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Deep eutectic solvents modified reversed-phase liquid
chromatography for the separation of natural products
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Abstract: The composition of natural products is usually very complex. During the separation of
natural products, high loading capacity and satisfactory chromatographic resolution are often hardly
achieved. To address this limitation, various modifiers were added in the mobile phase to alter the
chromatographic behavior. Here, deep eutectic solvents (DESs) were chosen to accomplish this
objective on C18 column. Changes in retention factor, overloaded peak shape and adsorption
capacity were systematically investigated and interpreted. The application potential of DESs in the
separation of natural products was then evaluated. For ionizable compounds, the addition of DESs
could compress the peak width and enhance the resolution. This is closely related to the electrostatic
interactions provided by hydrogen bond acceptor (HBA) of DESs. For ionizable basic compounds
like nortriptyline hydrochloride, they could remain in a cationic state constantly. Consequently, ion-
exchange interactions occurred between nortriptyline cation and residual silanol anion, which
resulted in severe peak tailing. However, this interaction could be shielded by the addition of HBA

of DESs (such as choline chloride (ChCl) ). As the pH of the mobile phase increased, the disso-
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ciation of silanol groups was enhanced. This rendered the shielding effect more prominent and led
to a higher peak compression of nortriptyline hydrochloride. Notably, although the mobile phase
was acidic, the dissociation of silanol groups cannot be completely suppressed. It means that this
modulating effect of HBA never disappears. Based on these principles, the semi-preparative
separation of berberine from Coptis chinensis extracts was successfully improved. The improvement
in the separation of acidic compounds by DESs depends on the ion-pair formation. This effect is
highly correlated with the mobile phase pH and salt concentration. Here, benzoic acid was chosen
as a model to investigate the overload behavior and adsorption. The results indicated that under
neutral conditions, ChCl addition converted the sigmoidal adsorption to a linear type. It can be
attributed to the ion-pair formation between benzoate anions and HBA cations. Mutual repulsion
between benzoate anions was therefore reduced and adsorption capacity correspondingly enhanced.
Furthermore, the results of the overload experiment indicated that ChCl can effectively weaken the
solute-solute interactions. It is worth noting that the mobile phase pH is barely influenced after the
addition of ChCl. Remarkably, these features are of critical importance for the optimization of
preparative chromatographic methods. The beneficial effect of HBAs was validated in the semi-
preparative separation of chlorogenic acid from Lonicera japonica extracts. For neutral compounds
like morroniside, the HBA in DESs cannot affect their chromatographic behavior through elec-
trostatic interactions. However, there are usually many ionizable impurities surrounding the neutral
compounds in natural products. Their chromatographic behavior can be modulated by the HBAs in
DESs. The separation of neutral compounds in natural products could be indirectly optimized by
modulating their chromatographic behavior. This view was also confirmed by the separation of
morroniside from Cornus officinalis extracts.

Keywords: deep eutectic solvent (DES) ; preparative reversed-phase liquid chromatography;

ion-pair chromatography; natural products
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Table 1 Compositions of five deep eutectic solvents (DESs)

DES Hydrogen bond acceptor (HBA) Hydrogen bond donor (HBD) Molar ratio of HBA to HBD Preparation amounts/g
DES-A choline chloride (ChCl) urea 1:2 11.17+9.60
DES-B tetramethylammonium chloride ethylene glycol 1:3 8.77+14.90
DES-C ChCl citric acid 1:1 11.17+15.37
DES-D ChCl1 glycerol 1:2 11.17+14.73
DES-E tetraethylammonium chloride ethylene glycol 1:3 13.26+14.90
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Table 2 Separation conditions for each compound on the analytical C18 column

Contents/
(mg/mL)

Injection

No. Compound
volumes/pL

Solvent for working
solution

Detection

Mobile phase composition
wavelength/nm

Determination of the effect of DESs on the retention factors of nortriptyline HC1 and benzoic acid on the analytical column

1  nortriptyline 0.1 5
HC1

2 nortriptyline 0.1 5
HC1

H,0 ACN-13.8 mmol/L phosphate 230

buffer (PB, pH 2.5, C\ s ,=
20.78 mg/mL) (40:60. All such
ratios are volume ratios, and

the same applies hereafter.)

