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This manuscript compares the modifications induced by the heat-moisture treatment of native starch
(HMT) and by the hot-air drying of corn on wet-milled starch granules. High temperatures applied during
both corn drying and HMT reduced the swelling capacity of granules, increased the starch gelatinization
temperatures and decreased their residual enthalpy. Pasting behaviour of pre-treated starch showed a
decrease of peak and breakdown viscosity when corn drying and HMT temperatures increased.
Microscopic analysis showed that after hydrothermal treatment, starch granules extracted from corn

ls(te;/rvggrds: dried at lower temperature swell more significantly than those extracted from corn dried at higher
Corn temperature. All these changes suggest the occurring of structural modifications within starch granules
Drying during high-temperature pre-treatments. At similar temperatures and initial moisture contents, HMT

affected the physicochemical and functional properties of cornstarch more dramatically than hot-air dry-
ing. Differences induced by these two treatments were attributed to the availability of water around
granules during these two pre-treatment procedures.
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1. Introduction

Hot-air drying is usually applied to preserve corn kernels by
decreasing their water availability. During this process, seeds un-
dergo different alterations. An important consideration when deal-
ing with heated air process is the drying temperature, which
depends on the particular end use of grain and the proposed resi-
dence time of grain in dryers (Jayas & White, 2003). High temper-
atures used during drying can impact the wet-milling performance
of corn and modify the physicochemical properties of recovered
starch granules (Lasseran, 1973; Peplinski, Paulis, Bietz, & Pratt,
1994; Weller, Paulsen, & Steinberg, 1988).

Recently, interest has increased to the effects of high drying
temperatures (Altay & Gunasekaran, 2006; Hardacre & Clark,
2006; Haros, Tolaba, & Suarez, 2003; Malumba, Massaux, Dero-
anne, Masimango, & Béra, 2009) and heat-moisture treatments
(Chung, Liu, & Hoover, 2009; Lim, Chang, & Chung, 2001; Takaya,
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Sano, & Nishinari, 2000) on the physicochemical and functional
properties of wet-milled starch granules (WSG).

Using differential scanning calorimetry (DSC), Haros et al. (2003)
concluded that high drying temperatures increase all the transition
temperatures of wet-milled starch. As high-temperatures drying
have a negative effect on starch-protein separation during the
wet-milling. Haros et al. (2003) and Altay and Gunasekaran (2006)
assumed that the proteins remaining in cornstarch possibly reduce
the entrance of water into the granules during gelatinization, limit-
ing interactions between water and starch components and increas-
ing temperatures of gelatinization by the way.

Even for starch having comparable residual protein content,
previous investigation showed that high-temperatures drying re-
duce the swelling capacities of starch granules and their solubility
indexes during gelatinization (Malumba et al., 2009). It is likely
that structural changes which possibly occur inside of granules
during the drying may affect the pasting characteristics of
starch-water system during the subsequent gelatinization. There-
fore, changes on physicochemical and functional properties of
starch extracted from corn dried at high temperature cannot be
exclusively attributed to the residual protein of samples.

When dealing with starch previously submitted to heat-mois-
ture treatments, Lim et al. (2001) and Hoover and Manuel (1996)
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observed some changes on physicochemical and functional proper-
ties of cornstarch. It is unknown if those changes are of the same
nature and importance as those induced by high-temperatures
drying of corn kernels.

The aim of the present research was to study and to compare
changes induced by high-temperature drying of corn kernels on
physicochemical and functional properties of cornstarch with
those induced by heat-moisture treatments of previously extracted
starch granules.

2. Materials and methods
2.1. Samples preparation

The Baltimore variety of flint corn was field grown in 2004 at
CRA-Wallon Experimental Station (Gembloux, Belgium). The corn
was harvested with a moisture content of 32% and immediately
shipped in the laboratory where it was stored at —18 °C in sealed
plastic bag until drying. Before drying, corn was equilibrated to
ambient temperature over night. Approximately 700 g of wet corn
were dried in the laboratory fluidized-bed dryer with an air veloc-
ity of approximately 5.8 m/s.

Experiments were carried out at temperatures between 54 and
130 °C in triplicate and wet corn was used as control. For each dry-
ing temperature, a specific processing time was chosen in order to
obtain final moisture content between 11% and 13%. After drying,
kernels were equilibrated at ambient temperature for 10 min and
stored in sealed bags at 10 °C.

