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Abstract: In this study, we investigated solid-state fermentation (SSF) as a bioprocessing strategy to improve the total
flavonoid yield and systematically evaluate the quality enhancement of Chenpi. Bacillus subtilis was selected as the optimal
fermentation strain based on total flavonoid yield. The SSF process was systematically optimized through single-factor
experiments and response surface methodology using a Box—Behnken design. Subsequently, the total flavonoid content,
levels of four major flavonoid compounds (hesperidin, hesperetin, nobiletin, and tangeretin), and in vitro antioxidant
activity, as evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS) radical scavenging assays, were compared between fermented and non-fermented Chenpi. Results showed that the
optimized fermentation conditions were as follows: Inoculation volume of 20%, liquid-to-solid ratio of 0.8:1 mL/g,
temperature of 34 °C, and fermentation time of 25 h. Under these conditions, the total flavonoid yield reached 2.22%.
Compared with the non-fermented control, the total flavonoid content in fermented Chenpi increased significantly by
21.08% (22.17+1.01 vs 18.31+1.02 mg RE/g, P<0.05). The contents of all four major flavonoid compounds were
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significantly elevated: hesperidin (9.15% enhancement, P<0.05), hesperetin (12.43% enhancement, P<0.05), nobiletin
(13.21% enhancement, P<0.01), and tangeretin (12.15% enhancement, P<0.01). Furthermore, fermentation markedly

enhanced antioxidant activity, as evidenced by the significant decrease in IC, values for DPPH and ABTS' radicals from

1.17 and 1.15 mg/mL to 0.83 and 0.69 mg/mL, respectively. In summary, SSF with B. subtilis is an effective method for

simultaneously improving total flavonoid yield, enhancing individual flavonoid contents, and boosting antioxidant activity

in Chenpi. This method provides a technical basis and shows great application potential for developing high-value Chenpi-

based products.
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Fig.2 Effects of inoculation volume (A), liquid-to-solid ratio
(B), fermentation temperature (C), and fermentation
time (D) on the total flavonoid yield

TE: AR FRER 7R A 4 ) 22 57 1 3 (P<0.05)

N, MM 0.5:1 mL/g #52 0.75:1 mL/g B}, &
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PR IO 1) SEU A BB SR, A R AT IR G il -7
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P SRS PR AR A S RN BR A AR A, 1
A 0.75:1 mL/g(PRFE 42.86%) N BAERHEI L. %45
5 Mamy 55 >R FH BB 85 & W7 52 iRt Le (B
IEVREE 80% ) IFTER 25, X EEE T A RS
P« R B ZE LA B A e VA SRR, VR S RS U
A= AR T R A R A L PR 22 2375 ) iR, TS W
EEIAEE . XRIIFEPLALIROR) LI 55 785325 1R
B0 = B

2.2.3 REREEXT SSRGS
VAR A B ZEAOAT B T G T 5 A R 1) S A 5 A
Fo WNE 2C PR, B KRR T, SRR
SIS E RS, ERIERE N 34 °C BTN
BAIRFNE(Y 2.30%(55 25 °C #H L, P<0.01), T 24
IRETHZE 37 C B RBEIISEEREEZE 1.97%(5 34 C
FAEL, P<0.01) 3X—FWG 3 B A B ZEADAT BRT [ 25 4
PSR iz Tt A FP A E— I A I TRLRE, IR
a8 K TR AR ) DI FE L DR 5 R HO X A1 i 37 sk 25 1
AR AE B A IR TRLRE £ BRI P
FEMA =) AR T B P AN R g T sh e
TR, T A AR AT IR AR R AR, Y B
HiR AR 82, T B2 F Tl & G  1 G P T B s 2 il
YRR . L, ARBFSEINAE 34 °C AR ZEAAT
AT 781 385 A P I s, e S AL il sy 38 A A e A ) i Y
B, 5 Zhu S5 HIE AR AT B A I TR Y
TR (34 °C) 38, iXFRIAFE T ZEFAT B OCE T 5=
P s TS AR AN [ R A 22 T ] B LR —3.

