MREmBE Modern Food Science and Technology 2025, Vol.41, No.6

AR EINEIS S KERA R EYHES

x@E', ER, KE P, BEE, RFPE, WM, AW, R
(1. K2 T K F A F S AR LFIR, LR 430023) (2. #dh K= S T 40E & L1
F, HARRX 430023) (3. ARG AR duhn THARFL A f s, #abg &g AR sut B m T TR
RARG P, LR 430023) (4. #db 2 B R L AHA RG], #AA4PAE 431900) (5. /74 (#Adb) At
FA RG], #deii 433100)
T : 1% FIIRA T HAxT K 2 AR AEMEEE Ri9%ra, A RAR#HA%Z (0. 15, 25, 35, 45mT) A=
AT (0.5, 1. 1.5, 2.5, 3.5h) A REFXAGLFH, FK, $FARTERRO ST RGAM L, o RE
JRE RSN RMAARERSE (0. 40, 80. 120. 160. 200 mg/L ) K3, # K AR #mE% RSB HREH N NTE (FTH.
FHAE ) R EHLALEOFE TN R, KRR HEHRE S 35 mT 4L 2EatiE] 4 05 h Af, K E#HRHCR
A, FK (2354 mm) FEREGAE (38428 me/g) BATHRIAS AR E 1570% A2 19.81%, L F RFtiF R D EH
) (P>0.05); FERFBEBG S 120 mg/L AREAEERESHHNING LT, HE 24h K2 E4 (10668 mgkg)
EEG4E (2737 mgkg) BB RN ARG 8.64% A= 26.68%. 45 EFTE, iEHHAEGHIRERINRMTAGFL I T VAL
HREFALFFFREPEOASEMFNORE, HRREHRDRAT LRI T #09HARF .
EHEIR: B, K25 RA; TEMEE; AU
EHRHS: 1673-9078(2025)06-137-145 DOI: 10.13982/j.mfst.1673-9078.2025.6.0346

Germination and Biological Zinc Enrichment of Soybeans Induced by the

Combination of A Static Magnetic Field and Exogenous Zinc

LIU Diguo', PEI Xun', ZHANG Rui"*’, ZHOU Wangting"’, WU Muci"’, YANG Xingming',
SHEN Fangxiong’, HE Jingren">*"

(1. College of Modern Industry for Selenium Science and Engineering, Wuhan Polytechnic University, Wuhan
430023, China)(2. Key Laboratory of Agricultural Products Processing and Transformation of Hubei Province,
Wuhan 430023, China)(3. National Research and Development Center for Se-rich Agricultural Products Processing,
Research Center for Deep Processing Engineering Technology of Green Selenium-rich Agricultural Products of Hubei
Province, Wuhan 430023, China)(4. Hubei Douwang Agricultural Technology Co. Ltd., Zhongxiang 431900, China)
(5. Zhimei (Hubei) Health Technology Co. Ltd., Qianjiang 433100, China)

E[BE 2

X1 R, R K B, A% RS R SN 5 K A R S A B R ) IR B i R, 2025,41(6):137-145.

LIU Diguo, PEI Xun, ZHANG Rui, et al. Germination and biological zinc enrichment of soybeans induced by the
combination of a static magnetic field and exogenous zinc [J]. Modern Food Science and Technology, 2025, 41(6): 137-145.

YrkSHER: 2024-03-20

EeWH: BILEABANZESTE (2022CFB869) : MILBEHETRERAARIE (D20221601) ; #MiLHBEFRERKZIE
(2023HBLSKJ008) ; &I AZRARMIREFIIEERFLEKBEERARGFHF L (whpu-2022-kj-871) ; ABMAEMIRIEHRERFLS
FRAFEARCKEBEAAEH L (whpu-2023-kj-497) ; LA EETRFRAMRTIE (D20221601)

EEEN: XEE (1998-), B, MEMRE, HRAE: MEHRREFRSHBOEMN, E-mail: dguoliu@l63.com

BIEE: 8= (1974, B, HL, H¥, ARAE: RRUFEEFRIIEMERRECAR, E-mail : jingren.he@whpu.edu.cn