The laboratory wet-milling procedure of Neryng and Reilly
(1984) was performed, with the modifications of Haros and Suarez
(1997) and Singh and Eckhoff (1996) as previously described by
Malumba et al. (2009). Starch yield was calculated on a dry basis
as the ratio of the recovered starch to the initial corn from the
wet-milling procedure (w/w). Starch recovery was calculated as
the ratio of the starch yield to the total weight of starch in native
corn, measured using the Ewers method (ISO 10520:1997). The
WSG purity was defined as the percentage of starch measured by
the Ewers method in a sample of WSG on a dry weight basis. The
residual protein in wet-milled starch was determined by the Kjel-
dahl method, with a 2020 Tecator Digester (Tecator, Sweden) and a
2100 Kjeltec distiller (Tecator, Sweden). Proteins mass was calcu-
lated using the general factor 6.25 and reported to the mass of
starch used for measurements.

Table 1 summarized the drying parameters and the perfor-
mance of the wet-milling procedure applied for samples
preparation.

2.2. Heat-moisture treatment of native starch

To compare the effect of heat-moisture treatments and drying,
the heat-moisture treatment of starch granules extracted from
wet corn was carried out between 60 and 130 °C in duplicate dur-
ing the same time as for drying. The moisture levels of starch sam-

ples extracted from undried corn were adjusted to 7.5%, 15% and
30% by adding the appropriate amount of distilled water to the
lyophilized WSG and equilibrated for 24 h at 4 °C. Eighty grams
of mixture were well stirred and sealed in cylindrical cans
(0.030 m height and 0.073 m diameter).

The heat-moisture treatment procedure was performed at
10 rpm in a rotating batch retort AO91 (FMC-Europ N.V., Belgium)
equipped with a Siemens Simatic TP25 command pilot and a digital
interface Ellab TA 9616 for temperature measurement. Canned
starch was rapidly heated from 20 °C to the set point temperature
by hot water spray.

2.3. Isothermal treatment of samples in excess water

Similar method to that proposed by Okechukwu and Rao (1996)
was used for isothermal heating of WSG in excess water. To raise
instantaneously the starch granules temperature, 10g of WSG
were sprayed inside of a stainless steel vessel containing 1L of
water previously heated to a predetermined temperature, with a
heater system (RCT Basic, IKA, Germany). The sensor PT 1000 con-
troller was placed in direct contact with the stirred water-starch
dispersion. The water-starch suspension was stirred at approxi-
mately 120 rpm with a pumping downward impeller (A315)
placed at the lower part of the vessel (Fig. 1).

At intervals, 20 ml of samples were withdrawn from vessel and
mixed with distilled water ice in order to stop any further swelling.
Aliquot of the heated water-starch sample was then taken for the
size determination of the starch granules.

2.4. Particle size analysis

Particle size distribution was determined at room temperature
in water dispersion using a laser scattering analyzer (Malvern
Instruments, Ltd., UK) equipped with a Mastersizer 2000 (Ver.
5.22) analysis data station. The swelling of samples was compared
by using the median diameter D (v, 0.5) defined as the diameter for
which 50% of the particles by volume are larger.

2.5. Thermal analysis of samples

The thermal properties of starch were examined with a 2920 TA
Instruments (New Castle, Delaware, USA) with a Refrigerated Cool-
ing Accessory and modulated capability. The cell was purged with
70 ml min~! of dry nitrogen and calibrated for baseline using
empty pans and for temperature using two temperature and en-
thalpy standards (indium, Tonsee: 156.6 °C, AH: 28.7 ] g7 1; eicosane,
Tonset: 36.8 °C, AH: 247.4] g '). The empty sample and reference
pans were of equal mass. Samples of approximately 4 mg of starch
were weighted into aluminium pans. Deionised water was added
to obtain 3:1 water:starch ratio. Pans containing the starch-water
slurry were hermetically sealed. Measurements were made over a
temperature range of 20-120 °C, with a heating rate of 2 °C/min
modulated at #0.5°C every 100s. Gelatinization enthalpy AH

