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Abstract: Ion chromatography (IC) is a novel high performance liquid chromatographic tech-

nique that is suitable for the separation and analysis of ionic substances in different matrix sam-
ples. Since 1975, it has been widely used in many fields, such as the environment, energy,
food, and medicine. IC compensates for the separation limitations of traditional gas chromatog-
raphy and high performance liquid chromatography and can realize the qualitative analysis and
quantitative detection of strongly polar components. This chromatographic technique features
not only simple operations but also rapid analysis. The sensors used in IC are characterized by
high sensitivity and selectivity, and the technique can simultaneously separate and determine
multiple components. Several advances in IC instrumentation and chromatographic theories
have been developed in recent years. IC can analyze various types of samples, including ions,
sugars, amino acids, and organic acids ( bases). Chinese herbal medicines are typically
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characterized by highly complex chemical compositions and may contain carbohydrates, pro-
teins, alkaloids, and other active components. They also contain toxic residues such as sulfur
dioxide, which may be produced during the processing of medicinal materials. Therefore, the
analysis and elucidation of the precise chemical constituents of Chinese herbal medicines pres-
ent key problems that must be resolved in modern Chinese herbal medicine research. In this
context, IC has become an important method for analyzing and identifying the complex compo-
nents of Chinese herbal medicines because this method is suitable for detecting a single active
ingredients among complex components.

This paper introduces the different types and principles of IC as well as research progress in
this technique. As the applications of IC-based methods in pharmaceutical science, cell biology,
and microbiology increase, further development is necessary to expand the applications of this
technique. The development of innovative techniques has enabled IC technologies to achieve
higher analytical sensitivity, better selectivity, and wider application. The components of Chi-
nese herbal medicines can be divided into endogenous and exogenous components according to
their source: endogenous components include glycosides, amino acids, and organic acids,
while exogenous components include toxic residues such as sulfur dioxide. Next, the applica-
tions of IC to the complex components of Chinese herbal medicines in recent decades are sum-
marized. The most commonly used IC technologies and methods include ion exchange chroma-
tography and conductivity detection. The advantages of IC for the analysis of alkaloids have
been demonstrated. This method exhibits better characteristics than traditional analytical meth-
ods. However, the applications of IC for the speciation analysis of inorganic anions are limited.
Moreover, few reports on the direct application of the technique for the determination of the
main active substances in Chinese herbal medicines, including flavonoids, phenylpropanoids,
and steroids, have been reported.

Finally, this paper reviews new IC technologies and their application progress in Chinese
herbal medicine, focusing on their prospects for the effective separation and analysis of com-
plex components. In particular, we discuss the available sample ( on-line) pretreatment tech-
nologies and explore possible technologies for the selective and efficient enrichment and separa-
tion of different components. Next, we assess innovative research on solid-phase materials that
can improve the separation effect and analytical sensitivity of IC. We also describe the features
of multidimensional chromatography, which combines the advantages of various chromato-
graphic techniques. This review provides a theoretical reference for the further development of
IC technology for the analysis of the complex chemical components of Chinese herbal
medicines.

Key words: ion chromatography (IC); Chinese herbal medicine; complex components;
component analysis
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LU N F Ok i 2 | LAY HE— 25 R JR R
fRzsTa] (WL 2) o BEAM, 1C i AR i & SR Rl st ok &2
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and proportion of related papers published
from September 1975 to November 2023
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PBS(pH 6. 0) 7, P-4 88 3 B 0> | i 3875 21 98 W
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K Na® Mg™ fll Ca 5 4 Fh 4 J& PHE 719 & &,
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ST B IR) , BAIRAIES W .
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Table 1 IC applications for the analysis of Chinese herbal medicines

IC
No. Sources Analytes Columns Eluents * Detection type Ref.
1 Arabidopsis glucosides ( sugar Dionex CarboPac El. 75 mmol/L NaOH, ECAM (PAD) IEC [37]
thaliana phosphates) PAIl, CarboPac PA1 E2: 75 mmol/L NaOH,
guard 500 mmol/L NaAc

2 aloes glucosides ( fucose, rhamnose, Dionex CarboPac 14-20 mmol/L NaOH ECAM IEC [38]
arabinose, galactose, glucose, PAI10 (integrated PAD)
mannose, xylose)

3 Cistanches herba glucosides (fucose, rhamnose, Dionex Carbopac 20, 200 mmol/L NaOH ECAM IEC [39]
arabinose, galactose, glucose, PA210-Fast-4pm (integrated PAD)
mannose, xylose, fructose,
ribose )

