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SUMMARY: 21 

Presented here is a procedure for reproducible and statistically valid determinations of starch 22 

granule size distributions, and for specifying the determined granule lognormal size distributions 23 

using a two-parameter multiplicative form. It is applicable to all granule sizing analyses of gram-24 

scale starch samples for plant and food science research.   25 

 26 

ABSTRACT:  27 

Starch from all plant sources are made up of granules in a range of sizes and shapes having 28 

different occurrence frequencies, i.e., exhibiting a size and a shape distribution. Starch granule 29 

size data determined using several types of particle sizing techniques are often problematic due 30 

to poor reproducibility or lack of statistical significance resulting from some insurmountable 31 

systematic errors, including sensitivity to granule shapes and limits of granule-sample sizes. We 32 

outlined a procedure for reproducible and statistically valid determinations of starch granule size 33 

distributions using the electrical sensing zone technique, and for specifying the determined 34 

granule lognormal size distributions using an adopted two-parameter multiplicative form with 35 

improved accuracy and comparability. It is applicable to all granule sizing analyses of gram-scale 36 

starch samples, and, therefore, could facilitate studies on how starch granule sizes are molded 37 

by the starch biosynthesis apparatus and mechanisms; and how they impact properties and 38 

functionality of starches for food and industrial uses. Representative results are presented from 39 

replicate analyses of granule size distributions of sweetpotato starch samples using the outlined 40 

procedure. We further discussed several key technical aspects of the procedure, especially, the 41 

multiplicative specification of granule lognormal size distributions and some technical means for 42 

overcoming frequent aperture blockage by granule aggregates.  43 

 44 
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INTRODUCTION:  45 

Starch granules are the physical structure in which two main reserve homoglucan polymers in 46 

plant photosynthesis and storage tissues, the linear or sparsely branched amylose and the highly 47 

branched amylopectin, are orderly packed along with some minor components, including lipids 48 

and proteins. Starch granules from various plant species exhibit many three-dimensional (3D) 49 

shapes (reviewed in ref.1,2), including spheres, ellipsoids, polyhedrons, platelets, cubes, cuboids, 50 

and irregular tubules. Even those from the same tissue or different tissues of the same plant 51 

species could have a set of shapes with varying occurrence frequencies. In other words, starch 52 

granules from a plant species may have a characteristic statistical shape distribution, rather than 53 

a specific shape. The non-uniform and non-spherical granule shapes make it difficult to properly 54 

measure and define starch granule sizes. Additionally, starch granules from the same tissues of a 55 

plant species are of a range of sizes with different proportions, i.e., exhibiting a characteristic size 56 

distribution. This size distribution further complicates the analysis and description of starch 57 

granule sizes.  58 

   59 

Starch granule sizes have been analyzed using several categories of particle sizing techniques 60 

(reviewed in ref.3), including microscopy, sedimentation/steric field-flow fractionation (Sd/StFFF), 61 

laser diffraction and electrical sensing zone (ESZ). However, these techniques are not equally 62 

suited for the determination of starch granule sizes in the presence of a granule shape and a size 63 

distribution. Microscopy, including light, confocal and scanning electron microscopy, is excellent 64 

for the studies of morphology4-7, structure8,9 and development10,11 of starch granules, but hardly 65 

suited for defining their size distributions due to some inherent shortcomings. Direct 66 

measurements of microscopic granule images or software-assisted image analysis of 67 

optical microscopy data (IAOM), which have been used for the determination of granule sizes of 68 

starches from several species, including maize12, wheat13,14, potato15 and barley16, can measure 69 

only 1D (usually maximal length) or 2D (surface area) sizes of very limited numbers (tens to a few 70 

thousands) of starch granule images. The small granule sampling sizes that are inherently 71 

constrained by the techniques could rarely be statistically representative, considering the 72 

enormous granule numbers per unit weight of starch (~120 x 106 per gram, assuming all 10 µm 73 

spheres at 1.5 g/cm³ density), and, therefore, could lead to the poor reproducibility of the results. 74 

The Sd/StFFF technique may have high speed and resolution, and narrow size fractions of starch 75 

granules17, but has been rarely used probably because its accuracy could be severely affected by 76 

damages, different shapes, and density of starch granules. The laser diffraction technique is the 77 

most widely used, and has been applied for starch granule size analyses for all major crop 78 

species3,14,16. Although the technique has many advantages, it is actually not suited for 79 

determinations of starch granule sizes in the presence of a granule shape distribution. Most of 80 

the concurrent laser diffraction instruments rely on the Mie light-scattering theory18 for uniform 81 

spherical particles and the modified Mie theory18 for some other shapes of uniformity. The 82 

technique is, therefore, inherently very sensitive to particle shapes, and not entirely suited even 83 

for certain shapes of uniformity 19, let alone for starch granules having a set of shapes of varying 84 

proportions. The ESZ technique measures the electric field disturbance proportional to the 85 

volume of the particle passing through an aperture. It provides granule volume sizes, as well as 86 

the number and volume distribution information, etc., at high resolutions. Since the ESZ 87 

technique is independent of any optical properties of particles including color, shape, 88 
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composition or refractive index, and results are very reproducible, it is particularly suited for 89 

determining size distributions of starch granules having a set of shapes.  90 

  91 

Starch granule sizes have also been defined by using many parameters. They were often 92 

simplistically described by average diameters, which in some cases were the arithmetic means of 93 

the microscopically measured maximal lengths of 2D images12,20, or averages of equivalent 94 

sphere diameters3. In other cases, the granule size distributions were specified by using size 95 

ranges21,22, the distribution mean volume or mean diameter (sphere equivalent, weighted by 96 

number, volume, or surface area) assuming a normal distribution14, 23-26. These descriptors of 97 

starch granule sizes from various analyses are of a vastly different nature, and not strictly 98 

comparable. It could be very misleading if these “sizes” of starch granules from different species 99 

or even the same tissues of the same species were directly compared. Furthermore, the spread 100 

