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Abstract: Traditional Chinese medicine (TCM), a treasured cultural heritage of the Chinese nation,
plays a significant role in treating various diseases. However, the extreme complexity of its chemical
components makes the comprehensive elucidation of the material basis and pharmacological
mechanisms a major challenge in modern TCM research. To deeply investigate the material basis
of TCM and interpret its holistic regulation mechanism involving multiple components and targets,
Liang Xinmiao and his colleagues proposed the concept of herbal materiomics, which focuses on
two main research directions: the material basis (including qualitative/quantitative analysis and

isolation of active compounds) and the functional mechanisms (in-depth study of biological effects
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and modes of action). In herbalome research, chromatographic analysis and preparative purification
are powerful tools for deciphering the composition of complex TCM systems, with the development
of novel chromatographic separation materials being a key driver of progress. This review sys-
tematically summarizes recent advances in the development of novel high performance chro-
matographic separation materials since 2020 and their applications in herbalome research. It focuses
on three chromatographic modes: reversed-phase liquid chromatography (RPLC) , hydrophilic
interaction liquid chromatography (HILIC), and supercritical fluid chromatography (SFC). The
structural and performance characteristics of these novel materials are highlighted, along with their
applications in the analysis and preparative purification of key active components such as alkaloids,
flavonoids, saponins and terpenoids. In RPLC, the separation selectivity and retention capacity of
the stationary phases for compounds such as alkaloids and flavonoids have been effectively enhanced
through two primary strategies: first, by incorporating polar groups such as fluorine atoms, amides,
carboxyl groups into the traditional C18/C8/phenyl skeletons; second, by utilizing natural product
derivatives like cardanol and rosin as functional ligands. Furthermore, this approach has led to the
creation of novel materials possessing orthogonal separation characteristics. In HILIC, various
functionalized stationary phases have been developed, including B-cyclodextrin, nitrogen-containing
heterocycles, core-shell structured amides, and surface-polymerized phases. These phases sig-
nificantly improve the retention and separation efficiency of strongly polar compounds (e.g., sa-
ponins, oligosaccharides) by providing abundant hydrogen bonding, electrostatic, and - inter-
actions. In SFC, the development of novel stationary phases extends from modified functional
skeletons (e.g., phenyl) to zwitterionic and nitrogen-containing heterocyclic hydrophilic stationary
phases. Additionally, mixed-mode stationary phases have been developed to effectively ameliorate
the peak tailing problems associated with basic compounds. Concurrently, the emergence of small-
particle-size ordered mesoporous silica materials enables ultra-high column efficiency and rapid
separation of components such as tanshinones. This review further illustrates the successful ap-
plication of these novel materials in both high-performance analytical and preparative chroma-
tography, using four important classes of TCM active ingredients—alkaloids, flavonoids, saponins,
and terpenoids—as examples. These novel materials afford significant chromatographic improvements
—notably in separation selectivity, peak symmetry, analysis speed, and the resolution of previously
difficult-to-separate isomers. Critically, the integration of these advanced materials has facilitated
the construction of highly orthogonal multidimensional chromatographic systems (e.g., RPLCXRPLC,
HILICXRPLC) , thereby providing the capacity for in-depth profiling and identification of dozens to
hundreds of components from complex TCM extracts. In the field of preparative chromatography,
these materials enable efficient and large-scale purification of target monomers, including trace active
ingredients, thereby significantly enriching compound libraries for herbalome research. This includes
the implementation of sophisticated multi-dimensional and multi-mode preparative strategies, which
have facilitated the discovery of novel compounds and unprecedented skeletons. Finally, the article

concludes by outlining future development directions of chromatographic materials, emphasizing
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the need to enhance separation selectivity and orthogonality, improve separation efficiency and

preparative loading capacity, and develop versatile stationary phases. These advancements are crucial

to better support the in-depth development of herbalome research. This review aims to provide a

material foundation and technical reference for resolving the material basis of complex TCM systems.
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Fig.1 Data overview figure

