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A B S T R A C T   

This study systematically explores a green extraction process of T. crispa stems to selectively isolate therapeutic 
compounds, borapetoside C (BPC) and magnoflorine (MGF), recognized for their anti-diabetic properties. In 
agreement with Hansen solubility parameters prediction, H2O and EtOH were found to be suitable solvents for 
extraction of BPC and MGF, respectively, resulting in 33 % and 45 % extractabilities after 60 min. Further in
vestigations demonstrated considerable increase in BPC extractability using 20 % EtOH:H2O mixture at 40 ◦C, 
with complete extraction achieved after 60 min. While for MGF, pure-EtOH at 40 ◦C, was the most suitable 
solvent, showing the highest selectivity and complete extraction after 100 min. The BPC-rich extract from 20 % 
EtOH:H2O exhibited higher anti-diabatic activity (IC50 = 0.63 ± 0.03 and 0.72 ± 0.04 mg/mL, respectively, for 
α-glucosidase and α-amylase enzymes inhibition activity), and considerably lower cytotoxicity to L6 and HepG2 
cells, with IC50 = 0.26 ± 0.16 and 0.24 ± 0.02 mg/mL, respectively, compared with the MGF-rich extract ob
tained with pure-EtOH. Based on these results, a sequential extraction scheme was proposed involving initial 
pure-EtOH extraction to selectively and completely remove MGF, followed by extraction with a 20 % EtOH:H2O 
mixture to recover the remaining BPC, which was approximately 80 % of the BPC originally present. The ob
tained MGF-free BPC-rich extract showed significantly lower cytotoxicity (IC50 = 0.31 ± 0.06 mg/mL against L6 
cell) and higher enzyme inhibition activities (IC50 = 0.53 ± 0.32 and 0.52 ± 0.02 mg/mL for α-glucosidase and 
α-glucosidase enzymes inhibition activity), comparable to acarbose (IC50 = 0.43 ± 0.02 and 0.83 ± 0.03 mg/mL 
for α-glucosidase and α-glucosidase enzymes inhibition activity), the result that potentially leads to the devel
opment of a promising industrial process to harness T. crispa for diabetes prevention and treatment.   

1. Introduction 

Diabetes is one of the most serious chronic diseases, which currently 
interferes the lives and wellbeing of more than 642 million people 
worldwide, and causes 1.5 million deaths each year, making it one of the 
top ten causes of mortality (WHO, 2020). With exponentially increasing 
numbers of affected individuals, diabetes has become a global crisis and 
its impact on the health of the future generations is far reaching (Silva 
et al., 2018). As a result, global market for diabetic medications is ex
pected to also be continuously growing, with a predicted rate of 7.8 % by 
2027. Of these, anti-diabetic medications derived from natural resources 
are gaining increasing importance due to growing customer awareness 

of detrimental side effects of many of the chemical-based ingredients 
(Ekor, 2014; Cvetanović et al., 2018; Wang et al., 2022). 

Borapetoside C (BPC, Fig. 1(a)), a diterpenoid glycosides found as the 
main active constituent in Tinospora crispa (T. crispa) stems, has been 
demonstrated to possess excellent anti-diabetic activity through its in
hibition of the α-glucosidase and α-amylase enzymes, that regulate 
postprandial blood glucose levels (Lam et al., 2012; Ruan et al., 2012). 
In addition, BPC has also been shown to be the most efficient α-gluco
sidase inhibitor (exhibiting the lowest IC50 value) when compared to the 
other potential anti-diabetic natural products (Kanetkar et al., 2007; 
Wang et al., 2014; Hamid et al., 2015). Another important compound 
found also in the stems of T. crispa, a polycyclic aporphine alkaloid, 
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namely MGF (Fig. 1(b)), is as well known for its ability to exhibit inhi
bition of α-glucosidase (Xu et al., 2020), and has been used to treat 
diabetes (Patel and Mishra, 2012; Cherku, 2019; Ahmad et al., 2022). 
The mechanism of action on the anti-diabetic property of BPC and MGF 
was illustrated in a recent study by Khanal et al. (2019). In addition to 
anti-diabetic property, MGF inhibits proliferation of various cancer cells 
such as lung, breast and liver by suppressing the expression and secre
tion of vascular endothelial growth factor (VEGE) (Patel and Mishra, 
2012; Okon et al., 2020). This VEGF inhibition activity is advantageous 
for the development of the anti-cancer drugs, it nevertheless causes 
adverse toxic effects to normal cells, including bone marrow, bone and 
myoblast cells (Germani et al., 2003; Arsic et al., 2004). As a result, for 
effective anti-diabetic treatment, it is preferable that BPC and MGF be 
selectively and separately extracted from T. crsipa stems to minimize the 
toxicity of the resulting extract, while maintaining its ability to inhibit 
α-glucosidase and α-amylase enzymes. 