(or shape) parameter of the assumed normal distributions, i.e., the standard deviation 𝜎  (or 101 

graphic standard deviation 𝜎𝑔) measuring the width of the distribution (i.e., the spread of the 102 

sizes), has been ignored in most studies.  103 

 104 

To resolve the aforementioned critical issues facing starch granule sizing analyses, we outlined a 105 

procedure for reproducible and statistically valid determinations of granule size distributions of 106 

starch samples using the ESZ technique, and for properly specifying the determined granule 107 

lognormal size distributions using an adopted two-parameter multiplicative form27 with 108 

improved accuracy and comparability. For validation and demonstration, we performed replicate 109 

granule sizing analyses of sweetpotato starch samples using the procedure, and specified the 110 

lognormal differential volume-percentage volume-equivalent-sphere diameter distributions 111 

using their graphic geometric means 𝑥̅∗  and multiplicative standard deviations 𝑠∗ in a 𝑥̅∗  x/ 112 

(multiply and divide) 𝑠∗ form.  113 

 114 

PROTOCOL: 115 

 116 

1. Preparation of starch samples  117 

 118 

1.1. Prepare two (or three) gram-scale replicate starch samples from starch-accumulating tissues 119 

of various plant species following the established procedures (e.g., potatoes15, sweetpotatoes28, 120 

wheat grains13,29, and maize kernels30, etc.). 121 

 122 

1.2. Thoroughly wash starch samples with acetone or toluene 3-4x to minimize granule 123 

aggregates and dry them completely.  124 

 125 

NOTE:  Use extraction procedures that yield more than 1 g of starch per preparation. One or two 126 

0.5-g aliquots from each of the three or two replicate extracts, respectively, are sampled for 127 

granule sizing analysis of one starch extract. 128 

 129 

2. Electrolyte preparation 130 

 131 
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2.1. Prepare 500 mL of 50 g/L lithium chloride in methanol for four sizing runs for replication 132 

starch samples (100 mL per run plus an extra 100 mL). Preferably, make the electrolyte in large-133 

volume batches, e.g., 4 to 8 L at a time, to minimize the concentration variation.  134 

 135 

2.2. Cool the container on ice or in a 4 ˚C cabinet to speed up dissolution of the lithium chloride. 136 

 137 

3. Setting up the analyzer 138 

 139 

3.1. Choose an aperture tube with a particle diameter range covering the known (in the literature 140 

or through trial runs) granule size range of starch samples to be analyzed, e.g., a 100 m aperture 141 

for sweetpotato starches. For starch samples of unknown granule size range, select an 142 

appropriate aperture through trial runs using several aperture tubes having overlapping particle 143 

diameter ranges. 144 

 145 

NOTE: The particle diameter range of an aperture tube is its accurate sizing range between 2 to 146 

60% of, and with an extended sizing range to 80% of its orifice diameter. Table 1 lists properties 147 

of three most useful aperture tubes for sizing granules of major crop starches. If the granule size 148 

range of a starch sample is wider than the sizing range of a single aperture tube, perform a multi-149 

tube overlap analysis combining up to five particle size distributions measured with apertures of 150 

different sizes. Each aperture is identifiable by its diameter and part number labeled on the tube. 151 

Its diameter and serial number contained in a barcode on the tube can be scanned into the 152 

analyzer software using the Bar Code Reader on the Control Panel of the analyzer.  153 

 154 

3.2. Chose a 100 or 200 mL analytical beaker (over cuvettes) for the determination of starch 155 

granule sizes, and set up automatic stirring (below) to maintain a good granule suspension during 156 

measurement.   157 

 158 

3.3. Create a Standard Operating Method (SOM) to specify run settings, and a Preferences file 159 

for analyzing, viewing, and printing the results. Combine SOM and Preferences file into a 160 

Standard Operating Procedure (SOP) as needed.  161 

 162 

NOTE: For non-standardizable analyses, use SOM to run the analyses, and adjust the SOM 163 

settings between runs through the Edit the SOM window (see below) as needed. After run 164 

completion, analyze, view, and print the run results by changing the Preferences as desired. For 165 

standardizable granule sizing analyses, use an SOP to run the analyses.  166 

 167 

3.3.1. Start the analyzer software. On the Main Manu, click SOP | Create SOM Wizard or Edit 168 

the SOM, or on the Status Panel, click Edit SOM. Use the wizard or the Edit the SOM window to 169 

select settings for an SOM. Settings typically used for sizing granules of sweetpotato starch 170 

samples are summarized in Table 2.  171 

 172 

3.3.2. Save the created SOM to a File in the SOM Wizard-Summary of Settings window, or in the 173 

Edit the SOM window.  174 

 175 
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3.3.3. On the Main Manu, Click SOP | Create Preferences Wizard or Edit Preferences. Use the 176 

wizard or tabs in the Preferences edit window to select preference settings as those in Table 3 or 177 

others as desired.  178 

 179 

3.3.4. Save the selected Preferences to a file in the Create Preferences Wizard-Summary of 180 

Settings window or in the Edit Preferences window. 181 

 182 

3.3.5. On the Main Menu, click SOP | Create SOP Wizard. Following the step-by-step guide of 183 

the wizard, enter a description, select the SOM and Preferences file to create and save an SOP. 184 

