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Summary 

Complete dissolution is needed for the separation, characterization or homogeneous labeling of 

whole starch molecules. A method is presented to quantify the extent of starch dissolution in 

dimethylsulfoxide (DMSO) for the first time, with 1H NMR using toluene as an internal standard; it is 

validated on a commercial rice starch. It is used directly on starch dispersions containing possible 

undissolved or co-dissolved species. High-amylose maize starches, known to be digested slowly in 

vivo, only quantitatively dissolve in the presence of high concentrations of an H-bond disrupter, LiBr, 

although they form clear dispersions at low LiBr concentrations. Starch quantitatively dissolves from 

waxy rice flours; non-starch components partially co-dissolve but do not interfere with the dissolution 

quantification. 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

Introduction 

Starch is a major component of human diets, supplying more than 50 % of caloric energy, and is 

a major component of a large number of food plants, for example wheat, potatoes, maize, rice, peas and 

bananas.[1, 2] Furthermore, being renewable, cheap and biodegradable, starch has major applications in 

the paper, pharmaceutical and textile industry.[2-5] Starch has an extremely complex (branched) 

molecular and supramolecular structure, with six identified levels of complexity, on scales ranging 

from nm to mm.[6, 7] This structural complexity gives unique functional properties to each starch 

species, but renders its analysis difficult.[7] Complete dissolution is required for (i) a successful 

separation of whole starch molecules (with techniques such as size-exclusion chromatography, SEC, 

also known as gel permeation chromatography, GPC,[8-10] field-flow fractionation,[11, 12] or analytical 

ultracentrifugation[11]), (ii) a meaningful characterization (after separation[13] or off-line such as 

dynamic light scattering, DLS,[14-16]), (iii) homogeneous chemical modification of starch.[8, 17, 18] 

Dissolution in an aqueous medium is also an important step in the digestion of starch-containing food 

by higher animals.[19] 

Starch is a polysaccharide formed of anhydroglucose units with two types of linkages: (1,4) 

linkages constitute the backbone and (1,6) linkages the branching points.[6] Starch has two 

components: the overall smaller molecules of amylose exhibit a low level of long-chain branching, 

while the larger amylopectin molecules have a high level of short-chain branching.[6] Depending on the 

natural source of the starch, the amylose content can vary from 0 to 85 %.[1] Many investigations on 

starch have been made after dissolution or dispersion in aqueous media: in alkaline conditions,[20-23] 

with treatment at high temperature and pressure,[23-27] under microwave irradiation,[9, 15, 24, 28, 29] with 

sonication[24] or under stirring.[25] It is claimed that pressure and heat treatment allows complete 

dissolution without degradation[26, 27], but also that harsh conditions may result in degradation of 

starch[8, 24, 25, 28, 30, 31] and thereby change in its original molecular structure and composition. The 

solubility of starch in aqueous media has rarely been investigated quantitatively, and always indirectly: 
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via enzymatic digestion (which might enhance dissolution),[32] via sulfuric acid digestion after 

ultracentrifugation or filtration,[15, 28, 33] after SEC elution via apparent recovery[29] or recovery 

measurement.[34] Furthermore, starch dispersions in aqueous media are plagued by spontaneous and 

non repeatable precipitation (retrogradation).[16, 21, 35] 

To overcome the degradation and retrogradation issues, dissolution of starch in polar organic 

solvents was investigated by various research groups. Dissolution of starch in dimethylacetamide 

requires heating at 150 °C for one hour under stirring, which is expected to degrade the starch.[36, 37] 

Dimethylsulfoxide (DMSO) has been shown to be a suitable solvent for starch since dissolution 

experiments carried out in mild conditions give clear and transparent dispersions which are stable for 

weeks.[21, 38-42] Dissolution is usually assumed to be complete if a clear dispersion is obtained,[39, 43] but 

this does not rule out the presence of small microgels or aggregates. For high-amylose starches, 

dissolution in pure DMSO was shown to be more effective than in water.[32] Some studies showed a 

decrease of viscosity of starch dispersions in DMSO upon standing,[31] or in DMSO/water 90/10 v/v 

upon shaking or heating at 100°C.[41] This could be due to degradation,[41] but also to dissolution of 

aggregates.[31] The mechanism of dissolution of starch granules is radically different in anhydrous 

DMSO and in water: in water, the granules swell then burst; in DMSO they do not swell but are peeled 

from their surface (DMSO solvates starch molecules gradually from the surface of the granules, thus 

granules dissolve layer by layer).[44] Corn and sorghum granules first fragment into three to five pieces 

in DMSO.[41] Gelatinization (i.e. loss of crystallinity, not dissolution) has been shown to occur faster in 

DMSO/water mixtures than dissolution in anhydrous DMSO in the same conditions.[44] Furthermore, a 

study concluded that starch dissolves faster in DMSO/water 90/10 v/v than in anhydrous DMSO by 

ultracentrifuging the mixture and assuming that the clear supernatant did not contain any undissolved 

starch.[41] However, a recent kinetic study of  starch dissolution in DMSO conducted in our group using 

1H nuclear magnetic resonance spectroscopy (NMR) showed that actual dissolution (not gelatinization) 

occurs faster in anhydrous DMSO than in DMSO containing a few percent of water.[38] Therefore 

anhydrous DMSO was chosen for starch dissolution with minimal degradation in the present study. 
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Lithium salts have been used to dissolve and analyze polysaccharides in organic solvents such as 

dimethylacetamide.[45] Strong interactions between the solvent and the Li+ cation were revealed by 

NMR studies through signal shifts to lower frequencies and through decrease in solvent longitudinal 

relaxation times.[45-47] This leaves a relatively free and strongly basic anion, which can abstract protons 

from the polysaccharide, thus disrupting hydrogen bonds and enhancing the polysaccharide 

solubility.[46, 48]  

To our knowledge, only one method has been published for the quantification of starch 

dissolution in organic solvent.[41] It is based on the assumption that in a centrifuged, visually clear 

mixture, the starch is completely dissolved. We demonstrate here a novel method to quantify the extent 

of starch dissolution in DMSO directly in solution, by 1H solution-state nuclear magnetic resonance 

(NMR), using an internal standard. Solution-state NMR detects only dissolved starch: highly mobile 

solutes exhibit sharp lines while solids are not detected and gels show very broad signals. The principle 

of the method, sample preparation protocol, NMR experimental parameters and data treatment are 

described in detail. The method is first validated on a model rice starch, and then applied to maize 

starches with various amylose contents and to waxy rice flours.  

