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Abstract: This study investigated the effects of hydrogen-bond acceptor (HBA) structure, hydrogen-bond donor
(HBD)/HBA ratio, and water content on the extraction efficiency of asiaticoside and madecassoside from Centella
asiatica using deep eutectic solvents (DESs). Three quaternary ammonium HBAs—choline chloride (ChCl),
acetylcholine chloride (AChCI), and chlorocholine chloride (CCC)—were combined with ethylene glycol (EG)
as HBD. Under 20 % water, asiaticoside showed little variation among DESs, while the more polar madecassoside
exhibited distinct trends depending on HBA structure. CCC-DES achieved the highest extraction yield
(17.38 ng/mg) due to weakened hydrogen bonding and lower viscosity, whereas AChCI-DES, with an ester
group (—O-COCHj;), showed reduced efficiency from increased viscosity and restricted diffusion. Increasing
HBD/HBA ratio and moderate water addition enhanced extraction by reducing viscosity; however, excessive
water (>30 %) disrupted the DES network. EG acted as an internal factor maintaining structural integrity, while
water functioned as an external factor, promoting diffusivity. These results highlight that HBA structure and
DES composition cooperatively determine physicochemical behavior and extraction efficiency, providing insights

for designing eco-friendly solvents for natural product extraction.
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2.1. AlgF & 717]

B Aol AM-E W E(Centella asiatica)S F3] B
RS, =)ol A FYeATh B FRA g EF
EA=Z asiaticoside (M=959.12 g/mol, Cat# 43191)%}
madecassoside (M =975.12 g/mol, Cat# PHL80230)=
Sigma-Aldrich (USA)ZH-E T 3te] A3t

DES A| Z 9= acetylcholine chloride (AChCI, Cat#
A2661), chlorocholine chloride (CCC, Cat# C4049),
ethylene glycol (EG, >99.8 %, Cat#f 324558)2 EF
Sigma-AldrichAtoll A ko] ALE-3F T} 2k RS
A A€ EH|(HBD/HBA)Y Bto] £9 -, 3t SolE
(Thermo Fisher Scientific, Waltham, MA, USA)°l A
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Standard Vortex Mixers Analog Type, USA)E ©]-& &}
a2 &3ttt

A g R A A= AP e gn
st7] 913l 33] WSt Faatnt E4o ARS-E
HPLC+ Agilent 1260 Infinity Series (Agilent Technologies,
Waldbronn, Germany)& AH&-3t52H, 232 Symmetry
C18 (5 pm, 4.6 x 250 mm, Waters, USA)S AH&3}1S)

Table 1. Sample names and estimated viscosity based on DES

estimated from literature data at 25 °C.'>152!

o] 5 AHe acetonitrile (ACN, >99.9 %, Sigma-Aldrich,
St. Louis, MO, USA)# Z2<<7(182 MQYem)E AL-&
st om, 244+= RO system (Pure Power I, Human
Science, Hannam, Korea)ol| 14 E Z&F A XA
Milli-Q (EQ 7000, Millipore Sigma, Burlington, MA,
USA)E &3l Az &S Akt
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DESE F&¢& 93 247 t&
30% (viv)) 2R A8
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LAY A 2 FH By s swto g dnkz 9l
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BA gl
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composition and water content. The viscosity values were

Sample ID Estimated viscosity Sample ID Estimated viscosity
(HBA-HBD/HBA ratio-DW%) (mPa-s) (HBA-HBD/HBA ratio-DW%) (mPa-s)

AChCI-DES2-0 72 CCC-DES2-0 48
AChCI-DES3-0 48 CCC-DES3-0 32
AChCI-DES4-0 30 CCC-DES4-0 20
AChCI-DES5-0 18 CCC-DES3-0 12
AChCI-DES2-10 48 CCC-DES2-10 32
AChCI-DES3-10 30 CCC-DES3-10 20
AChCI-DES4-10 18 CCC-DES4-10 12
AChCI-DESS5-10 12 CCC-DES5-10 8
AChCI-DES2-20 30 CCC-DES2-20 20
AChCI-DES3-20 14 CCC-DES3-20 10
AChCI-DES4-20 10 CCC-DES4-20 6
AChCI-DES5-20 6 CCC-DES5-20 4
AChCI-DES2-30 18 CCC-DES2-30 12
AChCI-DES3-30 8 CCC-DES3-30