In previous studies, various solvents such as H2O, methanol (MeOH), 
ethanol (EtOH), ethyl acetate (EtOAc), acetone and dichloromethane 
(DCM), as well as mixtures of H2O and EtOH or MeOH have been 
employed to obtain T. crispa stem extracts, containing active compounds 
including BPC and MGF (Martin et al., 1996; Lam et al., 2012; Adnan 
et al., 2018; Ahmad et al., 2022; Zhu et al., 2023; Zuhri et al., 2024). In 
most of these studies, emphasis was placed on analytically identifying 
active components and pharmacological effects (Ahmad et al., 2018). To 
the authors’ knowledge, there have been no research studies that 
concern the systematic determination of extraction solvents and condi
tions that yield the highest efficiencies for selective extraction of BPC 
and MGF from T. crispa, particularly with an interest on the anti-diabetic 
activity and cytotoxicity of the extract obtained. 

In terms of extraction efficiency of a solvent for a target compound, 
the solute–solvent solubilization properties play a crucial role (Soh and 
Eckelman, 2016; Milescu et al., 2020). Hansen solubility parameters 
(HSPs), developed as an extension from the Hilderbran solubility 
parameter to predict the miscibility of two species, by considering their 
intermolecular interactions, has been extensively used as a powerful tool 
for the estimation of solvent compatibility for dissolution of a target 
solute, such as a polymer (Sambrailo and Kunst, 1987; Bacon et al., 
2014; Poleo and Daugulis, 2014) or a biological material such as DNA or 
protein (Ursin et al., 1995). The HSP theory has moreover gained the 
popularity as seen in an increasing number of research publications 
(Park et al., 2010; Hong et al., 2015; Laboukhi-Khorsi et al., 2017; 
Daisuk and Shotipruk, 2020; Milescu et al., 2020; Chen et al., 2023; 
Kanda et al., 2024), as a simple yet powerful tool for preliminary eval
uation of solvents for extraction of natural products. By using this the
ory, it is possible to minimize time and resource consuming screening 
experiments that lead to the generation of large amount of waste 
solvents. 

The aim of this study was to develop an efficient and selective 

process for extraction of BPC and MGF from T.crispa stems. Firstly, by 
applying the HSPs theory, the solubility of BPC and MGF in different 
solvents were compared, and suitable extraction solvents for these 
compounds were selected. Secondly, the possibility to further enhance 
the extractability of BPC and MGF from T. crispa stems by mixing two 
selected solvents was experimentally evaluated. In so doing, the effects 
of solvent mixture composition, extraction temperature and time on the 
extractability and selectivity for the two compounds were determined. 
Thirdly, the α-glucosidase and α-amylase inhibition activities and 
cytotoxicity of the extracts obtained with selected solvents at the most 
suitable extraction conditions were determined and were compared with 
those of the BPC standard (BPC-STD) and MGF standard (MGF-STD), and 
with a commercial diabetic drug (acarbose), as positive controls. Lastly, 
sequential extraction with two optimum extraction conditions for BPC 
and MGF was demonstrated as a process scheme to obtain an extract 
with relatively high anti-diabetic activity and considerably reduced 
cytotoxicity without the need for complicated purification steps. 

2. Materials and methods 

2.1. Plant materials, chemical and reagents 

The stems of T. crispa were purchased from herbal drug store (Vej
pongosot pharmacy Co., Ltd, Bangkok, Thailand), and identified by one 
of the authors (C.C.). A voucher specimen (CC-TC-0720) was deposited 
at the herbarium of the Department of Pharmacognosy and Pharma
ceutical Botany, Faculty of Pharmaceutical Sciences, Chulalongkorn 
University, Thailand. The stems were oven-dried (50 ◦C, 72 h) before 
being cut into small pieces and processed with a hammer mill to yield a 
uniform powder (granule diameter 2 mm). The powder was kept in a 
sealed container at 25 ◦C and protected from light and moisture until 
further use. The sample moisture content was measured to be 5.2–6.0 % 
over the course of this study. 