 

Experimental Part 

Materials 

Sigma rice starch was purchased from Sigma Aldrich (S-7260, lot 013K0030); its amylose 

content was found to be 36 % by the iodine binding method.[8] Maize starches with varying amylose 

contents: Avon, Gelose 50 and Gelose 80, were purchased from Penford Australia Limited (Lane Cove, 

NSW 2066, Australia); the amylose content of these starches was determined by the iodine-binding 

method[49] to be 24, 56 and 83 respectively.[50] Flours of the waxy rice varieties Hom (IRGC 107140) 

and Makfay (IRGC 107649) were provided by the International Rice Research Institute in Los Baños 

(Philippines). Their amylose content was determined via a standardized test using iodine binding.[51] 
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DMSO-d6 (99.9 % D) was purchased from Cambridge Isotope Laboratories Inc. Toluene (HPLC 

grade), lithium bromide (LiBr; Reagent Plus, ≥ 99%) and molecular sieves (3 Å) were purchased from 

Sigma Aldrich. 

Molecular sieves and LiBr were dried prior to use for 24 h at 150 °C in a vacuum oven, then 

stored in a desiccator. Toluene was dried over molecular sieves prior to use. Anhydrous DMSO-d6 was 

obtained by drying over molecular sieves. An anhydrous 0.05 wt.-% or 5 wt.-% solution of LiBr in 

DMSO-d6 was prepared by drying 10 g of DMSO-d6 in a glass bottle over molecular sieves overnight; 

5 mg or 500 mg of anhydrous LiBr were quickly weighed into another clean glass bottle (note that LiBr 

is highly hygroscopic); the anhydrous DMSO-d6 was then transferred into the LiBr containing bottle 

and the dispersion was sonicated until the salt was dissolved ( 30 min). This protocol was used to 

avoid having LiBr and molecular sieves in the same solution, as molecular sieves may trap Li+ ions. 

The absence of water ( (OH) = 3500 – 4000 cm-1) was checked by solution IR spectroscopy (Perkin 

Elmer Series 100) checking that the absorbance by water is not more intense than for a freshly opened 

DMSO bottle (less than 0.2 % water).  

Detailed Sample Preparation 

All starch samples and flours were kept under a controlled atmosphere to adjust their moisture 

content to a reproducible value prior to weighing. This is important as the moisture content has to be 

taken into account to quantify the dissolution (Equation 1). The procedure was to use vapour phase 

isopiestic equilibrium by storing the samples in a desiccator over a saturated aqueous K2CO3 solution at 

20 °C, in an environment with a relative humidity of 44 %.[52] The moisture content had been 

previously determined for the maize starch samples by the AOAC standard method of moisture 

determination[53] and lies in the range of 9-11 %.[50] The sample preparation procedure is illustrated in 

Figure 1. A quantity of starch between 9.95 to 10.05 mg was weighed into a 1 mL glass vial (step I), 

using a precision balance with an accuracy of 0.01 mg. 1 mL of anhydrous DMSO-d6 (pure or 

containing 0.05 wt.-% or 5 wt.-% LiBr) was then added with a Gilson precision pipette (II). The pipette 
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tip was changed after every sample preparation to avoid possible contamination of the DMSO-d6 with 

components of the tip.  

Note that DMSO-d6 is hygroscopic, and that anhydrous DMSO-d6 dissolves starch faster than wet 

DMSO-d6;
[38] thus only anhydrous solvents were used in the experiments (see experimental part for 

solvent preparation). LiBr was added as a hydrogen-bond disrupter in cases where the starch formed a 

gel in pure DMSO-d6, or for starches with high amylose contents, for which quantitative dissolution 

could not be obtained in pure DMSO-d6.  

The mixture was gently stirred with a spatula. Then the vials were closed with a glass stopper, 

wrapped with Parafilm and briefly shaken by hand to yield a homogeneous dispersion of the 

unsolubilized starch (III). The vials were then set in a bi-directional Thermomixer Comfort 5355 at 80 

°C and 300 rpm overnight (IV). Previous work[38] has shown that dissolution equilibrium is reached 

within an hour under the chosen conditions for Sigma rice starch. Solubilization overnight ensures that 

the equilibrium is reached. To make sure that the starch does not sediment and form a gel at the bottom 

of the tube, the vials were shaken a few times by hand during the dissolution process. After dissolving 

starch for 12 h and cooling to room temperature, 11.50  0.5 L of anhydrous toluene were added with 

a Hamilton precision syringe (V) as an internal standard, and the mixture was shaken by hand (VI). The 

complete dispersion was finally transferred with a Pasteur pipette to a 5 mm NMR tube which was 

sealed and wrapped with Parafilm (VII) before recording an NMR spectrum (VIII, see below). Every 

experiment was repeated four times to check for repeatability (except for rice flours, for which 

respectively 2 and 5 repeats were run). 

NMR Experiments 

NMR spectra were measured on a Bruker Avance NMR spectrometer operating at a Larmor 

frequency of 500.13 MHz for 1H, equipped with a TXI5z probe (Bruker Biospin). A temperature 

calibration of the NMR spectrometer and probe was carried out with a pure ethylene glycol standard 

(distilled, in a sealed tube) following the procedure recommended by Ammann et al.[54] 1H NMR 
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spectra were recorded at 333 K (60 °C) with an 8 s 90 ° pulse, a repetition time of 60 s (composed of 

an acquisition time of 4 s and a relaxation delay of 56 s) and 16 scans. The chemical shift scale was 

calibrated using the residual DMSO signal at 2.549 ppm.[55]  

Care was taken to ensure that the magnetization was fully recovered between pulses for both 

starch and toluene signals, in order to determine true relative signal integrals.[56] To ensure full 

magnetization recovery between pulses, 1H NMR spectra must be recorded with a delay between pulses 

longer than 5 times the longitudinal relaxation time (T1) for each signal of interest. One-dimensional 

inversion-recovery T1 relaxation measurements (1D T1) were conducted, each with a single delay in the 