 185 

4. Granule sizing analyses of the starch samples 186 

 187 

4.1. Prepare the Analyzer 188 

 189 

4.1.1. Turn on the analyzer, open the software in the computer and verify the Ready status at 190 

the top of the Status Panel after its automatic connection to the analyzer. 191 

 192 

4.1.2. Fill the electrolyte jar with electrolyte, empty the waste jar if necessary.  193 

 194 

4.1.3. Properly install and secure the chosen aperture tube following the guide in the user’s 195 

manual. For an uncalibrated new aperture tube, calibrate it following the step-by-step guide 196 

under Calibration | Calibrate Aperture on the Main Menu. For a calibrated aperture tube, verify 197 

the calibration following the step-by-step guide of the Change Aperture Tube Wizard under the 198 

Run or Calibration | Verify Aperture Calibration on the Main Menu. 199 

 200 

4.1.4. Unlock the assay platform by pushing the lock-release clip (on the middle front of the left 201 

sample compartment wall) and manually lower the platform to the bottom. Place an analytical 202 

beaker containing 100 mL of electrolyte on the platform, move the stirrer to the stirring position, 203 

and manually raise the platform to the self-locking upper position to immerse the aperture tube 204 

and stirrer in the electrolyte. 205 

 206 

4.1.5. Click Fill on the bottom instrument Toolbar to have the analyzer automatically fill the 207 

system with the electrolyte and click Flush to have the analyzer automatically flush the system.  208 

 209 

4.1.6. Load the SOM by clicking SOP | Load an SOM on the Main Menu, and use the SOM to run 210 

an analysis without a Preferences file.  Alternatively, load an SOP by clicking SOP | Load an SOP 211 

on the Main Menu or Load SOP on the Status Panel, and use the SOP to run an analysis. 212 

 213 

4.1.7. If using an SOP, click SOP | SOM Info or Preference Info on the Main Menu to verify the 214 

SOM and Preference settings. Click Sample | Enter Sample Info on the Main Menu or Edit Info 215 

on the Status Panel to enter the sample information for the run.  216 

 217 

4.2. Prepare starch-methanol sample and sizing suspensions 218 

 219 
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4.2.1. Weigh two or one 0.5 g sample from each of the two or three replicate starch extracts, 220 

respectively.  221 

 222 

4.2.2. Add each of the 0.5 g starch aliquots to 5 mL methanol in a 50 mL conical centrifuge tube, 223 

and fully disperse starch granules using several pulses of low intensity ultrasound (12–24 W/cm2) 224 

from an ultrasonic processor.  225 

 226 

4.2.3. Using a disposable transfer pipette, apply one small drop of the starch-methanol 227 

suspension (~0.2 mL) to the 100 mL of 50 g/L LiCl methanol electrolyte under constant stirring in 228 

the beaker. Close the sample compartment door.  229 

 230 

4.3. Perform a sizing run 231 

 232 

4.3.1. Click Preview in the bottom Instrument Toolbar to start a preview run. On the Status 233 

Panel, verify that the dynamically displayed concentration bar is in green, and shows a 5 to 8% 234 

nominal concentration range for the suspension.  235 

 236 

4.3.2. Click Stop on the bottom Toolbar to stop the Preview run. If necessary, dilute the starch-237 

electrolyte suspension by replacing an aliquot of the suspension with the electrolyte, and then 238 

repeat a Preview run.  239 

 240 

NOTE:  The 5% to 8% nominal concentration range of the suspension is critical for completion of 241 

a run without stoppage due to aperture blockage by aggregated granules. If needed, adjust the 242 

drop-sample size, and/or the concentration of the starch-methanol suspension to make a new 243 

starch-electrolyte suspension having the nominal concentration in the optimal range.  244 

 245 

4.3.3. After the verification, click Start on the bottom Toolbar to start the run. The analyzer 246 

automatically completes the run once the total count of sized granules, which is displayed along 247 

with the run time on the Status Panel in a run, reaches the set Total Count (125,000 or 250,000) 248 

by the Control Mode of the SOM. Depending on the suspension concentration (within 5-8% range 249 

or lower), a single run takes 2 to 5 min or more. 250 

 251 

NOTE: When the analyzer automatically detects an aperture blockage per blockage detection 252 

settings of the SOM, it will abort the run, flush to unblock the aperture and start a new run. This 253 

blockage action is set to maximally repeat for four times before the analyzer cancels the run 254 

operation. This run-aborting blockage problem may be overcome by using two technical methods 255 

as noted in Table 2 and detailed in the discussion.  256 

 257 

4.3.4. If needed, perform a technical repeat run (see Table 2 and detailed in Discussion) using 258 

the same starch-electrolyte suspension by simply clicking Start or Repeat on the bottom Toolbar. 259 

 260 

4.3.5. After completion of a run or repeat runs, empty the beaker, rinse it with methanol, and 261 

refill it with 100 mL fresh electrolyte solution for the next run.  262 

 263 
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4.3.6. During a run, if an Extended Size Range notification dialog appears when the count of 264 

granules larger than 60 µm exceeds 0.1% of the total count (per the SOM setting), click Run 60% 265 

to 80% for running an extended dynamic sizing range to 80% of the aperture diameter.  266 

