PED 202638 B57% B5H  Chinese Traditional and Herbal Drugs 2026 March Vol. 57 No. 5 « 1631«

-HHEHLL -
AMBENERNEIESEERFRTEN SRS TSR

%?%1,2,3,4’ _“%L;f‘f'_jzl,z,s,#, g&y\/a:\l,Z,SA, é% §1,2,3,4,5, ??&%1,2,3,4, ]\%»7}*1,2,3,4’ gﬁ#ﬂil'z’s"‘*
P E R A TR, (L7E HH 030619

. RIS HIBARAA RIS (LTS, PE % 030619

L PEPASIL P E e, iPE 9 030619

- RERIN TR R S QT A E, LvE 4 030619

WITRM REE, WITT 999078

g A w NP

# E: BH  #SLAHE Rehmanniae Radix Praeparata JLZEJUAGIS AR PR sl 4, SAb “TB-E-nk” A4k, FEE R
AL SRR MMM . Bk RS R 5 2 P T 2 % B B 1~ WRZEIAE S, BEAHTFE. T8, TR,
JRVE RGN LA, SREGEE R . SR KOS HL,  fARNT L 10728 (8] 20 A S BhAS 2 DL R IE B B RE A L . S8R
BT RCE A 5N TURE VAN 45 R — 35 ATHER X 20 A R 28I RS s B R o SRR AR DA« =28 = SR b, (B
AW R BB INIZH PG, 6 “OCBanE, s MG ERME. SR E R EY N AR ST B g4 R
TR, BEMIBIREEE DGR, POMEERG S . BRI L ARIE S B RSy, RN SR IR & By, SRR E
STt G R TS . LML R E T g RS BRI R AR W AR AT & SR A S RNRHE o SRR HLRREAL VR, & it i 405
MEUHAAEASEET | ANERRGER, BLARRLEEER. it SHEITMAREIEIL T Mg LB LR “FE--
MR AR R BTSSR B B M ) 2 T e SR T AR, IR 2 1 R R A T AR

KEEIR): AR UAAUWE: TS BT S BT PUEME: a4k

FESES: R283.6 XA A YEHS: 0253 - 2670(2026)05 - 1631 - 16

DOI: 10.7501/j.issn.0253-2670.2026.05.005

Study on multidimensional quality assessment and dynamic evolution of
chemical constituents during the nine-step steam-processing of Rehmanniae
Radix Praeparata

WU Yuhui®> 2 >4 MENG Xianglong' >34, ZHANG Youtian" > >4 HAN Xiang! > * %5 LI Yuting" % %4 BU
Zhulin®- %34 ZHANG Shuosheng! 234

1. College of Chinese Materia Medica and Food Engineering, Shanxi University of Chinese Medicine, Jinzhong 030619, China

2. Key Laboratory of Traditional Chinese Medicine Processing in Shanxi Province, Jinzhong 030619, China

3. Traditional Chinese Medicine Processing and Inheritance Base Shanxi University of Chinese Medicine, Jinzhong 030619, China
4. Research Laboratory of Traditional Chinese Medicine Processing, Inheritance and Innovation, Jinzhong 030619, China
5

. Faculty of Chinese Medicine, Macau University of Science and Technology, Macau 999078, China

Wi BEA: 2025-10-31

BEEWME: BRAARFFESHEATE (82574586); WLFEAFEAAT i1t X (202503021211210); HEZAEH RKFHHAELH (2023ZYYA2012);
I PE AR P R RHE A TARIH (CZ2023041_019); HEEZ R R SIEBH (2025zyycy01); e B2 N AR #%
REBITE (20230034); 1LPG4 %% & W BYEHE AN REWITH (2023-156): KR HFEHEINHE (2023048); LG HEEZ K
AR SR AIHI0E  (X2025SJ034); 1L FREE 2 KA LRV S h 3k 40 H  (2023BK38); 1l i o & 24 K2 # R AH g
&tk (2024PY-JL-7-02)

