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Abstract: An extraction method for bound polyphenols (BPs) in red rice bran dietary fiber (RBDF) was developed and
optimized, followed by analysis of the chemical composition and functional activities of RBDF-BPs. Conditions for BP extraction
were optimized through single-factor experiments combined with the Box-Behnken response surface methodology. Alkaline
hydrolysis was found to be more effective than acid hydrolysis in releasing RBDF-BPs, with a maximum total phenolic content
(TPC) of 144.79 mg GAE/g DM obtained using the former method. A total of 21 polyphenolic compounds were identified by
systematic quantitative analysis of RBDF-BPs using UPLC-ESI-QTOF-MS/MS, and 15 main components were subjected to targeted
quantification using UPLC-ESI-QQQ-MS/MS. The in vitro antioxidant activities of RBDF-BPs were comprehensively assessed via
DPPH-, ABTS"-, and -OH radical scavenging assays. RBDF-BPs exhibited significantly stronger in vitro antioxidant activities than

vitamin C. RBDF-BPs also exerted dose-dependent inhibitory effects on both a-amylase and a-glucosidase, with the inhibitory effect
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on o-glucosidase being notably stronger (IC;,=14.54 pg/mL). In the present study, the optimal extraction process of RBDF-BPs was

determined, the composition and content of the chemical components of RBDF-BPs were elucidated, and their antioxidant activities

and hypoglycemic potential were verified. The results of this study may serve as a scientific basis for the application of RBDF-BPs

in functional foods and chronic disease prevention.
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Table 1 Response surface analysis of three factors and three
levels for the optimisation of polyphenol extraction by alkaline

method

ARG X/h X/(g/mL) Xy/(mol/L) Y/(mg GAE/g DM)

1 2 25 12 119.52
2 4 25 12 121.86
3 2 35 12 125.96
4 4 35 12 129.04
5 2 30 10 107.38
6 4 30 10 112.79
7 2 30 14 123.65
8 4 30 14 126.85
9 3 25 10 110.43
10 3 35 10 115.78
11 3 25 14 123.88
12 3 35 14 126.72
13 3 30 12 150.37
14 3 30 12 144.71
15 3 30 12 146.74
16 3 30 12 149.02
17 3 30 12 152.67
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Hoh FE AT A, % R 30T B U S 06 45 SR A4 52 e K
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the alkaline method
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X,X; 158 1 158 02307 0.6456
X 719.37 1 71937 10539 <0.0001  **
X, 560.33 1 560.33  82.09 <0.0001  **
Xy 135868 1 135868 199.05 <0.0001  **
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Fig.3 Response surface and contour plots of various factors for

alkaline method optimisation
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Table 3 Comparison of model predictions and actual

measurements under optimised alkaline hydrolysis conditions

BFE AR NaOH &% Eirsg
/h o (gmL)  #RE/(mol/L) /(mg GAE/g DM)
Fom&t 289 1:30.35 13.32 145.12
FIREHE 3 1:30 13 144.79
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=& 4 BREMR L HIBox-BehnkensE I 45

Table 4 Box-Behnken experimental results optimised by acid

method
iffﬂ X/h Xy/(g/mL)  Xi/(wt.%)  Y/(mg GAE/g DM)
1 2 20 17 5.21
2 4 20 17 5.67
3 2 30 17 5.83
4 4 30 17 6.43
5 2 25 17 4.27
6 4 25 17 4.76
7 2 25 22 6.29
8 4 25 22 6.64
9 3 20 12 5.21
10 3 30 12 5.63
11 3 20 22 7.03
12 3 30 22 6.94
13 3 25 17 8.82
14 3 25 17 8.66
15 3 25 17 7.95
16 3 25 17 9.46
17 3 25 17 8.31

R 5 BRI EREE T E S

Table 5 Analysis of variance for quadratic response surface

modelling of the acid method

FuAe AwE ¥HE F1& PE  REFH
BE 36.05 9 4.01 18.59  0.000 4
X, 04512 1 04512 209 0.1911
X, 03655 1 03655 170  0.2340
X, 6.18 1 6.18 2867 0.0011 o
XX, 0.0049 1  0.0049 0.0227 0.8844
X, X; 00049 1  0.0049 0.0227 0.8844
XX, 00650 1 0.0650 03018 0.5998
X/ 13.40 1 1340 6218 <0.0001  **
X, 483 1 483 2243 0.0021 o
X, 7.86 1 7.86 3648  0.0005 o
R 1.51 7 02155
HKME 02180 3 00727 02253 0.8745
iz £ 129 4 03226
Bt 3755 16
A RTFEFRE (P<005); ¢ RFEFME