2.2.4 RBEEEI SIS SR A I R PR Ta)
S E Y G A B A SCEEBIAS . WniE 2D
BT, TR 12~24 h B, BLEEEIIS M 2.04% F+=
2.18%, IHE L 24 h BF R EIE(E (P>0.05) . KW
WA DGR BRI LT 4 3R . AR BT RER I S5 sy, i
PEETRB . B R T, JUHIR & IR TR I
% 60 h, S E I EEZR 1.90%(5 24 h AH L, P<
0.05), 3X FT REUI PN T 72 & FRW B AER 4514, At
7R A A B R S B B A T FRE AR, DL R A B
ZEFOAT B S0 -8 2 W R X D Y 1 K A
FH, P ECE TS BB Nee, PTS | E B & 5 IR
BRIk, ASBIF SR R [ 25 R T A B2 i e A (1] 2l 24 b,
55 Keong 451 H2 {8 (Al B ZEAOAT B AN BE S, 2R 14T
R A I I8 B R F 1R (24 h)—3%. XA 24 h 7]
AR AN B ZE AT B 7E 22 [ 25 R AR 32 v 50 il oG
AW — D FEPER A .

2.3 M mEIRELER

2.3.1 man ERAG BE T M AR A R R S Sk
VR ORI . A TR AN A RS ] Ay AR
HE, DLSVEEER TSR N AR, e 29 ZH3560 (5 5 4l b
o), FARZER L 2. Bl Wos, Al R ZEHIAT R &
P AR Bz o B AR g 1.19%~2.28%, FEHA4%- R &k

SFBCEARS | KT AR S AR A, SRR
DAt T34l
2 MR Box-Behnken #1545
Table 2 Response surface BBD and results
AR BRI C: REEEUEZ D: KEERIT] B STEsR

(%) (mL/g) (C) (h) (%)

1 20 0.5:1 34 36 1.29

2 20 0.75:1 34 24 2.28

3 15 0.5:1 34 24 1.19

4 25 0.5:1 34 24 1.44

5 20 0.75:1 31 12 1.66

6 20 0.5:1 37 24 1.41

7 25 0.75:1 31 24 1.51

8 25 0.75:1 37 24 1.38

9 15 0.75:1 37 24 1.25

10 20 1:1 31 24 1.61
11 20 0.75:1 31 36 1.71
12 20 1:1 34 36 1.68
13 15 0.75:1 34 12 1.25
14 15 0.75:1 34 36 1.49
15 15 0.75:1 31 24 1.33
16 20 0.75:1 37 36 1.40
17 25 0.75:1 34 36 1.61
18 20 0.75:1 34 24 1.98
19 20 0.75:1 37 12 1.49
20 20 0.75:1 34 24 2.07
21 25 1:1 34 24 1.35
22 20 0.5:1 34 12 1.42
23 20 1:1 37 24 1.54
24 20 0.75:1 34 24 2.13
25 15 1:1 34 24 1.65
26 25 0.75:1 34 12 1.70
27 20 0.75:1 34 24 2.03
28 20 0.5:1 31 24 1.53
29 20 1:1 34 12 1.42

2.3.2 [EIABEHY S Iy 255587 ddiid Design Expert
13 FRAEXT e 2 B oA Rk ml)A )7 B : Y=2.10+
0.07A+0.08B—0.07C+0.02D—0.14AB—0.01 AC—0.08 AD+
0.01BC+0.10BD-0.04CD—0.38A%-0.33B>~0.29C>—
0.26D%, H1F& 3 R4, MIFEERIA P {E/NF 0.0001,
FLUA & B E; RPN P{EN 0.5944(CR R,
2 BHIZABEIR AT DA - b, 2 s 1) B SIA O0  AE7RY
P FREL R°=0.9213, FTWISLI(H -5 T EAE G R
U PAHEDE REL(R , =0.8427) 55 O P e A2 4K
(R%p,q=0.6483) ZE{H/NT 0.2, {5 M L (12.3740) KT
4, TEIAR R HAT [ - S0 RE 7 5 AT S ELASE A i
THT ORE BE A SR o AR B S Mo AT R B, e (A) |
WKL (B) FILA PRI RE (C) X A R HAAS R A 2 3
(P<0.05), & BZRFTE] (D) A B3 (P>0.05) . Kl
A TR 52 AN k38 =32 2 S R Aty B 21T B A B4R
WARETE: SCERI NG TS BB ER AR FE 0~24 h Pl
TSR PY; 25~72 h, RIEEFMCISTHE TR R AL
R AT BE BT ABIRRAIR . X Rl SEh J5 R i A
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Table 3 ANOVA results obtained by BBD