H,0 ACN-13.8 mmol/L PB (pH 2.5, 230

C o n=23.66 mg/mL) (40:60)

DES-B
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Table 2 (Continued)
Contents/ Injecti Solvent fi ki Detecti
No. Compound ontents nection oven or.wor ng Mobile phase composition erection
(mg/mL) volumes/pL solution wavelength/nm
3 nortriptyline 0.1 5 H,0 ACN-13.8 mmol/L PB (pH 2.5, 230
HCl Cpps.c=26.54 mg/mL) (40:60)
4 nortriptyline 0.1 5 H,0 ACN-13.8 mmol/L PB (pH 2.5, 230
HCI Cppsp=25.90 mg/mL) (40:60)
5  nortriptyline 0.1 5 H,0 ACN-13.8 mmol/L PB (pH 2.5, 230
HCl Cppss=28.15 mg/mL) (40:60)
6  nortriptyline 0.1 5 H,0 ACN-13.8 mmol/L PB (pH 2.5, 230
HCI Cope=11.17 mg/mL) (40:60)
7  benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cps.a=20.78 mg/mL) (5:95)
8  benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cppsp=23.66 mg/mL) (5:95)
9  benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cpps.c=26.54 mg/mL) (5:95)
10 benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cppsp=25.90 mg/mL) (5:95)
11 benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cppsp=28.15mg/mL) (5:95)
12 benzoic acid 0.042 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 230
Cone=11.17 mg/mL) (5:95)
Investigation of the effect of ChCl on the retention factor of nortriptyline HCI1 at different pH
13 nortriptyline 0.1 5 H,0 ACN-25.4 mmol/L PB (pH 2.5) 230
HC1 (40:60)
14 nortriptyline 0.1 5 H,0 ACN-25.4 mmol/L PB (pH 2.5, 230
HCl Cone=60 mmol/L) (40:60)
15 nortriptyline 0.1 5 H,0 ACN-20.3 mmol/L PB (pH 4.2) 230
HCl (40:60)
16 nortriptyline 0.1 5 H,0 ACN-20.3 mmol/L PB (pH 4.2, 230
HCl Cone=60 mmol/L) (40:60)
17 nortriptyline 0.1 5 H,0 ACN-20.0 mmol/L PB (pH 5.5) 230
HC1 (40:60)
18 nortriptyline 0.1 5 H,0 ACN-20.0 mmol/LL PB (pH 5.5, 230
HCI Cpe=60 mmol/L) (40:60)
19  nortriptyline 0.1 5 H,0 ACN-18.2 mmol/L PB (pH 6.5) 230
HC1 (40:60)
20 nortriptyline 0.1 5 H,O ACN-18.2 mmol/L PB (pH 6.5, 230

HC1

2

Coney=60 mmol/L) (40:60)

Investigation of the effect of ChCl or KCI1 concentration on the overloading behavior of nortriptyline HCI on analytical

column

21 nortriptyline
HCl

22 nortriptyline
HCl

100

100

H,0

2

H,O0

2

ACN-13.8 mmol/L PB (pH 2.5,
Cone=0-80 mmol/L) (40:60)

ACN-13.8 mmol/L PB (pH 2.5,
€ =0-80 mmol/L) (40:60)

290

290

Investigation of the effect of DES-A, DES-C, and DES-D on the overloading behavior of nortriptyline HCI on analytical

column

23 nortriptyline
HC1

24 nortriptyline
HCl

100

100

H,0

2

H,0

ACN-13.8 mmoV/L PB (pH 2.5,
Cppsn=20.78 mg/mL) (40:60)

ACN-13.8 mmoV/L PB (pH 2.5,
Cpps.c=26.54 mg/mL) (40:60)

