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[Abstract] Objective: The inductively coupled plasma-mass spectrometry (ICP-MS) method was established for the
simultaneous determination of 26 metal elements such as Al, As, B, Ba, Ca, and Cd in fresh Rehmanniae Radix samples.
Further, the content of metal elements in the fresh Rehmanniae Radix samples processed with five different methods was
compared. This study aims to provide a scientific basis for improving the quality evaluation system and screening the
optimum processing method of fresh Rehmanniae Radix products. Methods: The fresh Rehmanniae Radix samples were
prepared by spray drying, freeze drying, microwave drying, vacuum drying, and oven drying, respectively. After microwave

digestion, ICP-MS was employed to simultaneously determine the content of 26 metal elements in the samples. The principal
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component analysis (PCA), orthogonal partial least squares-discriminant analysis (OPLS-DA), and hierarchical cluster
analysis (HCA) were then performed. Results: The established method showed good linear relationship of the metal element
content (+>0.999), with the lower limits of detection of 0.004-12.493 pg-L ' and the precision meeting the requirement (RSD<
5%). The fresh Rehmanniae Radix samples processed with different methods contained rich metal elements, with high
content of K, Na, Ca, Mg, Al, Fe, and Zn. The metal element content varied in the fresh Rehmanniae Radix samples
processed with different methods. The content of the macroelements K and Na and the microelements Fe, Zn, Se, Cu, Co,
and Mo essential for the human body were higher in the sample processed with spray drying than in the samples processed
with other methods. PCA classified 15 batches of fresh Rehmanniae Radix samples processed with different methods into 5
groups. OPLS-DA extracted five metal elements with the contribution rate above 1 to the grouping of fresh Rehmanniae
Radix samples processed with different methods, which were K, Al, Na, Mg, and Fe, respectively. HCA classified the 15
samples into two groups, including a group of samples processed with freeze drying and microwave drying and a group of
samples processed with oven drying, spray drying, and vacuum drying, and the samples processed with spray drying and
vacuum drying were clustered as a sub-group. Conclusion: The method established in this study is simple, reliable, accurate,
and sensitive and can be used for the determination of metal elements in the fresh Rehmanniae Radix samples processed with
different methods. Considering the results of this study and the development trend and market demand of Chinese herbal
medicine processing technology, we suggest that spray drying, which can maintain the color and rich metal elements and be

industrialized, be selected as the optimum processing method of fresh Rehmanniae Radix. This study provides a research
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basis for improving the quality control system and the development and utilization of fresh Rehmanniae Radix.
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R 100 pg-mL ', L5 20DB390) #4
A E XA 648 XB B R il e s iR
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2.1 EEMBEAIR]IN T T 2R B A3t VA T A 1
IPUIE S o M B VR T, BT, RRETHOLMET,
M TT A T8 50%, Bt HE &, R %
TR WSS TR ELAS T R TR MU T
PRI T T, e AR T A4 LD, PD,
ZD. WDHIHD, fFprkidilss 3y, 150,
BURTIN T T2 M B3R 290.25 ¢, W%
PRAE, TRV M fERES, i A HNO, 8 mL,
IRA), THBRALPAE 100 °CF i f# 30 min, T
i 58 WU BT O I A, I R D)3 R 1500 W,
P B 1 100 T A R P SE LIS e I, T i A

TR I TP 7 100 °CHn#A 30 min Ji5 7 8% & 50 mL &=
i, MAKBERIEMRE 3R, TS IEERI P
FIKER . RIEEHIASAS S ORE i o

F1 B EESEERTREY

I TR ] /min FEHLEE/2C A7 ] /min
1 5 70 5
2 5 100 5
3 5 130 5
4 5 160 5
5 5 180 5
6 21 60 21