Table 1
Drying parameters, starch recovery by the wet-milling procedure, the percentage of residual protein contained in starch yield and the purity of WSG (in dry basis).
Air drying Drying time Initial moisture Final moisture Starch recovery PPS? WSG purity
temperature (°C) (min) content % content % (g/100 g starch) g/100 g
Untreated Untreated 322403 322103 90.7+£0.5 0.690 + 0.003 99.2 + 0.06
60 180 32.2+03 12.5+0.2 85.2+0.5 0.690 +0.019 98.7+1.01
80 85 32.2+0.3 13.9+0.0 78.2+0.7 0.694 + 0.001 99.27+1.13
100 50 322103 11.4+1.1 66.6 + 1.1 0.793 + 0.039 99.4+1.39
130 20 32.2+03 142104 61.8+0.1 1.268 £ 0.09 95.4+1.30

@ Percentage of residual protein in wet-milled starch.
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Fig. 1. Heater system used for isothermal treatment of water-starch dispersion.

was calculated by integrating the area of the gelatinization endo-
thermic signal divided by the amount of dry starch used for
measurement. The onset temperature and peak temperatures were
computed using NV Thermal analysis software (Universal analysis,
New Castle, Delaware, USA).

2.6. Pasting behaviour

Pasting properties of starch were measured with a Rapid visco-
analyzer (RVA) (Newport Scientific, Australia). Starch (2.27 g on
dry basis) was mixed in an aluminium canister containing distilled
water to form a starch-water dispersion of 25g at 20°C, and
placed in an RVA heating block. The suspension was mixed contin-
uously at 160 rpm during measurement. A Thermocline software
program controlled the heating and cooling cycles. The pro-
grammed cycle was held at 50 °C for 1 min, ramped to 95 °C at
the rate of 12 °C/min, held at 95 °C for 5 min, decreased to 50 °C
at the rate of 12 °C/min, and held at 50 °C for 1 min. The pasting
and final viscosity together with, peak, breakdown and setback of
viscosity were recorded and expressed in cP (Centipoise units). Vis-
cosity measurements were performed in water, with addition of
2 mM AgNOs to nullify a-amylase effects and facilitate compari-
sons between samples (Massaux et al., 2008).

2.7. WSG microstructure

Starch obtained after 30 min of isothermal heating in excess
water was observed through crossed polarizer, with a Nikon
Eclipse E 400 microscope equipped with a CCD-camera (Nikon
Co., Tokyo, Japan) and an image processing software (Lucia G,
Nikon, Tokyo, Japan).

2.8. Statistical analysis

All analyses were carried out in triplicate. Statistical analyses
were performed using Minitab software (version 15, Minitab Inc.,
State College, PA) for ANOVA. Tukey test (P < 0.05) was performed
to determine least significant differences (LSD). Quantitative re-
sults are presented as mean * standard deviation.

3. Results and discussion

3.1. Influence of the pre-treatments temperatures on starch granule
size

Without further hydrothermal treatments, median diameter of
WSG increased with the pre-treatment temperatures (Fig. 2).

Below 60 °C granules showed sizes closed to those reported by
Sandhu, Singh, and Kaur (2004) for native cornstarches (between
13.1 and 13.9 pm). It is likely that pre-treatments of cornstarch be-
low the onset temperature of gelatinization does not significantly
modify the structure of granules. Pre-treatments performed above
80 °C enhanced significantly the size of granules. This swelling
behaviour traduces significant changes inside of granules during
drying or heat-moisture treatment at high temperature.

The swelling of starch granules is known to begin in the bulk,
relatively mobile amorphous fraction, and in the more restrained
amorphous region immediately adjacent to the crystalline regions
(Hoover & Vasanthan, 1994). High-temperature pre-treatments ap-
plied to starch may possibly affect the amorphous region of gran-
ules, inducing probably glass transitions, which may modify the
water binding capacity and subsequently the swelling behaviour
of granules in excess water.

For similar pre-treatment temperatures, changes induced dur-
ing the corn drying were lower than those induced by the HMT
of sample conditioned at 30% and higher than those induced within
granules conditioned at 15%. Differences produced by these pre-
treatments could be attributed to the availability of water during
the heat-treatment procedures.

3.2. Swelling behaviour of starch granules during the isothermal
treatments in excess water

During isothermal treatments of starch in excess water, gran-
ules’ sizes evolved differently according to the temperature ap-
plied. Below the gelatinization temperature (T < 60 °C), granules
pre-treated at high temperatures were larger than those pre-trea-
ted at lower temperatures. This trend was inverted above 60 °C
(onset temperature of gelatinization) (Fig. 3).