290

290
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Table 2 (Continued)
Contents/ Injecti Solvent fi ki Detecti
No. Compound ontents njection oven or.wor ng Mobile phase composition ctection
(mg/mL) volumes/pL solution wavelength/nm
25 nortriptyline 1 100 H,0 ACN-13.8 mmol/L PB (pH 2.5, 290
HC1 Cpps.p=25.90 mg/mL) (40:60)
Investigation of the effect of ChCl on the chromatographic behavior of berberine HCI on analytical column
26 berberine 1 5, 20, 40, H,0 ACN-13.8 mmol/L PB (pH 2.5) 290
HCl 60, 100 (35:65)
27 berberine 1 5,20, 40, H,0 ACN-13.8 mmoVl/L PB (pH 2.5, 290
HCl 60, 100 Cene=80 mmol/L) (35:65)
28 berberine 1 5, 20, 40, H,0 ACN-9.2 mmol/L PB (pH 6.5) 290
HCl 60, 100 (35:65)
Investigation of the effect of ChCl addition on the overloading behavior of benzoic acid on analytical column under differ-
ent pH
29  benzoic acid 5 50 methanol-H,0 (50:50) ACN-40.0 mmol/L H,PO, (pH 275
2.0) (34:66)
30 benzoic acid 5 50 methanol-H,0 (50:50) ACN-40.0 mmoV/L H,PO, (pH 275
2.0, =60 mmol/L ) (34:66)
31  benzoic acid 5 50 methanol-H,0 (50:50) ACN-20.3 mmol/L PB (pH 4.2) 275
(29:71)
32 benzoic acid 5 50 methanol-H,0 (50:50) ACN-20.3 mmol/L PB (pH 4.2, 275
Coney=60 mmol/L) (29:71)
33 benzoic acid 5 50 methanol-H,0 (50:50) ACN-20.0 mmol/L PB (pH 5.5) 275
(11.5:88.5)
34  benzoic acid 5 50 methanol-H,0 (50:50) ACN-20.0 mmol/L PB (pH 5.5, 275
Cone =60 mmol/L) (11.5:88.5)
35 benzoic acid 5 50 methanol-H,0 (50:50) ACN-18.2 mmol/L PB (pH 275
6.5) (5:95)
36 benzoic acid 5 50 methanol-H,0 (50:50) ACN-18.2 mmol/L PB (pH 6.5, 275

Cop =60 mmol/L) (5:95)

ChCl

Investigation of the effect of ChCl or KCI1 on the overloading behavior of benzoic acid on analytical column

37  benzoic acid 0.042, 0.25, 50 methanol-H,0 (50:50) ACN- 9.2 mmol/L PB (pH 290
1, 10 6.5) (5:95)

38  benzoic acid 0.042, 0.25, 50 methanol-H,0 (50:50) ACN-9.2 mmol/L PB (pH 6.5, 290
1,10 Cone=80 mmol/L) (5:95)

39  benzoic acid 0.042, 0.25, 50 methanol-H,O (50:50) ACN-9.2 mmol/L PB (pH 6.5, 290
1, 10 Cre; =80 mmol/L) (5:95)

KC1
Investigation of the effect of ChCl or KCI1 on the overloading behavior of potassium benzoate on analytical column

40 potassium 13.118,6.559, 50 H,0 ACN-8.1 mmol/L PB (pH 270
benzoate 3.936,2.624, 7.0) (5:95)
1.312,0.656,
0.328,0.164,
0.054

41 potassium 13.118,6.559, 50 H,O ACN-8.1 mmol/L PB (pH 7.0, 270
benzoate 3.936,2.624, Cxo=80 mmol/L) (5:95)
1.312,0.656,
0.328,0.164,
0.054

42 potassium 13.118,6.559, 50 H,0 ACN-8.1 mmol/L PB (pH 7.0, 270
benzoate 3.936,2.624, Cone=80 mmol/L) (5:95)
1.312,0.656,
0.328,0.164,
0.054
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Table 2 (Continued)
Contents/ Injecti Solvent fi ki Detecti
No. Compound ontents nection oven oriwor ng Mobile phase composition erection
(mg/mL) volumes/pL solution wavelength/nm

Investigation of the effect of ChCl on the overloading behavior of potassium chlorogenate on analytical column

43 potassium 1.11 5,20, 40, H,0 ACN-9.2 mmol/L PB (pH 370
chlorogenate 60, 100 6.5) (5:95)

44 potassium 1.11 5, 20, 40, H,0 ACN-9.2 mmol/L PB (pH 6.5, 370
chlorogenate 60, 100 Cone=80 mmol/L) (5:95)

Investigation of the effect of ChCl on the overloading behavior of morroniside on analytical column

45  morroniside 10 40, 80, 100 methanol-9.2 mmol/L PB methanol-9.2 mmol/L PB (pH 270
(pH 6.5) (25:75) 6.5) (25:75)
46  morroniside 10 40, 80, 100 methanol-9.2 mmol/L PB methanol-9.2 mmol/L PB (pH 270

(pH 6.5) (25:75)

6.5, Cp=80 mmol/L) (25:75)
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Table 3 Separation conditions for various plant extracts on a semi-preparative C18 column