# (P<0.0001).

2222

K 4 JeoRn T RRIE S 2 Iy ik 72 b i [A) . HLSO,
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TR B2 5 B0 R bl = DR 256k 22 Wy £ 1 0 ) IS THD 43 BT
SR, EREY, ZWHIRIEE SRR B L E L
THEE BRI, =& 2 AL HARH, Hf
FEHU (8] 5 H,SO, ¥ Wi & 4 £ 2 (B 122 HAE BN
BE. YRR R RIS, KU MIRIUEE
BRI B L 1 20 A i S R IR VE S L 2 ) T
SR T B AKE .

S / (mg GAE/g DW)

X, BHii t (g/mL)
ME St/ (mg GAE/gDW) &

X,: 1 /h

(¢]
N
N

X2 WJE 1 (wt.%)
>
HEYE it/ (mg GAE/gDW) =h

-

20 22 24 26 28 30
X,: BHBLE (g/mL)

4 BE A & B R A e iz T B A 2k

Fig.4 Acid law optimises the response surface and contour

plots of various factors
E: H,S0, BRAENHE A (afeb); AR
(cHnd); BB oS (efof),
2223 WUETMIAER
* 6 MUERMREMG TRETI S SMEX
Table 6 Comparison of model predictions and actual values

under optimised acidolysis conditions

BRI H,SO, &% EBHAE

WEM oLy k- 4aH/(wt%) /(mg GAE/g DM)
ol .
ln 247 12138 13.94 6.85
i |
Gm 25 1 12 6.78

T ENSBARE B (K 6), ENALIE RIERK AR T
ZAMET, HRTIE (6.85 mg GAE/g DM) szt
SCIE (6.78 mg GAE/g DM) 2P L iF— 3tk FHXT
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RZEAUN 0.97%. %50 UESE FAESL T B A %
e P TR A A 1, 3R B RR 8 A SR AE R K R A R
AT R AW R R, TR L S H AL 6
PERTSE R B . RIS S5 R BoR, SR VE SR B
SEZMMMART S TRMAEE, FHess
Wy IR e AR SR B T 200« WK AR 8] 3 hy BRI LK
N 1:30 (m/V). NaOH ¥ A 13 mol/L.

2.3 UPLC-ESI-QTOF-MS/MS & % 4 #7

% F UPLC-ESI-QTOF-MS/MS #; R % RBDF-BP
FE S AT A2 0 W, 5 S ORI TR . HE A e B
FIBRESE T (m/z) RAFIERE B 85T, %l LA MassBank
S KA P RN SCHR B HE L, Wb S 21 Fh 2
KA (WL D. A5 AINBETFHERNTHEET
W (TIC). 455 % W] RBDF-BP £ Wy 254 i 45
MR, WMEmARRIE. HhE-3-FE. EE
K. ORNIHTRE L FH T RBE, BRI 45K
PERRAFAE Y . YRR (W& TR JE LA
RO IR B R M sk m 28 P (LA &K

RILKEER) LLCHBRINE, LR E B K4E
LEs 75 SAEASE ClnMt R B N EZ K
A/B IR R BE B ST, S I B i Sk AR e
BEANE LG (NPT EEIR . MR SE) RS
2 B EESEF . UK Al 2R 5 47 B DL R 7y 73R4
FEMI M, J& B A [R5 2 ) 1 2840 11k e A 1 A
BAT A

25

Fig.5 Total ion chromatogram of RBDF-BP in negative ion mode

% 7 RBDF-BPHJUPLC-ESI-QTOF-MS/MSZAE
Table 7 UPLC-ESI-QTOF-MS/MS characterization of RBDF-BP

