their corresponding correlation coefficients are summarized505

in Table 3.506

In comparison to the optimized equation from the simulation (Equation 6), a disagreement is observed in507

the three values of fitted constants across the different starch types. We found that k1 is more than an order508

of magnitude larger, k2 is nearly an order of magnitude smaller, while k3 is about three times larger than509

the simulation-derived values. We find that the differences in k1 and k2 are consistent with the swelling time510

being insensitive to the swelling ratio as seen in Figure 13. We suggest that this means that the swelling511

time is primarily determined by swelling temperature.512

To discuss the differences in k3, we first note that a linear ramp was used in this present study, while513

in the simulation, a parabolic function was used to heat the starches, where both of the functions increased514

the chamber temperature from 50 to 90°C within the same time period (Equation 1). This means that in515

the simulations there was a steeper initial heating rate, which might account for the smaller value of k3.516

However, this difference between the heating profiles is likely not enough to account for the increase by517

about a factor of three in k3 that we observe here. Nonetheless it is important to note the role of the heating518

profile on the measured swelling curve shape and its properties. We conclude that the correlation equation519

proposed by Li et al. does not match the experimental data and should not be used for predictions.520
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4. Conclusion521

In this study, a ParCS apparatus was used to track and quantify the gelatinization properties of corn,522

sweet potato, tapioca, and type-A wheat starches in water and solutions of glucose and sucrose. We were523

able to partially accept our first hypothesis that the swelling curves of these starches can be collapsed onto524

a master curve by nondimensionalizing and shifting the data, based on only four parameters. However, we525

were surprised to find that the precise shape of the master curve was dependent on the starch type and not526

on the solution type. This caused us to reject the hypothesis that the swelling curve would be fundamentally527

altered by the presence of solutes.528

After comparing the measured swelling time as a function of swelling ratio and gelatinization temperature,529

with the relationship predicted by Li et al. we had to reject our second hypothesis that the model was valid.530

Specifically, we did not observe a dependence of the swelling time on the swelling ratio as predicted by the531

model. We did observe a linear relationship between the swelling time and the gelatinization temperature,532

as predicted, but the slope was not the same.533

In addition to testing our two hypotheses, we also achieved three things for the first time. First, we534

provided quantitative measurements showing that the intra-sample variability in the swelling ratio can be535

reduced by higher concentrations of glucose and sucrose. Second, we showed that even though solutes can536

alter the swelling temperature, they have only a minimal impact on the swelling rate. Third, we made the537

first measurements of an effective, diffusion coefficient of water in individual, intact starch granules. These538

measured diffusion coefficients were three orders of magnitude lower than that of pure water, and two orders539

lower than sugar in water. When comparing this work to predictions from theory, there is support for the540

hypothesis of swelling rate dependence on starch diffusivity, and likely the structuring and properties of the541

internal polymer network.542

Altogether, this work demonstrates the effectiveness of the ParCS method in characterizing starch gela-543

tinization across a wide range of starch types and processing conditions. By exploring both the intrinsic544

and extrinsic properties that influence starch swelling, these results contribute to gaining detailed funda-545

mental understanding of the gelatinization process and the mechanisms involved. These insights are critical546

for further refinements and validation of first-principles models of gelatinization. In turn, this insight and547

subsequent models will support advances in a vast range of food and other industrial applications involving548

starch.549
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