BB RFEE (2000, %, LA, BHRJ7 AP ZEE]% . E-mail: wuyuhui@stu.sxtem.edu.cn

*BIEIEE: KA (1965—), T, #iZ, MLATIW, BT AH M AT 5. E-mail: zhangshuosheng@sxtem.edu.cn
T (1988—), 5, mgsemnli, WiLASIm, W75 oy A E s T . E-mail: sszywzh@162.com


mailto:wuyuhui@stu.sxtcm.edu.cn
mailto:zhangshuosheng@sxtcm.edu.cn

« 1632 « PED 202638 B57% B5H  Chinese Traditional and Herbal Drugs 2026 March Vol. 57 No. 5

Abstract: Objective To establish an objective endpoint criterion for the nine cycles of steaming and sun-drying in the processing of
Shudihuang (Rehmanniae Radix Praeparata, RRP), to quantitatively characterize the dynamic changes in “morphology, color, and
taste”, and to elucidate the correlation between chemical component transformations and the Maillard reaction. Methods Samples
subjected to one through nine cycles of conventional steaming and wine-assisted steaming were prepared. An integrated analytical
approach combining electronic tongue, electronic nose, electronic eye, mass spectrometry imaging, and infrared spectroscopy was
employed to obtain quantitative parameters related to taste, odor, and chromaticity. These data were used to analyze the spatial
distribution and dynamic variation of chemical constituents, as well as the migration patterns of characteristic functional groups.
Results The electronic sensory data exhibited strong concordance with the results of manual sensory evaluation and demonstrated
high discriminative capability among RRP samples subjected to varying cycles of re-hydration and re-drying. A pronounced shift in
taste profile was observed at the third cycle of re-hydration and re-drying, identified as the critical inflection point for sensory
deterioration. Concurrently, the color value decreased progressively with increasing reprocessing cycles—a trend consistent with the
traditional quality benchmark “black as lacquer, sweet as honey”, wherein darker coloration correlates with superior quality. Volatile
propane-type compounds were identified as key odor discriminants across treatment groups. Mass spectrometry imaging revealed that
with increasing processing intensity, the levels of iridoid compounds, amino acids, and non-reducing sugars progressively declined,
whereas those of reducing sugars and 5-hydroxymethylfurfural increased steadily. In contrast, phenethyl alcohol exhibited a triphasic
trend—initially increasing, subsequently decreasing, and finally rising again. Fourier-transform infrared (FTIR) spectroscopy further
demonstrated characteristic shifts in absorption peaks corresponding to sugar-derived hydroxyl groups and conjugated carbonyl
moieties, consistent with hallmark spectral features of the Maillard reaction. Notably, organic acids present in the wine-steaming
medium exerted a catalytic effect, advancing the onset of quality inflection points by one steaming cycle relative to the clear-steaming
control group; However, no statistically significant difference in final product quality was observed between the two processing
modalities. Conclusion The proposed multi-dimensional evaluation system objectively captures the evolutionary patterns of
“morphology, color, and taste” throughout the nine-cycle steaming and sun-drying process of processed RRP. These findings provide
a quantitative foundation for determining the optimal processing endpoint and offer a technical framework for quality control in the
production of steamed and sun-dried traditional Chinese medicines.

Key words: Rehmanniae Radix Praeparata; nine steamed and nine sun-dried; electronic tongue; electronic nose; electronic eye; mass

spectrometry imaging; infrared spectroscopy
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Table 1 Sample numbers of RRP
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Table 2 Sensory evaluation criteria for RRP

HiH %% FrifE afibsdE WREME| TH O SH Wil orftbsiE bREME
Rz o B BE, 5, RIGEELET, AR [18, 251 3 |<hk AL war (18, 251 3
(2549 W BEAREE, Bubs, REOGEERZE, s [9, 18) 20| sy Ak [9, 18) 2

% BEERE, A5, REDEFERE, LR [0, 9 1 E HEAEA% [0, 9 1
I o UIHESEA, FhE, WA [18, 251 3 |wkiE fowRE, Joiwek (18, 25] 3
(2559 W DIMEREE, WEE, TR [9, 18) 20| Q) b omRER, % (9, 18) 2
% VIR EEwO, %, LHEO [0, 9 1 E W, gk [0, 9) 1