137




MR B

Modern Food Science and Technology

Abstract: The effects of a static magnetic field on germination and biological zinc enrichment of soybeans were
investigated. The influences of static magnetic field strength (0, 15, 25, 35, and 45 mT) and treatment time (0.5, 1, 1.5, 2.5,
and 3.5 h) on the germination rate, seedling length, fresh weight, and soluble protein content of soybeans were initially
assessed. Next, after different concentrations of exogenous zinc sulfate (0, 40, 80, 120, 160, and 200 mg/L) were applied
during germination, the effects of a static magnetic field strength and time of application (initial, intermediate, and final
stages of germination) on the germination and protein zinc content of soybeans were evaluated. The results showed optimal
soybean germination under the following conditions: a static magnetic field strength of 35 mT and a treatment time of 0.5 h. The
seedling length (23.54 mm) and soluble protein content (384.28 mg/g) were significantly increased by 15.70% and 19.81%,
respectively, compared to those of the control group. However, no significant differences were observed in the germination
rate and fresh weight between the groups (P>0.05). In addition, compared with those of the control group, the total zinc
content (106.68 mg/kg) and protein zinc content (27.37 mg/kg) of soybeans germinated for 24 h increased by 8.64% and
26.68%, respectively, after exposure to a static magnetic field (field strength, 35 mT; time, 0.5 h; intervention period,
anaphase) combined with exogenous zinc sulfate (120 mg/L). In conclusion, an optimal combination of a static magnetic
field and exogenous inorganic zinc can promote the germination of soybeans and induce the accumulation of protein-

type biological zinc in soybeans. These findings provide a novel technology for the development of natural zinc-rich food
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ingredients.

Key words: static magnetic field; soybean; germination; soluble protein; biological zinc

Pt MEENMETR, EARAKRIERES
FhAEFEThRE, SRAGKTE, EH 6. fEmkaE",
BeAE AR R ZEIhRER - (1) AR Mg 1
s () AE BRI ER R A A T IR, AR AR
EA FEE A (3) S 5EARKE RS (4
W AR ER AR IR . Hes =, MU
VAR AR K E, EERE MR B,
BACIR. Gy 5 R B RS SE ™. HaT, i
RN IR SE B A AE RS, W LR
APLEE. FERGE S AT CGREA.
EAEERE . M, IR, AR
NASEERR, AR AR, 1008 4 B R £ AT
FLRRER A NUAR AR IR LT T B AT T RUK G, B
AN 2B PURIE R AUE, A 4E— € 1R IRTE.
HARREAEEMERANSEHERNESY, BA
W, BERNEE AL, CashE T AT 5E
FEMY Ju kR N R O R T, TE
TR S B P A5 A A A TR EE N AR R AN
B di. RBEPRR T R A B AR, (RiEE
KKE SR B /I MB8T5 1B
I RUR

WEFRM, KEAEBT RS R T RE X 47 o & it
TR ES, AR 2 B N AR
AHVEES . REAETRI A 10 pg/mL AR BE E TRE
WREE, S MAT oy e S

138

N IE AL 2 AR T 76.63% F1 40.88%, SZHE 1A
RKEXERE RN R ., RNTEY UK E NEY
SRk B AR, SR A R 9 R R Y RT3 VR R
O, KR TR HE S K K S
Hop, BAE R TR R A EE N 2RISR B
. Wei ZP BRI, SRR BRI IR I RE K,
KRk B ZnS0, W R VER >, it
Caco-2 BBV EGE 1AM R I 5l N3 1 K PR
KR AP FH EE