AChCI-DES4-30 5 CCC-DES4-30 3
AChCI-DES5-30 4 CCC-DES5-30
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SIAT). Table 3914 HAF5L 1 50], Al HBAE 43
YEF Foles FEHE /AT Tk 23]
(-OH, —O-COCHj, —Cl)94 3etx Fx7 ES ¢
k. ol2fg 734 ztol= DES W F2Z4% UE

2] A=, S4, A= ol AHAYN TS A,

Ll
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(b)

Asiaticoside
Madecassoside

- AChCI-DES extracted

- CCC-DES extracted ‘\

J\

Relative UV/Vis response @205 nm

10 11 12 13 14 15
Retention time (min)

(a) Calibration curves of asiaticoside (@) and madecassoside (m) determined by HPLC-UV at 205 nm. Each point represents
the mean + SD of three injections (n = 3), showing linearity with R* =

0.9991 and 0.9997, respectively. (b) Representative

HPLC-UV chromatograms showing the relative UV/Vis responses at 205 nm for standard samples of asiaticoside and
madecassoside and extracted asiaticoside and madecassoside with AChCI-DES-20 and CCC-DES-20.
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Fig. 2. 3D surface plots showing the extracted masses of asiaticoside, madecassoside, and total terpenoids from Centella asiatica

in Fig. 1(a).

at different DES compositions. (a-¢c) ChCI-DESs (data adopted from Ref. 12), (d-f) AChCI-DESs, and (g-i) CCC-DESs

prepared with various HBD/HBA molar ratios (2:1-5:1) and water contents (DW, 0-30 %, v/v). The extracted masses

of asiaticoside (d, g), madecassoside (e, h), and their total amounts (f, i) were calculated based on calibration curves

AF}H oz HEH o= &3

9 gk EAE 4%
A Bt

5 20% ZAL Aol ChCl-DESOIA F&
= e B e o R

2 FHJuh? uely B
Aol M= HBAS] Yol +27F 5 &89 vA =

O;

O

3 &S Hrtstz] fAste], & ol 20 %= =73

U3 Z7AoA AChCI-DESe} CCC-DES<]
= Z3E vastih

)

Fig. 28} Table 20 A E A5 & 20% 71004
&% 3 HBD/HBA H]&(2:1~5:1) ¥ & H|iL517, HBA
o] ol 723 Aolo] wet = T&o| FolsH
THEETE HA asiaticoside?] 7% Al HBA Al 7+
ztol= FA] ekt dlE Eof 2:1 H&ol|X4 ChCl-DES

3.93+0.01 ng/mg, AChCI-DES 3.68+0.11 ng/mg, CCC-
DES 4.15+0.01 ng/mgl & YEPFI, 5:1 H]Eo|M =
Vol. 38, No. 6, 2025

ChCI-DES 4.10+0.01 ng/mg, AChCI-DES 3.82+0.03 ng/
mg, CCC-DES 4.26+0.15 ng/mgS. 2 7¢] 53 =
< §A383th. o= asiaticoside”} H]iZ H]

FHo=
gule) AEL 22T J= Wl ta Wzhest
W) Eo R s

A gk o] 2} tE 7, madecassosides A THZH o=
FA4o]ojA] HBA +39] w|AIgE Zfoldf] o) ik 4
43 &&o] ZA =gkt 2:1 ¥ &4 ChCI-DES
15.79+0.07 ng/mg, AChCI-DES 16.04+0.07 ng/mg,
CCC-DES 17.00£0.07 ng/mg® 2 CCC-DES7} 7H4%
=2 g B} 0|9 72 7342 HBD/HBA H]
£o°] F7hIH e fA¥ o], 5:1 B]&ollA ChCl-DES
16.67+0.30 ng/mg, AChCI-DES 15.4440.45 ng/mg,