. [M-H]-(m/z) ,
et r 5 RGEE/min - LFX - ERBRR BT (k) Bw R
K ME HiE
1 2.46 C,HOs  169.0143  169.014 169.014 3, 125.024 1 Gallic acid
2 3.02 CisH,0, 305.0668  305.067 305.0652, 137.024 6 Gallocatechin
3 3.82 CHO, 167.0351 167.035 167.0354, 123.0461, 122.0361 Vanillic acid
4 435 CHO, 153.0193 153.019 153.019 1, 108.022 2 Protocatechuic acid
5 4.94 CsH, O, 301.0356  301.035 301.0356, 163.002 4 Quercetin
6 5.53 C,H0; 137.0239  137.024 137.025 70, 108.022 10 Protocatechuic aldehyde
7 5.55 C;HO; 137.0245  137.024 137.0257, 93.0354 Salicylic acid
8 6.03 CisH,Os 289.0716  289.072 289.071 7, 245.080 7 Catechin
9 6.04 CisH,O¢  335.0771  335.077 289.071 1, 245.0819 Epicatechin
10 6.04 CisH,06  287.056 287.056 287.056 0, 125.0254 Eriodictyol
11 6.38 C;H;0;4 151.040 2 151.04 151.040 20, 108.022 40 3,4-Dihydroxyacetophenone
12 6.63 C,H;0, 179.035 179.035 179.035 Caffeic acid
13 6.92 CH,,0, 181.0507  181.051 181.050 7, 137.062 8 Homovanillic acid
14 6.99 CHO, 121.0296 121.03 121.029 6, 93.031 1 4-Hydroxybenzaldehyde
15 7.49 CsH,60 317.03 317.03 271.030 1, 109.0315 Myricetin
16 8.02 C,H;0;4 163.040 2 163.04 163.040 4, 119.050 4 4-Hydroxycinnamic acid
17 8.57 C,H,,0s 223.0607  223.061 223.060 60, 193.013 70 3,5-Dimethoxy-4-hydroxycinnamic acid
18 8.59 CH, Oy 193.0508  193.051 134.037 6, 89.0376 Ferulic acid
19 8.61 CHO, 177.0193 177.0194 177.019 3 Esculetin
20 8.91 CisH,0, 303.0511  303.051 303.051 10, 177.016 40 Dihydroquercetin
21 18.19 C;HxO, 293.1769  293.176 293.178 5 Gingerol
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3% 8 RBDF-BPEERAHNEELERRRIESH
Table 8 Quantitative results and MRM data acquisition parameters of the main components of RBDF-BP

odh 4 AR BIARE F (m/z) P ETF(niz)  BRWEN  EiEREeV A F/(ug/g DW)
Protocatechuic aldehyde 137.02 136 119 20 24.82+1.21
Catechin 289.07 245 134 16 255+2.51
Caffeic acid 179.03 135 102 16 2229+ 1.74
Vanillic acid 167.03 152 87 20 21.8+1.63
p-Hydroxybenzaldehyde 121.03 92.1 114 28 19.31£0.87
Quercetin 301.03 151 161 24 41.87+3.47
Populin 317.03 151 156 28 24.96 £2.08
4-Hydroxybenzoic acid 137.02 93.1 77 16 20.39+1.13
Salicylate 137.02 93.1 87 16 2446+ 1.21
Fumaric acid 115 71.1 77 4 0.81£0.12
Vitexin 431.09 284.06 110 25 26.86 +2.56
Naringin 579.17 271 220 36 18.58 £0.93
Gallic acid 169.01 125 109 12 19.67 £ 0.54
Benzoic acid 121.02 77.03 100 15 2.17£0.17
Erucic acid 223.06 193 92 24 11.85+£0.24

Ea L REATHFHMA + M/ E; bDDW, RBDF ¢9F A &.

2.4 UPLC-ESI-QQQ-MS/MS E & 4 #7

% A UPLC-ESI-QQQ-MS/MS %} RBDF-BP #f i
BEATHE [ E RN, WE 8 okl ®] 15 Fh B S
Y, I 6 FHIERZS. 5 FhEEENE K 3 Fh AR HLER .
wHR AR S ERE, KR (41.87 ug/g DW),
LI (26.86 ug/g DW) Fl LA &R (25.50 ug/lg DW) 13
I B PR E Y, IF AL S sE KR
Heessifr . My s )LASEE . winmHERR AN
KR &aiim, Wit 20 pg/g DW, 78 RBDF
XTI RS B S A R 1 R IF 45 &g /1. MIXT S,
SRR E DRV R K A HLER & A, AT
BE R HL 45 & B TR S BRI UL FE R B i k. Bk
g5 KW, RBDF 7EZME G0 E LM E T
A RIFPERE, JRHRTEThREVEL AP I R R R
P8O TR B A VL R 0L i 527

