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Abstract: Red kidney bean cells were isolated under atmospheric pressure hydrothermal treatment with varying temperatures and incubation
time to elucidate the effects on the structural and in vitro digestibility of starches in cells. A comprehensive analysis was conducted using a
combination of morphological analysis, X-ray diffraction, thermal properties, and in vitro simulated digestion methods. The results indicated that
the red kidney bean cells isolated under 80~100 °C all maintained morphological integrity. The starch within cells was not fully gelatinized, and
the crystal structure was partially disrupted, retaining a certain degree of relative crystallinity (12.97%~16.54%). Compared to processing
duration, temperature imposed a more significant impact on the starch crystal structure. With the increase of heat treatment temperature
(80~100 "C) and the extension of time (25~45 min), the fluorescence intensity of the intracellular dextran isothiocyanate probe increased, the in
vitro digestion rate of starch increased (0.0046~0.0066 min™), and the degree of digestion increased (56.25%~69.25%). Between 80 and 90 °C,
the permeability of the cell wall is the major influencing factor for starch digestibility. While, both cell wall permeability and starch crystallinity
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would simultaneously affect the starch digestibility in cells when the temperature rose to 100 C. Therefore, by modulating the temperature and
duration of atmospheric pressure hydrothermal processing, the digestive properties of starch contained in red kidney bean cells can be effectively
regulated. This study helps to reveal the changes in the nutritional characteristics of starch components in legumes during thermal processing,
providing theoretical guidance for the development of legume-based functional foods.
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Fig.1 Light, polarized light and confocal scanning laser microscopic images of red kidney bean cells incubated with different
hydrothermal treatments
7£: Raw: 60 CHBeyaEaamie, HT: /K#ALIE (hydrothermal treatment ); B 47K (50 pm)
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Fig.2 X-ray diffraction pattern and crystallinity analysis of native starches and starches within red kidney bean cells under
hydrothermal treatments

7E: Starch: £Z 2RHHAL; Raw: 60 CH B4 s mib; HT: K#43E (hydrothermal treatment); B 365 M 4945 4
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Table 1 Thermal properties of starches in red kidney bean cells incubated with different hydrothermal treatments

% | |

R
T/ C TJ/C TJC AH/(J/g) T C TJ/C TJC AH/(J/g)

Starch 61.3940.13° 72.2140.08° 82.1940.24° 19.3340.11°
Raw-60 ‘C-45 min  74.5040.13° 80.6240.25% 87.4940.08° 52740.14° 925640.23% 97594010 101.6640.06° 4.8740.08°
HT-80 C-25 min  84.1940.12° 87.114042° 92144026° 7.4840.36° 04.3340.28° 98.894050°  102.5240.68° 4.3140.17°
HT-80 ‘C-35 min  84.1740.12* 85.6140.10° 91.2040.15° 8.7340.14% 04.274035° 0985640.34* 102.8440.00* 3.8340.08°
HT-80 ‘C-45 min  84.5040.15* 90.7840.097 95.8440.09° 8.9540.20° 97.33#0.39 100.4440.34% 103.3640.20® 1.5340.03°
HT-90 C-25 min  51514056° 60.0640.10% 70.4320.12" 52640.36° 92274030 98.1140.10¢ 1025340.49° 3.6340.27°
HT-90 C-35 min  51.3740.23° 59.8040.35% 70.0840.28" 5.3040.26° 093.6940.14° 98.8940.35" 103.7320.55® 2.6140.12°
HT-90 C-45min  51.3540.36° 50.6140.19° 70.2040.08" 53140.13° 035040.19° 98.2840.09° 102.6320.26™ 2.4440.16°
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HT-100 ‘C-25min  50.4040.39° 60.1740.34" 747340.19" 8.8140.12% - - - -
HT-100 ‘C-35min  50.7740.08° 60.1140.10" 73.7440.25° 83740.51" - - - -
HT-100 ‘C-45min  50.5240.34°  60.0040.29%  74.0330.29°  8.1740.61° - - - -

i FAHFERRRANGIBFRALRTHBELASE 2% (P<0.05); Starch (£rZa@H#ks);, Raw: 60 CHEMLt s
f&; HT: /K#432 (hydrothermal treatment ).