8 AR R EE. B ER AR
Pey DI VRS WRIE LR PR N PRI
THEEANFEEENES . B AR S e=8S1+85+

S5+ S BE TN S N AT R AR A .
2.2.2  NTLIEIEN 4T

(1) WAREE NG BRI H,



* 1634 «

PER 202638 B57% HSH  Chinese Traditional and Herbal Drugs 2026 March Vol. 57 No. 5

*3 EERMBRAMEASS

Table 3 Score for wine-assisted steaming and conventional

steaming RRP
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Table S Chromaticity values of RRP and its processed
products determined by electronic eyes (X £ S, n =6)

e L a* b Ew"
b3 56.08+7.83 —11.23+4.06 43.20+5.16 72.13+5.24
EHLEE 54.3114.69 —14.974+2.87 28.41+2.13 63.07+4.61
CS-1  11.55+1.89 -8.67+1.51 4.16+1.31 15.73+1.03
CS-3  14.71+5.57 —11.71+£2.32 6.49+2.35 19.89+4.41
CS-5  11.06+3.22 —11.10+4.84 6.65+5.35 17.02+4.19
CS-7  11.50+3.88 —10.46+3.40 7.40+3.46 17.02+3.62
CS-9  15.96+3.61 —10.44+3.33 5.124+0.45 19.75+3.41
SW-1 14514326 -1026+1.71 5.68+1.75 18.66+2.76
SW-3 15.174+4.10 -10.32+1.56 5.51+1.61 19.16+3.39
SW-5 13.47+2.05 —9.49+1.07 4.92+1.17 17.20+1.74
SW-7 13.71%+2.67 —9.96+1.01 5.02+1.18 17.67+2.17
SW-9 14.04+2.50 —10.96+3.74 5.93+4.03 18.77+3.14
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Fig. 6 Mass spectrometry imaging changes of iridoid components in positive and negative ion modes
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Table 6 Mass spectrometry imaging fluorescence region data
IR BT SO0
B L B e AT
MEETF REE WA D i - T AR BER [S— 5-HMF
EEHITE 85 399 245 53 403 565 758 880 440855 133131 175004 792 446 73 636 320 28 321 916 208 375 -
SW-1 33382887 38 138 155 330588 1112992 68954 1169 104 330 588 40 947 189 21273 945 451350 -
SW-3 11640 735 64 254 595 75072 459 80358 761 55 759 633 28 989 641 75 158 149 78364 2009432 20921080 -
SW-6 9328466 9275851 101 714030 7 813 785 14083 257 65 660 876 100 349 734 24333 3080603 9312790 -
SW-9 3393600 43104320 63318895 9091 838 29 605 268 60495265 59918842 1041717 556929 11153748 -
CS-1 30223306 35721877 1519574 421887 454157 9956488 1518690 54 644 217 26 335817 23 461 -
CS-3 6363793 22836439 97961750 11 858 840 14 330 030 61 810563 86 190385 454444 1909813 5925433 -
CS-6 3192724 54060 545 84904 132 16 786 805 43 186 644 78 418 870 75 570 356 71315 2118331 21260134 -
CS-9 1849668 46 122 698 55400 601 8 945940 33 539 328 66 050 051 52 191 547 25198 1114690 15582 640 -
R TR T PO
] ) ) BNy
Mo smwe mm wsia s %@E/ %ﬂf/ WTE WEm B ;zgﬁﬁg SHMF
BEHITE 39 035 798 76 546 708 76 546 708 12419763 175004 78 652 443 81155410 46 478 644 - 30360 2682969
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SW-6 31467841 2239817 2239817 32002918 65660876 2343441 21013549 1528240 - 1624390 65140877
SW-9 21089042 1886027 1886027 26119809 60495265 624097 12740814 1140816 - 2075497 29352738
CS-1 31918245 58799 583 58799 583 9698869 9956488 59 616 067 62 188 179 32256 915 - 28934 4749461
CS-3 21305415 6700593 6700593 28384823 61 810563 1209621 82758477 3126267 - 1013384 60122832
CS-6 24124985 40 946 40946 25301209 78418870 233726 29637363 2096 965 - 752768 61956 125
CS-9 25031635 119830 119830 25301209 66 050 051 68874 6752221 1447124 - 236 134 42412804
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Fig.7 Mass spectrometry imaging changes of carbohydrate components in positive and negative ion modes
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Fig. 8 mass spectrometry imaging changes of phenylethanol components and furaldehyde derivatives in positive and