“indirect dimension”, for delays ranging from 1.34 to 20.8 s, and corresponding delays between pulses 

of 5  1.44 times that value. Phasing the spectra the same way as a conventional 1H spectrum recorded 

in the same conditions, each signal is negative for short delay values, positive for long delay values, 

with a zero crossing occurring at T1 /1.44. For a delay of 7.64 s, the toluene signals change from 

negative to positive, and thus their T1 relaxation time is less than 7.64  1.44 = 11 s. All starch samples 

exhibit T1 longitudinal relaxation times significantly shorter than 11 s. Measuring all subsequent 

dissolution experiments with a delay between pulses longer than 5  11 s thus ensured that full 

magnetization recovery took place and the 1H spectra were quantitative. The 1D T1 measurements were 

carried out both for starch dissolved in DMSO-d6 with added toluene and for starch dissolved in 

DMSO-d6 / LiBr with added toluene. In the case of a 5 wt.-% LiBr solution in DMSO-d6, the T1 

relaxation times of al signals used for quantification were shorter than 5 s. 

For toluene, the five aromatic protons were chosen and their signal was integrated over the 

range from 7.8 to 6.7 ppm. For starch, the signals of four protons were integrated from 6.0 to 4.15 ppm: 

the three OH-protons and the anomeric H-1 proton. The fraction of initial starch actually dissolved 

%Sdiss can be determined from the relative integrals of starch and toluene signals Sdiss and T using 

Equation (1): 
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where Sdiss and T are in the same arbitrary unit, VT (introduced toluene volume) is in L and mSwet 

(mass of (wet) starch initially weighed) is in mg. The detailed derivation is given in supporting 

information. Taking into account the numerical values of the molar masses MT and MS of toluene and 

the anhydroglucose unit (92.14 and 162.14 gmol-1 respectively), the relative density of toluene at room 

temperature (0.865), the moisture content (10 wt.-% for the maize starches investigated here), and the 

number of protons of the integrated signals for toluene and anhydroglucose unit (5 and 4 respectively), 

Equation (2) is determined: 
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Results and Discussion 

Principle of the Experiment and Validation with Model Rice Starch 

The internal standard used to quantify the extent of dissolution of a solute in a solvent must 

satisfy several criteria. It must be soluble in the solvent in which the experiment is conducted, DMSO(-

d6), and stable at the temperature at which the NMR experiment takes place, 60 °C. It must be non-

volatile and available in high purity, to allow a precise measurement of the quantity introduced. There 

must be two regions of the 1H NMR spectrum in which the solute (starch) and internal standard can 

each be quantified independently, without overlap with a signal from any other species. The standard 

must not interact with the starch: it must not be able to form hydrogen bonds with the hydroxyl groups 

of starch, and must not contain an alkyl chain with four or more carbons, which would form a complex 

with starch chains. It should not include protons which exchange easily with deuterons from the 

solvent; this is relevant for solvents such as D2O which contain labile deuterons. Toluene was chosen 

as an internal standard satisfying all those criteria.  
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The sample preparation procedure is illustrated in Figure 1 and detailed in the experimental 

part.  

A quantitative 1H spectrum was recorded in which starch and toluene signals were 

independently integrated. For toluene, the five aromatic protons were chosen and their signal was 

integrated over the range from 7.8 to 6.7 ppm. For starch, the signals of four protons were integrated 

from 6.0 to 4.15 ppm: the three OH-protons and the anomeric H-1 proton. These signals are well 

resolved from any signal from other species, including the water signal at ca 3.3 ppm, arising from 

moisture in the initial starch and on glassware. Note that this water signal can not be used for 

quantification of moisture content in the starch, as a major and non-repeatable part of it originates from 

the glassware. The relevant part of the 1H spectrum of Sigma rice starch and toluene in DMSO-d6 with 

the corresponding integration is shown in Figure 2. The extent of dissolution is calculated from the 

relative signal integrals of starch and toluene, and their initial quantities, according to Equation (2) (see 

experimental part for the equation, and supporting information for the detailed derivation). 

The method was first validated on a model starch, Sigma rice starch. The sample preparation 

protocol, which was found to give repeatable results, was the result of optimization using a large 

number of experiments. Other protocols, for example weighing the solvents (DMSO-d6, toluene) or 

using other equipment (pipette for toluene or imprecise syringes), did not have the same precision and 

led to a larger scattering of dissolution efficiency values (see supporting information for examples). 

Clear and transparent dispersions were always obtained after dissolution of starch in DMSO-d6 for 12 h 

in the thermomixer. As expected, the viscosity of the dispersions was higher than that of pure DMSO-

d6. The percentage of Sigma rice starch dissolved in DMSO-d6, %Sdiss, was calculated for each repeat 

according to Equation 2. The following values were obtained: 93 %, 97 %, 97 % and 109 %. The 

average value was then determined to be 97  7 %. The results obtained for Sigma rice starch show that 

the method developed here gives reasonable and repeatable results. The validated method was 

subsequently applied to various maize starches and rice flours. 

Dissolution of Maize Starches with Varying Amylose Content 
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The extent of dissolution of various maize starches in anhydrous DMSO-d6 at 80 °C overnight 

is shown in Table 1. Numerical values obtained for each repeat are shown in supporting information. 

Although all samples give clear and transparent dispersions, the percentage of starch actually 

dissolving %Sdiss decreases with increasing amylose content. 