HT-100C-45min
HT-100°C—35min  60. 00°C

\
HT-100C-25min 60, 11°C
_\

HT-90°C-45min 60.17°C

- — i N_
0T Ssain 50 61T 5T
HT-90°C-25min 59, 89°C
HL0 L Zomin 59 98.89°C
HT-80°C—4bmin  60. 06°C

98.11C

HT-80°C-35min

100.44C
HT-80C—25min 90.78C

85.61C 98.56°C
Raw—60°C—45min
87.11C 94.33C
Starch 80.62C 97.59°C

(

72.21C

e L
45 50 55 60 65 0 75 80 8 90 95 100 105

e (c)
[ 3 REIKALIETAZT MAEAEMR ARSI F Lk
Fig.3 Thermograms of starch in red kidney bean cells under various hydrothermal treatments
7E: Starch: “Z g Fik; Raw: 60 CHBwatamie, HT: K#ak# (hydrothermal treatment), B9 wh&k TaRE A
/438 B (peak temperature ).

24 AR KA TAFE T 413 B 40 MO O B 40 D B R T AT

E 4 TEIKHAE T IS MR mAEe R ERRMREIG
Fig.4 Confocal scanning laser microscopic images of red kidney bean cells incubated with different hydrothermal treatments
7E: Raw: 60 CHBdegsrtamif; HT: K#4 2 (hydrothermal treatment ); F70: Fluorescein isothiocyanate-dextran 70 kDa;

AR (50 um ).
THAHEEE N AN A4 B AR R P 2 B e T 4B LIRS, 2t Fe R 5O e RS B 4T
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Kl 4 iz, 60 ‘CorEsa 2= S aiiuft sl (Raw-60 ‘C-45 min) ZHMIEESERE, 4HAR PN HEICHH BT LR 56 X 35,
RN BE e A S . SR, AR AN [R) FR 0 /K E S, B BT IR TRV AE 1, 40 PN bt
EIIGEWIE IR Rl L 90 CRKIMAEIE, AP FEAT WA R 4Rt 0, W I4HRBERE RGN, a-Tek i n]
i 7 B A0 B N A0 R P, 3 T A S KRG R PP SRR AR B A 6, S B M R AR ALt e K,
100 CALFRE, AMMIANERER G GHE—DHESR, B2 RISV CR-HRHR NS B A iuEE, Bt
PRI TARES, 2GR, {H 100 “CACHE 2125 A0 N FTAEAE R 70 RBER ARG X I CRAXIED, #
WIS AR S A K USRS, AT RESAMAERTER T etk . LiskPsa s, dmpie AL IR B TRIRIE, AIA
A3 T T AR B RE 1, ANTTRE I PN 2578 TR 3R R R
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Fig.5 In vitro digestion curves of starches in red kidney bean cells incubated with different hydrothermal treatments

72 Raw: 60 CHHejEamit; HT: K#a32 (hydrothermal treatment ),

BIFTEIERS PR SIS AT B T LA TR ST, AP PR R AR AR 4 B2 S A
ARV TR 4 A4 & B SRS RE AT,  UAASTIE R F AL -5 IR 23 19344, A 7R il
Jiik: PRIETHAGTER (RDS). 1M AIER (SDS) MHtthiek (RS) WA SE&MT (& 2), MLzl
R E AR ST (815 K3k 20, BTE M NS 704 5 BT I RE - BE AT 4025 .4
FITER TE AR 22 57 . I3k 2 P, 60 “C o B IAL2E G 4HMRE i RDS & ik (13.91%), RSEE M

(63.31%), WK 78 75 PAb B 1K 40 i BE 7 5 1 FH 2 25 R 7 0ok PO Mg At o I8 3 Ak 38R T v AR ) 22
(80~100 C, 25~45 min), RDSELBISENN (H 13.91%3 12 32.93%), RSEEME (M 63.31%[% 2 43.98%),
MSDS & &A1 ETF (ih 22.49%71 25 25.60%) o TEAHFIALERI (8] T, MR ETHEERSHBR Z kb TEAFRE R,
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AEPRIN T AELC, RSECGIHIED, (HFEIEA BN X — IR AT RE S A BEEE RN & 57 RSFIRDSEALA 5K
AL, RAERSHGIEIR R A - TH R4, (HIL 5 SDSHMAY 2w T4 WA e, £
ARSIk TES Y (SE Y ISR SRt N Il b=
NE— B RAIE FIRE S, AHEFCIRN B3 A TR A R ST AREE . Bl 5 R T AANEIK

AR PR 2125 A N S ek RSN A ZS, LBl /s S RV O R SO AR N3 2 . 202G
FRE R A 2 ARk VS FELA 0,003 6~0.006 6 min™, HALFEEAELIF J: Raw-60 ‘C-45 min<<HT-80 ‘C-25 min
<HT-80 ‘C-35 min<<HT-80 ‘C-45 min<<HT-90 "C-25 min~HT-90 ‘C-35 min<<HT-90 ‘C-45 min~HT-100 C-25 min<<
HT-100 ‘C-35 min~HT-100 ‘C-45 min. #3878, 60 C7r s ML 2 SR i HOUER v AL R S AR BE A AR