Extraction solvents: MeOH (purity 99 %), EtOH (purity 99 %), EtOAc 
(purity 99 %), DCM (purity 99 %), and acetone (purity 99 %) were 
purchased from Carlo Erba reagents. Co., Ltd. Barcelona, Spain. All 
organic extraction solvents were of analytical reagent (AR) grade, while 
those used for chromatographic analysis were of HPLC grade. α-gluco
sidase (from Saccharomyces cerevisiae), α-amylase (from porcine 
pancreas), p-nitrophenyl α-D glucopyranoside (pNPG), red starch, MGF- 
STD and acarbose were purchased from Sigma Aldrich Co., Ltd. St. Louis, 
MO, USA. Dulbecco’s Modified Eagle’s Medium (DMEM), MTT [3-(4, 5- 
dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide], L-glutamine, 
penicillin G sodium salt and streptomycin sulfate were obtained from 
GIBCO Invitrogen (NY, USA). Fetal bovine serum (FBS) was purchased 
from Biochrom AG (Berlin, Germany). BPC used as a BPC-STD was 
extracted and purified (96 % purity, Fig. S1) at our laboratory. The 
chemical structure of the obtained BPC-STD was confirmed by 1H NMR 

Fig. 1. Molecular structures of (a) BPC and (b) MGF.  
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(Fig. S2 and Table S1 and), 13C NMR (Fig. S3 and Table. S2), and LC-MS 
(Fig. S4). 

2.2. Hansen solubility parameter (HSP) theory for prediction of 
solute–solvent solubility 

2.2.1. HSP theory 
The HSPs were developed based on the concept that the total cohe

sive energy density (Et⁄V) comprising three individual energy densities 
required to overcome the dispersion force, δd

2; the polar force, δp
2; and the 

hydrogen bonds between molecules, δh
2 (Hansen, 2007), as given by the 

following equations: 

Et/V = Ed/V +Ep/V +Eh/V (1)  

δ2
t = δ2

d + δ2
p + δ2

h (2)  

Where δt is the total HSP which consists of three partial HSPs: dispersion 
(δd), polar (δp), and hydrogen bonding (δh). 

2.2.2. Determination of HSPs for BPC and MGF 
As the HSP values for BPC and MGF are not available in literature, 

the estimation of their HSPs values was achieved by employing the 
Stefanis & Panayiotou group contribution method, which has been 
shown to be suitable for natural products containing complicated multi- 
ring, heterocyclic, and aromatic structures (Stefanis and Panayiotou, 
2008), described as follows: 

δd =

(
∑

i
NiCi +W

∑

j
MjDj + 17.3231

)

MPa1/2 (3)  

δp =

(
∑

i
NiCi +W

∑

j
MjDj + 7.3548

)

MPa1/2 (4)  

δh =

(
∑

i
NiCi +W

∑

j
MjDj + 7.9793

)

MPa1/2 (5)  

where Ci represents the contribution of the first-order group of type i 
that appears Ni times in the target structure and Dj is the contribution of 
the second-order group of type j that appears Mj times in the target 
structure. W = 0 for compounds without the second-order group and W 
= 1 for compounds with the second-order group. 

2.2.3. Evaluation of solute–solvent solubility 
The solubility of a solute in a solvent can be evaluated based on the 

deviation between the HSPs of the solvent (A) and the solute (B), the so- 
called Ra value, defined as follows: 

Ra =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4(δdA − δdB)2
+
(
δpA − δpB

)2
+(δhA − δhB)2

√

(6)  

in which solvent–solute pairs having a smaller Ra are expected to exhibit 
greater solubility/miscibility, than those with a larger Ra value. 

2.3. Experimental T. crispa stems extraction 

2.3.1. Extraction procedure 
To evaluate the predictability of HSP theory in suggesting suitable 

solvents for extraction of BPC and MGF, T. crispa stems powder samples 

(1.0 g) were extracted at the solid to solvent ratio of 1:10 (w/v), 25 ◦C 
for 60 min with various pure solvents (H2O, EtOH, MeOH, EtOAc, DCM 
and acetone) or selected solvent mixtures. The most suitable solvents or 
solvent mixtures were then selected for subsequent studies based on the 
experimental extractability and selectivity of the solvents for BPC and 
MGF. Furthermore, with the selected solvents, the most suitable 
extraction conditions were determined by varying extraction tempera
ture (25, 40 and 60 ◦C) and time (between 0 and 100 min). For each 
experiment, the solid to solvent ratio was fixed at 1:10 (w/v), which was 
preliminary found to be the most suitable among the various ratios be
tween 1:5 to 1:15 (w/v) studied. The extraction temperature was 
controlled by a hot plate (IKA, Staufen, Germany). Following a specified 
extraction time, the extract was then separated from the T. crispa stems 
residue by filtering (cheesecloth followed by a Whatman No.1 filter 
paper). The clarified extract was then evaporated using a rotary vacuum 
evaporator (Rotavapor® R-100, Büchi, Switzerland). The dried extract 
was then kept at 4 ◦C until the HPLC analysis for the BPC and MGF 
contents. The experiments were performed in triplicate and the average 
extractability and selectivity of the solvents for BPC and MGF were 
determined based on Eqs. (7–9): 

SelectivityofsolventforBPC = ExtractabilityofBPC/ExtractabilityofMGF
(8)  

SelectivityofsolventforMGF = ExtractabilityofMGF/ExtractabilityofBPC
(9) 

As a control experiment, reflux extraction was conducted in a round- 
bottom flask connected to a reflux condenser. Extraction was performed 
using boiling H2O or boiling EtOH as solvent to extract BPC and MGF, 
respectively. Extraction was also carried out repeatedly in 5 cycles (8 h/ 
each cycle) to completely extract BPC and MGF. The total amount 
extracted was used as a basis for the calculation of the extractability. 