2.2 HUBGHA S EFRBEL (ICP-MS) T AES&M
KA RS Res A TRE S T, S0
IR 1550 Wi S5AbEIREE R 2.7 °C; H B UAFR
#40.8 Lomin 'y AR E 14 Lomin 5 551k
AARFHF 1,031 Lomin ' BF 32 53 40. 0 romin 5
BERA T 0. 05 ms; FHH 25 K AR (AR)
RF R S. 4 mL-min 5 BUFEHE N NiffE; RAERE
10 mm, #EERE3K.
2.3 PRI
2.3.1 WFREWAIHIA 40 0KE 25 88 B Ge Fl In bR
EVA WS B, TH 10% HNO,Fi B IF 2%, e il o
TR 20 ng-mL TR, AR NBRIE IR . ECHI
BRI E N 1 pg-mL IR A ARG & TR . K%
FEUR A N AR 5 WS i, 1 2% HNO, 7 B T
2, e T N 20 ngemLHOIE W, 1E N
PR . Ho Ll Ge I NFRYIMIE Na, B, Mg, Al
K. Cr, Ca, V., Mn, Fe, Co. Ni, Cu. Zn., As.
Se. Mo. Srit®E; LiIn AWFRYME Ti. Sn, Cd.
Sb. Ba, Tl. Pbt%.
2.3.2 FRAEMIEIRAEIES  KEBBGE R IR SR
SRR CE T 1000 mL &I H, FH 10%HNO, % i
BIfFEZ, HMNa, B, Mg, Al, Ti. K. Cr, Ca,
V. Mn, Fe, Co. Ni, Cu, Zn. As. Se. Mo. Sr,
Sn, Cd. Sb, Ba, TI, Pbi#E 5k 1 wg-mL '
FOAR I B A8 VR o G 2 R TRUPR M S At S WS e,
2% HNO KK MBI E A E 10 mL &), el
R A% T FR AR 43 50 0.05. 0.10, 0.50,
1.00. 2.00. 2.50. 5.00. 7.50. 10.00, 15.00.
25.00. 50.00. 75.00. 100.00, 125.00. 150.00,
175. 00, 200. 00, 250. 00, 500. 00, 750. 00 1 000. 00
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2000. 00, 5000.00 wg-L "BIFRAESIER . KEHREL
A Hg b BT 1000 mL 56, FH 10% HNO,
MBI 2, FLH TR R 0.5 pg-mL A
VB He AR IERRF5 U . K %5 7% L Hg BUARIESHA 251,
FH 2% HNO B E 22 100 mL b, il s ik
JE43 0.1, 0.2, 0.5, 1.0, 2.0, 5.0 ng-mL "
AIARAE S (LR BLD) o
2.4 LMEXRRFEE

GBS TR IR B PR ERE AW, RIS #5222
TR 7 e RN, AR M G 2R 1 T O o Uk By
A bR (X)), WESREESHIAbR (Y), 2l A5 il
o 26 BT RMAM R, HIE# ., £
P R BRI R PR L2 2.
2.5 JjiksEEER
2.5.1 KEWEAE  HURMESIA RIS, 2. 200
TOEEEIFENE 61K, A LR (EAIRSD,

YR 0. 522%~2. 982%, FKIASGERRGE R RIF (£3).
2.5.2 FUEMUES I M BT SE TR AR S AR
i, 220U R T IR0, 2, 4. 8, 12, 24h
HEREM 2, 545 JC R W N E ) RSD 4 0. 423%~
2.988%, < MM S AR B IR T R 24 h AR
PRI (£3),

2.5.3 AL HUEE LSS TR AR
60y, 2. 10T ikl & il sk, 2. 230 F
JrENE, THEAAICE B /0401 RSD 24 0. 744%~
2.981%, RIZHEEEWHRL (R3).

2.5.4  JEERIBCRIAE R FREE K0S R AR S
B BE S RE S 61345 0. 125 g, #RMEEE1 - 14350
NGB IR, F 2. 200 F ke, THREAR RIS
JG K [WSF S EE [B1KCR A 98. 411%~100. 541%, RSD

A 1. 463%~3. 505% (F£3).