TCM: traditional Chinese medicine; RPLC: reversed-phase liquid chromatography; HILIC: hydrophilic interaction liquid chromatog-

raphy; SFC: supercritical fluid chromatography; HPLC: high-performance liquid chromatography; AMTA: 3-amino-5-mercapto-1, 2, 4-

triazole bonded silica; PVP: polyvinylpyrrolidone; M-PVS: phenyl vinyl sulfone stationary phase; OMS: ordered mesoporous silica.
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Table 1 Summary of high-performance chromatographic separation materials

Material Abbr. Mode Analytes Ref.
Fluorinated C18 bonded silica FCS8 RPLC alkaloids [8]
9-Oxa-10-phosphaphenanthrene- DOPO-SiO, RPLC flavonoids [9]
10-oxide-functionalized silica gel
Phenyl vinyl sulfone stationary phase bonded silica M-PVS RPLC saponins, flavonoids [10]
Phenyl/amide/carboxyl bonded silica PAC RPLC flavonoids, saponins, alkaloids, terpe- [11]

noids

Cardanol-bonded on silica CBS RPLC alkaloids [12]
Hydrogenated rosin (B-acryloxyl ethyl) HRE@SiO, RPLC paclitaxel [13]
ester-bonded silica
Propylene pimaric acid (16-hydroxyethyl acrylate- BRLA@SiO, RPLC saponins [14]
34-dodecyl) ester bonded silica
3-Amino-5-mercapto-1,2,4-triazole bonded silica AMTA HILIC flavonoids, saponins, alkaloids [15]
Amide modified core shell silica CSy z-AM HILIC oligosaccharides [16]

Ayrazine-2,3-dicarboxylic anhydride bonded silica ZAC

HILIC oligosaccharides, flavonoids, alkaloids, [17]
organic acids

B-Cyclodextrin stationary phase B-CD HILIC steroids, saccharides [18]
(1-Acrylamide propyl sulfonic) -ImprSiO, (AMPS) -ImprSiO, HILIC flavonoids, fructus ligustri lucidi [19]
Polyvinylpyrrolidone bonded silica PVP@SIO, HILIC flavonoids, alkaloids [20]
Sil-epoxy-polyethyleneimine Sil-epoxy-PEI HILIC saccharides [21]
Sil-chloropropyl-polyethyleneimine Sil-chloropropyl-PEI HILIC saccharides [21]
Methacryloxypropyl-trimethoxysilane MAPS-DVB-Cys HILIC alkaloids [22]
-divinylbenzene-cysteine

N-Propylbenzamide PB SFC flavonoids [23]
4-Fluoro-N-propylbenzamide PB-F SFC flavonoids [23]
4-Ethyl-N-propylbenzamide PB-ET SFC flavonoids [23]
Aniline bonded silica S-aniline SFC flavonoids [24]
I-Aminonaphthalene bonded silica S-1-ami-naph SFC flavonoids [24]
I-Aminoanthracene bonded silica S-1-ami-anth SFC flavonoids [24]
I-Aminopyrene bonded silica S-1-ami-py SFC flavonoids [24]
L-Cysteine bonded silica Click TE-Cys SFC tanshinones [25]
3-Amino-5-mercapto-1,2,4-triazole bonded silica AMTA SFC alkaloids [26]
C8 bonded strong anion exchange silica C8SAX SFC alkaloids [27]
C8 bonded strong cation exchange silica C8SCX SFC alkaloids [27]
4-( Allylamino)butane-1-sulfonic acid ZEX1 SFC basic analytes [28]
4-(Prop-2-yn-1-ylamino ) butane-1-sulfonic acid ZEX2 SFC Dbasic analytes [28]
3-(Allylamino ) propane-1-sulfonic acid ZEX3 SFC basic analytes [28]
4-(Allyloxy)butane-1-sulfonic acid SCX1 SFC basic analytes [28]
4-(Pent-4-en-1-yloxy)butane-1-sulfonic acid SCX2 SFC basic analytes [28]
4-(Undec-10-en-1-yloxy)butane-1-sulfonic acid SCX3 SFC basic analytes [28]
Ordered mesoporous silica OMS SFC tanshinones [29]
Ordered mesoporous core-shell silica OMCS SFC Glycosides [30]
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B VR PR 22 AR ) s L SFC T il Y [ S A
KSRV HPLC 1 [ 5 A1, 4 ) 8 I 570 38 44 4 14 T
KW SFC % & [E A D . Bk, & # i SFC
5 A B T4 K SFC 14 I 3G Bl i g v 24 vp
PEAL A W0 53 B8 )