It could be hypothesized that the incomplete dissolution of Gelose 80, containing 83 % 

amylose, is due to the possible presence of non-starch material in large proportion (up to 15 %) in the 

sample. However, its 13C solid-state NMR spectra recorded using cross-polarization (CP-MAS)[50] is 

the characteristic spectrum of pure starch, strongly indicating that Gelose 80 does not contain a 

significant amount of non-starch material. Note that highly mobile non-starch materials would be 

detected not by CP-MAS but by 13C SPE-MAS NMR (single-pulse excitation); however, further 

dissolution experiments confirmed later in this manuscript that Gelose 80 is pure starch. This result 

clearly confirms that a clear dispersion of starch can be obtained even if the dissolution is incomplete: 

visual control is a necessary but not sufficient evidence for complete starch dissolution. It has been 

observed before that high-amylose starches are more difficult to dissolve than regular starches in 

aqueous media.[32] Note that a high amylose proportion in starch, among other factors such as starch or 

food processing, is correlated with increasing resistance to digestion, which has implications in health 

and nutrition.[57] Furthermore, the solubilization of starch is a major factor in its digestion in higher 

animals, although this digestion is a heterogeneous process.[19] The dissolution behaviour of starch in 

an organic solvent (DMSO) might possibly be relevant to in vivo digestion, which occurs in aqueous 

media. Monitoring the kinetics of dissolution of starch and its activation energy shows that it is a 

complex process. The difficulty in dissolving high-amylose starch in DMSO might however arise from 

an intrinsic lower solubility due to a difference in crystalline structure or in V-type single helices 

content,[50] or from a strong tendency for amylose to rearrange and form networks upon cooling in 

DMSO.[32] In each case, the driving force is hydrogen bonding. Although clear, transparent, 

macroscopically homogeneous dispersions are obtained, the presence of microgels can not be 

discarded. Therefore, complementary dissolution experiments were carried out on Gelose 80.  
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In the sample preparation procedure described previously, specific parameters which could 

cause a microgel formation were modified one by one. In a first experiment, the toluene standard was 

added to the dispersion at 80 °C, without cooling to room temperature. The dispersion was then 

immediately transferred to the NMR tube and set into the NMR machine at 60 °C. This would avoid a 

possible rearrangement of the amylose chains into networks due to the cooling step. In another 

experiment the concentration of Gelose 80 was lowered from 10 to 5 mgmL-1 to prevent the dispersion 

from being too concentrated (above the critical overlap concentration c*) and the subsequent build-up 

of intermolecular interactions. In a third experiment, the dissolution time was shortened from overnight 

to 3 h to prevent long-term rearrangement of molecules in solution. Further measurements with even 

shorter dissolution times of 25, 34, 43, 52 and 61 min were also conducted. All complementary 

experiments done on Gelose 80 yielded the same value of 86 % for the extent of dissolution %Sdiss, 

which is the same as in the initial experiment, within experimental error. Therefore the incomplete 

dissolution of Gelose 80 in anhydrous DMSO-d6 (without LiBr) can not be explained by effects of 

concentration, temperature or dissolution time. Although incomplete, the dissolution of the high-

amylose Gelose 80 reached an equilibrium within 25 min at 80 °C in DMSO, as it was the case for 

Sigma starch,[38] which fully dissolved. It is reasonable to suppose that one effect contributing to the 

incomplete dissolution might be intra- or interchain hydrogen bonding interactions. It is known that 

lithium salts help solubilize polysaccharides in organic solvents by disrupting hydrogen bonds.[45] 

Therefore, dissolution experiments with Gelose 80 and Gelose 50 in DMSO with addition of various 

amounts of LiBr were carried out. 0.5 wt.-% LiBr were first added; it corresponds to more than 3 moles 

of LiBr per mole of alcohol group on the starch and enables obtaining reproducible separations by SEC  

due to limited adsorption of dissolved starch onto the SEC stationary phase.[8] This did not significantly 

improve the extent of starch dissolution (Table 1), likely due to interactions of LiBr with the DMSO, 

which “consumes” the LiBr. A study of chitin dissolution in dimethylacetamide with LiCl indeed 

suggests that very high Li salt concentrations may have to be used to achieve quantitative 

polysaccharide dissolution in organic solvents.[58] Dissolution experiments with Gelose 80 and Gelose 
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50 in anhydrous DMSO-d6 indeed show complete dissolution with 5 wt.-% LiBr (see Table 1 and 

supporting information). This confirms the observation from CP-MAS spectra that there is no 

significant amount of non-starch material in Gelose 50 and Gelose 80. It is also strongly supportive of 

the inference that high-amylose starches have stronger hydrogen-bonding interactions than regular 

starches, which must be overcome by addition of sufficient amounts of a hydrogen-bonding disrupter 

(such as LiBr) for complete dissolution. 

As mentioned before, the only published method for the quantification of starch dissolution in 

an organic solvent[41] consists of centrifuging the starch dispersion, isolating the supernatant, then 

precipitating the starch contained in the supernatant and quantifying it by gravimetry. This method 

makes the assumption that after centrifugation, all the starch contained in the clear supernatant is 

properly dissolved, and no aggregates or microgels are present. To test the validity of this assumption, 

5 mg of Gelose 80 were dissolved overnight in 1 mL of DMSO in the thermomixer as described 

previously. We know from the NMR study above that only 85 % of the starch contained in the clear 

and transparent Gelose 80 dispersion is actually dissolved. The dispersion was then transferred into an 

Eppendorf vial and submitted to centrifugation in the same conditions as in reference [41]: at 2200 rpm 

for 15 min at room temperature. No precipitate could be observed. If the quantification method 

proposed in reference [41] was applied to this particular sample, after precipitation both dissolved and 

undissolved starch components of the supernatant would be measured as initially dissolved by 

gravimetry. This invalidates the quantification method proposed in reference [41].  

To the best of our knowledge, the NMR method proposed here is thus the first method allowing 

the quantification of the extent of starch dissolution in an organic solvent. Furthermore, it is applicable 

to a dispersion of partially dissolved starch and does not require prior filtering or ultracentrifugation. 

This method and the discovered conditions for some starches allow obtaining true solutions of full 

starch with minimal degradation and open a pathway to separation and characterization. These starches 

are obtained from plants where they are present in various quantities together with proteins, lipids, etc. 

Conventional starch extraction processes use harsh conditions likely degrading the starch.[59] To 
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characterize full starch as it is found in plants, extraction must be performed in mild conditions and 

with a high yield. The potential of the NMR method to monitor the dissolution of starch directly from 

plants is thus evaluated in the next part. 

Dissolution of Starch from Waxy Rice Flours 

The new NMR method was also applied to whole flours from waxy rice. Those samples 

strongly differ from the ones studied above, as they contain approximately 10 wt.-% of non-starch 

components (mainly proteins and lipids, dry-weight basis). 1H NMR signals of proteins are expected 

mainly over the ranges from 5 to 9 ppm and from 1 to 4 ppm, while the lipid signals are expected 

between 0.5 and 2 ppm. Other minor components include inorganic materials (not detected by 1H 

NMR) and non-starch polysaccharides, mainly cellulosic materials, whose chemical shifts are expected 

over the same ranges as the starch ones. Thus the lipids and inorganic materials do not interfere with 

the quantification of the extent of dissolution by 1H NMR, while the proteins and the non-starch 

polysaccharides might interfere with the toluene and starch signals used for quantification respectively. 