CCC-DES 17.38+0.56 ng/mg®- 2 UtElRTH o] &
A= HBAS ©¥t7] £x7) DESS $£42% W E
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Table 2. Quantitative analysis of extracted asiaticoside and madecassoside from Centella asiatica at different DES compositions. The
extracted masses of asiaticoside and madecassoside were calculated based on the calibration curves in Fig. 1(a).

Sample ID Extracted Extracted Sample ID Extracted Extracted made-  Sample ID Extracted Extracted
(HBA-HBD/HBA asiaticoside madecassoside (HBA-HBD/HBA  asiaticoside cassoside mass (HBA-HBD/HBA asiaticoside madecassoside
ratio-DW%)  mass (ng/mg)*mass (ng/mg)* ratio-DW%)  mass (ng/mg) (ng/mg) ratio-DW%)  mass (ng/mg) mass (ng/mg)
ChCI-DES2-0  3.74 +£0.02 14.84 £ 0.04 AChCI-DES2-0 3.56+0.10 12.80+0.07 CCC-DES2-0 3.19+ 124 13.17 +4.84
ChCI-DES3-0  3.80+0.01 15.31 +£0.06 AChCI-DES3-0 3.78 £0.01 1343 £0.04 CCC-DES3-0 4.12+0.01 16.88 +0.18
ChCI-DES4-0 3.89+£0.01 1574+ 033 AChCI-DES4-0 4.13+0.11 1273 +0.07 CCC-DES4-0 4.11 £0.08 16.83 +0.45
ChCI-DES5-0  4.07 £ 0.05 16.38 +£0.11 AChCI-DES5-0 4.04 +£0.10 13.49+1.60 CCC-DES5-0 4.05+0.09 16.59 +0.48
ChCI-DES2-10  3.88 £ 0.01 15.40 + 0.03 AChCI-DES2-10 3.81 +£0.12 12.51 £0.15 CCC-DES2-10 4.10 £ 0.04 16.81 = 0.01
ChCI-DES3-10  4.06 = 0.01 16.16 £ 0.11 AChCI-DES3-10 4.04 + 0.23 13.18 £0.14 CCC-DES3-10 4.10 £ 0.07 16.75 + 0.23
ChCI-DES4-10  4.02 £ 0.02 16.02 + 0.07 AChCI-DES4-10 3.79 +0.17 14.75+0.18 CCC-DES4-10 4.03 £ 0.06 16.47 +0.14
ChCI-DES5-10  4.04 £ 0.02 16.35 + 0.05 AChCI-DES5-10 3.94 + 0.39 1397 £0.42 CCC-DES5-10 4.14 +0.12 16.94 +0.43
ChCI-DES2-20  3.93 £ 0.01 15.79 + 0.07 AChCI-DES2-20 3.68 + 0.11 16.04 £ 0.07 CCC-DES2-20 4.15+0.01 17.00 = 0.07
ChCI-DES3-20  4.12 £ 0.01 16.89 + 0.06 AChCI-DES3-20 3.89 + 0.11 14.68 £ 0.68 CCC-DES3-20 4.19 +0.01 17.11 £ 0.10
ChCI-DES4-20  4.07 £ 0.02 16.15 + 0.05 AChCI-DES4-20 3.87 +0.14 1570 £ 0.36 CCC-DES4-20 4.12+£0.05 16.84 +0.35
ChCI-DES5-20  4.10 + 0.01  16.67 = 0.30 AChCI-DES5-20 3.82 +0.03 1544 + 045 CCC-DES5-20 4.26+0.15 17.38 £0.56
ChCI-DES2-30  3.53 £0.02 15.39 + 0.15 AChCI-DES2-30 3.84 + 0.09 13.71 £0.13 CCC-DES2-30 3.94 + 0.09 16.07 = 0.15
ChCI-DES3-30  3.69 + 0.02 16.10 = 0.19 AChCI-DES3-30 4.11 £0.17 1322+ 0.10 CCC-DES3-30 4.10 £ 0.04 16.74 +0.10
ChCI-DES4-30  3.84 + 0.01 16.70 = 0.36 AChCI-DES4-30 3.94 + 0.21 15.04 + 0.23 CCC-DES4-30 3.99 £ 0.01 16.31 +0.31
ChCI-DES5-30  3.66 + 0.07 16.17 £ 0.17 AChCI-DES5-30 3.92 + 0.08 14.74 + 0.09 CCC-DES5-30  3.96 £ 0.08 16.17 = 0.09