SFC 19 JH [ & A AL 45 2- & L1t BE (2-ethyl-
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(Click TE-Cys) i F7E SFC 43 #r b, 528 1 11 &
T /) SFC 12 B0 43 85 43 BT o 76 W 1k P S 0 S 4
(4 23 A v, A EG TR DL SFC [ a2 A4 iR A C18
il 5E A, m A PE Y Click TE-Cys #1826 30 58 58 4
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A T 6 FhR A 455 2 [ 2 A (zwitterion ion-
exchange, ZEX1., ZEX2, ZEX3., SCX1, SCX2 #i
SCX3) , H 5k ¥ & A v AE S B T ac i D g B A
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it AN [6) 3t 30 A 2% A28 3 2 B P 0 A 400 1) e A B 455
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(OMS) , H- ¥ HHAE SFC [ Al . AR5 27 Btk
Uf LB A P DL b I S A A2 A BT R
OMS 7E SFC 523 T 34 J7/m By # & %L, o] LA
T 40s WA E 5 Ml 2 4. eI 3EAt I, Feng
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SRS TE T — P R AR Y SR R ORS RS W S
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S o3 o %8 kSl L v R T A BRSBTSk
Shty 1R T A MAERE ) @ T B A e
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B4 8. Song S A E R HT AL FC8 AR
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S, DT AR 2 FLAE A1 2 MK B A a5 35 50 W B, R 45 X6F
PR3 06 o SR FH — 4 43 2 30 Rk LA R B AR
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VAT R/S-7 40 6 ) 1) 43 B ) . Zhao 58V IF K
THLRGE R RS, HT o e & T3k miE
Wy, I8 S e R A 4 R B U A 4 ) TR A 4
Y. % RS KM E A PAC B M C18 B 2, 1E
2 BE A 83.3%, LM aE Y 32 R AR WA . 0 EAY
&L Xu FPVRGIAG T — R A5 5 B MR £
2B Wy B 0 43 B MEBE 2 T8 T 4R A 3
FEI RN G LB 5 T 248, Xu
SECVIF R T — P T A B R 5 2 v A W i
Y AE 03 T 1, BT AR €0 3 D TR X R L E 32 M R IR
80.3%, B UE T 48 F WAl AT e 5 S M . e A
WU A3 BT A e R 5 3 R P AL AT 5T ) DK
B — AR D1 W AR e 1 AR, KR Sk R R B
BikS e T EDRE S AR Z EA B AR,
FE SIS VT | i BE B 1 43 B Bkt B A A 4 U T
Ji& B R R BE IR AR B T R A — 4 B v IR ARk
R BTN KR,
2.2 HR

B G YRR EENMELEY, BAH
I 9 4o A L A5 92 905 s I R e 0 5 5 22 b 2 B

E I Y Ak e N S STEUE e TN S
P SO AL S5 A U L 2 R AT A 0 R L R 4
(1 C18 [ 7 AH A& 73 B B3 R 5 1k & W o o 0 83
SRESMAREY S SR, BT R 2R A A A 2R
C18 B BHE 7> B i P VE Ty A AF e — € PR o TF R
AE 5 22 1y 445 #4) T2 i U B 1 28 [T 7 A, X 382 T B T
BN ey R | BV o = W S e R 0
INIERS