2.6

FEE

Y i b B AN [R] i T A il 45 0. 25 g, RS K

R2 EMEHRT2MEBETENEAEXRERER

TLE EIE¥ r i /ng-mL ! K N FR/mg-mL !
B Y=0.979 5X+15.949 0 0.999 8 5.00~5 000.00 2.879
Na Y=0.903 2X+20.004 0 0.999 4 7.50~5 000.00 5.239
Mg Y=0.983 6X+3.691 8 0.999 6 1.00~2 000.00 0.741
Al Y=1.000 4X+3.731 7 0.999 9 2.50~5 000.00 2.224
K Y=0.997 4X+3.455 8 0.999 8 2.00~2 000.00 0.951
Ca Y=0.986 5X+5.932 1 1.000 0 7.50~5 000.00 7.182
Ti Y=0.965 8X+3.401 7 0.999 9 0.05~5 000.00 0.040
\'% Y=0.997 3X+2.545 1 0.999 9 5.00~5 000.00 2.855
Cr Y=0.997 8X+4.982 4 0.999 9 0.10~5 000.00 0.014
Mn Y=0.928 6X+4.560 2 0.999 9 0.10~5 000.00 0.086
Fe Y=0.989 8X+11.736 0 0.999 7 15.00~5 000.00 12.493
Co Y=0.907 7X+11.736 0 0.999 9 0.05~5 000.00 0.005
Ni ¥=0.989 1X+7.970 0 0.999 8 0.05~5 000.00 0.039
Cu Y=0.944 6X+14.366 0 0.999 7 0.10~5 000.00 0.035
Zn Y=0.867 1X+20.611 0 0.999 4 2.00~5 000.00 0.780
As ¥=0.921 0X+9.726 2 0.999 7 0.50~5 000.00 0.146
Se ¥Y=0.996 6X+11.635 0 0.999 7 1.00~5 000.00 0.735
Sr Y=1.000 4X - 1.408 2 0.999 8 5.00~5 000.00 2.603
Mo Y=0.988 1.X - 2.780 8 0.999 9 0.05~5 000.00 0.038
Cd Y=0.801 7X+4.645 9 0.999 4 0.05~1 000.00 0.029
Sn ¥Y=0.945 3X+0.786 3 0.999 5 0.05~200.00 0.004
Sb Y=0.886 3X+2.849 4 0.999 0 0.05~500.00 0.013
Ba Y=1.121 6X+5.773 2 0.999 5 0.05~1 000.00 0.024
Ti Y=0.916 7X+3.022 7 0.999 1 2.00~500.00 1.321
Pb Y=0.917 5X+2.199 5 0.999 3 0.10~500.00 0.019
Hg ¥=0.990 2X+0.033 9 0.999 7 0.10~5.00 0.006
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R3 6MEEATENBTE. REM. ESH

B fne ol g 23136 45 SR
%

P L ek Eie-2is It s
RSD RSD RSD SESY RSD
Na 0.522 0.423 0.744 100.541 1.463
B 2.826 2.989 2.815 98.927 2.694
Mg 1.222 1.222 2.169 99.947 2.795
Al 2.165 2.516 1.733 100.174 2.778
Ti 0.757 0.757 0.929 96.769 1.930
K 2.848 2.848 2.735 101.068 2.849
Cr 2.852 2918 2971 99.466 2.869
Ca 2.758 2918 2.940 100.171 2.785
v 2.530 2.572 2.941 99.867 2.874
Mn 2.620 2.890 2.850 100.576 2.545
Fe 0.743 0.743 2326 98.411 2.981
Co 2.941 2.988 2.887 99.086 2.285
Ni 2.963 2.281 2574 99.832 2931
Cu 2.886 2.853 2921 99.491 3.098
Zn 1.118 1.118 1.431 99.848 2.683
As 2.760 2.308 2771 98.208 2322
Se 2.624 2.875 2.266 99.638 3.505
Mo 2.982 2.922 2793 101.668 2.759
Sr 2.793 2.800 2912 100.793 2.670
Sn 2.980 2.824 1.828 99.333 2.863
cd 2.930 2.889 2.950 99.000 2717
Sb 2.596 2.951 2.545 101.146 2.446
Ba 2762 2.887 2.981 100.371 2918
Tl 2.760 2.886 2.949 100.683 2.954
Pb 2.960 2.990 2.648 100.541 1.463
Hg 0.522 0.522 0.744 98.927 2.694