2.4. Quantification of BPC and MGF in crude T. crispa extracts 

Quantification of BPC and MGF in the extracts were conducted using 
reverse phase UHPLC (Waters, Milford, MA, USA), consisting of a qua
ternary pump, equipped with a 2998 photodiode array detector. The 
analysis was performed according to a previous protocol (Cachet et al., 
2018), with some modifications. Briefly, samples of the extracts dis
solved in MeOH (20 µL at 1 mg/mL) were injected into a Poroshell 120 
column (2.1 mm × 100 mm, 2.7 µm, Agilent Technologies (CA, USA)). 
The mobile phases comprised 0.05 % trifluoroacetic acid (TFA) in 
deionized water (eluent A) and MeOH (eluent B). The elution gradient 
was from 90(A):10(B) to 20(A):80(B) at a flow rate of 0.6 mL/min for 60 
min. The UV detection of BPC and MGF were carried out at 214 and 320 
nm, and the corresponding absorption spectra were compared to those 
of the BPC-STD (Fig. S5) and MGF-STD (Fig. S6) respectively. The 
chromatographic separation pattern was analyzed using Empower Pro 2 
Software (Waters, Milford, MA, USA). 

The content of BPC and MGF in the extracts were calculated by a 
BPC-STD and MGF-STD standard curve performed with different con
centrations. Calibration curves were prepared using BPC-STD and MGF- 
STD. BPC-STD (3.0 mg) was dissolved in 1.0 mL of MeOH to yield a stock 
solution of 3.0 mg/mL, which was diluted to give 3.0, 2.5, 2.0, 1.5, 1.0 
0.5, and 0.2 mg/mL solutions. For MGF-STD, 0.8 mg of MGF-STD was 

ExtractabilityforBPCorMGF(%) =
AmountofBPCorMGFextract(g)

TotalamountofBPCorMGFinrawmaterial(g)
× 100 (7)   
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dissolved in 1.0 mL of MeOH, yielding a stock solution of 0.8 mg/mL, 
which was then diluted to give 0.4, 0.2, 0.1, 0.05, 0.025 and 0.0125 mg/ 
mL solutions. Standard solutions were injected into the UHPLC to give 
the calibration curves for BPC (slope 13104, intercept − 489.89, R2 

0.9988) and MGF (slope 4743.5, intercept − 316.38, R2 0.9995). 

2.5. In vitro enzyme inhibitory activity assays 

2.5.1. α-glucosidase inhibition 
The inhibitory activity of α-glucosidase was evaluated using a 

method previously described (Hamid et al., 2015), with some modifi
cations. Initially, 10 mg of the extracts were dissolved and diluted in 20 
mM phosphate buffer at pH 6.9 containing 6.7 mM NaCl, resulting in 
concentration ranging from 0.1 to 10 mg/mL. Subsequently, 20 µL of 
each concentration was transferred to a well plate. In each well, 10 µL of 
0.1 U/mL α-glucosidase solutions and 20 µL of 0.5 mM pNPG dissolved 
in 0.1 M phosphate buffer (pH 6.9) were added (total reaction mixture 
volume = 50 µL), which was then incubated at 37 ◦C for 20 min. The 
enzymatic reaction was stopped by the addition of sodium carbonate 
solution (7.5 %, 150 µL), and the released substrate (p-nitrophenol) was 
then measured at 400 nm using a microplate reader. Controls were 
carried out in the same manner, but with only 0.1 M phosphate buffer 
(pH 6.9) instead of plant extracts. The inhibitory activity of α-glucosi
dase was assessed by the following equation: 

Inhibitoryactivity(%) =
Absctrl − Abssample

Absctrl
× 100 (10)  

where Absctrl is the absorbance of the control and Abssample is the 
absorbance of tested samples. 

2.5.2. α-amylase inhibition 
Inhibition of α-amylase activity was determined using a previously 

described method (Forester et al., 2012). Briefly, 20 µL of sample crude 
extracts at various concentrations, ranging from 0.1 to 10 mg/mL, dis
solved in 20 mM phosphate buffer pH 6.9 containing 6.7 mM NaCl were 
added into a well plate. To each well, 20 µL of 0.3 U/mL α-amylase 
solution and 20 µL of red starch solution (7 mg/mL) were added (total 
reaction mixture volume = 60 µL), and the reaction mixture was incu
bated 37 ◦C for 10 min. The reaction was stopped by the addition of 140 
µL of 95 % EtOH solution, and the absorbance was then measured at 540 
nm using a microplate reader. Controls were carried out in the same 
manner, but with 20 mM phosphate buffer pH 6.9 instead of the plant 
extracts. The inhibitory activity of α-amylase was also assessed accord
ing to Eq. (10). 