negative ion modes
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Fig. 9 Mass spectrometry imaging changes of amino acids in positive and negative ion modes
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Fig. 11 Diagram of mutual transformation of chemical components related to Maillard reaction



PER 202638 B57% HSH  Chinese Traditional and Herbal Drugs 2026 March Vol. 57 No. 5

* 1645«

IR, 1AM o b & BT 2% 20 S 35 7E 1 657
em ! BT AFRAEIE,  [AMKIEA S 1 614 em !, H
e 5 388K
34 5E5A0REHEAMRNEHIES R

KRG W “ R =W 7 5 T
WFoe, JLREEER T I SREME . =
SR REVR T A 7 R AR T T 2R R 1 sh S 5T,
T AT SR 78 000 B T B & 77 S ISR A B .
BTG, IS [F 4 FERAL T S b B e 1
W EAER R, BRSO 5T R,
FEHS 3+ 44 6 IRZEMAIN, 2t 3 b AR DG ot 1) B 2
D KA BN o X 5 AHF 5 H I B HE 2
(=28 =1 “UEIR” B B RN 28OSl BT PRk
HEYE . XKW, ZFE=MIEA TR R AE
JRAR DGR 1], 2 b ST e T s T 7R
P ) T i A o R i R N T — e I T
G 2 WU 2 ANAEILERE, AHFHAH BB IR AL
TXF CTLZESLE” Bl PR R AR . AT SRS
LAV R, BRENHRE « 208 -0E ” SR A
N A R 2 R RHEAL SR AL T AT AR TE K

gi b, BB VR SR AL LRS- AL
RACIEARE, S UG AR TR “ Bosr-72 18] 7 SR,
2T A B A $2 Ak Hh 35 A 1) b 0 2 1 o0 AR A TR 5
Vo SR, “ LS FHAE— B — R AR A,
M —MLE A KR S ES R, XONET
AN T 75 3R PR T 0 o) 5 4 05 T B AL T 48 O AR
fi. ZFHILEBUE B, BAE” SERER
)3T, SRR SR TR T 28RN “hBL
R IEPRENE, HZEMEA AR AR A “ 25050
7 W mEia. T PR AEL MNNRRE, 1
T - I M- AR, SR 2 TR . (R 7 2R
AR, AHEFEH IS A <R BRI
KT AR, REESEERENR. &
— | Wibr e A S5 SRR I CUIRIE S T B, A
fRAIE T bR A SHEVR A T2 — 8k, (0K e
TEBHOHATREM B Ui & /K 210 B Bk
PSR ) K S ) T2 58 A v Ak ) B 2
IR XK A T A R — W B E A ORI A
PR BRIAZ A ]
4 £

K FEET 24 LR R R T 3
TS AR “H-th-mk ™ SAR A, o “=
AW R BERAR AL, CONZEISHNT R AL [

IS HIE S S S48 S B SR B S B B B AL o BTSSR
P MR 2 R E SR AL T BRI, DA SE
TR E R R A T ERVER.

HBAR AR FATELEA R

SE 3k

[1] FTHR. FAMARIE M) S0 ZEREREAR MR
#t, 1991: 24.

[2] " EZs [S]. —&B. 2025: 133.

[3] kmI, REG, RE, & &TCMR-IZER -
7 B s A R B R AL [J]. TR 2R, 2026, 49(1):
82-91.

[4] EH, X4, #hn. FET AT EHE ARSI 2 IR M
R BRI (7] IR SR, 2023, 29(2): 50-
53.