FE 2. V0T Jy vk wl s FE SR, 4% 2. 2 00 F ik
E, EHMT&SEITRNEE (K4, AUR
T X 5 FPAS [R] o T b B 26 Fh 4 R TR 1Y)
FE TR, AN[EIN T T 2S A B A O A R
BARLTFRMEICER, AFEYRERIK, HA
Fn T LA &RcR T mEFRA, H
Hrff b BN RN T 5 Na, Ca, Mg, K. AL, Fe7
R B &8 e, H 2 & KL Na Rk
B S ST 7 [ B = T S 351 L
J& T B NAR DA R S0 R K. Na S AR T 0 il
JLZH Fe. Zn., Se. Cu. Co. Mo %51 #4425
THABMT A . S8 (R EZ) 20204/ (1Y
wh) @ (2321) EaJEAAFILR -BHER RS
fE": Pb<5mg-kg ', Cd<l mg-kg ', Hg<0.2mg kg ',
Cu<20 mg-kg '. As<2mg-kg ', HEHLBEAS[E] N T AE

i LRICR F M ER R EEA, 75 RE
H b 4 S i AR AR DS E o

2.7 AEEREE T

2.7.1 PCA BT XA[ENN T i i 55 4 J8 e &=
E AT R A T, SR SIMCA 14 1 84, LA 26
Pl BT R & XAR i, DLEE R [EIN T AR &
M 15 M8k YRR, #E47 PCA, 45 R B2
AR AR RS FE O 95%, FRWI1Z PCA AL ELAG A 411y
T RE Sy, R b A S AT AT LA S . (]
Do ISOFEFIE MR R 54 (mi%5 T4l . B
TR . O TR, B TR SR TR .
2.7.2 OPLS-DA 7¢ PCA W%t |, #E47 OPLS-
DA R AN B BE (RYY) J20.998, AL BE
(Q°Y) J&0.992, WLAARES M S RX A1 (F
2), A EREREEKE (VIP) HRK/NETF K.
Al, Na, Mg, Fe 5F& @t &M VIPH>1, £HX
5B TCER A AN [R) 0 T T 20 bl R o3 2 ) R
HY (E3),

2.7.3 HCA HCA#/RTHMEARM T TZZ
AR, 255 L& 4, HCA 431 15 ke 2k
2L, Frh A R TR TR — 4, HEAE
T WSS TR LA TR Oy —A, HAE AT
/N, Mg TR RN LS TR RO — 4
HCA %5 545 SV VR T 1 R0 T8 I 110 i b o5 v 4
JBITCR LN T, WSS TR AN LS TR 5 1Y)
it b BERE S TP & B TR LRI, XS5 R 5 PCA
J OPLS-DA 7 M4 R —E,