VAR WE 58 B T T o8 BY A € AH DL S T
WO LA W 4y B MEBE o Chen PR
PVP@SiO, #f ¥t 47 BB 2 A6 & W 10 4y BB . 7E
LA - 7K Ay Sl A A A 5% b, T R M U SR AL BE
KR E ) R G R W, PVP@SIO, # C18 A ##
HEOT R ) SR - M EAE . TETSR R ML
ESN AN RS N o TR RIS b7/ R
2 PVP@SIO R B L T C18 19 7 i ik £ 1k .
SR T H B DOPO-SIO, [ 7 #1157 3 [
TEAHXT S B ZR A S W  BOR I R
B lRR ZEAMmR EETR LB A
K FEBRAY . 2 DOPO-SIO, A Y 43 5 i ] i %
AR J, SR A ORI B BT A AR o A i & 23 AT Jiang
Hl Ge G200 Jir il 2% 1) 7 B Y 2K 3L [ % 46 (PB
PB-F., PB-ET. S-aniline, S-1-ami-naph. S-1-ami-
anth Al S-1-ami-py) i H F % B 22 b & ¥ 19 SFC
O3 o A T Y AR S Rt SR I B E A S R
KA & W Z B Bk ) S A - A EAE ] 2 3 3
038 W 4 2 5 107 A P e SN 0.1% BB IR S,
BT Ay AR RS T RO A5 BE o Jin
UL T AN IR HILIC AR X 4 8 i 25 16 & 0 1)
DEMR 5 Zwitterionic(ZIC) ,Amide F1 PFP 4
Fo, o T TE ZAC T b i W IE A AR B ACR AR 4
Hofb & Wy i iz 2 -3-0-B-D-H 4 8 1 Ao iz & 3-
O-B-D-(6"-XJ -7 T ) Ak M 4 %5 B 5 (1-2) -a-L- B
ZE Nk E T ZAC A Ry B R R, 5 Bk —
HEWAH 5 A1 LL L 2 4E (038 B 3mSR O
BRI R, B0, Dai SRR T — Rl LA
M-PVS #E(—4E) 5 C18 H: ( = 4E) %0 1Y & IE 58
PEBS R WO (% RGP N T2 A |
5 e B A 2 Gy 3 B, S 28 SE T 66 Fif i 28 1k
AW . Kuang U0 & 57 T 3T Amide (— 4k ) il
Hypersil GOLD # ( — 4k ) ) HILICXRPLC £ 4k —
O YA (35 - 0 B BRI 5 s L RGO T AN B
I 177 T A A A oY, S E Y 50 Fh R 2R A S
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Yo b BT ARG 0 5y 2 A RE B 5T DA T R
[ 5 A 5 22 4 3R G0 W0y T RS 1 R < 22 b D R Ak
SE R T Ao 1 iR SR - SEAH AR A R Tk
PEPE TR 5 43 B A AR TS [ 43 B ML B A A
() 22 Y % R G0, W R IR $2 T T 52 24 46 & v BT 28
5B % B 55y B Te T .
23 BFH

L I R I S E R S R ]
IR VINITE 3 XU R N N N TR TR (SR
ey R IR E e e N RS STV e e 1L < T
M R R ATIT . AT B 2 2 A 0 A
9 FAE L Ao R BT A% (B T R B 0 I A AR
TIRE' o SR, #4100 2R E 0 43 ) B B ki H 2 A
b AR KRR B g T R 1 0 2 R M R 25 4 i
P 300 H AR G o b R HR AR i,
TEH B C18 ik A 1, A S 21 Rgl 5 Re fEAEME
LS 4 4y B, ELVE MG [ g K1, B, JF &
B[ A LS A R RS B W
TR 52 A48 F0 B2 FH 5 o

ARk A ST N BBl SR ARGE T 2 Rl oRT R 44 5% 45
BB R T RAEG Y Ehin H . 0, Xie
S5k F BRLA@SIO, MRk XF — L R B B v i) i
TR AT B o, LM T =L 21 RILLAS
B4 Rgl.Re.Rbl } Rd MLk 4y 5, %98 %
W], BRLA@SIO, # KL ] B At g2 1y C18 # B T
=L RS . Xiao ZV T 11 FhE T
Al 3 Flv B ST AE M-PVS A R EEAE AT C18 A 1LY
srEtERE . (U M-PVS R824 8 A2 2 14F Rhl Al
Rg2, iX H P T2 b4 e 55 0 35 22 [i) 114 20 1 1 7 AH B
YER o AN, 0 Br W 2 28 B4R R C18 A L IR 34
5 T M-PVS A, PR H 2 5L K Jo L 4 5 7K 1 T 58
1 M-PVS A o 5] A9 Bt ik F1R L 0 B AIS T 13 5 A8
5K P . Feng 4570 R ¥ JF & (% SFC & H#
B OMCS, 7E 6 min S8 T =L B H M AS 21
SEBREE S PR S RS B . B NS 2 Rgl/Re K
P> B 40 ,Rb1/Rg2 AT X AE C18 #E b th 8 4%
WMo EgR, B K 11 FRFRAEYE
OMCS #l C18 #1 I iy BEMLAT | S B 5 25 I B3 4R 1k
FHRERBEER PRI RN IEsRHE, £
OMCS 7 & H FS it 43 25 b B A 847 1 B oAb 43
BT . 24T EOR T N il 2 e 2
R PRI B T E 2 T H . Dai %2
TR T —EEIECHERE HMHaE RS, %R