 267 

NOTE: The Extended Size Range setting controls actions for granules larger than 60% of the 268 

aperture diameter (100 µm, in this case). The setting in the SOM specifies inclusion of starch 269 

granules larger than 60 µm when their counts reach over 0.1% of the total count. The 270 

completion of the run is still controlled by the total count, and may take slightly less time than 271 

otherwise without inclusion of the larger granules totaling less than 0.1% (presumed statically 272 

insignificant amount) of the total count.  273 

 274 

4.4. Analyze the run results  275 

 276 

4.4.1. If an SOM was used to control the runs, select Preferences settings as desired for viewing, 277 

printing, and statistical analyses of the results using the Create Preferences Wizard or the Edit 278 

Preferences under the SOP on the Main Menu.  279 

 280 

4.4.2. Overlay results from multiple runs on a single graph for comparison. 281 

 282 

4.4.2.1. Click Overlay on the Main Toolbar or File | Overlay on the Main Menu to access the 283 

Overlay window. Navigate to and select multiple desired result files in the Files box, click Add to 284 

move them to the Selected Files box, and click OK to overlay the selected results on a single 285 

graph.  286 

 287 

4.4.2.2. To add a file to an open overlay, click RunFile | Open for Overlay on the Run Menu to 288 

access the Overlay window, navigate to the desired file, and click to add. 289 

 290 

4.4.3. Average results from replicate analyses (2 extracts x 2 starch-sampling or 3 extracts x 1 291 

starch-sampling), and view or print the average granule size distribution and statistics in a list or 292 

graph. 293 

 294 

4.4.3.1. On the Main Menu, click File | FileTool | Average to open the Average window. Navigate 295 

to and select multiple desired result files in the Files box, click Add to move them to the Selected 296 

Files box, and click OK to average the selected results and display the average on a single graph. 297 

 298 

4.4.3.2. To include an additional result file in an average distribution, on the Run Menu, click 299 

RunFile | Open and Add to Average to open the Add to Average window, navigate to and add 300 

the file. The new average appears on the graph in the Run (result) window or listing. 301 

 302 

5. Specifying the average distribution 303 

 304 

5.1. In the Run-Menu window displaying the average distribution, click Calculate | Averaged 305 

Statistics on the Run Menu to open the statistics summary window, which displays the average 306 

statistics in rows, and the graph statistics for the average distribution in the columns. 307 
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 308 

5.2.  Use the graphic geometric mean (𝑥̅∗) and S.D. (𝑠∗) in the graph statistics column to specify 309 

the average distribution in the 𝑥̅∗ x/ 𝑠∗ form. Calculate the CV measuring variations among the 310 

averaged replicate distributions by dividing the mean (µ, the same as the 𝑥̅∗ of the average 311 

distribution) of the geometric means of the averaged distributions with the average S.D. (𝜎) 312 

listed in the average statistics row.  313 

 314 

NOTE: The average S.D. (for µ) assessing variations among the means of the replicate 315 

distributions is different from the graphic geometric S.D. (for 𝑥̅∗) measuring the spread of the 316 

average distribution.  317 

 318 

REPRESENTATIVE RESULTS:  319 

To validate the procedure, and demonstrate reproducibility of the determined granule size 320 

distribution, we performed replicate sizing analyses of sweetpotato starch samples. We prepared 321 

replicate (S1 and S2) starch samples from field-grown sweetpotatoes of a breeding line SC1149-322 

19 at a similar developmental age using a previously described procedure28. From each starch 323 

extract, two 0.5 g aliquots (a and b) were sampled, suspended in 5 mL of methanol and sonicated 324 

with several pulses of low-energy ultrasound to break up aggregates. Each of the two pairs of 325 

starch-methanol suspensions was drop-sampled to make a starch-electrolyte suspension, which 326 

was then sized twice (technical repeat runs) using the above outlined SOM for a total count of 327 

125,000 granules each. For each single sizing run, once the total count reaches over ~65,000 and 328 

~125,000, the graphic geometric S.D. (𝑠∗) and geometric mean (𝑥̅∗) of the displayed differential 329 

volume-size distribution no longer significantly change, respectively. Each pair of the repeat runs 330 

using one starch-methanol suspension was merged after completion for a total sizing count of 331 

250,000.  332 

 333 

Figure 1 shows differential volume-percentage volume-equivalent-sphere-diameter distributions 334 

(S1a, S1b, S2a and S2b) for the four replicate sizing analyses of the sweetpotato starch samples, 335 

and their average distribution. The CV for the average of geometric means of the four replicate 336 

distributions was 3.75 %, demonstrating an excellent reproducibility of the sizing results. Each of 337 

the four replicate distributions was determined from a very large sampling size of 250,000 338 

granules, far exceeding the minimal counts (~65,000 and ~125,000) above which the graphic 339 

geometric S.D. (𝑠∗) and geometric mean (𝑥̅∗) of the displayed differential volume-size distribution 340 

in a single sizing run no longer significantly change. Therefore, the determined replicate volume-341 

size distributions were all statistically valid. For better accuracy and comparability (discussed 342 

below) of the specification of determined lognormal granule size distributions, all these 343 

distributions were specified by using their graphic geometric means (𝑥̅∗) and S.D. (𝑠∗) in a 𝑥̅∗ x/ 344 

(multiply and divide) 𝑠∗ form as listed on the graph. Please note that the granule size distribution 345 

of the sweetpotato starch has been rigorously fitted to be lognormal as previously described 28. 346 