2.6. Cytotoxicity assay 

The viabilities of myoblast cells isolated from the skeletal muscle of a 
rat (L6; ATCC; CRL1458) and hepatocellular carcinoma (HepG2; ATCC 
HB-8065) cells were evaluated using a method previously described 
(Suktham et al., 2018). Briefly, the cells were seeded at a density of 1 ×
104 cells/well with a complete DMEM medium containing 10 % FBS, 
100 µg/mL L-glutamine, 100 µg/mL streptomycin and 100 µg/mL 
penicillin. The cells were incubated in a 37 ◦C incubator containing 5 % 
CO2 until confluence was reached (24 h). The extracts at various con
centrations, ranging from 0.015 to 2.0 mg/mL, diluted in 100 µL of 
DMEM media without FBS were added into the wells, which were 
further incubated at 37 ◦C for 24 h. The treated cells were then washed 
with 100 µL PBS pH 7.4 before being incubated with 100 µL DMEM 
media containing 20 µL of 5 mg/mL MTT for 4 h, after which, the media 
and MTT were removed. The remaining contents in the well were sol
ubilized with DMSO, and the absorbance of the solutions was measured 
at 550 nm using a microplate reader. The cell viability (%) was calcu
lated based on Eq. (11). 

Cellviability(%) =
(A0 − A)

A0
× 100 (11)  

where A0 and A are the absorbances of the MTT reagent in the absence 
and in the presence of the sample, respectively. 

For the comparison of both enzymes inhibitory and cytotoxic activ
ities of the various T. crispa extracts, BPC-STD, MGF-STD and acarbose, a 
diabetes commercial drug, were used as benchmarks and/or positive 
controls. The results were expressed as half maximum inhibitory con
centrations (IC50), the concentration of the crude extract required for 50 
% inhibition of enzyme activity or cell viability. All experiments were 
carried out in triplicate; data presented are the mean ± one standard 
deviation (SD). 

2.7. Statistical analysis 

The significance of differences between the means of various data 
groups was evaluated using one-way analysis of variance (ANOVA) and 
posthoc Turkey’s test using the IBM SPSS statistical software. Signifi
cance was accepted at the p < 0.05 level. 

3. Results and discussion 

3.1. HSPs prediction of BPC and MGF solubility in various solvents 

The literature HSPs values at 25 ◦C of commonly used pure solvents 
(Hansen, 2007) and those of BPC and MGF, calculated using group 
contribution theory (Stefanis and Panayiotou, 2008), are summarized in 
Table 1. Detailed calculations are presented in Table S3-4. It can be 
noted that δh is the dominant parameter for BPC due to the presence of 
four sugar –OH groups in each molecule (Fig. 1(a)). On the other hand, 
the contributions to the three interactions were more evenly distributed 
for MGF. Specifically, these are two –OH and two –OCH3 groups 
contributing to hydrogen bonding, dimethylated nitrogen and conse
quent quaternery ammonium cation that facilitate polar interactions, 
and two –CH3 groups that contribute to dispersion (Fig. 1(b)). 

The Ra values in Table 1 calculated from Eq. 6 suggest that BPC is the 
most soluble in H2O (having the lowest Ra = 5.6 MPa1/2), followed by 
MeOH and then EtOH, acetone, EtOAc and DCM. It is noted that since δh 
is the dominant solubility parameter for BPC, H2O, which has the closest 
δh to that of BPC (42.3 vs. 39.9 MPa1/2), is therefore the most compatible 
“green” solvent for BPC for that reason. Acetone, EtOAc and DCM, 
having the highest Ra values for BPC (Ra approximately 33 MPa1/2), 
have considerably lower δh (δh 5.7–7.2 MPa1/2), implying that they 
would be poor solvent matches for the compound. For MGF, EtOH 
(having the lowest Ra = 3.4 MPa1/2) appears most soluble, due to the 
closet of δh (19.4 vs 17.3 MPa1/2) to that of MGF followed by MeOH. 
Acetone, EtOAc, DCM and H2O, which have considerably different δp 
and δh values from MGF, have relatively high Ra values, which render 
them poor solvents for the compound. 

Table 1 
HSPs and their corresponding Ra values against BPC and MGF (at 25 ◦C).  