3 GRSt

fief 245 7 IR R W H b B A URE A I R T R,
HRFHAGRAF . 22 R AR RE T, kT ff
B WL T RAF I T B 25 AR, (B R D 802
T g M T IR AR . A T REEZIE, &
FEHMER R I PRI 8, AT LU 8 A Rye, 2
S 1 ICP-MS [R] B 00 5 i b 8 AN [] 0 T4 & v 26 Fif
JCR TR, Ao S B IR R R RS
%o AMRES W AR ATRE . ERR H R 8L,
Al b HE R RN AR b &R T R I . bF
FEERERW, SRR SA FENEEITR, I~
[N T T 2 S B B e R S Rk, H
FK, Na, Ca, Mg, Al, Fe. Zn 7 uREEHI BT
AR i A i A s A TR L
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4 FAEMIIZHBER26MERTENRESBNELER (3ts, n=3)
mg-kg '
o TR TR
AEFDD .
Na B Mg Al K Ca Ti
PD 422.290+5.710 2.573+0.180 558.072+2.570 244.842+0.910 11 156.770+£10.160 56.152+4.200 2.834+0.020
LD 404.509+3.503 3.480+0.047 568.081+15.094 101.739+0.518 10 906.316£109.316 51.627+0.358 1.712+0.060
WD 323.183+3.254 2.229+0.035 560.470+0.888 42.606+£0.418 10 739.230+£30.129 69.434+0.329 1.033+£0.014
7D 396.427+0.276 3.974+0.021 524.920+0.095 150.080+£0.066 9 958.430+2.745 61.148+0.040 1.582+0.018
HD 375.312+0.165 5.838+0.018 578.525+0.549 67.458+0.137 9 181.115+0.116 118.263+0.258 1.394+0.008
‘ P O
FEh
\% Cr Mn Fe Co Ni Cu
PD 0.314+0.005 0.379+0.020 4.057+0.040 135.857+2.900 0.077+0.004 0.345+0.020 2.976+0.050
LD 0.140+0.004 0.262+0.004 2.802+0.077 68.064+0.083 0.053+0.002 0.292+0.004 2.860+0.049
WD 0.066+0.005 0.059+0.006 2.979+0.023 23.608+0.350 0.055+0.003 0.197+0.006 2.171+0.039
ZD 0.247+0.009 4.890+0.009 3.748+0.028 119.693+0.272 0.065+0.005 1.331+0.014 2.708+0.007
HD 0.107+0.002 0.190+0.003 3.877+0.023 22.375+0.030 0.040+0.002 0.825+0.008 2.939+0.018
N TR M
#DD
Zn As Se Sr Mo Cd Sn
PD 13.281+0.188 0.120+0.010 0.171+0.018 1.718+0.055 0.432+0.019 0.023+0.003 0.035+0.004
LD 10.797+0.245 0.087+0.004 0.062+0.003 2.113+0.060 0.171£0.003 0.022+0 0.038+0.003
WD 10.156+0.038 0.079+0.002 0.054+0.003 1.375+0.026 0.238+0.010 0.019+0.001 ND
ZD 11.041+0.037 0.137+0.013 0.043+0.003 2.272+0.017 0.307+0.008 0.018+0.002 0.003+0
HD 11.608+0.03 0.070+0.003 0.068+0.003 6.803+0.009 0.158+0.003 0.015+0.002 0.003+0
L TR
*:ﬁ [2]8]
Sb Ba Tl Pb Hg
PD 0.003+0 2.436+0.215 0.009+0.001 0.115+0.006 0.001+0.001
LD 0.003+0.001 2.021+0.016 0.022+0.002 0.053+0.002 0.001+0.001
WD 0.002+0.001 1.112+0.013 0.013+0.002 0.016+0.003 0.001+0
ZD 0.002+0 2.559+0.015 0.007+0 0.092+0.002 0.001+0.001
HD 0.001+0 5.070+0.026 0.013+0.001 0.014+0.001 0.001+0
1 NDEIRAK
8r 1500
or 1000 F
ar 500
oL
ﬁ 0
— 0 =
= | _sool 15013
4 -1000 F
~6r -1500 I ! 1 I )
) ! : - - ) -2500  —1500 =500 0 500 1500 2500
~15 -10 =5 0 5 10 15 1
1] 1]
Vi 1~3. PDRESh; 4~6. LD FESh; 7~9. WD AEGh: 10~12. ZD K i ; B2 AEMITZEMEL OPLS-DAE

13~15. HD#E 4L B2, K4,
E1 AEMIITZEMmERNPCAE
ff b B T 2 TR S AR AT H U R K. Na S AR
rs BTE L& Fe, Zn, Se. Cu., Co. Mo %51
T P T AR I TR . KB 4ERE AR N 40
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