4 Xanthii glucosides ( carboxyatractyloside, Agilent Eclipse ACN-0.15% NaH, PO, UV-Vis IPC [41]

Fructus atractylodis) XDB-C18 ( containing 0. 12% (203 nm)
TBAH, adjusted to pH
3.5 with H;PO,)
5  Lonicerae Japoni- amino acids Hitachi 2622 SC 5 buffer solutions UV-Vis IEC [46]
cae flos, Forsyth- (570, 440 nm)
iae fructus, Sect-
ellarlae radix
6  Hedysari Radix amino acids ( aspartic acid, ser- LCA K 06/Na A. pH 3.45 CPBS, UV-Vis IEC [47]
ine, histidine, etc.) B: pH 10.85 CP-BBS, (570, 440 nm)
C: 0.02% EDTA
alkaline solution
7  mixed standard  amino acids (leucine, taurine, AG4A-SC(DX-100T  0.75 mmol/L KCI+ suppressor CD IEC [48]
solution phenylalanine ) IC) NaOH (pH 11.5)

8 mixed standard amino acid (threonine) Metrosep C2-150 4 mmol/L tartaric direct CD IEC [49]

solution acid, 1 mmol/L DPA

9  mixed standard  amino acids AminoPac PA10 60-200 mmol/L NaOH, ECAM (PAD) IEC [50]

solution 400 mmol/L NaAc
10 Anoectochilus amino acids (arginine, alanine, Dionex AminoPac A water, ECAM (PAD) IEC [52]
roxburghii glycine, valine etc.) PA10 B:. 250 mmol/L NaOH,
C: 1 mol/L NaAc
11 18 medicinal plant amino acids (19 species) Dionex Acclaim™ A water containing IC-MS IPC [54]
samples RSLC Polar 1% ACN-0.5% HFBA-
Advantage 1l 0.02% TFA, B: ACN
containing 0.1% TFA
12 Nigella sativa proteins DEAE-Sephadex A50 50 mmol/L PBS UV-Vis IEC [57]
(pH 6.4), 0.01-2 (280 nm)
mol/L NaCl
13 Liparis nervosa  protein ( mannose-binding DEAE-Sepharose 50 mmol/L PBS UV-Vis IEC [58]
lectin) (pH8.5), 0-1 (280 nm)
mol/L NaCl
14 Amorphophallus protein ( tyrosinase) DEAE-cellulose 50 mmol/L PBS UV-Vis (280 nm) [EC [59]
paeoniifolius (pH 6.0), 0-300
mmol/L NaCl
15 Gypsum- metal cations (Na*, K*, Mg?*, IonPac CSI2A 20 mmol/L MSA suppressor CD IEC [65]
Anemarrhenae Ca?")
composite
16  Rhizoma chuanx- metal cations ( Na*, NH;, K*, 1CS-C25 2.5 mmol/L pyromellitic suppressor CD IEC [66]

iong, Semen
zizyphi spinosae

Mg2+ , Caz+)

acid
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Table 1 (Continued)
. . IC
No. Sources Analytes Columns Eluents * Detection type Ref.
17 oral preparations metal cations (Na*, K*, Mg?*) Dionex® IonPac® A: 6.7% MSA aqueous  suppressor CD IEC [67]
CS16 solution, B. water
18  Jinyinhua metal cations (K™, Na*, Mg?*, IonPac CSI2A 20 mmol/L MSA suppressor CD IEC [68]
Caz+ )
19  Melilotus inorganic anions (Cl~, NO,~, Dionex IonPac AS22 ultrapure water- suppressor CD IEC [69]
officinalis S0,%) NaHCOj; (1.5 mmol/L)-
Na,CO; (4.5 mmol/L)
20 Danshen injection inorganic anions (F~, HCOO~, IonPac AS11-HC 12-20 mmol/L KOH suppressor CD IEC [70]
Cl", Br™, NO,™, NO,”) solution
21  Panax inorganic anion (Cl™) IonPac AS15 30 mmol/L KOH suppressor CD IEC [71]
notoginseng solution
22 Ligusticum inorganic anions (H,P0O,”, Cl~, Shim-pack IC-Al potassium hydrogen direct CD IEC [72]
chuanxiong NO,") phthalate solution
23 Angelicae microelements (Sb(V, II)) IonPac AS14 50 mmol/L DAP- IC-BECHG-AFS IEC [74]
sinensis radix 50 mmol/L tartaric acid
(pH 6.5)
24 Asini corii colla microelement (Cr( VI)) IonPac AS19 30 mmol/L KOH UV (545 nm) IEC [75]
solution
25  Tricholomamat- microelement (As) Dionex IonPac AS7  A; 2.5 mmol/L IC-ICP-MS IEC [76]
sutake (NH,),CO;, B: 100
mmol/L (NH,),CO,
26 Chenxiang Huaqi microelements (As(1l, V), IonPac AS7, IonPac 5-100 mmol/L (NH,),- IC-ICP-MS IEC [77]
pill Cr(VI)) AG7 CO,, 0.76 mmol/L
NH,NO, (pH 9.3)
27 Jasminum sam- inorganic anions (F~, Cl~, self-assembly ( YSA- water, 4 mmol/L direct CD IEC [78]
bac, Glycyrrhizae NO,~ , SO,%, PO,*) 4A model) NaHCO;-2 mmol/L
radix et rhizoma, Na, COj; solution
Citri  reticulatae
pericarpium, etc.
28  Coptis herbs organic acids (quinic acid, ace- IonPac AS11-HC 1-60 mmol/L KOH suppressor CD IEC [83]
tic acid, formic acid, tartaric solution
acid, malic acid, succinic acid,
oxalic acid)
29  Fructus mume organic acids (lmalic acid, oxalic Dionex IonPac AS19 4-54 mmol/L KOH suppressor CD IEC [84]
herbs acid, fumaric acid, citric acid) solution
30 Ganoderma lucid- organic acids (oxalic acid, tartar- Transgenomic ICSep 8 mmol/L H,SO, suppressor CD IEC [85]
um ic acid, malic acid, glycolic acid) Ion 300 solution
31 Shengmai organic acids ( citric acid, malic Transgenomic Sep- 5 mmol/L H,S0,- suppressor CD ICE [86]
injection acid, succinic acid) ION-300 acetone (95:5, v/v)
32 rice wine organic acids (13 kinds of oxalic IC-Pak Ion Exclusion H,SO,-ACN UV (210 nm) ICE [87]
acid, tartaric acid, ascorbic (98:2, v/v)
acid, etc.)
33 Ephedrae herba  alkaloid ( ephedrine Dionex AG9-HC 8 mmol/L Na, CO;- ECAM (DC IEC [94]
hydrochloride ) MeOH (9:1, v/v) amperometric
detection)
34  molasses alkaloid ( betaine) WY-Cation-1 2 mmol/L MSA direct CD IEC [95]
35  Zuojin pill alkaloids (13 kinds of berberine Diamonsil C18 A: 1.5 mmol/L SDS UV (265nm) IPC [96]