 347 

[Place Figure 1 here] 348 

 349 

Figure 2 shows the average (or mean) cumulative (<) number- and volume-percentage size 350 

distributions of the four replicate sizing analyses, which were transformation views of the 351 
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average differential volume-percentage size distribution. The comparison between the 352 

cumulative number and volume percentages of starch granules showed that granules 353 

having smaller volume-equivalent-sphere diameters accounted for much larger percentages of 354 

the total count than the total volume. For example, the numbers of granules having volume-355 

equivalent-sphere diameters smaller or equal to 9.976 µm accounted for 48.53% of the total 356 

count, yet only 5.854% of the total volume. 357 

  358 

[Place Figure 2 here] 359 

 360 

FIGURE AND TABLE LEGENDS:  361 

Figure 1: Lognormal differential volume-percentage volume-equivalent-sphere size 362 

distributions from replicate sizing analyses of sweetpotato starch samples. The sampling 363 

scheme for the four replicate sizing analyses were detailed in the result. The four distributions 364 

(S1a, S1b, S2a and S2b) from replicate analyses and their average were overlaid and specified 365 

using the 𝑥̅∗ x/ (multiply and divide) 𝑠∗ form. 366 

 367 

Figure 2: Average cumulative (<) number- and volume-percentage size distributions of starch 368 

granules from the four replicate sizing analyses of sweetpotato starch samples. The two 369 

distributions are transformation views of the average size distribution in Figure 1. The graph 370 

compares the cumulative (<) number (left Y-axis) to volume (right Y-axis) percentages of starch 371 

granules having volume-equivalent-sphere sizes lower or equal to particular size bins.   372 

 373 

Table 1: Three most useful aperture tubes for sizing granules of starches from crop species.  374 

 375 

Table 2: Typical SOM settings for controlling sizing runs for sweetpotato starch samples. 376 

 377 

Table 3: Typical preference settings for view, analyses and print of results from sizing runs for 378 

sweetpotato starch samples. 379 

 380 

DISCUSSION:  381 

The outlined procedure has resolved some critical issues in several existing methods for starch 382 

granule size analyses, including inappropriate 1D or 2D sizing of 3D granules, distortion of sizing 383 

measurements due to none-uniform granule shapes, poor reproducibility and dubious statistical 384 

validity due to limited granule-sample sizes, inaccurate or improper specification (especially the 385 

use of the average size) of granule sizes in the presence of both granule shape and none-normal 386 

size distributions. It uses the ESZ technique that measures 3D sizes (volume) of starch granules 387 

and is unresponsive to granule shapes. The design to derive the average granule size distribution 388 

from replicate analyses having a very large granule-sample size (4 x 250,000) not only renders 389 

the result statistically valid and more reproducible, but also technically mitigates measurement 390 

distortions by aggregated and damaged granules to improve sizing accuracy (explained below). 391 

As demonstrated in the representative results, the CV for the average of geometric means of 392 

replicate distributions determined using the procedure is usually smaller than 5%, indicating a 393 

satisfactory reproducibility of the results. Furthermore, the multiplicative specification of both 394 

the scale (𝑥̅∗) and shape (𝑠∗) of the lognormal granule volume-equivalent-sphere size distribution 395 



Page 10 of 14 
 

more accurately depicts the true nature of distributed granule sizes in a starch sample, and is 396 

straightforward to use and universally comparable among granule sizing analyses of starches 397 

from same or different sources. Therefore, the procedure enables more accurate, reproducible, 398 

and statistically valid determination of starch granule sizes, and proper specification of 399 

determined granule lognormal size distributions. It is applicable to all granule sizing analyses of 400 

gram-scale starch samples, and could become an essential tool for studies on how starch granule 401 

dimensions are molded by the starch biosynthesis apparatus and mechanisms in plant starch-402 

accumulating tissues, and how they impact properties and functionalities of starches for food 403 

and industrial uses. 404 

 405 

Starch granules are stereo particles having mostly non-spherical shapes so that their sizes must 406 

be defined and measured in 3D terms. Thus, the volumes of starch granules best define their 407 

sizes, and the volume-equivalent-sphere diameter is the only single 1D size parameter that can 408 

be used to properly describe the granule 3D sizes since no stereo objects other than sphere can 409 

be defined with a single 1D size parameter. Furthermore, starch granules from all plant species 410 

possess a set of shapes with various occurrence frequencies. In the presence of such a shape 411 

distribution, any particle sizing techniques that are responsive to particle shapes, e.g., the laser 412 

diffraction technique, are not suited for reproducible and statistically valid determinations of 413 

starch granule size distributions, as the system error inherent to these techniques cannot be 414 

easily corrected with a shape factor. In fact, the error rate (CV) among replicate analyses of 415 

granule sizes from the same sweetpotato starch sample using the laser diffraction technique 416 

could reach as high as 15-20% 28, indicating very poorly reproducible sizing results. Unfortunately, 417 

the impact of granule shapes on sizing starch granules have been mostly overlooked, which 418 

resulted in a large body of dubious starch granule size data acquired using shape-responsive 419 

particle sizing techniques in the literature.   420 

 421 

The two-parameter multiplicative specification defines both the scale (𝑥̅∗) and the shape (𝑠∗) of 422 

lognormal distributions, and is thus far more precise and meaningful than a single descriptor of 423 

mean size or a size range26. The multiplicative 𝑥̅∗  x/ 𝑠∗ , 𝑥̅∗  x/ (𝑠∗)2 , and 𝑥̅∗  x/(𝑠∗)3  intervals, 424 

corresponding to 𝑥 ± 𝑠 ,  𝑥 ± 2𝑠  and 𝑥 ± 3𝑠  intervals of a normal distribution, covers 425 

approximately 68.3%, 95.5%, and 99.7% confidence intervals of a lognormal distribution, 426 

respectively27. The geometric mean (𝑥̅∗) and S.D. (𝑠∗) of a lognormal granule size distribution 427 

correspond to the graphic geometric mean and S.D. of the size distribution curve, which are 428 