(0.003 6 min™, 48.18%, iM% 80~100 “CHALHRIIFE &b, JE R A0 IH SR K b R F5E i 1 P i i) 2% 7

(0.004 6~0.006 6 min™', 55.21%~72.34%). 80 ‘CALFf{JHT-80 “C-35 minkEfsh (0.004 9 min™) 5HT-80 ‘C-25 min
PEL (0,004 6 min™) VERHHER I B2 5, H1EE KT HT-80 C-45 minkEdh (0.0053min™), 90 ‘CALFRIFE
L I A . (HEAHE R, 80 [ 90 CALEE FAEMNTERm S G 2 (Al 2 K3k 1 Fs),
YiH 80 “CAbHH 35 min & 45 minkf il il F IR LS Ky T RERE—PASE CFHHACT 25 minhseli i3 2 R A A E
FHRIAED . DL ESEREE, 78 80~90 “C R /KA ER 21 2% 5 400 P9 e A (P9 A S A B B AL R %
KL, MR R SRS E SR, X S5 HT A RGBT = R AT I M B iE 1 T2 Se ki
TR I BUARTE . SR, 28 100 CHAEERNE, AF 5 e (1A MR (o 2 AR it A TR AN 1) 48 K 5 08,
XA RV PR T2 e 7 S I R A AR A (AT 2 s, O6f R it 2 AR O 45 B DD B RITERI 1Y)
g5,

< 2 NEPKALIE T I= T AAEM AN ES
Table 2 Starch digestion parameters of red kidney bean cells incubated with different hydrothermal treatments

A RDS/% SDS/% RS/% SDS+RS/% k/min’t Cigo/%
Raw-60 °C-45 min 13.9140.38" 22.4940.87% 63.3140.64° 85.7940,55° 0.0036 48.1840.37)
HT-80 "C-25 min 22.29:0.28° 21.360.09° 56.29:40.27" 77.6540.19" 0.0046 56.2540.19'
HT-80 ‘C-35 min 24.7340.19f 21.9740.69% 53.2940.86° 75.2740.19° 0.0049 58.67+40.11"
HT-80 ‘C-45 min 25.9120.29° 22.0046.59% 51.7240.36 73.7240.74% 0.0053 61.7340.22¢
HT-90 ‘C-25 min 25.680.48%" 24.7640.47% 49.680.22° 74.4440.67% 0.0056 63.5740.11f
HT-90 "C-35 min 26.980.84 24.7740.59% 48174057 72.9440.97% 0.0058 65.1020.18°
HT-90 "C-45 min 28.3040.19° 24.2640.91% 47.6240.88" 71.8840.17° 0.0061 66.830.29
HT-100 °C-25 min 27.6940.86% 25.54:40.05% 46.7740.819 72.3140.86° 0.0062 67.6140.11°
HT-100 "C-35 min 29.8540.56° 25.600.98° 43.9840.85" 69.581.35° 0.0065 69.1640.11°
HT-100 ‘C-45 min 32.9340.59% 23.1440.45% 44.2240.85" 67.3740.85" 0.0066 69.6540.19°

E: RPN F AR R B FERTHIELA BF £ 57 (P<0.05); Raw: 60 ‘CH-& 6945 2 40, HT: /KH# 4L 32 (hydrothermal
treatment ); k: JHALiR R RH; Cigo: 180 min B4 K LALE

3 Zip

AT AR 18 /KA AN [ b FER R PR AT [ 36T 125 7 4 i b 66 W B LA M AR ) 3 2 S A
o SRR, REMAER KIS T RERFFIIETE SR 728, MET 60 Cor ML= GARARRE M
(Raw-60 “C-45 min, 18.04%), ANFIZKHAEIEREEE IR 2125 GLANM A TER I 25 il FER A MG (12.97%~16.54%),
EIERIER ML, VR —ERRIRE . IR, ANRNEEE N AL PEAN RN (8] 2 5 e L2 = 4R A
VeGSR ZE TR B . RINE R TS R, 80~00 “CARHR N )41 25 AN M BE A I 1 2 S i A
R AREYE, T 100 “C AT A e 1 14 K 200 A TR A AR A U W ) M 2R P9 oty B B ARSI . 3
T KB TZ 28, AR =S40 RDS/SDS/RS [LLH] (SDS 5 RS & & Z MIFEAK
7.54%~17.82%), 7 | HALARMBE RS R IT A Th S ATTE 1o BN B Er S T AR Bt 1B LA o
ARFRIE AT DR BARE BRI 74522 PR D R R AR B TT s A SRR N TE A AR5, DL AR e
DR AR LPEER) PR M AR IR FOVE FE SO, AT BE 422 18 AR 7R A BT AR SRR RSN AL
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