The median diameter reached by the granules seems to be clo-
sely dependent to the temperatures applied during their hydro-
thermal treatment in excess water and was modulated by the
temperature of pre-treatments applied (Fig. 3).
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Fig. 2. Influence of pre-treatment temperatures on the corn starch granules size.
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As previously observed by several authors (Olayinka, Adebo-
wale, & Olu-owolabi, 2008; Hoover and Manuel (1996), Gunaratne
& Hoover, 2002; Hoover & Vasanthan, 1994; Kulp & Lorenz, 1981;
Lorenz & Kulp, 1981, 1982), high temperatures applied during the
heat pre-treatments (drying or HMT) decreased the swelling
capacity of starch granules during gelatinization.

Kugimiya, Donovan, and Wong (1980) and Zhong and Sun
(2005) have shown that cornstarch heated with intermediate
moisture content underwent a series of thermal transitions includ-
ing melting of crystals, melting of the amylose-lipid complexes
and glass transition. The extent of these transitions could explain
the restriction of the swelling capacity of starch granules extracted
from corn dried at high temperature or heat-treated at high tem-
perature with intermediate moisture content.

Fig. 4 shows that the heat-moisture treatment of samples with a
high moisture content restricted significantly the swelling capaci-

ties of WSG. This fact illustrates the fundamental importance of
moisture content in the modification of physicochemical proper-
ties of starch during their heat pre-treatment.

The comparison of the swelling capacity of starch granules ex-
tracted from corn dried at various temperatures and that of native
starch heated with 15% and 30% moisture content shows the inter-
mediate swelling behaviour of dried corn kernels (Fig. 5).

The decrease of the swelling capacity of starch granules was
amplified when granules were pre-treated with high moisture con-
tent. This fact explains the intermediate swelling behaviour of
starch extracted from corn kernels harvested at approximately
32% and dried until 12% moisture content, in comparison to the
swelling behaviour of starch granules heat-treated at 15% and
30% of moisture content. Indeed, during drying, the corn kernels
moisture content decreases progressively and restricts the effect
of heat-treatment on the swelling behaviour of embedded corn-
starch, while the moisture content around granules was constant
all over the heat-moisture treatment.

3.3. Thermal characteristics of starch pre-treated in different
conditions

Thermal transitions of starch (in excess water) extracted from
corn dried at various temperatures and those of starch previously
heated at different temperatures with 30% moisture content are
shown in Figs. 6 and 7.

Fig. 6 shows that the gelatinization endotherms of wet-milled
starch shifted slightly to higher temperatures when corn kernels
were dried above 80 °C.

A more marked tendency to the increase of transition tempera-
tures with increased pre-treatment temperatures were observed
by examining starch submitted to HMT at various temperatures
with 30% moisture (Fig. 7).

Moreover, gelatinization enthalpies of starches decreased when
pre-treatment temperatures increased, indicating a pre-gelatiniza-
tion occurred before thermal analysis. These results are consistent
with studies Lim et al. (2001) whom observed a decrease of the
gelatinization’s enthalpies of cornstarch pre-treated at 120 °C with
25% moisture content.
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Fig. 6. Thermograms of WSG extracted from wet-kernel (T0) and corn kernels dried at 60, 80, 100 and 130 °C (vertical axe presents the scale of heat flow at w/g).
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Fig. 7. Thermograms traces of starches conditioned at 30% of moisture content and then heat-moisture treated at different temperatures.

Ji, Ao, Han, Jane, and BeMiller (2004) hypothesised that the on-
set temperature of gelatinization would be a measure of the per-
fection of starch crystallites, less perfect crystallites showing
lower gelatinization onset temperatures. Assuming this hypothesis
Altay and Gunasekaran (2006) postulated that the remained ungel-
atinised granules after pre-treatments could have more perfect
structure than starch granules gelatinized during the pre-
treatments.

To verify the effect of moisture content on the thermal proper-
ties of starch, three groups of native starch conditioned at 7.5%, 15%
and 30% moisture were submitted to the HMT at 100 °C and ana-
lyzed (Fig. 8).