*The extracted masses of asiaticoside and madecassoside obtained at ChCI-DESs were adopted from previous literature as values for comparison.'
All extraction masses are expressed as the mass of extracted constituents per milligram of dried Centella asiatica leaves (ng/mg = ppm).

Table 3. Structural and physicochemical characteristics of three HBAs used in DES preparation.

4,9,10,22,23

Choline chloride

Acetylcholine chloride

Chlorocholine Chloride

Property (ChCly (AChCI) (CCC)
Molecular formula CsH,,CINO C,H,,CINO, CsH\;CpN
Functional group Hydroxyl (-OH) Ester (-O—COCH3) Chloro (—Ci)
Representative cation (CH3);N* (CH;);N* (CH3);N*
structure -CH,CH,OH —CH,CH,~-O-COCH; —CH,CH,Cl
Polarity High Very high Moderate to low

Hydrogen bond
acceptor ability

Effect on solute
diffusion

(strong hydrogen bonding)

Strong
(due to —OH and CI")

Moderate

(ester oxygen and carbonyl dipole)
Moderate strong

(ester oxygen participates,

but sterically hindered)
Restricted

(due to higher viscosity)

(less hydrogen bonding capability)
Weak

(CI atom is poor hydrogen bond
acceptor)

Enhanced

(due to lower viscosity)

Characteristic chemical

behavior

Excellent HBA for
alcohol-based DES

Strong dipole moment,
forms tight network

Weakly hydrogen-bonded,
more mobile solvent matrix

Ao 2= HAEE e, 2 43 &4 it o] WAE F4tolgt o FErh ¥H CCCe -l A
Exol AFA o JFS itk AMS SikRst 7|2 R FAAY FEFo] FAst WEYAL
T & 4 T ChCle B9 —OH 71& Asf 743 =R a, ek astds] 848 b4 e] a4
FoAE YAt =2 ST A=E RS, FFERNES Aolth. mEtx CCC-DESE =& HBD/
ol EHS ThA A = 9Jom, AChCl ol 2=H HBA H]-&9A madecassoside & &&°| 74 £&
71(-0-COCH3)Z Q13 S8 Z7Fsh A4 Wei= A3}E ®HolA | o, ol F44Y A= ¢t
T3 Hol ¥ 2UA HErt AHe=E =4 — A% Az} - Y TR o|oR & PO ERE
FAE F A Aot} o] upel &2 gHito] oA 71918k Zlojgt ZALHA o dgtt
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Table 4. Results of three-factor main-effects ANOVA evaluating the effects of HBA type, HBD/HBA ratio, and water content
on asiaticoside and madecassoside extraction efficiencies.

Degree of Asiaticoside Madecassoside
Factors - -
freedom F' p-value? Ff p-value?
HBA 2 3.91 2.84 x 107 54.97 4.49 x 107"
HBD/HBA ratio 3 5.12 4.40 x 1073 4.15 121 x 1072
DW% 3 2.56 6.91 x 1072 9.10 1.08 x 107

F-values compare between-group variance to within-group (residual) variance, with larger values indicating more significant factor effects.
¥p-values represent the probability that the observed effects occurred by chance. Effects with p < 0.05 were regarded as statistically sig-

nificant.
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