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tion efficiency of carpaine in
Carica papaya L. leaves: coupling acid-base
extraction with surfactant-assisted micro-
flotation†

Thien Quang Lam,a Anh Thi Quynh Tran, a Thu Le Anh Phan,a Florian Zitzmann,a

Nam Van Ho Phanc and Khoi Tan Nguyen *ab

Carpaine, a major alkaloid in papaya leaves, has considerable cardiovascular benefits alongside its notable

effects on muscle relaxation when utilized in medicine. In this study, the coupling of acid-base extraction

and flotation was developed to completely remove the use of toxic solvents. This method entails the

extraction of carpaine from Carica papaya L. leaves using hot water extraction alongside ultrasound-

assisted extraction followed by the condensation of the species using surfactant-assisted flotation. The

acid-base extraction was applied to alter the solubility of carpaine as desired at different stages of the

process. The results showed that the carpaine extraction yield using all the treatments in conjunction

was significantly higher compared to the control samples in which the acid-base extraction or flotation

was not applied. The TLC and GC-FID results suggested that the bubbles introduced during the flotation

were highly specific toward their interactions with carpaine in its hydrophobic complex form. The

quantity of carpaine extracted using our method, in comparison to the amount of carpaine obtained

using a different method from a previous study that utilized ethanolic extraction, exhibited a 2.32-fold

greater extraction yield. This work demonstrates the importance of flexible utilization of both surface

and bulk chemistry in achieving an improved solution for a technical problem.
1 Introduction

Carica papaya L. (commonly known as papaya), is one of the
most widely grown crops in various parts of Asia.1,2 Tradition-
ally, papaya leaves have been used in herbal medicine as
a treatment for various diseases, namely dengue, malaria, chi-
kungunya, and others.3 Pharmaceutically, some major bene-
cial components of papaya such as papain,4–8 chymopapain,1,8–11

and carpaine2,12–15 have been extracted for various medical
treatments.

Carpaine, the most abundant type of alkaloid present in
papaya (i.e. about 63% of the total alkaloid content), has been
used for the treatment of cardiovascular diseases such as high
blood pressure as well as high heart rates.16 Depending on the
pH of the solution, carpaine has a maximum logP value of 4.97
(computed by HyperChem). This high logP value indicates that
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the molecule is insoluble in water, allowing it to be quickly
transferred to the lipophilic phase during contact. Moreover, as
this drug is highly lipophilic, it can be absorbed easily through
cell membranes and stored for longer periods in fatty tissues
and organs.17 Besides carpaine, some other reported alkaloids
include pseudocarpaine, dehydrocarpaine I, dehydrocarpaine
II, and carposide, emetine.3 These compounds contribute to the
medicinal value of papaya leaves, supporting their traditional
use in treating various infectious diseases.

As shown in Fig. 1, carpaine is a dimer of two carpamic acids.
This compound consists of two substituted piperidine rings
connected through two ester linkages. The nitrogen atoms in
the rings exist in the form of secondary amines, which are the
main target of our pH adjustments. Carpaine is sensitive to pH
causing it to exist in two primary forms, including a free base
form and a salt form. Depending on the pH, this compound can
either be in its most insoluble neutral form or its readily soluble
salt form. This property is substantially benecial for carpaine
extraction due to the solubility of the compound being easily
altered through adjustments to pH.

Some methods, including Soxhlet extraction and solvent
extraction, have been proven to be efficient means of liberating
basic alkaloids.18–20 However, all these methods include the use
of toxic solvents, generally known for their signicant hazards
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Chemical structure of carpaine.

Fig. 2 Surface tension reduction due to saponin, CTAB and a combi-
nation of both; deionized water (DI), DI with CTAB (0.075 mM) (CTAB),
papaya extract (PE), and papaya extract with CTAB (0.075 mM)
(PE+CTAB).