Therefore a preliminary study of the components dissolved from the starch flours was conducted before 

the dissolution study itself. 

A 1H NMR spectrum of the flour from the variety Hom dissolved in DSMO-d6 (with 0.05 wt.-% 

LiBr) was recorded without adding the toluene internal standard (Figure 3 (a)). The characteristic 

aromatic signals of proteins are observed between 6.5 and 7.5 ppm. However, their integral is 

negligible compared to the toluene signal used for quantification (see Figure 2 for the relative signals 

integrals of starch and toluene signals in the conditions used for quantification in this work). Therefore, 

even though some signals of the proteins overlap with the signal of toluene integrated for dissolution 

quantification, they are not interfering with the quantification itself. Characteristic protein methyl 

signals are observed between 1 and 3 ppm as well (Figure 3 (a)). The non-starch polysaccharide 

components of the flour are expected to exhibit signals for their OH groups and beta-linked anomeric 

protons between 4 and 5.5 ppm. This is the same range over which starch exhibits signals for its OH 

groups and alpha-linked anomeric protons.[60] Therefore D2O was added to the sample measured 
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previously to strongly attenuate the observed OH groups via proton-deuteron exchange and reveal the 

fine structure of the anomeric region (Figure 3 (b)). No beta-linked anomeric signal characteristic from 

non starch polysaccharides such as cellulose, arabinoxylan or -glucans materials is visible between 4 

and 4.5 ppm. Therefore, even though some signals of the non-starch polysaccharides would overlap 

with the signal of starch integrated for dissolution quantification, if detected, they are not interfering 

with the quantification itself. Note that some more protein signals are revealed after proton-deuteron 

exchange: weak broad signals between 5.3 and 5.5 ppm, as well as a sharp doublet at 5.25 ppm. 

However, their integral is negligible compared to the starch signal used for quantification, therefore 

they are not interfering with the quantification itself. Thus, in the particular case of the dissolution of 

waxy rice flours in DMSO, the other components do not interfere with the quantification of the extent 

of dissolution of starch by 1H NMR with toluene as an internal standard. 

The extent of dissolution of whole rice flours in anhydrous DMSO-d6 (containing LiBr) at 80 

°C overnight is shown in Table 1. Numerical values obtained for each repeat are shown in supporting 

information. For both flours, ca 90 % of the initially weighed samples (excluding moisture) dissolves 

as starch. As those samples contain approximately 10 wt.-% of components other than starch, it is 

concluded that the starch was fully dissolved.  

It has been claimed that dissolution in DMSO can purify the starch, as non-starch components 

would not dissolve in this organic solvent.[43, 61] However, it was clearly seen above (Figure 3) that 

some proteins do dissolve in DMSO under the conditions used here. It was observed that some lipids 

also dissolve, as indicated by the presence of characteristic signals at 0.8 and 1.2 ppm (Figure 3 (a)). 

Quantification of the proteins or lipid levels will require a precise knowledge of their chemical 

structure, which is beyond the scope of this work. It is however concluded that dissolution of starch in 

DMSO may restrict but does not completely prevent the co-dissolution of proteins and lipids. Direct 

extraction of starch from grains or flour by a simple dissolution in DMSO may thus not be suitable for 

further separation and characterization by DLS, SEC, FFF etc. 
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Conclusion 

Solution-state 1H NMR can be used to quantify dissolution of starch molecules in a solvent. To 

the best of our knowledge, it is the first method allowing the quantification of the extent of dissolution 

of starch in an organic solvent. The method was first validated on a model commercial rice starch in 

anhydrous DMSO-d6, then applied to maize starches with varying amylose content and to waxy rice 

flours. The dissolution of maize starches was shown by the new NMR method to be incomplete, 

although visual observation failed at detecting the presence of aggregates/microgels. Complete 

dissolution of high-amylose maize starches could however be attained when a high amount (5 wt.-%) 

of a hydrogen-bond disrupter, LiBr, was added. This strongly supports the inference that high-amylose 

starches have stronger hydrogen-bonding interactions than regular starches. The only method proposed 

previously for the quantification of the extent of starch dissolution in an organic solvent[41] was tested 

on this partially dissolved sample and shown to be inadequate. In the case of flours, it was checked that 

the non-starch components did not interfere with the quantification of extent of starch dissolution. The 

starch did dissolve quantitatively from those flours, but contrary to previous claims,[43, 61] some lipids 

and proteins did co-dissolve in anhydrous DMSO-d6.  

The method presented here for the quantification of the extent of starch dissolution in DMSO 

opens the way to further work on the separation, characterization and functionalization of starch 

molecules. Ensuring complete dissolution is indeed a prerequisite for meaningful characterization of 

whole starch molecules (with techniques such as light scattering, liquid chromatography, field-flow 

fractionation) and their homogeneous chemical modification. The size distribution of starch molecules 

is known to be broad, and the partial dissolution is likely to introduce a bias in the distribution of 

molecules actually present in solution compared to the initial sample (toward amylose or toward the 

largest molecules for example). Identifying the non-dissolved components is a highly difficult task and 

is prone to error. We thus rather recommend using the NMR method validated here. This is a 

prerequisite to be able to characterize starch, e.g. determining the size of the largest soluble starch 
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molecules. Furthermore, the method is applicable on a routine solution-state NMR spectrometer to a 

wide range of samples of solvents, provided an appropriate internal standard can be found; its 

application to aqueous solvents would require further method development due to the large 1H NMR 

signal of water.[62] The method could be invaluable for non-starch polysaccharides with known 

solubility issues.[63, 64] Moreover, complementary investigation by high-resolution magic-angle 

spinning (HR-MAS) NMR of the aggregates of microgels present in incompletely dissolved high-

amylose starch samples would bring interesting insight into the mechanism of dissolution. 