Solvents HSPs parameters (MPa1/2) BPC MGF 

δd δp δn Ra (MPa1/2) Ra (MPa1/2) 

H2O  15.5  16.0  42.3 5.6  25.6 
MeOH  14.7  12.3  22.3 17.7  5.4 
EtOH  15.8  8.8  19.4 20.7  3.4 
EtOAc  15.8  5.3  7.2 33.2  11.5 
Acetone  15.5  10.4  7.0 32.9  10.5 
DCM  17.8  3.1  5.7 33.3  14.9 
BPC  15.1  10.9  39.9  
MGF  14.7  10.2  17.3  
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3.2. Experimental evaluation of HSPs prediction 

T. crispa stems extraction experiments were carried out with various 
solvents at 25 ◦C for 60 min, whose results are shown in Fig. 2. As seen from 
Fig. 2(a), the highest extractability of BPC (33 %) was achieved using H2O 
(0.91 mg extracted out of a total of 2.71 mg BPC in a 1.0 g sample). This 
extraction rate exceeded that of MeOH, in agreement with the HSP pre
diction. When extracting MGF at 25 ◦C, MeOH displayed the highest 
extractability (52 %) after 60 min (0.21 mg out of the total 0.37 mg of MGF 
in 1.0 g sample), followed by EtOH (45 %), despite MeOH having a slightly 
larger Ra value when compared to EtOH (5.4 vs 3.4 MPa1/2). The deviation 
of experimental results from HSP predictions are possible, as theoretical Ra 
value were determined based on the solute–solvent pair, while in actual 
extraction, other compounds that are present could influence the solubility 
and extractability of the interested compound. Nevertheless, the statistical 
analysis of our results showed no significant difference between MGF 
extractability obtained with MeOH and EtOH (Fig. 2(a)). The next smallest 
Ra values suggested by the HSPs theory were those of acetone (10.5 MPa1/ 

2), EtOAc (11.5 MPa1/2) and DCM (14.9 MPa1/2), and the results agreeably 
showed lower MGF extractability for all these solvents. 

In relation to selectivity, Fig. 2(b) demonstrated that H2O showed the 
highest BPC selectivity, as H2O highly selectively extracted BPC, 
compared to MGF. For MGF, EtOH provided the highest MGF selectivity 
followed by MeOH. It was observed that the highest MGF extractability 
and selectivity were obtained with MeOH and EtOH, respectively, as 
these solvents were predicted to have the highest solvency for MGF with 
relatively low Ra values when compared to other solvents (5.4 and 3.4, 
respectively vs. 11.5–25.6 MPa1/2). Nevertheless, since MeOH raises 
safety and health concerns owing to its acute oral toxicity, EtOH was 
deemed preferable for extracting MGF. According to these results, H2O 
and EtOH were selected as suitable solvents for BPC and MGF, 
respectively. 

3.3. Determination of suitable conditions for selective extraction of BPC 
and MGF 

In this study, the effect of different factors including EtOH:H2O sol
vent mixture composition, extraction temperature and time were eval
uated to further enhance the extraction efficiency for BPC and MGF, 
respectively. 

Fig. 2. (a) Extractability (%) and (b) selectivity of BPC and MGF by pure solvents at 25 ◦C for 60 min. Data are presented as means ± SD (n = 3). Different letters and 
symbols indicate significant differences between samples within the same category at the level of p < 0.05. 

Fig. 3. Experimental extractability (%) and selectivity of (a) BPC and (b) MGF by EtOH: H2O mixtures of various compositions at 25 ◦C and 60 min. The data is 
presented as the mean ± SD (n = 3). Different letters and symbols indicate significant differences in extractability and selectivity, respectively at the level of p < 0.05. 
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3.3.1. Effect of composition of EtOH:H2O solvent mixture 
The extraction results with EtOH:H2O solvent mixtures at various 

compositions shown in Fig. 3(a) revealed that mixing EtOH into H2O in 
the range of 10 up to 60 % (v/v) could enhance the BPC extractability 
when compared to pure-H2O. Beyond this point, the BPC content 
gradually decreased and showed the lowest BPC extractability using 
pure-EtOH. The enhanced extractability could be a result of a complex 
interaction between the EtOH and H2O molecules, particularly the 
hydrogen bonding formations between the molecules (Güçlü-Üstündağ 
and Temelli, 2005), that helps enhance the solubility of BPC in their 
mixtures. Our results correspond to a previous work that reported 
improved extraction of triterpene glycosides: madecassoside and asiat
icoside, using solvent mixtures of EtOH in H2O in the range of 15–50 % 
(v/v) (Yingngam et al., 2020). The highest extractability for BPC (87 %), 
a 2.6 folds increase from the pure-H2O extraction, was obtained with 20 
% EtOH:H2O mixture. For MGF, the use of EtOH and H2O mixtures in the 
range of 70–90 % (v/v) significantly enhanced the MGF extractability by 
59 to 70 % when compared to pure-EtOH (45 %). The highest MGF 
extractability (70 %) was achieved with 90 % EtOH:H2O solvent mixture 
(Fig. 3(b)). 