Table 1 Carpaine extraction yield obtained by the coupling of acid-
base extraction with micro-flotation (F) compared to that collected
using the ethanolic extraction (E)

Trial F (mg g−1) E (mg g−1)

1 192.9 90.5
2 180.4 87.0
3 213.5 75.6
Mean � SEM 195.6 � 9.7 84.4 � 4.5
% RSD 8.5 9.2

Fig. 3 Surface tension comparison between the extract containing
CTAB and the extract containing SDS. Papaya extract (PE), papaya
extract with CTAB (0.075 mM) (PE+CTAB), papaya extract with SDS
(0.15 mM) (PE+SDS).
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to both human health and the environment. Specically, when
these volatile organic compounds react with nitrogen oxides
under sunlight, they form irritating ground-level ozone that can
© 2024 The Author(s). Published by the Royal Society of Chemistry
trigger damage to living cells, organs, and species including
humans, animals, and plants.3,21 Generally, the removal of
residual organic solvents is more challenging in comparison to
water as the interaction between carpaine and these solvents are
stronger. Thus, these toxic solvents may be incompletely elim-
inated during the drying process, followed by the probable
contamination of the extracted bioactive molecules, leading to
toxicity when used as drugs. In this study, a triplicate set of
ethanolic extraction (E) prepared following a method of
a previous work was measured for efficiency comparison.20 It is
worth noting, to ensure that the difference in the carpaine
extraction yield was solely derived from the extraction methods
themselves, the dried C. papaya used for sample E was prepared
similarly to a sample obtained using our method, sample F. As
the data shown in Table 1, the carpaine extraction yield ob-
tained by our proposed approach signicantly dominated that
extracted using ethanol. In comparison the conventional acid-
base extraction method with an extracted carpaine quantity of
113 mg g−1,20 our method exhibited a more signicant result of
195.6 ± 9.7 mg g−1. The two comparisons prove that the method
explored in this studymay potentially be a promising alternative
for the extraction of carpaine.

The most common method for extracting alkaloids is acid-
base extraction, which utilizes the pH-sensitive nature of the
desired compounds, of which the solubility directly affects the
intermolecular interactions among the to-be-extracted mole-
cules. The solubility of these alkaloids can changed drastically
across the pH scale. To be more specic, the pH adjustments
exibly alter the solubility of the compounds to either partition
them into the aqueous phase or the organic solvent phase.
Alkaloids with primary or secondary amine groups, for example,
are prone to protonation. The acidication of these compounds
can readily increase their solubility in water via amine proton-
ation, transforming them into positively charged organic salts.
This, in turn, allows the alkaloids to be efficiently solvated as
single ions for extraction into the aqueous phase rather than
forming hydrophobic complexes with other compounds.
Subsequently, when the solutions containing these salts are
basied, the alkaloids transform into their less soluble neutral
states. This transformation causes the alkaloids to aggregate
with other hydrophobic entities to minimize their contact with
water. The hydrophobic complexes are then easily partitioned
into the nonpolar phase.22

In this experiment, the solubility of carpaine was intention-
ally modied, specically for the needs of each step by targeting
its pH-sensitive nature, employing acid-base extraction. Hot-
water extraction (HWE) and ultrasound-assisted extraction
(UAE) were also incorporated in the extraction of herbal
compounds from papaya leaves to support the liberation of
carpaine from the solid matrix. The HWE enhances the extrac-
tion efficiency by increasing the solubilization, improving
solvent diffusion and promoting cell wall disruption.23–25

Meanwhile, the UAE facilitates the extraction via the formation
and collapse of cavitation bubbles, which can degrade the plant
cell walls, consequentially releasing their internal contents.26,27

Flotation has widely been recognized as an eco-friendly and
efficient method for the separation of colloidal particles from
RSC Adv., 2024, 14, 28768–28778 | 28769
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Fig. 4 Thin-layer chromatography analysis for carpaine visualization;
(a) identification of carpaine; (b) comparison of carpaine in treatment
sample with all controls, standard carpaine (S), carpaine–CTAB
complex (C), carpaine–CTAB complex mixed with foam sample (C+F),
control without flotation (B), foam sample (F), control without pre-
incubation pH adjustment (C1), control without CTAB (C2), and control
without pre-flotation pH adjustment (C3).

Fig. 5 Standard curve of carpaine.

Fig. 6 Carpaine extraction yield quantified by GC-FID; foam sample
(F), control without acidification (C1), control without CTAB (C2), and
control without basification.
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an aqueous solution. This approach, effective in the isolation of
mineral ores,28 crude oils,29 herbal extractions,30,31 and others,
utilizes the hydrophobic interactions between hydrophobic
28770 | RSC Adv., 2024, 14, 28768–28778
particles and the air–water interfaces of ultrane gas bubbles.
Currently, the applications of ultrane gas bubbles are
expanding, reected by recent studies utilizing them in deliv-
ering drugs to target tissues,32 controlling bacterial
proliferation,33–35 understanding their inevitable impacts on
various types of cells,36 separating of herbal medicines from
crude extracts,31 aiding the elucidation of other phenomena,37

and so on. During otation, ultrane gas bubbles collide with
a hydrophobic particle, followed by the drainage of the liquid
lm between them, the formation of a three-phase contact line
and the spreading of the three-phase contact line until stable
attachment. If these processes are completed before the
detachment occurs, the hydrophobic particles can be carried to
the surface in the stable foam layer for collection.38,39 This
technique is highly effective in enriching compounds from
diluted extracts.40 However, it exhibits relatively poor selectivity
as all nonpolar herbal compounds present in the mixture are
prone to collection.