calculated by the analyzer software and can be selected to display on the on-screen size graph 429 

during a sizing run or analyses of results. It is, therefore, rather convenient, and simple to use the 430 

multiplicative specification. Additionally, the 𝑥̅∗  and 𝑠∗  have been demonstrated to have 431 

different physiological implications associated with the starch biosynthesis apparatus28. The 432 

granule volume-size distributions of starches from various plant species may well be all lognormal 433 

since the formation of starch granules in plant starch-accumulating tissues falls into an 434 

unconstrained evolving complex system31 or an intracellular catalytic reaction network32 435 

characteristic of a lognormal distribution. The bimodal granule size distributions of starches from 436 

some plant species, such as those from wheat13,14, could be regarded as two lognormal 437 

distributions. Therefore, the multiplicative specification of granule lognormal volume-equivalent-438 

sphere size distributions may also allow a statistically valid universal comparison of granule sizes 439 
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determined from starches of various plant sources and by different measurements, as the 𝑥̅∗ is 440 

in the form of volume-equivalent-sphere diameter and 𝑠∗ is demensionless.  441 

 442 

An appropriate total granule-sizing count for the analysis of a starch (in methanol) sample, which 443 

represents the granule sample size, is most critical to successful determination of the granule size 444 

distribution of statistical significance for the starch sample. In the case of sweetpotato starch 445 

samples, once the total count in a single run reaches over ~65,000 and ~125,000, the graphic 446 

geometric S.D. (𝑠∗) and geometric mean (𝑥̅∗) of the displayed differential volume-size distribution 447 

curve no longer significantly change, respectively, indicating minimal counts for the 𝑠∗ and 𝑥̅∗ of 448 

statistical significance. The sampling redundancy in sizing 250,000 granules for a starch-methanol 449 

sample in the procedure is intended to discount for the aggregated and damaged granules in the 450 

sized granule pool. Even assuming that the aggregated and damaged or broken granules 451 

accounted for 50% of the total count of 250,000 granules in a completed run or two merged 452 

repeat runs, the graphic geometric S.D. and mean of the determined distribution would not have 453 

been significantly impacted as they would have been anchored by the intact granules of half of 454 

the total count. Furthermore, the more volume-size reduction of the damaged or broken 455 

granules, the less impact they have on the distribution. This is because smaller granules take a 456 

larger number percentage, but smaller volume percentages of the total sized granules. As 457 

demonstrated by the comparison between number and volume cumulative distributions for the 458 

same average distribution in Figure 2, starch granules with an equivalent-sphere diameter 459 

smaller than or equal to 9.967 µm accounted for about 48.53% of the total number, but only 460 

5.854% of the total volume. Thus, any damaged or broken-down granules less than 10 µm would 461 

have a very small impact on the differential volume-percentage size distribution. For starch 462 

samples of other plant sources, an appropriate total count for their sizing analyses can be the 463 

one doubling the minimal count over which the graphic geometric mean (𝑥̅∗) of the displayed 464 

size distribution in a trial run no longer significantly change.  465 

 466 

Technically, the most critical step for a sizing run is to drop a proper amount of the starch-467 

methanol suspension to the electrolyte for an optimal range of 5 to 8% nominal concentration 468 

for the starch-electrolyte suspension. To reach the goal, the drop size and the concentration of 469 

the starch-methanol suspension may have to be adjusted through trial runs. Concentrations of 470 

the starch-electrolyte suspensions higher than the optimal range increase risks of reduced sizing 471 

precision, and frequent aperture blockages leading to run abortions, which could make it very 472 

difficult to complete a run. But, too low a concentration (e.g. <2%) of the starch-electrolyte 473 

suspension may prolong a run too much, and distort frequencies of granules in various size bins 474 

due to non-random sampling of granules, which could lead to an unacceptable error rate (the 475 

average CV > 5%) for a replicate analysis. The total count for a sizing run also has a major impact 476 

on the optimal concentration of a starch-electrolyte suspension, hence on the amount and 477 

concentration of the starch-methanol added. The larger the total count for a run, the longer the 478 

time for the completion of the run, and thus the more risks for aperture blockages leading to run 479 

abortions. The problem of aperture blockage by aggregates worsens when aperture tubes of 480 

smaller diameters are used for starch granules of smaller sizes, which makes it very difficult to 481 

analyze small starch granules (< 2 µm). This is indeed the major drawback or limitation of the 482 

procedure. The aperture blockage problem could be alleviated to a certain extent using some 483 
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technical means. One may use more sonication to break up aggregates (inevitably more damaged 484 

granules as well) in a starch-methanol suspension, and/or a diluted starch-electrolyte suspension 485 

at 2-5% nominal concentrations. Alternatively, one may use technical repeat runs of sizing the 486 

minimal total count for stable 𝑠∗ and 𝑥̅∗ of the size distributions for a starch type (e.g. about 487 

125,0000 counts for sweetpotato starch) from the same starch-electrolyte suspension, and 488 

merge the results of the repeat runs. Each of the four replicate distributions (S1a, S1b, S2a and 489 

S2b) shown in Figure 1 were from two merged technical repeat runs of sizing 125,000 granules 490 

each from the same starch-electrolyte suspension. Both methods need to be well tested, as they 491 

may increase the replication error rate to an unacceptable level (i.e., the average CV > 5%).  492 