Content/ Injection Solvent for . . Detection wave-
No. Sample . . Mobile phase composition
(mg/mL) volume/pL.  working solution lengths/nm
1 Coptis chinensis 100 100 methanol-H,0 ACN-9.2 mmol/L PB (pH 6.5) (35:65) 290
extracts (50:50)
2 Coptis chinensis 100 100 methanol-H,0 ~ ACN-9.2 mmol/L PB (pH 6.5, ¢, =80 290
extracts (50:50) mmol/L) (35:65)
3 Lonicera Japonica 100 50 aqueous KOH ACN-9.2 mmol/L PB (pH 6.5) (5:95) 350
extracts solution
4 Lonicera Japonica 100 50 aqueous KOH ACN-9.2 mmoVL PB (pH 6.5, ¢, =80 350
extracts solution mmol/L) (5:95)
5 Cornus officinalis 100 100 mobile phase  methanol-9.2 mmol/L PB (pH 6.5) 254/270
extracts (25:75)
6 Cornus officinalis 100 100 mobile phase  methanol-9.2 mmoV/L PB (pH 6.5, ¢, 254/270
extracts =80 mmol/L) (25:75)
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Table 4 Effects of DESs as additives on retention factors
(C18 column) of nortriptyline HC1 and benzoic acid

DES " k .
Nortriptyline HC1 Benzoic acid

DES-A 3.18 3.14
DES-B 2.96 3.03
DES-C 3.17 >6.00
DES-D 3.01 3.17
DES-E 2.33 6.05

ChCl 3.12 3.23

* Mobile phase: ACN-13.8 mmol/L PB (pH 2.5, C,, ,=20.78
mg/mL, or Cp . ,=23.66 mg/mL, or C} . .=26.54 mg/mL, C, .. =

25.90 mg/mL, C =28.15 mg/mL, C=11.17 mg/mL (¢, =80

DES-E—
mmol/L) ) (40: 60). ** Mobile phase: ACN-9.2 mmol/L. PB (pH
6.5, C, =20.78 mg/mL, or Cp,q»=23.66 mg/mL, or Cp, ,=26.54

DES-A
mg/mL, Cppc,=25.90 mg/mL, Cp...=28.15 mg/mL, C,.=11.17

mg/mL)(5:95).
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Fig.1 Effect of the addition of ChCl in the mobile phase
on the retention factor of nortriptyline hydrochlo-
ride on a C18 column at different pH
Loading amount: 0.5 pg; mobile phase: for dark solid line,
ACN-PB (40:60) ; for red dashed line, ACN-PB with ChCl (¢,
60 mmol/L) (40:60).
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Fig. 2 Effects of concentrations of (a) ChCl and (b) KCI on the overloading behavior of nortriptyline HCI1 on the analytical

column

Loading amount: 0.1 mg; mobile phase: ACN-13.8 mmol/L PB (pH 2.5) (40:60).
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Fig. 3

(a—c) Chromatograms of berberine HCI1 on the analytical column without and with the addition of ChCl in the mo-

bile phase; Coptis chinensis extracts on the semi-preparative column (d) before and (e) after ChCl was added to

the mobile phase

Mobile phases: a. ACN-13.8 mmol/L PB (pH 2.5) (35:65) ; b. ACN-13.8 mmol/L PB (pH 2.5, ¢, =80 mmol/L) (35:65); c. ACN-9.2
mmol/L PB (pH 6.5) (35:65); d. ACN-9.2 mmol/L PB (pH 6.5) (35:65) ; e. ACN-9.2 mmol/L PB (pH 6.5, ¢,,,=80 mmol/L) (35:65).
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Fig. 4 Effect of ChCl addition in the mobile phase on the overloading behavior of benzoic acid on the analytical column un-

der different pH

Mobile phases: a. ACN-40.0 mmol/L H,PO, (34:66) ; b. ACN-20.3 mmol/L PB (29:71) ; c. ACN-20.0 mmol/L PB (11.5:88.5) ; d. ACN-

18.2 mmol/L PB (5:95).
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Fig. 5 Effect of additives in the mobile phase on the overloading behavior of benzoic acid on the analytical column
Mobile phases: a. ACN-9.2 mmol/L PB (pH 6.5) (5:95); b. ACN-9.2 mmoV/L PB (pH 6.5, ¢, =80 mmol/L) (5:95); c. ACN-9.2 mmol/L
PB (pH 6.5, ¢,,=80 mmol/L) (5:95); d. adsorption isotherms of benzoic acid under the corresponding conditions of Figs. 5a, 5b and 5c.
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Fig. 6 Adsorption isotherms of benzoic acid on the analytical column under different chromatographic conditions with cho-

line chloride
Mobile phases: a. ACN-18.2 mmol/L PB (pH 6.5, ¢
was marked in the Fig. 6b).
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Fig.7 Overload profiles of potassium benzoate on the analytical column under different mobile phase conditions