During otation, surfactants can be exploited to augment the
collection capacity of bubbles. At high concentrations, surfac-
tant would facilitate the otation process more effectively due to
its capacity to stabilize smaller-sized bubbles, thus increasing
the specic surface area of air–water interface.41,42 This allows
hydrophobic entities, specically carpaine, to adhere more to
the bubbles due to the higher availability of interfacial area.43

Moreover, the use of surfactants has been suggested to be
crucial for the interfacial adsorption of particles with opposite
charges.44,45However, the excessive use of surfactant may lead to
saturation at the air–water interfaces, reducing the adsorption
capacity of presenting nonpolar components.46 In addition,
micelles could be formed as the concentration of a surfactant
surpasses its critical micelle concentration (CMC). These
micelles potentially reduce the hydrophobicity of the desired
species, thereby increasing their solubility in the bulk solution
and preventing them from interacting with the ultrane gas
bubbles.47,48 Moreover, excessive amounts of surfactant might
impact the environment negatively in addition to its uneco-
nomically high costs at the industrial scale.49 This justies the
use of sufficient amounts of CTAB for foam stabilization.

In the otation process of carpaine, the compound was
rendered hydrophobic through a pH adjustment to 10.5. As the
molecule has high electron density at positions with highly
electronegative atoms (O, N),50 it is probable that the free base
form of carpaine interacts electrostatically with the positively
charged head of CTAB, forming hydrophobic complexes. The
exposed hydrophobic tail is then collected by the rising bubbles,
which carries the carpaine complex to the surface for collection.
At a CTAB concentration of approximately 0.075 mM, which is
substantially lower than its CMC (1 mM), CTAB molecules exist
as monomers.51 A small fraction of this cationic surfactant
could form a complex with hydrophobic compounds or nega-
tively charged ones. Besides CTAB, saponins, naturally occur-
ring surfactants in papaya leaves, could also adhere to the air–
water interfaces, contributing to the drop in surface tension and
the stabilization of the bubbles (Fig. 2).52,53

In this study, a combination of acid-base extraction and
otation was investigated as a potential approach towards the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Carpaine–CTAB complex via electrostatic interaction (logP =

13.49).
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extraction and condensation of carpaine. The contribution of
a cationic and an anionic surfactant on the overall carpaine
yield was also assessed.
2 Materials and methods
2.1 Materials

2.1.1. Chemicals. Pure carpaine, isolated by the University
of Medicine and Pharmacy of Ho Chi Minh City, Vietnam, was
used as the standard for the gas chromatography (GC) quanti-
tative analysis and the thin layer chromatography (TLC) quali-
tative analysis. All the samples used for the GC analysis were
prepared using analytical grade methanol, purchased from
Merck (Germany), as the solvent. Silica gel 60 F254 (purchased
from Merck Co.) was used for carpaine separation and
Fig. 8 TLC illustration of carpaine and carpaine–CTAB complexes. Stan

© 2024 The Author(s). Published by the Royal Society of Chemistry
visualization. CTAB (purchased from Sigma-Aldrich) was used
as the external cationic surfactant to facilitate otation. SDS
(purchased from Sigma-Aldrich) was used as the anionic
surfactant to illustrate its impacts on otation efficiency relative
to CTAB.

Auxiliary chemicals used for pH adjustment, TLC develop-
ment and visualization include acetone, sodium hydroxide,
hydrochloric acid, glacial acetic acid, potassium iodide and
bismuth nitrate pentahydrate. These chemicals were purchased
from Xilong Scientic Co Ltd.