 493 

Technical and biological replicate sizing analyses of starch samples from plant sources under 494 

similar physiological conditions improve the reproducibility and accuracy of the determined 495 

average granule size distribution. Practically, three or four biological replicates of starch samples 496 

may be independently extracted from the same tissue under a specific condition. But, we 497 

previously found that there was no significant difference in error rates (CV and Standard Errors 498 

for the average), and 𝑥̅∗  and 𝑠∗  between the average granule size distribution derived from 499 

distributions of four biological replicates (i.e., one sizing x one suspension x 4 extracts) and the 500 

one from those of two technical sampling each from two biological replicates (i.e., one sizing x 2 501 

starch-methanol suspensions x 2 extracts) 28. Thus, biological replicate samples could be reduced 502 

to two, at least for the sweetpotato starch. Other steps and technical parameters that could be 503 

modified or adjusted were specifically noted below each of the steps or the particular parameter 504 

in the procedure.  505 

 506 
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Aperture diameter (mm) Particle Diameter Range (µm) Particle Volume Range (µm3)

50 1.0 - 40 0.524 - 33.5 x 10
3

70 1.4 - 56 1.44 - 92.0 x 103

100 2.0 - 80 4.19 - 268 x 103
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Selection 

SOM description Sizing Starch Granules 

SOM author -

Sample description Sweetpotato starch samples

Electrolyte 50 g L-1 Lithium Chloride

Dispersant No

Aperture 100 mm

Control Mode Total Count [250,000] or [125,000]a

Waste Tank When 80% full

Enter sample info Yes 

Number of runs 1 (or 2, for repeat runs)

Flush aperture tube before run Yes 

Flush aperture tube after run Yes 

Save file Yes, including pulse data

Export data Yes 

Print report Yes 

Compare to sample specifications No

View Size

Sample beaker 100 ml Multisizer 4 ST

Use stirrer Yes 

Speed [15], CW (clock wise)

Stirrer position Automatic

Sizing threshold 2 mm

Aperture current 1600 mA

Preamp gain 2

Extended size range b When count [> 0.1%] of total count

Size bins 400

Size range 2 to 60 mm

Bin spacing Log diameter

Coincidence correction Yes

Pulse Edit No

Sample amount 0.2 ml

Density -

Use pre-dilution factor -

Analytic volume -

Electrolyte volume 100 ml

Use dilution factor No

Automatic (From start of run)

Default blockage detection: when count rate <20%, Aperture rate >40%, or 

concentration spike >40%.

Blockage action Cancel, unblock and restart,Up to [4] times

Show icon Yes

Blockage monitor Count rate

b: The Extended Size Range controls actions for granules larger than 60% of the aperture diameter (100 µm in this SOM). The setting specifies 

inclusion of starch granules larger than 60 µm when their counts are larger than 0.1% of the total count.  

a: If repeated unblock and restart could not get the larger-count run completed,  make two repeat runs of sizing a lower total count of 125,000 

each from the same starch-electrolye suspension, and merge the results of the repeat runs by using [MergeRuns] under [FileTools] of [File] in 

the Main Menu. Althernatively, replace the starch-electrolye suspension with a new one having a lower nominal concentration (2-5%). When 

preparing a new drop-sample starch-electrolyte suspension, pulse-sonicate the starch-methanol suspension again to break up more 

aggregates. 
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Preference  Settings Selection 

Sample info  Sample, Run Number, Size Bins, Total Counts 

Size graphs Differential Volume %, Log X Axis, Smooth by Groups of Seven 

Size statistics Volume, Volume %

Average statistics Total Amount, Mean, S.D. 

Overlay statistics Total Amount, Mean, S.D.

Columns: Bin Number, Bin Diameter (center), Diff. Number, Diff. Number %, 

Diff. Volume %. 

Bin Grouping: Bin Group Size 7, All Bins, Sum Bins in Group.

Type Geometrica

Range All

Results to print Range, Total Amount, Mean, S.D., 95% Confidence Limits

Results on graph Range: All, Total Amount, Mean, S.D.

Average weighting
b Volume %

Distributionc Differential

Limits 2 S.D.

Pulse averaging Use Convert Pulses to Size Range

Data items Sample Information, Statistics, Average Statistics, Size Listing 

Export extension .xls

Number format 123456.78

Data format Tab Delimited 

Export folder Current Folder

Page setup Include Custom Title, Print Graphs using Screen Color Include Date

Graph size: Half Page

Display: Screen and Color Printer

Line color (Default)

Line style (Default)

Legend Top Right

Size (Default)

Graph style Step

Limit style Curve

 Fonts and Colors Default Fonts and Default Colors or as desired.

Default view Size, Graph

Size X axis Diameter

Measuring Particles

Liter Symbol L (mL, mL, fL)

Multisizer pulse data Graph at most 5010 pulses, List at most 5010 pulses

Volume units mm3

Numbers 123456.78

a: The geometric mean and S.D. statistics specified here are graphic ones that define the scale and shape of the 

determined differential volume-percentage equivalent-sphere size distribution. They are used to specify the lognormal 

distribution in the x ̅* x/ s* form.
b: The average weighting refers to how results from multiple runs are averaged by different weighting options. Change 

these settings in the Run Menu for different averaging and view options.
c: Select [Calculate] to open [ Average Statistics] in the [Run Menu] to see the average statistics in rows, the graph 

statistics for the average distribution in the “Mean” column.
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Name of Material/ Equipment Company Catalog Number

Analytical beaker   Beckman Coulter Life SciencesA35595

Aperture tube,  100 µm  Beckman Coulter Life SciencesA36394

Disposable transfer pipettor, Fisher Scientific (Fishersci.com)13-711-9AM

Fisherbrand Conical Polypropylene 

Centrifuge Tubes, 50 ml
Fisher Scientific (Fishersci.com)05-539-13

Glass beakers, 150 to 250 ml Fisher Scientific (Fishersci.com)02-540K

LiCl Fisher Chemical L121-100

Methanol Fisher Chemical A412-500

Mettler Toledo ML-T Precision BalancesMettler Toledo 30243412

Multisizer 4e Coulter Counter  Beckman Coulter Life SciencesB23005

Ultrasonic processor UP50H  Hielscher Ultrasound Technology UP50H
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Comments/Description

Smart-Technology (ST) beaker

For the MS4E, , 1000 µm

Other disposable transfer pipettors with similar orifice 

can also be used. 