There may be an interesting correlation between the present quantitative observation of factors 

affecting how starch granules dissolve in DMSO, and factors affecting starch digestibility. High-

amylose starches are observed here to dissolve in DMSO with difficulty, and to require large amounts 

of a hydrogen-bond disrupter (LiBr) for complete dissolution. Starches with a high amylose content are 

enzymatically digested in vivo slowly to lead to a lower glycemic index (a reduced rate of glucose 

uptake in the bloodstream) and to a higher fraction of resistant starch (that portion of starch that 

escapes digestion in the small intestine and enters the colon).[19, 57] While the connection here is purely 

a correlation, and the differences on dissolution of starch granules are in DMSO and in aqueous media, 

there is the possibility of a common origin of the incomplete dissolution in DMSO and slow digestion. 

 

Acknowledgements 

This work was supported by a fellowship within the Postdoctoral Program of the German 

Academic Exchange Service (DAAD) and by an Australian Research Council Discovery grant. We 

also gratefully acknowledge excellent discussions with Jonathan Peate, Dr Guilhem Pages, Prof. Philip 

Kuchel, Dr Bernadine Flanagan, Dr Peter Sopade and Prof. Mike Gidley. The Centre for Magnetic 

Resonance (University of Queensland) is thanked for the use of the solution-state NMR spectrometer. 

We thank Rosa Paula Cuevas from the Grain Quality, Nutrition and Postharvest Centre of the 



 

18 

International Rice Research Institute for preparing the flours and measuring amylose contents, and the 

Genetic Resources Centre of IRRI for providing the samples. 

 



 

19 

References 

[1] R. L. Whistler,  J. R. Daniel, "Starch", in Kirk-Othmer Encyclopedia of Chemical Technology (5th 

Edition), John Wiley & Sons, Inc., 2005. 

[2] J. R. Daniel, R. L. Whistler, H. Roeper, "Starch", in Ullmann´s Encyclopedia of Industrial 

Chemistry, 7th ed. edition, Wiley-VCH, Weinheim, Germany, 2005. 

[3] H. W. Maurer, "Starch and Starch Products for Wet End Application", TAPPI, Atlanta, 2007. 

[4] H. W. Maurer,  R. L. Kearney, Starch-Staerke 1998, 50, 396. 

[5] O. A. Odeku,  K. M. Picker-Freyer, Starch-Staerke 2007, 59, 430. 

[6] A. Buleon, P. Colonna, V. Planchot, S. Ball, Int. J. Biol. Macromol. 1998, 23, 85. 

[7] B. Conde-Petit, J. Nuessli, E. Arrigoni, F. Escher, R. Amado, Chimia 2001, 55, 201. 

[8] N. L. Hoang, A. Landolfi, A. Kravchuk, E. Girard, J. Peate, J. M. Hernandez, M. Gaborieau, O. 

Kravchuk, R. G. Gilbert, Y. Guillaneuf, P. Castignolles, J. Chromatogr. A 2008, 1205, 60. 

[9] L. A. Bello-Perez, P. Roger, B. Baud, P. Colonna, J. Cereal Sci. 1998, 27, 267. 

[10] W. Praznik,  A. Huber, J. Chromatogr. B 2005, 824, 295. 

[11] S. E. Bowen, D. A. Gray, C. Giraud, M. Majzoobi, C. E. M. Testa, L. A. B. Perez, S. E. Hill, J. 

Cereal Sci. 2006, 43, 275. 

[12] P. Roger, B. Baud, P. Colonna, J. Chromatogr. A 2001, 917, 179. 

[13] M. Gaborieau, R. G. Gilbert, A. Gray-Weale, J. M. Hernandez, P. Castignolles, Macromol. Theory 

Simul. 2007, 16, 13. 

[14] G. Galinsky,  W. Burchard, Macromolecules 1997, 30, 6966. 

[15] P. Roger, L. A. Bello-Perez, P. Colonna, Polymer 1999, 40, 6897. 

[16] W. W. Everett,  J. F. Foster, J. Am. Chem. Soc. 1959, 81, 3459. 

[17] P. Tomasik,  C. H. Schilling, Adv. Carbohydr. Chem. Biochem. 2004, 59, 175. 

[18] T. Heinze, T. Liebert, A. Koschella, "Esterification of polysaccharides", 1st. ed., Springer, Berlin, 

Germany, 2006. 

[19] M. J. Thorne, L. U. Thompson, D. J. A. Jenkins, Am. J. Clin. Nutr. 1983, 38, 481. 

[20] L. P. Yu,  J. E. Rollings, J. Appl. Polym. Sci. 1987, 33, 1909. 

[21] P. Roger, V. Tran, J. Lesec, P. Colonna, J. Cereal Sci. 1996, 24, 247. 

[22] S. Hizukuri,  T. Takagi, Carbohydr. Res. 1984, 134, 1. 

[23] R. Mukerjea, G. Slocum, R. Mukerjea, J. F. Robyt, Carbohydr. Res. 2006, 341, 2049. 

[24] S. You,  S.-T. Lim, Cereal Chem. 2000, 77, 303. 

[25] J. A. Han, J. N. BeMiller, B. Hamaker, S. T. Lim, Cereal Chem. 2003, 80, 323. 

[26] T. Aberle, W. Burchard, W. Vorwerg, S. Radosta, Starch-Staerke 1994, 46, 329. 

[27] W. Vorwerg,  S. Radosta, Macromol. Symp. 1995, 99, 71. 

[28] H. S. Kim,  K. C. Huber, J. Agric. Food Chem. 2006, 54, 9664. 

[29] M. L. Fishman,  P. D. Hoagland, Carbohydr. Polym. 1994, 23, 175. 

[30] L. A. Bello-Perez, P. Colonna, P. Roger, O. Paredes-Lopez, Starch-Staerke 1998, 50, 137. 

[31] P. J. Killion,  J. F. Foster, J. Polym. Sci. 1960, 46, 65. 

[32] B. V. McCleary, S. J. Charnock, P. C. Rossiter, M. F. O'Shea, A. M. Power, R. M. Lloyd, J. Sci. 

Food Agric. 2006, 86, 1648. 

[33] V. Planchot, P. Colonna, L. Saulnier, "Dosage des glucides et des amyloses", in Guide Pratique 

d’Analyses dans les Industries des Céreales, B. Godon and W. Loisel, Eds., Lavoisier, Paris, 1996, p. 

341. 