SFei THEM AHE ¥F O FE Pl WM
F5R 2.0400 14 0.1458 11.71 <0.0001  *#*
ASERIEE 0.0574 1 0.0574 4.61  0.0498 *
B-EHE  0.0784 1 0.0784 630  0.0250 *
C-KEERIE  0.0645 1 0.0645 5.18  0.0390 *
D-&KFEITE] - 0.0048 1 0.0048 039 05446 A
AB 0.0756 1 0.0756  6.07  0.0273 *
AC 0.0006 1 0.0006 0.05 0.8260 AE
AD 0.0272 1 0.0272 219 0.1614 ARE
BC 0.0006 1 0.0006 0.05 0.8260 AE
BD 0.0380 1 0.0380 3.05 0.1024 AE
CD 0.0049 1 0.0049 039 05405 AE
A? 0.9195 1 0.9195 73.85 <0.0001  ***
B? 0.7021 1 0.7021 5639 <0.0001  ***
c 0.5559 1 0.5559 44.65 <0.0001  ***
D? 0.4226 1 0.4226 33.94 <0.0001  ***
B 2% 0.1743 14 0.0125
RAUT 0.1208 10 0.0121 090 05944 AE
4l 0.0535 4 0.0134
MR 2.2200 28

U R?, =0.8427, R%,,=0.6483, frMi[t=12.3740; P>0.05(FE3), *F/m
P<0.05, **¥%/RP<0.01, ***FK/RP <0.001,

PR} 8] 5 R H A SR (A DA S R e R MG 2R,

TS5 T HAERR R Y 200 . 32 H I, {CEERP

(A) 5K (B) X & 85 il 15 R A7 i 35 52 W (P<

0.05), HASS H AE AR B35 (P>0.05), ZIABCKLEL

SRR i g 2H G L R R R AR R T U E R R

HARESCR, kI, A*, B>, C*. D> 19 P EH/NF
0.001, 5 P8l 28 % S 3 J A5 5 114 5 i) I/ IN A v} B

(B)>& Wi (C)>Hefh i (A)> KBz R (D) . B

TR AT RO EAS 26 T D 2K B A BRBE R, £ 2K

ST 5 R TR S 3R A SRR B X I, i e AR Y

BAE T 22800 TR A TRl N8, 45 G ARy i 25 R

IRAUTFAS s 2, 22 BH A5 R 3 /KO 3 XN i Bt

e AE

2.3.3 WANIEAE EAERSHT S EZESL EAEAXT R

WA R A ANIE 3 iR, Z5RR I, 3R (A)
FIRREE (B) A A8 B A FH X 2 285 A5 3 A S i) S 385,

FEIR g i 57 T R AR BRI H 2 R SR . 32

TG AR, PR R 2R A A FH R B4 B S FE A SR A R i A

/NI A AB>BD>AD>CD>BC=AC, iZ451 5% 3
T 22T e R —3 . B LG, DS SRpE

i (A) FIVRCEL EL (B) B BE in 2 B E T8 Ja BEAR A S

o (BRI, WOk LAY D 4 i B SR RS

3R, AR AR R ) SRR B RS2

2.3.4 [EZFSKEEET Z8GUE a7 1 =] AR 75

T A7 B ZE AT BRI A R AR R T A S 8O ERh &

20.333%. Wkt 0.779: 1 mL/g. KIEAREE 33.618 °C..
J& I [A] 24,703 h, BB B i 45 25 104 F50 00 4E Sk