2.1.2. Plant material. Mature papaya leaves were collected
from southern Vietnam (Dong Nai province) and used within 3
months aer harvest. The leaves were fully air-dried in an
industrial oven at 60 °C for 24 hours and kept in a sealed,
dehumidied container prior to extraction.
2.2 Methods

2.2.1. Preparation of papaya leaf extract. The papaya
extract was prepared by applying both HWE and UAE. The dried
papaya leaves were rst crushed into ne fragments and the leaf
blades were taken for the maceration. 30 grams of the frag-
mented leaf blades were added to 2 liters of pH-adjusted
distilled water (pH = 2) at 70 °C and continued to be heated
in the water bath at this temperature for 60 minutes. Conse-
quently, ultrasound (SONICS, Vibra-cell ultrasonic processor
dard carpaine (S), carpaine–CTAB complex (C).

RSC Adv., 2024, 14, 28768–28778 | 28771
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Table 2 The effect of CTAB on the GC-FID signal of carpaine

Ethanolic extract
(g mL−1) CTAB (mM) AUC

0.00867 0 149.7
1 157.7
2 155.2
5 156.1

% RSD 2.25%

Table 3 Carpaine extraction yield of the foam sample (F) and the
control sample without acidification during maceration (C1)

Trial F (mg g−1) C1 (mg g−1)

1 192.9 141.9
2 180.4 105.2
3 213.5 168.2
Mean � SEM 195.6 � 9.7 138.4 � 18.3
% RSD 8.5 22.9
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model VCX 130 PB) was applied at 10 kHz and 65 W for 20
minutes, followed by another incubation in the water bath at
60 °C for 60 minutes. The extract was then stored at 4 °C
overnight prior to the otation process.

2.2.2. Surfactant-assisted otation. The papaya leaf extract
was rst ltered to remove residual leaves from the solution.
Appropriate small volumes of 2MNaOHwere then used to adjust
the pH to 10.5 to deprotonate carpaine, making it less polar.
Subsequently, an appropriate CTAB stock solution (100 mM) was
then added to achieve a nal concentration of 0.075 mM.
Samples with SDS addition were also prepared using the same
procedure to assess the impacts of negatively charged surfactants
on the otation efficiency of carpaine. The working concentration
of this anionic surfactant at 0.15 mM was investigated using the
Wilhelmy platemethod, in which the sample containing SDS had
a surface tension comparable to that with CTAB. This ensured
Fig. 9 GC-FID chromatogram of extracted carpaine after flotation.

28772 | RSC Adv., 2024, 14, 28768–28778
that the differences in the otation efficiency derived directly
from the nature of the two species (Fig. 3).

The otation was conducted in an in-house glass otation
column (50 cm × 10 cm × 10 cm) positioned in a heat-
insulated icebox to keep the temperature stable around 12–
14 °C. This controlled environment ensured consistent condi-
tions throughout the experiment. During the otation, the
ambient air was supplied at a constant rate of 158 litre m−1 to
facilitate the generation and stabilization of foam, which was
collected until no more stable bubbles were observed. The
resulting foam layer was allowed to drain so that the conden-
sation efficiency of hydrophobic species could be maximized
prior to foam collection. The pH of the collapsed foam was then
adjusted down to 2 immediately using HCl to force the carpaine
into its soluble and stable protonated form before the ltering
step. Next, the ltered foam solution was evaporated and
redissolved in methanol to a concentration of 0.0867 g mL−1 for
further analysis. All the samples and control groups were
prepared at this concentration.

2.2.3. TLC characterization of carpaine. A carpaine–CTAB
complex sample (C) was prepared by mixing standard carpaine,
CTAB, and HCl to mimic the interactions in the otation
column. The samples taken for development on a Silica gel 60
F254 include the standard carpaine (S), the carpaine–CTAB
complex (C), the control without otation (B), the foam sample
(F), the control without pre-incubation pH adjustment (C1), the
control without CTAB (C2), and the control without pre-otation
pH adjustment (C3). The TLC was developed using acetone: HCl
0.12 M (9 : 1) solvent system. The TLC plate was then stained
with DR solution. This DR reagent, used for the visualization of
alkaloids, had been prepared based on a study by Sreevidya, N.,
and Mehrotra, S. (2003).

2.2.4. GC-FID quantication of carpaine. The collected
foam was ltered, thoroughly evaporated, and then re-dissolved
in methanol. The methanol stock was centrifuged to remove
insoluble species prior to the measurements using GC-FID
(Agilent 7890A with HP-5 stationary phase and N2 as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Enhanced carpaine liberation during maceration in an acidic
environment.

