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Abstract: To regulate the digestibility of fermented rice products, the effects of procyanidins on digestibility and multi-scale structures of
rice starch during fermentation were systematically examined by small-angle X-ray scattering, gel penetration chromatography and in vitro
simulated digestion. Research results showed that the digestive resistance of rice starch granules increased due to the interactions between the
procyanidin and starch molecules during the fermentation process. The resistant starch (RS) content reached 66.85% when the amount of added
procyanidins was 8%. During the synergistic fermentation by procyanidins and microbes, procyanidin inhibited the activities of microbial
extracellular enzymes and reduced the degrees of starch degradation and disorder of aggregated structure. The procyanidins and starch
molecules formed starch-procyanidin-starch complexes, which increased the thickness of the semi-crystalline layer in starch semi-crystalline
layered structure, decreased the thickness of the amorphous layer, and raised the degree of compactness of aggregated structures and the
proportion of short-range ordered structures on the surface. The starch-procyanidin-starch complexes also allowed the release of procyanidins
and inhibition of amylase activity during digestion, which ultimately significantly decreased the digestibility of rice starch. The research results
provide a basis for regulating the digestibility of fermented rice products.
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Table 1 Effect of fermentation and procyanidin complexation
on the digestibility of rice starch (%)

o RDS SDS RS
RiceStarch ~ 33.10£1.00°  51.88+1.53° 15.02+1.53°
FRS-0AC  37.324147° 56.0243.17°  6.66+3.16°
FRS-2AC  3147£190° 57.24+1.80° 11.29+1.81¢
FRS-4AC  24.86+0.84° 57.17+0.46" 17.97+0.46°
FRS-8AC  9.24+033%  23.92+1.64° 66.85+1.65
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Fig.1 The SAXS patterns of rice starch co-fermented with

different amount of procyanidin
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Table 2 The lamellar parameters and fractal structure features of rice starch co-fermented with different amount of procyanidin

#H oo Apeak d/mm

da/nm dc/mm o Dm

Rice Starch  0.93£0.00  9.61£0.01° 2.09+0.01* 7.52+0.00¢ 2.04+0.02¢ 2.04+0.02¢

FRS-0AC
FRS-2AC
FRS-4AC
FRS-8AC

0.9140.00°  9.69+0.01° 2.06+0.01° 7.63+0.00° 1.97+0.01° 1.97+0.00°
0.78+0.00°  9.69+£0.00° 2.04+0.01° 7.65£0.00° 2.86+0.02° 2.86+0.02°
0.7240.01¢  9.73£0.01°  2.00+£0.00° 7.73£0.01° 2.98+0.02° 2.98+0.02°
0.714£0.00°  9.80+0.01¢ 1.97+0.01¢ 7.83+0.01* 2.45+0.04° 2.45+0.04°
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Fig.2 The fitting curves of fractal structures of rice starch
co-fermented with different amount of procyanidin
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Fig.3 The XRD pattern of rice starch co-fermented with
different amount of procyanidin
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Fig.4 The infrared spectrogram of rice starch co-fermented
with different amount of procyanidin
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Table 3 The analysis of multi-scale structural characteristic parameters of rice starch co-fermented with different amount of

procyanidin

Samples A-type/% V-type/% RCI% Amorphous structure/%  Single helix/% Double helices/% R1042/1014
Rice Starch ~ 36.19+0.61"  3.37+0.11°  39.56+0.83" 50.30+0.62° 10.49+0.26" 39.2140.58 0.56+0.01¢
FRS-0AC  2622+023° 3.84+0.15° 30.06+0.07° 52.53+0.19¢ 11.97+0.28° 35.50+0.23° 0.58+0.01°
FRS-2AC  24.22+0.05°  2.14+0.05° 26.29+0.92° 54.31+0.32° 12.40+0.30° 33.30+0.18° 0.65+0.01°
FRS-4AC  23.79+027° 2.1240.12° 25.91+0.30° 56.18+0.41 11.46+0.21° 32.35+0.20° 0.66:0.01°
FRS-8AC  23.10+0.39° 226+0.07° 25.36+0.32° 59.38+0.36" 11.8240.23" 28.80+0.25° 0.70£0.02°

*k 4 FUERNERIABERIEARKESN S FERES T
Table 4 The molecular mass and its distribution of rice starch co-fermented with different amount of procyanidin

2x10'~ 2.5%107~ 3x10'~

Samples M,x10" g/mol  <2x10” g/mol 25%107 mol  3x107 g/mol  3.5%107 g/mol >3.5x10" g/mol  Amylose/%
Rice Starch 4.00(1%)* 0 0 0 34.67 65.33 12.49+0.54*
FRS-0AC 2.19(1%) 29.49 50.29 12.85 7.37 0 12.65+0.37*
FRS-2AC 2.14(1%) 30.79 43.30 18.13 4.90 2.88 11.65+0.31°
FRS-4AC 2.34(1%) 30.74 23.71 22.77 17.36 542 11.11£0.31°
FRS-8AC 2.31(1%) 35.44 16.00 28.99 14.46 5.11 10.07+0.47°

E: T RERTF A LR eGmRAR £
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Fig.5 Schematic presentation of the changes of rice starch multi-scale structures and digestibility during co-fermentation with
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