In terms of selectivity for BPC (Fig. 3(a)), the BPC selectivity tends to 
decrease with increasing EtOH content to the lowest selectivity of 0.19 
with pure-EtOH. Nevertheless, for the solvent mixtures with EtOH up to 
30 %, the BPC selectivity remained relatively high (4–4.5). On the other 
hand, as seen in Fig. 3(b), the MGF selectivity favored the solvent 
mixtures with high EtOH content, the highest selectivity (5.1) observed 
for pure-EtOH extraction. 

From the results herein, it could be summarized that 20 % EtOH:H2O 
mixture provided the highest BPC extractability with slight drop in the 
selectivity, while for MGF, the highest extractability was observed with 
90 % EtOH:H2O mixture, and the highest selectivity with pure-EtOH. 
These solvents were therefore selected for further investigation to 

enhance extraction efficiency by determining the effect of extraction 
temperature and time. 

3.3.2. Effect of extraction temperature 
The effects of extraction temperature on BPC extractability and 

selectivity were evaluated with 20 % EtOH:H2O mixture as shown in 
Fig. 4(a). For MGF, experiments were carried out with 2 different solvent 
ratios which are 90 % EtOH:H2O solvent mixture (Fig. 4(b)) and pure- 
EtOH (Fig. 4(c)). As seen in Fig. 4(a) for extraction with 20 % EtOH: 
H2O mixture, BPC extractability increased with increasing temperature, 
reaching maximum at 40 ◦C where BPC could be completely extracted 
after 60 min. The BPC selectivity, however, decreased as the tempera
ture increased for extraction with 20 % EtOH:H2O mixture (Fig. 4(a)) 
since the solvent extracted increased amount of MGF (Fig. S7(a)). 

For MGF, the extractability and selectivity do not change considerably 
when using 90 % EtOH:H2O solvent mixture within the temperature 
range of 25 to 60 ◦C (Fig. 4(b)). However, with pure-EtOH, the change in 
temperature affected MGF extractability and selectivity to significant 
levels, particularly for temperature increase from 25 to 40 ◦C (Fig. 4(c)). 
Although at 40 ◦C, MGF extractability was lower with pure-EtOH than 
with 90 % EtOH:H2O mixture, at 25 ◦C, the MGF extractability was 
comparable to that achieved with 90 % EtOH: H2O. On the other hand, 
the MGF selectivity increased significantly from 5.1 at 25 ◦C to 6.4 at 
40 ◦C. The reason for this is that pure-EtOH is highly favorable for MGF, 
but less favorable for BPC (Fig. S7(c)). As temperature increases, EtOH 
becomes even less polar, improving the solubility for MGF, while 
decreasing the solubility for BPC, thus MGF selectivity increased. 

In the subsequent study, further investigation was carried out with 
20 % EtOH:H2O solvent mixture at 40 ◦C (giving the highest extract
ability, and relatively high selectivity for BPC) and pure-EtOH at 40 ◦C 
(giving the highest MGF selectivity, and relatively high extractability) to 
determine the suitable extraction time. 

Fig. 4. Effects of extraction temperature on the extractability (%) and selectivity of BPC using (a) 20 % EtOH:H2O and MGF using (b) 90 % EtOH:H2O and (c) pure- 
EtOH for 60 min. Data are presented as the mean ± SD (n = 3). Different letters and symbols indicate significant differences between samples within the same 
category at the level of p < 0.05. 
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3.3.3. Effects of extraction time 
As shown in Fig. 5(a), the time profiles of T. crispa stems extraction 

suggest that, with 20 % EtOH:H2O solvent mixture at 40 ◦C, BPC was 
completely extracted within 60 min, together with a small of MGF (22 % 
of the MGF in the original sample). With pure-EtOH at 40 ◦C on the other 
hand (Fig. 5(b)), MGF extraction was favored and could be completely 
extracted after 100 min. Along with it, approximately 20 % of BPC 
originally present in the sample was co-extracted. 

In view of extracting T. crispa stems to enhance anti-diabatic effects, 
while minimizing the toxicity of the extract, a sequential extraction 
scheme involving initially removing MGF, and subsequently extracting 
the remaining BPC under an optimized conditions can be implemented. 
To illustrate, an experiment was carried out in which MGF-rich extract is 
first obtained by extraction with pure-EtOH at 40 ◦C for 100 min, fol
lowed by extraction with 20 % EtOH:H2O solvent mixture at 40 ◦C for 
additional 70 min. As shown in Fig. 6, MGF was completely extracted 
after 100 min with pure-EtOH at 40 ◦C, together with approximately 20 
% of BPC originally present in the T. crispa stems sample (0.54 mg/g 

DW). Without MGF contamination, the remaining 80 % of BPC was 
subsequently extracted with 20 % EtOH:H2O solvent mixture at 40 ◦C 
within the next 40 min. 