2.11%. N T B TSRIHE, & L2 SHoR s defh

= 20%. R 0.8:1:1 mL/g. KEFIRE 34 °C. &
B[] 25 h, ZEILARAF T B BTS2 h 2.22%, 57
B BRI &, UESEARRI T S, X T 22450 B
HlAS AR AR RS T B DT SO B 1 ROR g B SR R e
B ERAEER(1.35%+£0.01%) 5, R A BEZ ]
VEAG AR 12— P im0 AT 28 . L
il A RV TTAG B 2R AT BRI 4 L B ST 4 2 . TR
S5 Mt 2R R AR R SO 5 R A R AR, AT A
LG AAWENEE B 55 . B Rl
T 55 W P LAY PR e O I T 4 AR 6 - HH - B T
e ATy N, AR ER T H D e R AR e A
PP 0TI AE R TR . ASTRIVFFSE () 4 e e
225, Al REUT N TR U | SR TR S G T A S
BEAS B I LRA RE N
24 KREEE, EEEMRRE R EEROFHEZERETEL
EMEETK

[F5] 75 % Wi a=k v A e 2625 AR v 21
PAE PRSI A, M THHIE A EDY . 7E
MR Rz A Wt B vh, iX— W E U o . & 4 7]

g, ZRh R ARAT TR AR I I R 12 R B Tl 5 i Wl 5 4 n
%= 22.17+1.01 mg RE/g(3 i 21.08%, P<0.05), iX
— SR T IR HRE Y R I B R A R I T2 Rt
[ 25 K W FE e 24~48 h B H TR % 5 4.68+0.04 mg
RE/g 4 25 8.32+0.15 mg RE/g, BB il & & B4kl
H#t (Citrus reticulata 'Chachi') 5& 7 A7 B 85 & & i
4.78+0.07 mg QE/g MHNZE 6.06+0.11 mg QE/g(34in
26.8%)W, XA 2T AT BRI T BEAPRR ST, AR R
AT PR S B HE 5 vy 1% AT L R A T 6 P ) R RIS
Wiy e S m M, FE ORI TR 2R T2
AT 20T RS R ERCR

UHPLC-MS/MS 43-#1 3 B, At B ZE AT 5 [ 25
R S AR T R R DU SR 2B RS S O B
W WGRR B E BT EEGEE 4. E 4,
FUARTT =, 1B R (IR 9.15%, P<0.05) Ftg iz 22 (3%
T 12.43%, P<0.05) 14 & & 33w, ) R A2 3 (1
I 13.21%, P<0.01) FN4d Bz F (B4 12.15%, P<0.01)
PR AN S SRR T o PR R T I AT T 2 A HURUR
Fraftg Rt K A I B S i . A R ZE
PEE ST a-L- FRZSBE T EEF B-D- 400 Bl
P B KA o Al SR AT PR B = S R T 7K A i,
) BRI S R, S 380Re B T A R AR 22 AP AH R R
B TG B RO RIS K 2R, Je A W T BeE ik
VR DA PR T AR, e [W] 5 300 B2 17 1914 P B
MR AT A

{EAS 02, IR B 3R 3t 6 R R I R 1%
Bz P i v, 3K 5 AR R A B 5 o 22 HH AU B T T
AR W LA B e DA ST, A i R A T RES
o F S R B A — 2B B ik — B AT SRR R
IR PR B PR 2 32 Bt iR IR, X 5 HAEAE ) A
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Fig.3 Response surface plots and contour plots of the interactions between various factors on total flavonoid yield
N BRI G, Liu S50 K2 BUARGERY 2R AT 1R & R4 RRWE, KRB BB e PO D 322 B