Any other similar types of tubes can be used. 

These beakers are used to contain methanol for 

washing the aperture tube and stirer between runs.

Buy in bulk as the analysis uses a large quantity of methanol. 

Any other precision balance with a readablity 0.01 g 

to 1 mg will work. 
The old model, Multisizer 3 can also be used with 

slight adjustment of parameters.  The 4e model 

comes with a 100 μm aperture tube.  Other aperture 

tubes of different diameter can be purchased 

separately from the company. 
Other laborator sonicator having a low-power (<50 

Watt) output can be also used. Both MS1 and MS2 

sonotrodes for the particular sonicator can be used to 

disperse starch granules in 5 ml methanol. Always 

use the lowest setting first, 20% amplitude and 0.1 or 

0.2 cycle, and raise the setting if aggregates persist 

in suspension. 



Response to the Review Editor’s comments 

 

 

We appreciate very much all the constructive comments from the Review Editor. We 

have revised the sections accordingly based on the comments. 

 

Comments 

1. Citation? 

Response: Added citation, and update the citations and the reference list.  

 

2. This section needs more details to make this a standalone manuscript. 

Response: As discussed with the Review Editor, the highlight of the procedure is 

taken out.  Procedures for starch extractions vary among source plants or tissues.  The 

one used for sweetpotato starch extraction may be of limited application, and is not 

the emphasis of the article. In addition, the extraction procedure takes two days, and 

thus not suited for filming.  The section is also revised to make it clearer.  

 

3. If this needs to be filmed, please briefly explain how this is done. Else please 

remove the highlight and include citations for established procedures.  

Response: The section is revised with citation for established procedures added, and 

the highlight removed.  

 

4. Please include how many starch samples were obtained with how much 

starting material. (this is for clarifying 2.1).  

Response: The sample number for replication analysis is stated in the revision. The 

amount of starch needed for the analysis is stated in the note.  As the amounts of 

starting materials for starch extraction vary widely among procedures, it is noted to 

use procedures yielding starch sufficient for analysis.  

 

5. How do you identify this visually?  

Response: Identification of an aperture tube and import of its diameter and serial 

number (in the barcode) into the software are noted in the revision.  

 

6. Only button clicks need to be bolded. Please format accordingly. 

Response: All the protocol steps were reformatted accordingly to have only the 

clickable buttons bolded.  

 

7. How is this (installing an aperture tube) done? 

Response: The step of installing an aperture tube has been revised to indicate 

following the User’s manual. This is a multi-step process, which is clearly describe 

and easy to follow in the manual. It is also not the emphasis of the protocol. Thus, it 

may be better to refer the step to the manual.  But, if needed for filming 

consideration, the process can be revised to include a brief description.  

 

8. Is this done manually? 
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Response: The platform is manually lowered and raised, which has been noted in the 

revision.  The step has been further revised to make it clearer.  
 

 

9. For how long?  

Response: After click the Flush, flushing the system starts and automatically stops 

when it is complete.  The step is revised to note the automatic flushing process.  

 

10. How? (To verify SOM and Preferences settings) 

Response:  How to verify the SOM and Preferences settings in the software has been 

added.  

 

11. How many grams in 5 mL? 

Response: The sampled 0.5-gram starch aliquot is now noted at the step.  

 

12. Significance?  

Response: The significance of having a 5 to 8% nominal concentration range of the 

suspension is noted. The step is further revised to make it clearer.  

 

13. How will you see this? 

Response: The step has been revised to clearly state that the analyzer automatically 

detects an aperture blockage per blockage detection settings of the SOM.  When the 

count rate <20%, Aperture rate >40%, or concentration spike >40% (Blockage 

detection settings), the analyzer regards the aperture blocked.  Although the sudden 

drop of the count rate and spike of the nominal concentration (the concentration bar 

turning red) can be seen on the run Status Panel when the blockage happens, the 

analyzer determines if it is a surmountable transitory blockage or one that has to be 

unblocked. Also, unblocking of the aperture abort the run.  Therefore, it is not 

meaningful to note the observable sudden drop of the count rate and spike of the 

nominal concentration.  

 

14. How much time is required? 

Response: A single run takes 2 to 5 minutes or more, depending on the total count 

setting and the suspension concentration, which is noted in the revision.  The 

completion of a run is controlled by the total count setting.  The run time vary among 

various runs using different suspensions. Thus, it may not be that meaningful to note 

the run time. The step is further revised to make it clearer.  

 

15. How long is this run for? 

Response: The technical phrase “for running an extended dynamic sizing range to 

80% of the aperture diameter” means inclusion of those granules larger than 6o µm 

when their counts reach over 0.1% of the total count, but not an extra run.  It is 

controlled automatically, and may not take any extra run time.  The step has been 

revised accordingly.  

 

 

16. Any of these can be used? 



Response:  Revised to make it clear that any of these options can be used.  

 

17. Calculations steps cannot be filmed. If this needs filming please include how 

this is performed. 

Response: It doesn’t need to be filmed as it is a simple calculation.  The step has also 

been revised to make it clearer.  
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