Table 4 Carpaine extraction yield of the foam sample (F) and control
sample without basification prior to flotation (C3)

Trial F (mg g−1) C3 (mg g−1)

1 192.9 99.1
2 180.4 52.4
3 213.5 64.2
Mean � SEM 195.6 � 9.7 71.9 � 14.0
% RSD 8.5 33.8

Table 5 Carpaine GC-FID signals of the control sample without
flotation (B) at different dilute concentrations

Concentration
(%) AUC

10 2.1
12 1.8
14 2.5
16 2.5
100 2.2

Table 6 Carpaine extraction yield of foam sample (F) and control
sample without CTAB (C2)

Trial F (mg g−1) C2 (mg g−1)

1 192.9 75.5
2 180.4 53.0
3 213.5 62.6
Mean � SEM 195.6 � 9.7 63.7 � 6.5
% RSD 8.5 17.8
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carrier gas). The parameters of the GC were set based on a study
that quantied carpaine using the same stationary phase.54

Under these experimental conditions, the retention time of
carpaine was identied to be approximately 30.4 minutes. The
standard curve of carpaine was constructed using the standard
carpaine with concentrations of 20, 30, 40, 50, 60, 70, 80, 120,
and 160 ppm. The weight of collected carpaine per gram of
dried leaf (mg g−1) was calculated for all the samples. Finally, the
© 2024 The Author(s). Published by the Royal Society of Chemistry
triplicated carpaine extraction yields obtained in foam sample
(F) were compared to each of the triplicated control groups (C1,
C2, C3) to test for any signicant differences in each treatment.
3 Results and discussion
3.1 Results

3.1.1. TLC characterization. In Fig. 4a, the separation
phenomenon of carpaine observed in samples F, C and C+F was
relatively similar. In Fig. 4b, each of the extract samples (B, F,
C1, C2, C3) had a signicant carpaine spot with a higher Rf

compared to the standard carpaine (S).
3.1.2. GC-FID quantication. In Fig. 5, the standard curve

of carpaine was constructed with a range of concentrations
from 20 ppm to 160 ppm with an R2 value of 0.999.

In Fig. 6, the carpaine amounts were calculated for the
triplicated foam sample (F) and three controls (C1, C2, C3). The
error bar for each column was constructed using standard error
of the mean (SEM) of these triplicated samples. The Mann–
Whitney U-test, provided in Table S1,† illustrated that there
were signicant differences between the carpaine yields of the
foam sample (F) and each of the control samples (C1, C2, C3).
Together with the higher mean and the non-overlapping error
bars in Fig. 6, it can be concluded that the foam sample (F) had
a signicantly higher quantity of carpaine compared to the
other three control groups.
3.2 Discussions

3.2.1. Characterization of carpaine
3.2.1.1. TLC results. In both Fig. 4a and b, the standard

carpaine (S) only developed into a single spot, which was
different from the observed pattern in the CTAB foam sample
(F) and all the control samples (C1, C2, C3) where there were two
separate spots. A mixture of standard carpaine–CTAB complex
(C) was prepared in an attempt to imitate the complex forma-
tion phenomenon of carpaine in the extract samples. Conse-
quently, a separation phenomenon in the complex sample (C)
was observed, which was relatively similar to the extract
samples. The spot with higher Rf observed in the F line might
have been carpaine in a complex form. This hypothesis was
supported by the similarities in the separation patterns between
the complex sample and extract samples, indicating that the
interaction with CTAB likely alters the migration behavior of
carpaine during the analysis.

From the principle of silica gel-coated TLC, nonpolar
compounds exhibit lower interaction tendencies with the polar
stationary phase, thus developing with a higher Rf compared to
less hydrophobic ones. When comparing the Rf of the spots in
pure carpaine (S) and carpaine–CTAB complex (C) in Fig. 4a, the
complex sample (C) had two distinct spots, one of which had
a higher Rf, and the other one had a lower Rf relative to pure
carpaine. It is worth noting that CTAB in the complex sample
(C) was prepared at a concentration of roughly 1.7 mM with an
assumption that the added CTAB at the initial concentration of
0.075 mM was fully recovered from the bulk into the foam
fragment via otation. At a concentration above CMC, CTAB
RSC Adv., 2024, 14, 28768–28778 | 28773
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Fig. 11 Confirmation of the effect of CTAB on the polarity of carpaine
complexes; 4-fold diluted foam sample (F-1/4), 4-fold diluted control
without CTAB sample (C2-1/4), foam sample (F), and control without
CTAB (C2).