PREIAR B S Bz 2 RN R B 2R 45 5t 3 BT ), iR
o R E L XA SRR A SRR
IFEAN[A], Chen S0 S SRR Al A v B 1 PR A

EY & E
Table 4 Changes in total flavonoids and four predominant flavo-
noid compounds in Chenpi during solid-state fermentation

P . 5 o ) (%
RIS . R SO A B MRS, 7)1 |1 22 i BH AKRE KR PR GERE RO
SET (mg RE/g)  18.3141.02 22.17+1.01 0.049 * 21.08

Jlz 22 0] geam ik B LG AL I GT 2 B R A AV E

o FE At (RT3 298.36% . 44.97%) B (mg/g)  6.56£0.07  7.16+0.09 0022  * 9.15
S I (e oD ARTIT0 S0 B FE (nglg)  45.6040.80 51.27+0.76 0.023  * 12.43
PRI, B 2 5 ST T U ) A S A SRR A JIBRE R (mg/g)  9.31+0.06  10.54+0.17 0.007  ** 13.21
VEFIPLHI_EAARAS X 51, T B9 A e B X 2 Rk i Wik % (mg/g)  7.8240.08 8.77+0.12 0002  ** 12.15

1Sy g iR R AR RE T o

i *FRP<0.05, **FRP<0.01, ***F/RP<0.001,
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Fig4 Comparison of UHPLC chromatograms for the four main flavonoids in unfermented and fermented Chenpi

e A HBRESY; B AR A TE; C oM & MR B DO = Z 8 T ISIE & 90; 1: NI BR 2 %, MRM: 403.0—373.0; 2: #% 2 %, MRM:
373.0—343.0; 3: FE 2 1F, MRM: 609.0—301.0; 4: £ 2, MRM: 301.2—164.0,

25 MEMEMHESR

2.5.1 DPPH H HZIEMR3 DPPH H H I E %
BRSNS ARE FT VAL 0 E FH . DPPH [ H3&
IR WoR (E 5A), BREZ SR A 0.05~
0.8 mg/mL B, KR EFLH BUTE BRR W 2m TR R I
(paired t-test, P<0.05), {NFEURE /7 0.2 mg/mL B
WEL | 25 22 5 (P=0.08) . EAKRTI 7, K& FF 5
T R L, R R IR T BR R 1.85% 1 =
39.37%( P<0.01), & B 4H W9 75 15 3R i 3.90% 14 &
50.33%(P<0.01) . {HAFERE YIS, ASHHF ST 5 A TR
Jz BT 1 TC 5, (BHIEAIR T Jeon 251900 HZ 308 (A7l 7 2
AT B A2 o R SR Y 1C 5, H.(3.16 mg/mL), %

A 100 - .
— b

S 804 4 ¢

& 60 A

b 2

m - - ‘a

T 40 b o i

Rang C e Ly

z 209 g R Fh - REBREZ: 1C4=0.83 mg/mL
& g_:f----‘é” ----- KK WERRE

04{&d —— V: 1C4,=0.02 mg/mL

0 01 02 03 04 05 06 0.7 0.8

WL (mg/mL)
B 100 - b a a
o C
< 80 A
& 60 a
p -4
gen b - a
= 401 kT e E
PR (P
I d &7 T
E 2091 %- TET -~ REEMEIZ: 1C5=0.69 mg/mL
m %_’.rd" ----- &K W
< 04d —— V¢ IC4=0.03 mg/mL

0 Ojl Oi2 0t3 014 OjS 0;6 Oi7 0r8
% (mg/mL)

5 BREESEEGS DPPH [ HiZEA ABTS' [ i B bR
Fig.5 Scavenging rates of total flavonoids from dried tangerine
peel on DPPH (A) and ABTS" (B) free radicals
T+ AR R T IR Bz BT P 3 R R A DX B Y1 N RS 50%,
BORTEE I 1Cy,, T Ve 7R F AR MR Z i R R e & T
50%, & 1C,, TEZAMEM T AR/ INE TR Rk

Bl 225+ .2 (P<0.05)