[34] R. M. Ward, Q. Gao, H. de Bruyn, R. G. Gilbert, M. A. Fitzgerald, Biomacromolecules 2006, 7, 

866. 

[35] J. M. Hernandez, M. Gaborieau, P. Castignolles, M. J. Gidley, A. M. Myers, R. G. Gilbert, 

Biomacromolecules 2008, 9, 954. 

[36] A. M. Striegel,  J. D. Timpa, Carbohydr. Res. 1995, 267, 271. 

[37] M. L. Politz, J. D. Timpa, A. R. White, B. P. Wasserman, Carbohydr. Polym. 1994, 24, 91. 



 

20 

[38] A. Dona, C.-W. W. Yuen, J. Peate, R. G. Gilbert, P. Castignolles, M. Gaborieau, Carbohydr. Res. 

2007, 342, 2604. 

[39] Q. J. Peng,  A. S. Perlin, Carbohydr. Res. 1987, 160, 57. 

[40] J. G. Sargeant,  H. Wycombe, Starch-Staerke 1982, 34, 89. 

[41] H. W. Leach,  T. J. Schoch, Cereal Chem. 1962, 39, 318. 

[42] W. W. Everett,  J. F. Foster, J. Am. Chem. Soc. 1959, 81, 3464. 

[43] A. Huber,  W. Praznik, "Molecular characteristics of glucans: High-amylose corn starch", in 

Strategies in Size Exclusion Chromatography, Amer Chemical Soc, Washington, 1996, p. 351. 

[44] R. Mukerjea,  J. F. Robyt, Carbohydr. Res. 2006, 341, 757. 

[45] A. M. Striegel, J. Chil. Chem. Soc. 2003, 48, 73. 

[46] A. El-Kafrawy, J. Appl. Polym. Sci. 1982, 27, 2435. 

[47] C. P. Rao, P. Balaram, C. N. R. Rao, J. Chem. Soc. Faraday Trans. I 1980, 76, 1008. 

[48] S. Spange, A. Reuter, E. Vilsmeier, T. Heinze, D. Keutel, W. Linert, J. Polym. Sci. Pol. Chem. 

1998, 36, 1945. 

[49] W. R. Morrison,  B. Laignelet, J. Cereal Sci. 1983, 1, 9. 

[50] I. Tan, B. M. Flanagan, P. J. Halley, A. K. Whittaker, M. J. Gidley, Biomacromolecules 2007, 8, 

885. 

[51] "ISO 6647-2:2007 Rice - Determination of amylose content - Part 2: Routine methods", 

International Organization for Standardization, Geneva, Switzerland, 2007. 

[52] L. Greenspan, J. Res. Nat. Bur. Stan. A 1977, 81, 89. 

[53] "Official methods of analysis", 15th ed., Association of Official Analytical Chemists (AOAC), 

Gaithersberg, MD, 1990. 

[54] C. Ammann, P. Meier, A. E. Merbach, J. Magn. Res. 1982, 46, 319. 

[55] R. E. Hoffman, Magn. Reson. Chem. 2006, 44, 606. 

[56] T. D. W. Claridge, "High-resolution NMR techniques in organic chemistry", Elsevier, Amsterdam, 

1999. 

[57] S. Rahman, A. Bird, A. Regina, Z. Li, J. P. Ral, S. McMaugh, D. Topping, M. Morell, J. Cereal 

Sci. 2007, 46, 251. 

[58] M. Poirier,  G. Charlet, Carbohydr. Polym. 2002, 50, 363. 

[59] H. Chiou, M. Martin, M. Fitzgerald, Starch-Staerke 2002, 54, 415. 

[60] M. J. Gidley, Carbohydr. Res. 1985, 139, 85. 

[61] W. Praznik, N. Mundigler, A. Kogler, B. Pelzl, A. Huber, Starch-Staerke 1999, 51, 197. 

[62] P. J. Hore, Methods Enzym. 1989, 176, 64. 

[63] M. A. Pollard, R. Kelly, C. Wahl, P. Fischer, E. Windhab, B. Eder, R. Amado, Food Hydrocolloids 

2007, 21, 683. 

[64] A. M. Striegel, Carbohydr. Polym. 1997, 34, 267. 

 

 

 

 

 



 

21 

 

Figure 1. Sample preparation for the determination of the extent of starch dissolution %Sdiss in DMSO-

d6 via 1H NMR measurements, using toluene as an internal standard. 
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Figure 2. Partial 1H NMR spectrum of sigma rice starch and toluene standard measured in DMSO-d6 at 

60 °C with the corresponding integration ranges. The integrated protons are indicated in bold. 
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Figure 3. 1H NMR spectra of Hom waxy rice flour at 60 °C (a) in DMSO-d6 (+ 0.05 wt.-% LiBr) and 

(b) partial spectrum in DMSO-d6 (+ 0.05 wt.-% LiBr) / D2O 2/1. Inserts show zooms in selected 

regions. 
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Table 1. Percentage %Sdiss of starch dissolved in anhydrous DMSO-d6 in 12 h at 80 °C under gentle 

shaking (100 % would be 10 mgmL-1), with standard deviation. Note that some measured values are 

higher than 100 %; however, their difference to 100 % is always smaller than the experimental error, 

thus this does not mean that the actual value is higher than 100 %. Amylose contents are indicated for 

information.[49, 50] wt.-% LiBr values are relative to DMSO-d6. 

starch/flour type rice starch maize starch waxy rice flour 

starch/flour name Sigma Avon Gelose 50 Gelose 80 Hom Makfay 

amylose (%) 36 24 56 83 0 - 2 0 - 2 

%Sdiss, no LiBr 96.5  7 91  6 91  3 85  3 - - 

%Sdiss, 0.05 wt.-% LiBr - - - - 91  5 90  3 

%Sdiss, 0.5 wt.-% LiBr - - - 85  2 - - 

%Sdiss, 5 wt.-% LiBr - - 101  5 104  4 - - 

 

 



 

25 

Table of Content 

Starch is a major component in human diets and industrial products, but its characterization is 

plagued by solubility issues. We present the first method to quantify the extent of starch dissolution in 

dimethylsulfoxide, by 1H NMR with a toluene standard. Visual observation fails at detecting 

aggregates/microgels of starch in DMSO. Lipids and proteins co-dissolved from flours are detected. 
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Supporting Information for 