iy (Magnetic Field, MF) 1E Ny—Fhif fl 4k (2
FEAER BN TF B, EREED R TR i
MEANZE B A, S8 A o0 7K RS 77 1 4 IS 7
MRIE TN, B4 O (3R 7 &
A KA 2053 . Bhardwaj 25" ¥ i IURh
T1E 200 mT #f ki 2 N A3 1 h, AHELX IR,
Fh AR RIRTE T 18.5%. LAk, P bl th £
B S RS, SR, SR B | i S S
8 I IO T T A0 ek ST A I v 1k A B T HE 2L )
P2 5 8% 83%. 77% M 16%. Podlesna 5™ % i
Fk 37 Ab B 0T DR v A R Ve B v, ELTEEC
= SR E R ACE R TR R & = AR, M
HAE 85 mT 58 B T Ab R A A FHAE A ¥ b |35 25 v
RI T mEENAEKR, R, BACREME,
7 E AR R R S &, JEHAE 30 mT
()RR N A G R R AEK R . A,




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.6

XPEBE K. T EMEWE G AT AL, R
WAL E AT DL BN A Z N. K. Cas Mg, Na. Zn.
Fe St R & BB IRA B ER ™. Harkin b
FE R 2 7 TH) 3 S5 T 72 0] HE A A B AR AR5 1 7 T 1)
FHRBEFL, X HEE FRIT R & L5577 H B3R
R B, ARSZE LUK TN EERL, B EA R
T3 A0 B 2% AT R R S e A AR A FE v R LR
F B E AR, DUSAET R K™ e D he
B TR T R AEH B

RS

L1 AR5 EH

W KT (RAE225, 77T 20224, WH
ORISR B =R AL IR (RgaD. bk
AR K. EEA. URRES. AR
BN, ARG B (e, W E
AR FRANE IR AR s BEbrdedsl, W1 EX
H 4 g M7 AR At Ao s Bradford R
&, T EEEAREMEARB D ERAF.
1.2 FEMNHESEL

STARTER 3100 & pH i}, s (B
HIRAF]; MFHS50 Sz HiR EIRAE . MFL10
R R TR, S (B8 BNR}
HAMRAA ; ASAFG KIEEF R o, db
HOEHTIE A PR STAT A 7] 5 BioTek BEARX, 3
EAE AR A R A .

1.3 SEHe 7 ik

13.1 EpREEREHL

Pk R K & FFRABWE. LW ARFMR K
o, AAEBAKERE, BHET 28N AMK
(1:10, m/V) FIZFH 11 ho FERFIIFIRRE K E
NI B SR A R, 4R 04 150 25, 35, 45 mT
5R R Ry HI4ALFE 0.5, 1.0. 1.5, 2.5, 3.5 h, 5%
Fhes s, #E— D RARFRIPEAGE RS, BB R
SRS T RA WA BRI, B AR R
IEF 22 C, FHIRELE 55%~65% HIE IR EIE A
iR 42 h, HPEE 12 h B OK, BERAS R
FERAERURT 1 MR, i 80 HIf 5 & H .
132 #5&RERL

HERRARE — & LK BB IR B, 28 TR/K
fR I AR HI 4 0. 40, 80, 120, 160 200 mg/L

BEEE TR B E W, o aliRIKE, B R
1:10 (m/V)o FIFH 1.3.1 H i RE 7575 ORI AL I
Wk FAEE, K5 A2 h EWA R TR B RE. i 80
H i J5 4 F o
133 ESAMNI B8y idE

BREE T HREREN 120 mg/L 1-LKE R
FRERARIRFN 11 h, FEHITERFIERIEE Ohy Sh
15 min A1 10 h 30 min B} ZE4T 30 min #4037 % Bh Ak
(RN 35 mT), FREIX 3 M B 5l i 4
HNANTTH. AN IR NG B4R G,
KRG RLERETE 96 h, HoHr, BikHT 48 h KEKH
BRI AL R 2, TR A LA Jiti 7K A %
Z 131 frid 7 kAT, BRI R RS
HREEWEKE, BEMMENEERRFEAE. K
GAEHTR 96 h [ R, A3 RE 24 h BEALI— & &
W R K SRR S AT AR T R, i 80 H F
JE&H
134 ARFEARGNE