hydrochloride, palmatine
hydrochloride, evodiamine,
rutaecarpine, etc.)

(adjust pH 5. 0 with
H,PO,), B: ACN
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Table 1 (Continued)
. . IC

No. Sources Analytes Columns Eluents * Detection type Ref.
36 compound Kushen alkaloids ( matrine, Diamonsil C18 A: 0.04% H,PO,- UV (210 nm) IPC [97]

injection oxymatrine, 10 mmol/L sodium pen-

sophocarpine, tanesulfonate aqueous so-
oxysophocarpine ) lution, B: ACN

37  Uncaria alkaloid ( total PhenoSphere A: 20 mmol/L NH,OAc- UV (254, IEC [98]

sessilifructus alkaloids) SCX 0.05% formic acid aque- 203 nm)

ous solution, B: MeOH

38 Atractylodis macrocepha- sulfur dioxide residue  IonPac@ AS11-HC 20 mmol/L KOH solution  suppressor CD IEC [110]

lae rhizoma, Dioscoreae

rhizoma, Armeniacae

semen amarum,

Lonicerae flos, etc.
39  Rhei radix et rhizoma sulfur dioxide residue = IonPac ASI8 NaOH solution suppressor CD IEC [111]
40  Dbitter almond, sulfur dioxide residue  Dionex Ionpac 12 mmol/L KOH solution  suppressor CD IEC [112]

Persicae semen ASI1A
41  Gastrodiae rhizoma sulfur dioxide residue = A-SUPP5-150 3.2 mmol/L Na, CO, suppressor CD IEC [113]

42 chicory roots sulfur dioxide residue

IonPac AS-11-HC

solution, 1 mmol/L
NaHCOj; solution

20 mmol/L KOH solution  suppressor CD IEC [114]

# A, B, El and E2. mobile phases of different systems; ACN: acetonitrile; TBAH: tetrabutylammonium hydroxide; CPBS: citric
acid buffer solution; CP-BBS: citric acid boric acid buffer solution; EDTA: ethylenediaminetetraacetic acid; DPA. 2,6-pyridinedicar-
boxylic acid; HFBA ; heptafluorobutyric acid; TFA . trifluoroacetic acid; PBS: phosphate buffer; MSA: methanesulfonic acid aqueous
solution; DAP. ammonium phosphate dibasic; SDS: sodium dodecyl sulfate. ECAM: electrochemical amperometric method; UV-Vis.
ultraviolet-visible absorption spectrophotometry; PAD: pulsed amperometric detection; CD: conductivity detection; BEcHG: bianode
electrochemical hydride generation; AFS: atomic fluorescence spectrometry; ICP. inductively coupled plasma; IEC: ion exchange
chromatography; IPC. ion pair chromatography; ICE. ion exclusion chromatography; DC. direct current.
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Fig. 3 Keyword co-occurrence analysis based on IC-MS/IC-ICP-MS research directions ( based on a Web of Science search)
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