“Assessment of the Extent of Starch Dissolution in Dimethylsulfoxide by 

1H NMR spectroscopy” 

by Sarah Schmitz, Anthony C. Dona, Patrice Castignolles, Robert G. Gilbert, Marianne 

Gaborieau 

 

Percentage of Starch Dissolution for all Investigated Samples 

Sample %Sdiss values (%) Average (%) remarks 

Sigma rice starch 93.2, 96.6, 96.8, 109.0 96.5  7.0 usual sample preparation 

Avon maize starch 102.7, 90.4, 87.4, 92.1 91.1  6.6 usual sample preparation 

Gelose 50  94.0, 96.0, 93.5, 89.4 91.1  1.2 usual sample preparation 

Gelose 80 86.9, 88.5, 88.1, 82.3 84.5  2.9 usual sample preparation 

Gelose 80 88.4*, 83.4, 88.0, 85.3 84.4  2.4 no cooling before toluene 

addition 

Gelose 80 88.8 88.8 a new measurement of sample * 

from the line above, after 

cooling down 

Gelose 80 86.5, 87.4, 83.4, 78.8 82.2  3.9 [starch] = 5 mgmL-1 instead of 

10 

Gelose 80 87.4, 88.2, 86.8, 85.3 85.0  1.2 t (dissolution) = 3 h 

Gelose 80 85.7, 85.8, 85.6, 85.8, 86.0  t (dissolution) = 25, 34, 43, 52 

and 61 min 

Gelose 80 83.6, 84.2, 86.9 85  2 0.5 wt.-% LiBr in DMSO-d6 

Gelose 80 107.2, 99.6, 100.2, 107.5 103.6  4 5 wt.-% LiBr in DMSO-d6 

Gelose 50 99.9, 106.5, 104.0, 94.6 101.2  5 5 wt.-% LiBr in DMSO-d6 

Hom flour 83.3, 90.5, 96.3, 92.4, 90.5 90.6  4.7 usual sample preparation,  

0.05 wt.-% LiBr in DMSO-d6 

Makfay flour 91.5, 87.7 89.6  2.7 usual sample preparation,  

0.05 wt.-% LiBr in DMSO-d6 
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Derivation of the Equation Used to Calculate the Extent of Dissolution from NMR 

Integrals 

The NMR signal is proportional to the number of nuclei of the dissolved species. Thus the 

fraction of initial starch actually dissolved can be determined as follows. This fraction of initial starch 

actually dissolved, %Sdiss, is defined in Equation 1, where Sdiss is the actual integral of the starch signal 

in the spectrum, and Sin is the starch integral expected if all the initial starch had actually dissolved: 
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The expected value of the starch integral Sin can be calculated according to Equation 2 from the integral 

of the toluene signal T, taking into account the molar amounts of introduced toluene and starch 

(excluding moisture) nT and nSdry and the number of protons corresponding to the integrated toluene and 

starch signal HT and HS: 
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with VT the introduced toluene volume, dT the relative toluene density at room temperature,  mSwet the 

mass of (wet) starch initially weighed, mc its moisture content in wt.-%, and MT and MS the molar 

masses of toluene and of a single anhydroglucose unit of starch respectively. 

Combining Equation 3 to 5, the fraction of initial starch actually dissolved, %Sdiss, is calculated 

according to Equation 4: 
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The molar masses of toluene and the anhydroglucose units are 92.14 and 162.14 gmol-1 respectively, 

the relative density of toluene at room temperature is 0.865. Furthermore, the maize starches 
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investigated have a moisture content of 10 wt.-%, and the integrated signals correspond to 4 and 5 

protons of the anhydroglucose unit and toluene respectively. Thus the numerical Equation (2) was used 

for quantification: 
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where Sdiss and T are in the same arbitrary unit, VT (introduced toluene volume) is in L and mSwet 

(mass of (wet) starch initially weighed) is in mg.  

 

 

Examples of Sample Preparation Protocols Yielding Inaccurate Results 

Protocols: 

a) The starch was weighed in a glass vial. Then DMSO-d6 and toluene were poured in the vial using a 

precision pipette. The vial was heated in an oil bath at 80 °C overnight. The mixture was then 

transferred with a Pasteur pipette into a NMR tube. 

b) The starch was weighed in a glass vial. DMSO-d6 and toluene were poured in a NMR tube using a 

precision pipette. The tube was shaken then the mixture was transferred with a Pasteur pipette to the vial 

containing the starch. After dissolution in an oil bath at 80 °C overnight, the starch dispersion was 

transferred into a NMR tube with a Pasteur pipette. 

c) The ingredients were weighed: the starch was weighed in a glass vial; the DMSO-d6 was added 

dropwise into the vial using a Pasteur pipette until the required weight of DMSO-d6 was achieved. The 

vial was set in an oil bath at 80 °C overnight. Toluene was then added with a Pasteur pipette until the 

required weight of toluene was achieved. The mixture was transferred with a Pasteur pipette into a 

NMR tube. 

d) The ingredients were weighed: starch was weighed into a glass vial; first DMSO-d6 and then toluene 

were added dropwise into the vial using a Pasteur pipette until the required weight of each solvent was 
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achieved. The mixture was dissolved in an oil bath at 80 °C overnight, and then transferred into a NMR 

tube with a Pasteur pipette. 

e) Starch was weighed in a glass vial. DMSO-d6 was added with a precision pipette. Toluene was added 

with a Hamilton syringe. The vial was sealed and set in an oil bath at 80 °C overnight under stirring at 

100 rpm. The mixture was then transferred into a NMR tube with a Pasteur pipette. 

NB: starch, DMSO and toluene quantities are listed in the sample preparation section of the main text. 

The dissolution step was done without shaking or stirring unless specified otherwise. 

Results: 

All the experiments were done with Sigma rice starch. 

Protocol %Sdiss values (%) Average (%) 

a) 82.9, 96.8 89.9  10 

a) 74.4, 80.7, 86.3 80.5  6 

b) 96.8, 104.8 100.8  6 

b) 96.3, 93.6, 87.9 92.6  4 

c) 104.8, 98.2, 93.6 98.9  6 

d) 98.0, 97.2, 100.4 98.5  2 

e) 96.0, 120.9, 102.6, 106.1 106.4  11 

 

  

 