[5] XISLEF, ZFE5, BREME, 5. 5T HPLC VE KM T &
FEAR BT B A M AR M D7 78 [0]. SRR 2R
KR, 2023, 40(4): 494-500.

[6] epk, #AF5, &fhil, & T OIEEARNS)SE
IR [J]. 2, 2020, 51(23): 5956-5962.

[71 fREEVE, 763, R, & SEAMSH T 200 L M
K- RS A SRR (0] P E Y,
2025, 56(22): 8162-8174.

[8] Wang T S, Chao Y P, Yin F Z, et al. An E-nose and
convolution neural network based recognition method for
processed products of Crataegi Fructus [J]. Comb Chem
High Throughput Screen, 2021, 24(7): 921-932.

[0 ZREZE, Fim, S, & BTl A TeSMbT
TR SR REF AT [ gy, 2022,
44(11): 3549-3554.

[10] F=22%, PR, =R, & ETOESHET
FUZE L b 8 P9 AN E J5T 5 B 5 M o3 AT B 1) 2% s
FL [JOL]. e EZG2ET), (2025-05-06) [2026-02-13].
https:/link.cnki.net/urlid/21.1546.R.20250506.1343.032.

[11] #Hde, T3, WHEE, & 2T HPLC-MS K MZZEL
SR KD B R 5 3R R A SR AR O [T].
rRZG44, 2020, 43(1): 61-70.

[12] FACA, SR8, Bk, 5. A SR i i 5 ST
BRI E VR[], T ESEE, 2022, 42(7): 42-50.

[13] ZET=. S [F M i) P2 5 DV e 3 7% ittt 3 Motk - Bl -
PAAIEHEM EL B RE 7 [D]. bt b P EH K,
2023.

[14] S ¥, $hw=, T, %. & T UHPLC-LTQ-
Orbitrap MS 2} T AN R 1l T 205 b 35 A0 22 5oy R i
[1]. HE 25448, 2023, 48(2): 399-414.

[15] #hi%, E=fh, Miek, . Hidgw i f b 2 pesr &
“IR” KRR [J]. HEkZE, 2015, 37(5): 1041-1044.

[16] AR FET IR AL 22 B B3 L 28 UM ) 2



* 1646

PER 202638 B57% HSH  Chinese Traditional and Herbal Drugs 2026 March Vol. 57 No. 5

[17]

(18]

[19]

[20]

[21]

HERTA [D]. RJER: hiikeE, 2021.

R =, K, W, % ETHRAEIEMZ R TR
SE 5 b A TR 1 SR 5 5 PR L B R R (D).
rRE 2540, 2025, 50(16): 4630-4640.

TREH, EAAA, W, & g i A TR Sk
M iR E a4 (0] P ET 228, 2015, 40(13):
2582-2588

TRENAE. T R R A (P C BT
ML 7T [D]. R RiEFREEZ A, 2023
HFIZ, B75, B8R E. ETaOiugreheg. At
ORI BE R o 22 5 0 (0], 6l SO0 4 T,
2022, 42(10): 3203-3209.

BN, T B R AR TN PR SOV
B RN, EWE T MEHIVLRIETSL D] R R
AR R, 2021.

[22]

[23]

[24]

[25]

[26]

TRIT i, TRPREE, BRAGE, & BT RERTATA R E
B IR A B o i A B AR R AR (D).
s BE 25252, 2021, 39(7): 159-163.
Sk, ik, SRIGE, £ HPLC-ELSD #353E K40 Hr
B SRR R A AR AL [7]. R B R 2 &, 2020,
45(16): 3877-3882
fetn, Bk =, dvbe, . FET Z4845-ma R i vk O
e B A ) T2 R S A M T (9], R
rhzh e, 2022, 47(18): 4927-4937.
I, BMOmRL, EOE, . BT AR R
Fe “R¥ERE RS AR AL (0], R EF
2452k, 2025, 50(20): 5717-5732.
T3, TkiRE, BIRT, . 26 bs-m 5 ih vk ik
Tl B B R A T2 [7]. &2, 2019, 5009):
2065-2073.

[iEsmiE  ARALRE]