3.4. In vitro α-glucosidase and α-amylase inhibitory activities 

The α-glucosidase and α-amylase inhibitory activities of the extracts 
obtained with various solvents were compared to those of BPC-STD, 
MGF-STD, and anti-diabatic drug, acarbose. As shown in Table 2, 
comparing between the BPC and MGF-STDs, BPC-STD exhibited 
considerably higher activities than that observed for MGF-STD (low IC50 
values for both α-amylase and α-glucosidase inhibition assays). The 
enzyme inhibition activities of BPC were found to be comparable to 
those of acarbose, the commercial anti-diabatic drug. On the other hand, 
MGF-STD exhibited lower inhibition activities for both enzymes than 
those of BPC-STD and acarbose. As expected, the extract obtained with 
20 % EtOH:H2O solvent mixture had higher BPC content (lower MGF 
content), its enzymatic inhibition activity for both enzymes was higher 

Fig. 5. Effect of extraction time at 40 ◦C using: (a) 20 % EtOH:H2O solvent mixture, (b) pure-EtOH at 40 ◦C. Data are presented as the mean ± SD (n = 3).  

Fig. 6. Sequential extraction of BPC and MGF. The stems powder was initially extracted with pure-EtOH at 40 ◦C for 100 min before being extracted with 20 % EtOH: 
H2O solvent mixture at 40 ◦C for another 70 min. The data is presented as the mean ± SD (n = 3). 
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than that obtained with pure-EtOH (which had high MGF level). The 
results for sequential extraction showed that the BPC-rich fraction ob
tained during the latter 40 min period following MGF removal yielded 
higher inhibition activities to both enzymes than those extracts obtained 
with either pure-EtOH or 20 % EtOH:H2O solvent mixture. The anti- 
diabatic activities of this extract were comparable to those of BPC-STD. 

3.5. In vitro cytotoxic activity 

The cytotoxicity of the extracts obtained with 20 % EtOH:H2O sol
vent mixture, pure-EtOH, and that from the sequential extraction were 
evaluated against L6 and HepG2 cell lines, using MTT assay (photo
graphs shown in Fig. S8 and S9, respectively). The results in Table 2, 
comparing the BPC and MGF-STDs, indicated that MGF-STD not only 
showed lower enzyme inhibition activity but also exhibited higher 
toxicity than BPC (IC50 = 0.15 mg/mL vs 0.32 mg/mL against L6 cell and 
0.13 mg/mL vs 0.18 mg/mL against HepG2 cell, respectively). This 
implied that the extract obtained with 20 % EtOH:H2O solvent mixture 
(containing high BPC content) would be less toxic than the extract ob
tained with pure-EtOH (containing high MGF content). As expected, the 
IC50 values for the cytotoxicity tests against L6 (0.26 mg/mL vs 0.08 mg/ 
mL) and HepG2 (0.24 mg/mL vs 0.06 mg/mL) suggested that the extract 
with 20 % EtOH:H2O exhibited approximately 3.3–3.9-folds lower 
toxicity. Furthermore, by completely removing MGF in the first step of 
the sequential extraction, the final extract was found to have consider
ably reduced cytotoxicity, particularly reflected by the IC50 values for L6 
cells that are comparable to those of BPC-STD and acarbose. 

4. Conclusion 

HSPs theory was shown to give reasonable prediction of solubility of 
BPC and MGF in various solvents and selected solvent mixtures. 
Comparing the pure solvents, the most suitable solvents for extraction of 
BPC and MGF were H2O and EtOH respectively. In this study, the 
effectiveness of further improving the extraction efficiency utilizing 
EtOH:H2O solvent mixtures was evaluated. Extraction with 20 % EtOH: 
H2O solvent mixture at 40 ◦C was found to be most suitable for BPC, 
while extraction with pure-EtOH at 40 ◦C was the most suitable for MGF. 
This result suggested therefore that MGF and BPC can be extracted 
sequentially first with pure-EtOH at 40 ◦C, then followed 20 % EtOH: 
H2O solvent mixture at 40 ◦C. Compared with the extract obtained with 
either pure-EtOH or 20 % EtOH:H2O solvent mixture, the MGF-free BPC- 
rich fraction obtained at later times from the sequential extraction 
exhibited considerably lower cytotoxicity comparable to those of BPC- 
STD, while the in vitro α-glucosidase and α-amylase inhibition 

activities were significantly increased. These findings provided useful 
information regarding the suitable extraction solvents and conditions, 
important for the future development of effective herbal anti-diabatic 
drug. 
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