RERUSCEE I R OR G JE SERIN 8 HoA: Ko bR, &
W7 IR A S VRS EAS . (1D REER . i
50 FOK AT ARG, A PR T LA 2F H
TN AR K 2E; (2) 2EK . FEHLEE 15 B
K5, Hbs R R E LK, BOPIME; (3) fEH.
BEMLEE 25 KT, HETFRIFHRELRE. ©
ARG 5E =K
135 TEHEALEMNL

18 Yang 5 VRGBT VARG R 1B . HERRAR
HY 0.05 g W & KRS FEM, NN 25 mL Z& 18K, 1&
25 CAKBTHEZIRI 1 h, BOEHW EFHER, KM
Bradford iRl & AT IR0, R AE 7 i 5 bk
1T, 7E 595 nm &b 58 FWROGE,  HAR4E 2 1 (145
AEM T ERE P A RO S 2.
13.6 &4 2NE

(1) A A& & w53 4% | an~
T2HEAT: R KGR —~E MR, &R
EE 1:15 Cm/ V) T RR PR X — ] FHBA BRUTVE AR L, B -
PRI EL 1:30 Gm/V) AR TG AR i & K &, Al
A AW (1 mol/L) 7 pH i & 8.5 3F4i
PE3h, BOEEER—WR, WELER, AN
pHEZ 4.2, B0 JFWETIE BN —FT— 1K
KT HE AR .

(2) WHRKG REEAR+SEHESENE SR

139




MR B

Modern Food Science and Technology

2025, Vol.41, No.6

GB5009.14-2017 (fr f P AGIIE ) K ST
WOt T HERRAAR B — & B A T OO R E
TN 7 mL R R, 4% BRI A SO AR e 2R AT
G, A VA R 2 R A M RDEE R AXAE 180 CHMF T
AR 2 1 mL /2 h, FIARFR 7> O 2% B IR %
WOEZAS R 10 mL AF . [5)IF) A AR AR 40 $0h 2%
FRY A TRV VR TG B — R R R A B R ME VR (O,
0.05. 0.1, 02+ 03, 04, 0.6 08, 1 mgL). X &=
BLK 1.
x1 URIESH
Table 1 Instrument operating parameter

Ak K O BRE RARE LHRAE/
 /mm ®A/MA FHE/mm #H/MPa  (mL/min)

#2139 6.0 6 0.24 1100

1.4 SKitaar

ARSI T R bR M E B E R 3 Ik, SRR
NN EIME £ bRdE % . SR A Origin 2021 A1 SPSS
26.0 BRAFRT % H B 4T 40 M, K Duncan £
FCE ST REAS ¢ K 56 53 B S B VR 22 7 o

2 HBREDH

2.1 ARE#BFHAEBLEAHLKET E KT
Hy 5 o]

H I 1a FTAL, SRR K G RARAS = A5
Wi, N [ERE S 9 AL BE 3.5 h 5 B B B A T K
KGMEK . 0% 5E R 35 mT 145 mT B 4b 3
1.0 h 5, KWK 5551k 2] 88.67% 1 88%,
FHEEXTHRZH, R ZF 23 mli & 1 9.02% Al 8.20%
(B 1b), SR B REIA AL B K G K B (R ER
Michalak Z&"" i B 30 mT %8 & W4 3% &b FE 2.5 min
Ja RERGEZHN 89%, LT HEZH 5160 4.71%
(P<0.05). Kl 1c FRLERTIE RIS %4 T s b3
P R OR ZEEETG R E  (P>0.05). £ 35 mT
145 mT F, BEHEACEREE 880, BEdmnt 2R A8
Bk R R E g . o, 35 mT 4b
FE0.5h f1 2.5 h RO, ZF K008 23.54 mm
1 24.29 mm, O REZH 5350 5E S 15.70% F119.38%
(K 1d), HZFHZELEEER (P>0.05.
Wy R K S AR K i RV FH AT e DR R TR R
WER o TR KGR A AR, &
TEEREYE AR R AR, M Rk K
RAEKD EuF ik, wphEs /g [
He™ | g e PSS ik, A RS M4