Ll A A M-PVS A (—4E)F1 C18 #E( —4E) N %
O, IR 8 O T 20 B 25 WA 5 v i A 27 o8, iR
Tyt 64 P 5 b 5% . Zhao NI K
THET -4 AW PAC H 5 — 4k C18 HEM/ELk 4
SRS % PAC [ E MK YEAR T C18 #4K,
TETEL R G R R AR . BFE A
SURF X — RG] T o0 5 ik B e B R R
TR AT S Y, 2 S GE 30 R RS ALy . B
XF RS AL S W, B AL T A A G A T A R
GHAMER D) AR R REE o3 B B b T L S
C18. T U Al g (4 2 2 8 3% R 40, W AR5 H & iE
SEME MR T R B S e A h A R A S Ly
B F R T H
24 WHE#E

AL S W=t A B A N U T R
AR — KRR W aFaRhmy
S T U B I RS I S G T S
[N AN R P 1 S e % NP e e T 1
Hb LSS T LA ORI RO AF S S AT AR
W AFAE S ZRAE Y BA BUR P AT
G2 2GS M (E LS5 R Y 52 Ak R BT Y 2 R
X 5% S5 B BORSE T 0 R B F R
AE A% S92 B e S80R1 g 2 % 20 8 SR AR,
i A A IR A 5T 5 0 B DG

VT AR, BE A 22 FhopT B4 43 B 61 A0 A W T B
R MRS YR B i BUS T REERE. D
A BT A, U A LAY ) G S5 AR T, Hodh B
M y-tE 5 Wy N Z5 R B AR DL, A2 58 C18 A REE L 23
B IX — X SR AR . EE X I R, Malik 557 S R
M2 - /T g J5UORE 38 3 T A 0 B DR 4 SR
&7 B-NEBRAT A= 1Y PR 2R A /Y C18 [ 5 AH (B
-alanine-derived C18 stationary phase containing
embedded urea and amide groups, Sil-Ala-C18) ,
SRJE B S T (3-2 N 4k ) = WA B R e B M iy —
S ARE b o Sil-Ala-C18 BB 455 1 M i Hk AR ik
f0 O [ AE HT al [) i i f3 S0E 1E 2K P S T
PR UL R Bk B - AHEAE T, NTIAE B 5 y-4 B By
AR B RN R R B REE . FF S
i A g o 25 71 2 v i) E IRV LS B T RA R
fEVEWR I D PR BB AA B be R G . BT
B S IR Z AR JT R AT AR (53 70 B b1 R X 1
ABIESE LS 0 2 173 0 AL 24 20 5 2R T 1 2
A, RMALGE C18 B BEX P2l 25 i 7 R B i
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11 PS8 5 (R 46 PS8 B PS8
S TA CHTGREF A S P EE ST
S A BFHSE . AF S T 5 R F S A
PSR A) B = 305 B o BT . 5 C18 FIE R AR PR
O EFE AR L, S M) Click TE-Cys Wb 3Z 1R 17 11
SRV REIT I S sikstt. T #
1 FE S ) 53 B AR O 45 4 4 B i (R, Song S
25 A 1 /IR IR = A B AR OMS,
FCR T P 2 AR O P A B L 5 R Ak
PIC 2 5 . R R RE ICAEAH [, OMS fEfE7E 40 s
WSEEXT 5 B £ B S S Sr (FHS A S
[ IS WSS 1M S S0 1) &
RO 5y B . M B Z T B AR R A PR M ] B
K,as iz, Xx— sk EE T OMS #
R 5 1 543 M TN AT T 10 LB S5 R, D 3 HE
T AR . T Ry b R ) SR AR P
IR LN (ARTE /) N Y e Y/ )
TEREPE 5 M 2%, =2k 7848 C18 M ki
BEPE