2.5 RBDF-BP#y RSN LA E M 2

DPPH f w1 3L A R4
41 & 6a it 7x, RBDF-BP F 2.5~100 pg/mL i &
WX KN, H DPPH H HHILEMRIEE S S 2 MR
SRR S A OO, T R R BE BE VA R R
FESETFITE S IG5 . TR 12.38% K Hi Y N £ #%1L
88.79%. RIS EKSE T, RBDF-BP /2l K
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S AT ERE T, RUIHE S 1 2 WA BATE
SR EOE R BE J). LR 5 RBDF-BP H i 4 2k
B SR T e s UMk, et IR yiE it
T A R
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Fig.6 Antioxidant activity of RBDF-BP

252 ABTS' A @&kt h

1 & 6b JIT 7%, RBDF-BP 7£ 2.5~100 pug/mL Jii &
WPV P S T ABTS H R 15 B g
TR R M 23.81% R % 99.67%, LI H B & 177 &
ik . 7E 25 pg/mL LL R, RBDF-BP [3f 4 28 it
T Ve. RBDF-BP [ 24005 Br e /vl e T & & 1
My yR e ghiy, @I TR R BOR ABTS ™ 3k J5N TG
g, A RBUE R E H .
253 AABWARRES

WP 6¢ fiz~, RBDF-BP %t -OH H i3t B A7 5 3%
(IR B AR TS PR AR 70, FEAR DT IR B T B R I A
S, HEARERENT Veo JLIERRMLHIAT AL SR
s R 00 R RO R SRR A A O, X R A ) e
KA B YR AT TR R B S E A
P A -OH H HI3E, AT > o AR R 4 T AR
AR5

2.6 RBDF-BP 4 7K f B 30 4| 7& M| 2

Wi 7 fisn, RBDF-BP 7EAN [A] i K S T 4 a- €
03 T R o 1 7257 9 IRV P 480 2 UL R AR A A 1 41
#il i %4 . RBDF-BP #£ 0~500 pg/mL Jii & ¥k £ ¥4 [
XoF o VE B B A B SR =R B (I Ta),
7E 500 pg/mL B iA B KMH 54.16%. {E 250 pg/mL LA
b, Hnd KL, RIOF G %N, TR
PO SRR ¢, MLk Z2 T, RBDF-BP Xt o- i %]
PEEEE B 7b) B RORTE B3 (84.04%). HUEK
T BA 0 B BT S e b (89.75%), (B HSRJERIR, %
StEE, BRI RNIEBR IR & g, ol
TEAR 0T SR 52 o B S B s A ) v 1, I L S5 M i
FotE 5o R, 15 B F oK A YK il .
Z Wy AR R SREE I ), 32 BEE Wy 2 5 S s
PR R ERE, IS BRI R AR s KA AR, T
AR E OB - IR St
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Fig.7 Inhibitory activity of RBDF-BP on a-Amylase and

a-Glucosidase

3 #Hig

ARHIFFE 53 ARAR T By 5 B B MU AT KK A i
PG EELZHmN LS, @ K & 5w
R KB, B AE NaOH K 4 13 mol/L. RH H
9 1:30 (g/mL). Ay 3 h & 1FF, TPC &
K (144.793 mg GAE/g DM) ; BEaV:7E H,SO, Jii & /3 4k
12 wt%. RHRHE Y 125 (g/mL). JRRBEEF[E] )y 2.5 h
%1k F, TPC #: K (6.783 mg GAE/g DM), % BT
7% RBDF-BP (R RETBOC R B 35 . S8 IR [ 5E
2T AN Z WA, HApm kR 5
F.OLB R FLARE KmHERR S A R a s a, &
Ui RBDF-BP 45 KB 2%, ThEEr F 5. A
PrA AL 9256 45 L 278, RBDF-BP #£ DPPH. ABTS }%
Pl AR B A R RERREE ), HRM
S R . R K ) S 45 R
RBDF-BP X} a- V€ ¥l 5 o % 0% B A7 i 1E
X o0 2 BE B 040 B BRI T a- Tk Bl HED
5 2 Wy 5 R 6} BTG PR AL S (0 25 B s R B DA O 45
TR, RBDF-BP &3 H R 47 B A Ak 1 BE AR K A
B Mg, BA R AT RevE & R R g ), ot
T gk FON KK B B AR FH 5 ThRE & T R R4
THRIFEHASE.
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