Fig. 12 Different interaction modes of carpaine complexes with CTAB
and SDS.

Fig. 13 Correlation between dilute concentrations and carpaine
signals of SDS foam sample.
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could have formed polar micelles masking the nonpolar car-
paine,55 thus resulting in a spot owning lower Rf compared to
that of the pure carpaine. Meanwhile, the spot with higher Rf
28774 | RSC Adv., 2024, 14, 28768–28778
might be carpaine in a complex with CTAB. This complex was
formed through polar interactions, owning a high hydropho-
bicity with a logP of 13.49 as demonstrated in Fig. 7. The
computed logP values of pure carpaine and its complex may
only provide a comparable insight into how the complex
formation can boost otation efficiency. It is also worth noting
that, besides CTAB, the liberated carpaine can aggregate with
other phytochemicals to form complexes of various conforma-
tions with different logP values. Theoretically, such a high logP
of 13.49 allowed the complexes to preferably adsorb onto the
ultrane gas bubbles during otation. The complex formation
behavior of the complex sample (C) is illustrated in Fig. 8.
However, due to the differences detected in the Rf of the four
spots in the complex sample (C) and the foam sample (F) line,
more evidence would be required to justify that the spots in the
foam sample were carpaine.

In this case, a mixed sample consisting of the foam sample
(F) and the complex control (C) were prepared. The two samples
were sonicated to facilitate mass transfer for the purpose of
homogenizing carpaine complexes. The principle is similar to
that of the previously reported co-spotting technique,56 where
a compound in two different samples can develop differently on
the TLC plate due to their different chemical matrices. As the
two samples are mixed, the compound with two distinct purity
levels is homogenized, thus developing as a single spot.
Therefore, if the mixed sample develops two spots, the observed
spots in the CTAB foam line can be determined to be carpaine at
various levels of complexity. Through observation, the complex
sample (C) had visibly developed two major spots, conrming
that both separated species in the foam sample (F) were
carpaine.

3.2.1.2. For GC-FID quantication. To conrm the identity of
carpaine in the GC chromatogram, two CTAB foam samples with
the same concentration of sample stock were prepared, one of
which wasmixed with the standard carpaine, while the other was
not. In Fig. S1,† the measurements showed that, at minute 30.4,
the sample including standard carpaine had an AUC of 191.54,
which was signicantly higher than the other sample, which had
an AUC of 76.60. The increase in the AUC of the curve due to the
additional standard carpaine conrmed that this species had
a retention time of roughly 30.4 minutes. This retention time was
also found to align well with that of our carpaine standard as well
as the previously reported value (Fig. 9).54

3.2.1.3. The impact of CTAB on the quantication of carpaine.
The effect of CTAB on the GC signal of carpaine was assessed by
measuring the samples with the same amount of carpaine at
different CTAB concentrations, as presented in Table 2. The
relative standard deviation of the AUC values of carpaine peaks
was calculated at 2.25%, which demonstrated that CTAB did not
affect the quantication of carpaine by GC. This might be on
account of CTAB being polar, and thus was not retained in the
nonpolar HP-5 column. In comparison to the retention time of
carpaine at minute 30.4, CTAB was eluted much sooner at
minute 10.9.

3.2.2. The effect of the acidication step during macera-
tion. To contrast the signicance of the acidication step before
maceration, the carpaine extraction yield and the TLC
© 2024 The Author(s). Published by the Royal Society of Chemistry
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characterization of the foam sample (F) and that of the control
without acidication (C1) were evaluated. In respect to the
control sample without the acidication step (C1), the foam
sample (F) exhibited a signicantly higher carpaine extraction
yield (as shown in Table 3). From the TLC results in Fig. 4b, the
Rf of the two spots in both samples were relatively alike, which
may imply similar degrees of complexity of carpaine in both
systems. The purpose of the acidication step was to ensure
that carpaine was in its most soluble state, facilitating its
extraction into water. In order to demonstrate the rationale
behind this step, the Henderson–Hasselbalch equation was
utilized.57

pH ¼ pKa þ log
½conjugate base�

½weakacid�

In the equation, pH, pKa, [conjugate base], and [weak acid]
refer to the pH of the extract solution, the pKa of carpaine, the
concentration of carpaine in its free base form and the
concentration of carpaine in its protonated form, respectively.
As can be inferred from the equation, as the pH of the medium
decreases, the proportion of weak acid increases, meaning that
carpaine shis toward its protonated form. This form allows
carpaine to be soluble in an aqueous environment for extrac-
tion. Therefore, despite the unknown pKa of carpaine, the
relative solubility of this alkaloid at pH = 2 was expected to be
higher compared to that at pH = 7. This might explain the
greater carpaine extraction yield at pH = 2. In addition, this
acidication step may have addressed another issue when it
came to herbal extraction, which is the rigid cell wall barrier
that locks in desired compounds.