3 BRHEeE

b4 W 1) 4l Ak 2 v 2 5 R Ak G 3R BRORITS 1
W52 1 00 B0 R A Bl ) A% €335 R, Rl v 280 DA
BRI 25 TR A R A 4 B O IR B Al H
AL G . A G A i OR T BRI
BEHE SN AL A R S 25 RO SR ) 9K S i B A
TBh, B A B AR B AR A O A S T A
= HOAAL T R SR % B A A S B OR
R EEWE SEEARULASNEEERER
BRUTOT, e AR A% o S — P E e AR L A
R A AL S AL B A A AR . S
1% G0 i 2% 3 A EL e kil A il B T Y 4
N = N E I R 5 N I = B O o A
PO BB A B AR R R T R A A

ULAE R, 22 B AL €533 OB B T & 9 1
2k AW A5 Ak, B SR T H bR AR A A9 4l
FE . BEIE B3R R 26 B R 2 R it T — &
50 Dy BE Ak 8 2 A . e AS 1R R AR s R A 4 Ak i AR
d, L C18 N [ E M 19 RPLC & % H 7 % . Jin
I TAK(C18AD) 1 (C18ME) . i (C18HD)3
Pl A 5% BE ) C18 MRL, 8 i e %5 2 FE A A i R 1Y

s 52 55 Mo BE 3 A, % PR C18ME 41 ) i B8 i f 1
£ 3 M BE o BE — 20 SR % OB X R R A P
TP g, & SE AR I R 2 it AN 34.58% 42 71 =
96.57%, 5 £ o 4l 3 A8 10 1 7= i ) L3R o 7E B 28
BG4 4t Ak, Chen 20 & i) PVP@SIO, #f HLfiE
JiE 19 AL AR 5 85 R 2R 5 0 T W pHL S L B R E
HA LG H B C18 MARL , H 0 4 () S B A ar - AH AR
fifi X B AL S P R B R B RE T, B R
T3 N7 FH - A B 1 ) A5 gk o e A R A Y 4l
{7 T, Wang 557 JF & 1 5 75 0 19 e ik s 5 ek e
I #L (polyacrylamide, PA) & B H A 5 19 2 7K M il
o R o0 B M AR A T R b T A A S
FE 4 HILIC [ 2 M. ¥ PA B T BE/K K & P A%
B WE AT 00 2l Ak, BT AR A AR A MR T Al
Byt 98%. TE S AZEEN £ alifbrp  Li %R T
SAZ WL 5 0N A G A0 (0 AU | B BT RA A B R R
HRE@SiO, # B}, 528 T 542 B 1) e s 4l A, 20 3 A
6% HETF 2 82%. LW 4t Ak Jy I, LA R A [
HI(FCSHL) B T C18 Myt #eik . Si 257 %
FH F5U Ak 2 AH [ 22 #H FCSHL 5230 T 01 ) v 55 142 4= 4
B 1) s 2850 4 o 2 [ AR A AILAE b e
PG Y BB E R Eee . 8 7E A A
FCSHL 3% A1 1 #E 17 A= Wi i) KB a5 4R, e & A
260 g UL B:J5ORF R 345 186 mg Y 5 K A= Wil . 45
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o A5 Al A AR AL T R S
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Fa T 5L T D M [ A A A B 4k SFC &R
G, ST U AU Al T 1 R U R A AR 04 v sl
fk.. Dai %' % ] — 4 RPLCXHILIC % 0% , i 3h M
P A e T v Ay Al Ak v A T B0 Tk R B
Fifb &8 o %7 5 — 4 R & 7 18 M i AT
W25 2tk 5% 4 IR T A AR A R 7o
A AE A 2R A0 T C18 [ i A e s B E Y R
B, e dbaifb il 27 MMEAY, FEW K 9 NG
Mk 1885 15 R 5 AN R S LAY o A R G B A 2% 1 AR )
Bl & &, Lin 87 & T — Fh B 2 = 4 6 A5 A
HPLC J5 i, T8V Ja A 49 v A= P sk v il 7 464k .
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ERTH T AL RCR S S 0 2 I RE

4 BEERE

T AR, AS R ) o 2L T 5 A (03 0 B O R
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