140

EEAARAER .. Luo "R 10 mT ## s kB
FEK 60 min, KEFHEK (24~72 h) ZFRAHRK 51
ELXT B4 K 0.64~3.66 mm 1 1.15~9.25 mm, ERH T
W3R s Fh 70 AR AT AT . WA 9RE N 15 mT &b
PR B R R G 2R KR R BLPHIE R, X b 2
FE I 5 Ak 38 T PP S K T 1 5, 3R B 0 I R R )
SRR T AR MCGE K. SR EITR, &l
35 mT F1 45 mT i34 H 1.0 h 5, A H T2t
KEMIREE, H35mT 4# 0.5 h F12.5 h BAHF|F
R RERAEK.

a 15 mT 25 mT

Wy PTEIT 711979
R STrSTITTOr?

my 7orYYITTe?
By TR EITTTeY
251 R
3.5 h RbAR R
b 100 =Xt R = 15mT ==25mT ==m35mT ==45mT
Aabi?Aa AlBeaaAa AB
80 -
N
s 60
iR
& 40+
20 -
0" 1.5
REFRRS ] / h
¢ 167 x4l ©=15mT ==225mT ==35mT == 45mT
14 + T [ T1] T
_12F
—<
2 0}
Q
2 8t
=6
&
4
2+
oL il
1.0 15 2.5
AEPRE] / b
d =54 —=15mT ==25mT ==35mT ==45mT
251 ABa A_ﬂAa
=
g
;}_/,
iR

ALELIE] / h




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.6

450 oM = 15mT ==25mT ==35mT == 45mT
400F A
350 f
300 F
250 F
200 -
150 F
100 F
50}
0

A%\ paAa

RS R/ (ngg) o

o 15 2s

ALEES ] / h

B 1 FE#IHA B F MR K ERKIERE AN
EBRENM
Fig.1 Effects of different magnetic field treatment
conditions on growth indexes and soluble protein content
of germinated soybean
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Fig.2 Effects of different concentrations of zinc solution on growth indexes and zinc accumulation of germinated

soybean under magnetic field treatment condition
E:a ATNRREREGERLESS ALK R EEENF A, be FAELRE NG FHERELEAR HRY KRR 4R
TRETE£FEH (P<005); FRKXE FERRAEANRHR EREAFAILAZ N LA RFMZF (P<0.05).

2.5 KRB NE A H A KT A KT
Hy % 7]

KGR SG IR 5% A BB A 3 )5 AR K
s LAERKESEME 2 KE 3a fin, Rk KE
TEAEK 24 h B, RSH A N A IR B R 2 26 d e
B IE AL 2y BN 11.21% F116.82%, 48 h J&5 5% 4H.
HIR R IIEF] 90% LA L, RIFFEATER . BHiRK
GEEEFAEKAT 4 h FHALEEER (P>0.05);
TEAHK 72 h F196 h BF, W3 A N AR BRI R K
fief 5 5 A N HTIAAH EE 23 3R & 9.20% F 11.50%,

142

M2 R A RIS ER S A NAC R BOREAR &
ARSI LER, BKEEIA R FEA A 4B 4
Z [ E LT R (P<0.05). B R KGTE
A K 24 h A48 hIsE, WL N o AL B K
AR R, BN BB 5l e
23.57%F112.27%. MAER K K E ALK 72 h #1196 hiv),
ExRRAA L, w3 NG B 5 22.27%
1 8.07%, IRE A HIHE R 13.76% F1 1.65%. MIEEA
FE, Wk N RS B R K FE ) 5
FAvS LR




MK EBBHT

Modern Food Science and Technology

2025, Vol.41, No.6

& 2 TEEIHNT NI R K Z £ KIERA#0T

Table 2 Effect of different magnetic field intervention periods on growth indexes of germinated soybean

KB 18] 2k 78 % 5 B E 1% EEF /(925 B ) ¥ % /mm AR K /mm #% /mm
T 72.67 £4.16° 12.69 +0.20 12.67 +0.49"
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Fig.3 Effect of different magnetic field intervention periods

on the accumulation of biological zinc in germinating

soybeans and the proteins from germinating soybeans
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