HHAS IS 10 2 TP AR W A E S TR R pe SeU e 1 1 7 T L
ARO[ A I 5 i T AR B P B BT X
DPPH H H R0, AT e i T A B B ik
AR ARG SR UE T BR B TR A A I 1 A N
REIL, UnZ2 s A B2 Ab A Ao,
2.5.2 ABTS'HHIEIERE  ABTS H HIRIGRE
ZEIRANE 5B s, K EEMR B 5 AR & T MR B R T
Xt ABTS" H i s R R Bl v BE RGN . REzZ
SRR R A 0.05~0.8 mg/mL B, 2R & FE2H 1075 I
FH 3.82% HEINZE 40.82%(P<0.01), & BEEZH A0TSR
i 6.56% I 52.22%(P<0.01) , LHE S5y
T2, WAL PR AR 5z v S B XS ABTS™ ] H ik
BT R IE PEHE = T 48.35% (paired t-test, P<0.01) .,
55 Jeon S5 R 3E M A B ZE AT B R 9 R SR IV
B (ABTS" F HH & 1C5,=1.69 mg/mL)AH b, A5 H
R PR B PR S s HE T SR A VE R EE JT o RS IR S
AR R R TR R R T ABTS ' H Fh 3L BkRE
PRI AHATON . 3X e IITRL R ZEARAT P 2 I 2 H T A
YR A AIE A RS, XA R A AR SSOR
2.5.3 B KBS BR R BRI PR 55 1 42 ot S aid
I35 385 A W i A B v ) V2 B 38 RIS B 38 8 b b =
Hm(p<0.01) ., XLfb59 B M L&A 2R
B, AL | ASE B TR 5T 5 @ e 3R R) 0 R RAL
R, PR B TESR PR LTS T A S E A . X
5§ Fu 550 ST Wk Rz fitt B A A 22 FF A L e I 25 1 1
I A AT PR A 58— 2 Rl ZE ST PR
T K SR 25 G ST A S oo X, [RIEE
RETIRE R 5 Z v N T E A, & e E N
PEPEPCEAC R ZR 5010, L nT RE S5 SR 2 b &5 e
A PRI E A %0 Mamy S5 PSSR SR &
BEAIE 5 i IR R 3, [ & P-4 %T ABTS H i
FLF DPPH H H LTS R BE 1 5 BB B | A8 R
Pt 2 28 K )V o 2 38 8 i B2 IEAH DG, SARF o 4hie—
. Long %51 Fl Guo 25 th7EAH G HE U 5T
B S ISR . 3 A R 2R AT DR A R I
30 <3 ) B B v A 22 FR AR SR FR R ) ' AR S
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HICEAL, IR T MR B B A AT e
3 iR

EN i (e N A TETR . vy £ A T R =i 3 R ST S
KA R S BT T2, B AE T ARSI RS R L2
AP 20%. WORFEE 0.8:1 mL/g. K BFIREE 34 °C.
REERTE] 25 he FEMCEAETT, BRI BRAS 522N
2.22%, Heg s R A BERY 18.31+1.02 mg RE/g 3%
PEFZ 22.17+1.01 mg RE/g(3EIE 21.08%, P<0.05) .
UHPLC-MS/MS ST R, iZ T2 AME £ TR
TR 2R R | AMd e 2= & i, o IR 2R
S F A EEIIU Sy W2, 3T 13.21%
(P<0.01)FI1 12.15%(P<0.01) . PrEALIEMEIFIT R
AH, Al B 2R R AT B S R BB 5 T S B R XS DPPH
A B ABTS™ H APPSR, X IO F R M5
IR B 28 Rk Bz 2= A m TE e A s A2 o AR SRUE
SCARARA S 2R AT B B R B T AT R R TR R
JEER I B L U AR AT T, S R B B R A s E AR
FAR IR S H IR AL T RI2ARIE . JELatssn] R
FETIRATRF R BE . A& B2 2 SR 4 A N A= i 1k
VE ML B HAE B ™ P i FH o
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