Below 15% moisture content no perceptible change was ob-
served in the thermogram. Low moisture content appears as a lim-
iting factor of gelatinization of starch. This fact may explain the
lower change observed with starch extracted from corn dried at
high temperature in comparison with changes induced by the
heat-moisture treatment of samples conditioned at 30% for equiv-
alent temperatures.

3.4. Influence of the pre-treatment temperatures on the pasting
behaviour of starches

Pasting behaviour measured by rapid visco-analyzer shows that
the peak and breakdown viscosity, decrease significantly when
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Fig. 8. Thermograms of starch samples conditioned at various moisture contents and then submitted to HMT at 100 °C as observed by DSC analysis in excess water (T0: native

corn starch used as control).
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both the drying and HMT temperatures increased (Fig. 9a and b)
while final viscosities (Fig. 9¢) raised significantly before to drop
for starch from corn dried with hot-air above 90 °C.

Similar phenomena were observed by Mistry, Wu, Eckhoff, and
Litchfield (1993) with starch extracted from corn kernels dried
with hot-air and by Hoover and Manuel (1996) with cornstarch
submitted to heat-moisture treatment at high temperature.

The peak’s height of viscosity reflects the ability of granules to
swell freely before their physical breakdown. Normally, starch
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Fig. 9. Pasting characteristics of wet-milled starch according the corn drying (OJ)
and the heat-moisture treatment (M) temperature.

granules that able to swell to a high degree are also less resistant
to breakdown on cooking and exhibit a significant decrease of vis-
cosity after reaching the peak of viscosity during the heating pro-
cess (Singh, Singh, Kaur, Sodhi, & Gill, 2003). By decreasing the
peak and breakdown viscosity during the pasting procedure and
the swelling capacity of starch granules during their gelatinization,
high pre-treatments temperature confers to starch granules a
resistance which prevents their breakdown.

Singh et al. (2003) postulated that differences in the breakdown
susceptibility of starches may be attributed to the granule’s rigidity
and to their lipid content.

The onset temperature of pasting increased significantly when
both corn drying and heat-moisture pre-treatments’ temperatures
increased (Table 2). The increase observed here may be compared
with the increase of onset temperature observed by DSC analysis.

3.5. Microscopic characterization of WSG isothermally treated in
excess water

Without anymore hydrothermal treatment, the microscopic
analysis under polarized light showed that wet-milled starch ex-
tracted from wet corn or from corn dried at lower temperature pre-
sents a granular shape with differentiable semi-crystalline maltese
cross. Starch extracted from corn dried at higher temperature pre-
sented larger granules in which maltese cross were less clearly dif-
ferentiable (Fig. 10). After hydrothermal treatment, starch granules
extracted from corn dried at lower temperature swell more signif-
icantly than those extracted from corn dried at higher temperature.
This suggests the occurring of structural change within starch
granules during the drying at high temperatures. The granular
structure of wet-milled starch from corn dried at lower tempera-
tures was more readily destroyed during the hydrothermal
treatments.

Even at 80 °C, the swollen granules from corn dried at 130 °C
well conserved their globular morphology. The low deformability
of WSG at high temperatures confirmed that the thermal rigidity
of WSG was improved by high drying temperature.

The structure of starch granule is thought to be hierarchically
organised on four length scales: molecular scale, lamellar struc-
ture, growth rings and the whole granule morphology (French,
1984). The crystalline regions consist of double helices of amylo-
pectine arranged in a specific crystalline morphology. The lamellae
are alternating regions of amorphous and crystalline material.
Waigh, Gidley, Komanshek, and Donald (2000a, 2000b) have pre-
sented a theory and some experimental evidence which allow to
consider that starch has many physical properties in common with
a chiral side-chain liquid-crystalline polymer. In this theory the
lamellar structure of granule consist on alternating regions of
amorphous and crystalline material due to the antagonistic effect
of entropy of amorphous backbone and ordering of double helices
of amylopectine. Within this model, the amylopectine is regarded
as a side-chain liquid-crystalline polymer, in which the double
helical clusters represent the rigid mesogen units which confer li-
quid-crystalline ordering on the molecule. In the crystals, the mes-

Table 2
Influence of the pre-treatment on the pasting temperatures (peak) of WSG.

