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ARTICLE INFO ABSTRACT
Keywords: Nanoparticles (NPs) have significantly advanced medical applications, including drug delivery, immunotherapy,
Saponins

vaccines, and diagnostics. This versatility is partly due to the potential of tailoring NPs from multiple sources.

N*}“"Pamdes Notably, saponins, amphiphilic plant metabolites, have shown great promise in NP formulation. This study
ISV‘[;CC(?:;: metabolites explored the development of micellar NPs using saponin crude fractions (SCFs) extracted from five Congolese
Hemolys?s/ plant species: Millettia laurentii, Penthaclethra eetveldeana, Schwenckia americana, Musa paradisiaca, and Musa

Drug delivery sapientum. Plant materials were subjected to histological examination through optical microscopy, while phyto-
chemical analyses by thin-layer chromatography confirmed the presence and predominance of saponins in the
SCFs. We used a phthalocyanine-isoniazid hybrid (Pc-INH) as a hydrophobic probe to determine the critical
micellar concentrations of SCFs and explore the feasibility of developing cost-effective saponin-based micelles
(SBMs). Phytochemical screenings indicated saponins in the extracted SCF and other metabolites like flavonoids,
phenolic acids, and anthocyanins. Dynamic light scattering and transmission electron microscopy analyses
revealed the formation of nano-sized particles, particularly noting SBMs from P. eetveldeana with notable di-
mensions (157 nm, PDI of 0.27, and ZP of —4.01 mV) and spherical shape. The micelles from M. laurentii exhibited
superior encapsulation efficiency for Pc-INH (55%) compared to control micelles formulated from pure saponin
(33%). In vitro tests showed that M. paradisiaca SBMs have the best safety profile for red blood cells, with a 10%
hemolysis rate compared to a 150% rate for bulk SCFs. However, there is a significant difference between SCFs
and SBMs (p < 0.0001). The release profiles of M. paradisiaca SBMs show a pH-dependent relationship, suggesting
potential for stimuli-responsive drug delivery. This work lays the foundation for leveraging plant-derived crude
saponins in nanotechnology, emphazising their encapsulation efficiency, controlled release potential, and
biocompatibility, paving the way for the cost-effective production of high-value biomedical NPs.

active pharmaceutical ingredients (APIs) one of the major bottlenecks in
drug product development. The poor solubility of drugs directly affects

1. Introduction oral bioavailability [2]. Administered drugs distributed throughout the
bloodstream exhibit a high affinity for plasma proteins [3], leading to
Approximately 40% of approved oral drugs and nearly 90% of the low blood concentrations necessary for effective treatment. This

developmental drugs are poorly soluble [1], making the solubility of
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Abbreviations:

SBMs Saponin-based micelles

SCFs Saponin crude fractions

Pc-INH Isoniazid-conjugated-Phthalocyanine
API active pharmaceutical ingredients
NPs Nanoparticles

DDSs drug delivery systems

RBCs red blood cells

WSCF  Weight of Saponin Crude Fractions
WPMP  Weight of Plant Material Powder
UV-Vis  Ultraviolet-visible spectroscopy
DMSO  Dimethylsulfoxide

TEM Transmission Electronic Microscopy
yAY Zeta potential

PDI Polydispersity index

Hb Hemoglobin

%EE Encapsulation Efficiency expressed in percentage

%DLC Drug loading capacity expressed in percentage
Wt total weight of Pc-INH used for the encapsulation study
Wf weight of free Pc-INH

Wm weight of the dried blank micelles

PBS Phosphate Buffer Saline

ASMp, aggregated saponins from M. paradisiaca
ASMs aggregated saponins from M. sapientum
MpME  methanolic extracts for M. paradisiaca

MsME  methanolic extracts for M. sapientum

CMC Critical Micellar Concentration

DLS Dynamic Light Scattering

PS Particle Size

SD Standard Deviation

%H hemato-toxicity expressed in percentage

SMp, Saponin extracted from M. paradisiaca

SMs Saponin extracted from M. sapientum

SPe Saponin extracted from P. eetveldeana

SSa Saponin extracted from Schwenckia americana

indirectly contributes to therapeutic failure and can result in drug
resistance. These parameters are considered when developing new
therapeutic agents. However, it is notable that 40% of new chemical
entities in development are hydrophobic [4], resulting in very low
bioavailability [5].

Consequently, it is increasingly important to regulate the aqueous
solubility of bioactive compounds, improve their receptor targeting
specificity, and manage the conditions of their biodistribution. Nano-
technology has opened exciting new prospects across biology, chemistry,
engineering, and medicine [6], offering innovative avenues for disease
diagnosis and treatment, particularly when using nanoparticles (NPs) as
drug delivery systems (DDS) [7]. Numerous nano-DDS, such as lipo-
somes, nanostructured lipid carriers, solid lipid NPs, nanoemulsions, and
micelles, are under investigation as drug carriers [6]. Micelles have
garnered significant attention due to their ease of formulation from
various amphiphilic compounds [8]. Amphiphilic compounds undergo
facile self-assembly, resulting in aggregates characterized by a hydro-
philic shell and a hydrophobic core, with the latter suited to encapsu-
lating hydrophobic molecules [9]. Micelles have demonstrated their
efficacy in encapsulating therapeutic, diagnostic, and theranostic com-
pounds [10].