Mobile phases: a. ACN-8.1 mmol/L PB (pH 7.0) (5:95); b. ACN-8.1 mmol/L PB (pH 7.0, ¢, =80 mmol/L) (5:95); c. ACN-8.1 mmol/L

PB (pH 7.0, ¢

ChCl

=80 mmol/L) (5:95).
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Fig. 8 Overloading behavior of potassium chlorogenate on the (a) unmodified and (b) ChCl-modified analytical columns;
the purification of Lonicera japonica extracts on the (c¢) unmodified and (d) ChCl-modified semi-preparative

columns

Mobile phases: a, c. ACN-9.2 mmol/L PB (pH 6.5) (5:95); b, d. ACN-9.2 mmoVl/L PB (pH 6.5, ¢, =80 mmol/L)(5:95).
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Mobile phases: a, ¢: methanol-9.2 mmol/L PB (pH 6.5) (25:75); b, d: methanol-9.2 mmol/L PB (pH 6.5, ¢

Peak: 1. morroniside.

3 it

KTAERGWISE T DESs I35 2 A @3 1Y i 25
Oy B RO S HLE I 43 B O L 4 AR A8 Rl 48
BRI A2 A L RUE T A KRR A W4y
B R . DEIE R 7E — Y pH 5 22w
ik BE T ,DESs H1 A9 HBA fg 38 52 34 5 i i A B4R
FH v S5 -3 T RH B AR 08 R ek A W A
FE A LR PR AT A R A . 5155000 pH %
J7 A H 3R T O RO IR, T AR LT R
M) 5 6 L £ T 42 R S B 40 R A AL, R BEAE
J2 AR 45 0% 7 AR B RO TR G o e Ah R
YELE A W0 43 25 ali Ak R AL TT BB 3 of DESs 571 3
T A Z I =2 T () e R A R A B R AR T X
PR )z E .

S E Wk

[1] WuJL, YuLQ, Wang B J, et al. Chinese Journal of Chro-
matography, 2025, 43(12): 1314

R, WO, EARE, 2 @R, 2025, 43(12): 1314
Wang X Q, CuiJ, GuY M, et al. Chinese Journal of Chro-
matography, 2023, 41(7): 562

TEWEPE, AEAE, B—0Y 4 gk, 2023, 41(7): 562

[2]

[16]
[17]
[18]
[19]
[20]

cnei=80 mmol/L) (25:75).

Cecchi T, Passamonti P. J Chromatogr A, 2009, 1216(10) :
1789
Shulyak N, Piponski M, Kovalenko S, et al. J Sep Sci,
2021, 44(15): 2908
Luca G L, Breitbach Z S, Walsh P L, et al. J Chromatogr
A, 2023, 1709: 464392
El-Deen A K, Abdallah N, Elmansi H, et al. Talanta, 2023,
265: 124813
Wasylka J P, Rutkowska M, Guardia M D L. J Chromatogr
A, 2021, 1639: 461918
LiGZ, ZhuT, LeiYJ. KoreanJ Chem Eng, 2015, 32(10): 2103
Tan T , Zhang M L, Wan Y Q, et al. Talanta, 2016,149: 85
Tan T, Qiao X, Wan Y Q, et al. Chinese Journal of Chro-
matography, 2015, 33(9): 934
W, TR g, s, 4. @, 2015, 33(9): 934
Marchel M, Przyjazny A, Boczkaj G. Talanta, 2025, 292:
127963
Roy D, Miller L. Anal Chim Acta, 2022, 1200: 339584
Ding SH, XuY, Xue S, et al. Talanta, 2024, 275: 126126
Zhang Y, Fu W, Han J, et al. ACS Sustain Chem Eng,
2022, 10(43): 14195
Marchetti N, Cavazzini A, Pasti L, et al. J Sep Sci, 2009,
32(5/6): 727
Reta M, Carr P W. J Chromatogr A, 1999, 855(1): 121
DaiJ, Carr P W. J Chromatogr A, 2005, 1072(2): 169
McCalley D V. Chem Commun, 2023, 59(51): 7887
Gritti F, Guiochon G. J Sep Sci, 2008, 31(21): 3657
Gritti F', Guiochon G. J Chromatogr A, 2004, 1038: 53