It is widely accepted that mature plant cell walls are
extremely rigid as a result of their thick layers of structuring
agents, for instance, hemicellulose, lignin, etc.58 Moreover, the
internal layer of the phospholipid bilayer membrane only
permits small, hydrophobic species to pass through via passive
diffusion.59 These protective layers might have signicantly
affected the extraction process by trapping their contents within
the matrix, restricting the diffusion potential of phytochemi-
cals, especially those that are large and polar. These compounds
include carpaine in its protonated form. An acidic environment
can thus assist cell wall hydrolysis,60 which might enhance the
liberation of soluble carpaine into the solution. Themechanism
is illustrated in Fig. 10.

3.2.3. The effects of the basication step during collection.
Following the extraction in an acidic environment where car-
paine was liberated in its soluble protonated form, the basi-
cation step aimed to decrease its solubility prior to being
collected by ultrane gas bubbles. Similar to the acidication
step, the purpose of this step can be elucidated using the
previously mentioned Henderson–Hasselbalch equation. As the
pH of the medium increases, the proportion of carpaine in the
less soluble free base form approaches 1, beneting the
hydrophobic interaction between carpaine and ultrane gas
bubbles. This equation conrms the necessity of the basica-
tion step in the condensation of carpaine, proven by the drastic
© 2024 The Author(s). Published by the Royal Society of Chemistry
increase in carpaine extraction yield, from 71.9 ± 14.0 mg g−1 to
195.6 ± 9.7 mg g−1, as shown in Table 4.

3.2.4. Surfactant-assisted otation
3.2.4.1. The impact of otation on the collection yield of car-

paine. In Fig. 4b, when the control sample without otation (B)
was developed on the TLC, only a small spot of carpaine could
be observed. It is noted that while sample B was the extract aer
maceration, sample F was the foam collected aer the otation
of sample B. As opposed to the samples (F, C1, C2, C3), both the
intensity and the size of the spot of carpaine of sample B were
signicantly lower. This less signicant appearance of the car-
paine spot indicates that the proportion of carpaine in this
sample was somewhat low compared to the otation samples,
likely due to the dilution by unwanted species. The fact that all
samples that applied otation had higher w/w concentrations of
carpaine relative to the sample B has proven that the ultrane
gas bubbles introduced during this process had high selectivity
toward the hydrophobic carpaine. Considering the hydropho-
bicity, the more signicant carpaine spot in each of the extract
samples has a higher Rf compared to the pure carpaine spot.
Therefore, relative to the carpaine with a logP of 4.97, the car-
paine complexes in all extract samples possess higher logP
values, illuminating their strong affinity to ultrane gas bubbles
during otation.61,62 It should be taken into consideration that
carpaine in the complex form may contribute to the stability of
the foam by reducing the drainage rate, supporting the otation
process even at a low surfactant concentration.63,64

To further prove the effectiveness of otation, GC measure-
ments of control sample B were conducted. In Table 5, across
the concentration range from 10% to 100% of the 0.0867 gmL−1

stock sample, the signals of carpaine at different concentrations
appeared to be relatively weak. Moreover, these signals were not
proportional to their concentrations, which was likely due to the
low signal-to-noise ratio in the sample. Hence, this phenom-
enon led to the insensitive quantication of the carpaine. This
measurement further veries the preference of bubbles towards
carpaine complexes during the condensation process.