Various amphiphilic compounds have been used to formulate mi-
celles, including polymers or copolymers such as polyethylene oxide and
polyethylene glycol-polylactic acid [11]. Recently, saponins, a class of
natural products, have emerged as crucial raw materials for the formu-
lation of micellar NPs with significant biomedical potential [12]. Sapo-
nins possess an amphiphilic structure comprising a lipophilic moiety,
typically either steroid or triterpenoid, to which one or more different
osidic clusters are attached, rendering them hydrophilic [13,14].

Saponins have been demonstrated in several applications, from sus-
tainable drug delivery [15] to enhanced aqueous solubility of hydro-
phobic drugs [16]. The application of saponin-based nanoparticles has
been particularly prominent in theranostic applications, where therapy
and diagnosis (or sometimes tracking drug delivery) occur simulta-
neously [17].

Despite the benefits, commercial micelle formulation using pure sa-
ponins remains a significant challenge, particularly in low-income
countries. To address this challenge, we have embarked on a journey
to identify suitable alternative materials, particularly by leveraging nat-
ural saponins as a promising solution in drug delivery formulations.

The use of saponins in biomedical NP formulations is commendable,
particularly given research indicating that saponin-based micelles (SBM)
possess the potential to permeate cellular membranes reversibly, facili-
tating intracellular delivery [12]. This advancement is significant,

considering the persistent challenge of intracellular delivery in drug
development, underscoring SBM's importance for diverse biomedical
applications [18]. However, using highly purified saponins contributes to
the costly formulation status associated with nanotechnologies, including
SBM. Producing purified ingredients is expensive and significantly limits
the application of SBMs to underserved populations. To address this issue
and promote equitable access to nanotechnologies, efforts should focus
on developing cost-effective formulations that leverage readily available
resources and streamline production processes.

A feasible approach involves the extraction of saponin crude fractions
(SCFs) for NP formulation assessment. This strategy holds great promise
in exploring the rich biodiversity of saponin-containing plants or valo-
rization of agricultural waste. It offers a viable alternative to pure sapo-
nins, thereby fostering advancements in biomedical applications.

It is essential to acknowledge that commercially available pure sa-
ponins are well studied and exhibit established toxicity to red blood cells
(RBCs) [13]. Therefore, before endorsing SCFs as raw materials for
micelle formulation, it is imperative to assess their hemato-toxicity, both
as crude fractions and as SBMs. This evaluation helps to determine
whether secondary metabolites present in the raw extracts contribute to
toxicity or mitigate saponin toxicity and whether saponin toxicity di-
minishes when self-assembled into NPs. Such assessment aligns with the
objectives of this work, which seeks to harness the untapped natural
resources of the Democratic Republic of the Congo to address public
health challenges.

In this study, we investigated SCFs derived from five Congolese plant
species—Millettia laurentii, Musa paradisiaca, Musa sapientum, (also
known as M. acuminata) Penthaclethra eetveldeana, and Schwenckia
americana—as potential cost-effective raw materials for formulating
micellar NPs (denoted saponin-based micelles). The extracted SCFs un-
derwent screening to evaluate their phytochemical and hemocompati-
bility profiles, as well as self-assembly potential through the
determination of the critical micellar concentration, nanoencapsulation
efficiency, and capacity to deliver hydrophobic compounds, with
phthalocyanine-isoniazid hybrid serving as the model hydrophobic drug
that has potential to be used in nanotheranostic applications [19].
Overall, this study introduced SCFs as raw materials for the cost-effective
nano-encapsulation of theranostic agents. By comparing SCFs with their
saponin-based micelle (SBM) counterparts, this research highlights how
nanoparticulate formulation can mitigate the intrinsic hemolytic effects
of saponins. This finding establishes the biocompatibility of SBMs,
positioning them as an affordable nanotechnology for biomedical
applications.
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2. Materials and methods
2.1. Chemicals and reagents

Methanol, ethyl acetate, n-butanol, and diethyl ether were sourced
from Merck (Germany), while formic acid, acetic acid, dimethylsulf-
oxide, acetone, toluene, and dichloromethane were procured from VWR
(USA). Deionized water was obtained using a Milli-Q apparatus (Milli-
pore, USA). Pure saponin from Quillaja saponin (Quillaja saponaria) was
obtained from Alfa Aesar (USA). TLC plates (Silica Gel 60 Fys4) were
purchased from Merck (Germany). As chemical standards for phyto-
chemical screening, quercetin, kaempferol, and rutin (flavonoids stan-
dards), rosmarinic acid, ferulic acid, and gallic acid (phenolic acids
standards), thymol, and menthol (terpenes standards) were used, all of
them purchased from Sigma Aldrich (USA). Isoniazid-conjugated-
phthalocyanine (Pc-INH) was synthesized by our team, as previously
reported [20].