Sample Pasting temperature (°C)

Corn drying HMT at 30%
TO 71.45 + 0.64a 71.45 +0.64a
60 78.95 + 0.00b 78.30+3.33b
90 77.82 +0.60b 86.27 +1.37¢
100 85.10+0.63d 85.85 + 0.56¢
130 78.20 + 0.00c 85.87 +0.53c
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Fig. 10. Microscopic images under polarized light of WSG from undried and corn dried at 60 and 130 °C, without anymore treatment (untreated) and after 30 min of

hydrothermal treatment at 60, 70 and 80 °C.

ogens are supposed aligned, and there are long range correlations
between neighbouring lamellar crystals which can take smectic
or nematic configuration depending to the availability of water
or the heat-treatment (Donald, Kato, Perry, & Waigh, 2001).

In accordance with this theory it is postulated that during the
heat-treatment of starch in limiting water availability upon sepa-
ration of some amylopectine double helices from their lamellar
crystallites (the crystalline smectic-nematic or smectic/isotropic
phase transition), a true helix-coil transition occurs. The balance
of these two processes is determined by the amount of water in
the system for plasticisation of the amorphous backbone, and spac-
ers, and for dissociation of the double helices in the coil state. The
rigidity observed during further isothermal treatment of pre-trea-
ted starch in excess water could be justified, at least partially, by
postulating that during the heat pre-treatment some smectic/
nematic or smectic/isotropic phase transitions and double helice-

coil transitions occurred inside of the granule, allowing the re-
assembly of free ends of amylopectine helices with part of amylo-
pectine other than their original helix duplex partner, forming
junctions and creating more general amorphous hydrogen bonded
associations which stabilise the structure.

Several studies concerning the effect of heat-moisture treat-
ment on thermal characteristic or swelling behaviour of starch
showed that the rigidity induced after pre-treatment of the granule
is more important in cornstarch rich in amylose rather than waxy
starch (Hoover & Manuel, 1996; Tester, Debon, & Sommerville,
2000; Tsai, Li, & Lii, 1997). The liquid-crystalline model approach
alone cannot explain this phenomenon since this theory concerns
especially the crystalline region of granules where the amounts
of free amylose are limited. Donald et al. (2001) stated that, during
the heat-treatment the role of amylose appears to be to promote
the loss of regularity in the packing of amylopectine, presumably
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by entangling with the unwinding amylopectine side chains. Glass
transitions occurring in amorphous region, rich in free amylose
chain, probably play a fundamental role in inducing granular rigid-
ity observed after heat-moisture treatment of cornstarch. One pos-
sible way in which it could do this is by increasing the motions of
amylose chains which increase the formation of entanglements
with neighbouring chains, including with unwound chains from
helix-coil transition of amylopectine, acting as temporary cross-
links, thereby conferring more rigidity on crystals.

Differences between the swelling capacities of samples pre-
treated with different moisture contents can then be justified by
the plasticization effect of water on the balance of transition in-
duced inside of granule structure during the pre-treatment and
by the junctions created between polymers present inside of the
system. More experimental evidence from small and wide angle
X-ray scattering, 13C-CP/MASS-NMR and modulated differential
scanning calorimetric study are still needed to accurately elucidate
the structural basis of this phenomenon.

4. Conclusion

High temperatures applied during the corn drying and the heat-
moisture treatments of native starch granules increased the ther-
mal resistance of WSG, reduced their swelling capacity during sub-
sequent hydrothermal treatment, increased their gelatinization
temperatures, decreased their residual enthalpy, and changed their
pasting behaviour in excess water. For samples having similar
residual protein content, the swelling rate and the pasting charac-
teristics of starch are closely dependent on temperature and mois-
ture content during the pre-treatment. This suggests that changes
observed during the gelatinization of wet-milled starch granules
cannot be attributed only to the residual protein of samples. Mod-
ifications in granules structure during the pre-treatment partici-
pate contribute certainly on the evolution of physicochemical
and functional properties of wet-milled starch granules. For similar
pre-treatment temperatures and initial moisture content, HMT af-
fects more dramatically the physicochemical and functional prop-
erties of cornstarch than did hot-air drying of corn. It is likely that
difference observed by comparing the corn drying effects and those
of heat-moisture treatment of previously extracted granules starch
may be attributed to availability of water inside of granules struc-
ture, which conferred different level of rigidity to starch granules
during their pre-treatment by creating junctions between polymer
chains. However, more experimental evidence is still needed to
accurately elucidate the structural basis of this phenomenon.
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