3.2.4.2. The vital role of surfactants in the otation of car-
paine. In Fig. 4b, despite having the boldest spot in the TLC
plate, the overall carpaine extraction yield of the control lacking
CTAB addition (C2) was much lower in comparison to the
sample that underwent all treatments as shown in Table 6. Even
though the adsorption of carpaine particles could adhere and
stabilize the ultrane gas bubbles,65–67 the synergistic effect of
these slightly negatively charged particles and the positively
charged CTAB can boost the adsorption capacity of carpaine at
the interfaces.68,69 In addition, the deciency in the total surface
area of stable interfaces from the lack of a frother may also
contribute to a poor extraction yield of carpaine of 63.7 ± 6.5 mg
g−1. In this case, CTAB, as a surfactant, functioned to increase
the total area of vacant interfaces, providing carpaine
complexes with more adhesion sites. As previously mentioned,
only a minor fraction of the surfactant was used to facilitate
foam stabilization, as high concentrations of the foaming agent
can hinder the bubble–particle interactions from occurring by
increasing the time of the three-phase contact line formation,
reducing the otation kinetics.70,71
RSC Adv., 2024, 14, 28768–28778 | 28775
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As observed in Fig. 4b, the control sample that lacked CTAB
had two spots with marginally higher Rf in comparison with the
other samples. This could be credited to the high concentration
of carpaine analyte that resulted in the overload phenomenon
transpiring on the TLC plate. The incident was proven by devel-
oping a TLC using a diluted foam sample (F) and a diluted
control without CTAB sample (C2). In Fig. 4b and 11, the two
spots of carpaine of sample C2 had signicantly higher Rf
compared to those of the sample F. However, when the two
samples were diluted to eliminate the oversaturated effect of the
analytes on the TLC plate, the Rf of both samples were compa-
rable. Hence, the small amount of added CTAB likely had no
effect on the polarity of the preformed complexes. Another
plausible explanation for the lower Rf of the spots in both
samples is presumably based on the increased solubility of the
compounds in the complex in a less polar solvent. As the samples
were diluted with methanol, the compounds that previously
formed hydrophobic complexes with carpaine in water tended to
detach, leaving the more polar analyte behind. This change in Rf
may be because those compounds were more soluble in meth-
anol compared to water. Therefore, when the solute concentra-
tion decreased, the increased solvation powermay have led to the
dissociation of the hydrophobic carpaine complexes.

When SDS was employed instead of CTAB with a working
concentration of 0.15 mM, the amount of extracted carpaine fell
below the quantication range of GC-FID. As demonstrated in
Fig. 13, when the SDS foam stock sample (0.0867 g mL−1) was
diluted into different concentrations and measured, a large
uctuation was observed in the signal of the carpaine. This
uctuation meant that the linear range could not be estab-
lished. Moreover, the AUC values of all recorded data points
were lower than the standard curve. The weak signal might be
attributed to the unfavorable electrostatic interactions between
SDS and negatively charged sites,47 in which the negatively
charged head of SDS repelled the partially negatively charged
carpaine complexes. In this case, the anionic surfactant may
have adsorbed at the air–water interfaces.72 As illustrated in
Fig. 12, when the ultrane gas bubbles were stabilized by the
anionic surfactant, the negative carpaine complexes became
prone to being repulsed by the negatively charged head group of
SDS, which weakened their adhesion at these interfaces. The
development, in turn, reduces the priority of carpaine selection
in the otation method.

In addition, as CTAB is more nonpolar compared to SDS,73 it
is more likely that it aggregates with the nonpolar carpaine to
minimize its contact with water. The combined effect of elec-
trostatic attraction and stronger hydrophobic force may have
resulted in a stable carpaine and CTAB complex. The long alkyl
chain of CTAB may also contribute to the enhanced hydro-
phobicity of carpaine complexes for otation. Another reason to
justify the use of CTAB in this study was its common use in
pharmacy74,75 and as recommended by WHO.76

4 Conclusion

The coupling of acid-base extraction and surfactant-assisted
otation signicantly enhanced the collected carpaine yield
28776 | RSC Adv., 2024, 14, 28768–28778
compared to the amount collected by the individual use of each
method. The characterization of the samples was conducted
using TLC and GC-FID analyses. The TLC results showed that
the carpaine in the matrix existed in two major forms, its more
nonpolar complex and the more polar variant. As for the GC-FID
results, the proposed procedure for extraction was conrmed to
work efficiently. The carpaine yield in the foam sample was the
highest among all other control samples. The coupling of
bubbles and CTAB during otation was displayed to be crucial
toward the selective interaction with carpaine. This selectivity
was proven by the inability to quantify carpaine in both control
samples in which otation was absent and SDS was used
instead of CTAB. The low carpaine extraction yield of the control
sample oated without surfactant further reinforces this
explanation. The improved carpaine yield as opposed to the
yields of carpaine extracted using ethanol, conrms the plau-
sibility of this method as a highly potential candidate for car-
paine extraction, devoid of the use of toxic solvents.
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