2.2. Plant materials

Plant materials used in this study (Fig. 1) include the trunk bark of
Millettia laurentii De Wild, stem bark of Penthaclethra eetveldeana De Wild
T., and Schwenckia americana D. Roxen ex L. harvested in an urban grove
near the Monastere Arbre de vie (4°27'59.7”S 15°16'06.9"E) and leaves of
Musa paradisiaca L. and Musa sapientum L. in a domestic banana planta-
tion (4°27'58.4"S 15°14'23.8"E), Mont-Ngafula township (Kinshasa, DR
Congo); the plant materials were collected in December 2022. The tax-
onomical identity of M. laurentii, P. eetveldeana, and S. americana was
confirmed by Mr. Boniface Nlandu of the Institut National d’Etudes et des
Recherches en Agronomie (INERA) in Kinshasa (DR Congo) with following
voucher numbers: No. PL2, No. PL3 and No. PL4, respectively, and Pro-
fessor Félicien Lukoki and Dr Blaise Bikandu from the herbarium of the
Faculty of Sciences and Technology, University of Kinshasa, Kinshasa
(DR Congo) confirmed the taxonomical identity of M. paradisiaca and
M. sapientum with voucher number of No. 001,/2022 and No. 002/2022.

Plant materials were rinsed with deionized water and air dried for
two weeks at room temperature, then in the oven at 40°C with an LBX
OVF force air drying oven (LBX instruments, France) for a week. The
dried materials were ground with an auto crusher (Cytotec 1093 sample
mill poss tecator, Sweden), and the obtained powders were stored under
ambient conditions for further studies.

2.3. Biological sample

The blood pouch (ORh™) was purchased from the blood bank at the
transfusion center of the Hopital General de Référence de Matete Omeco
(Kinshasa, DR Congo). This protocol was approved by the ethical com-
mittee of the School of Public Health of the University of Kinshasa
(Kinshasa, DR Congo).
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2.4. Botanical and phytochemical screening

2.4.1. Microscopic analysis of plant material

The observation of tissue characteristics of plant material was done by
optical microscopy VisiScope BL124 (VWR) using the European Phar-
macopoeia reagent and lactic acid reagent (Steinmetz reagent) as pre-
viously described by Elaka et al [21]. Micrographs were generated using
an iPhone XS Max (iOS 16.6).

2.4.2. Identification and extraction of saponin crude fractions

Before SCF extraction, the presence of saponins in different plant
materials was screened by foam index testing, as previously reported
[22-24]. Briefly, 2 g plant materials were boiled in 100 mL of deionized
water for 30 min. After cooling to room temperature, the volume was
readjusted to 100 mL with deionized water, and the mixture was filtered
on cottonwool followed by filter paper Whatman grade 1 with a pore size
of 11 pm (GE Healthcare, USA) to produce the stock liquid extract.
Increasing volumes (from 2 to 10 mL) of the stock extract were placed in
test tubes and diluted accordingly to 10 mL with deionized water. Each
mixture was hand-shaken for 15 s to produce a foam and allowed to stand
steadily for 15 min at room temperature. Subsequently, the height of the
foam was measured, and the presence of saponin was confirmed by the
persistence of the foam height > 1 cm.

To extract saponins, 100 g of each powder was macerated in 300 mL
of methanol 80% (20% water) for 48 h. The mixture was then filtered
through cottonwool and then by filter paper Whatman grade 1 with a
pore size of 11 pm, and the methanolic extract was subjected to con-
centration by boiling for 1 h and filtered on a Biichner funnel under
vacuum. The resultant filtrate was dried in the oven for 3 days at 45°C.
The dried product was recovered with pure methanol and filtered
through Whatman filter paper grade 1 (pore size: 11 pm). The filtrate
(130 mL) was combined with 390 mL of diethyl ether and filtered using a
Biichner funnel to obtain the SCF, stored at room temperature in a glass
vial tightly closed, away from humidity, for further studies. The extrac-
tion ratio of Saponin Crude Fractions (SCF) by plant materials was
calculated as follows: isas x 100%, with WSCF representing the weight
of SCF and WPMP representing the weight of plant material powder).
Phytochemicals were screened by thin-layer chromatography (TLC).

TLC was performed to investigate the presence of various phytoche-
micals—namely saponins, flavonoids, phenolic acids, anthocyanins,
coumarins, and terpenoids—in different samples, including total extracts
(obtained from methanol and ethyl acetate infusions), the SCFs and SBMs
and performed as described by Elaka et al [21]. To analyse phytochem-
icals in the plant materials, 1 g of the powdered sample was extracted
using 5 mL of methanol to target polar phytochemicals (A), followed by 5
mL of ethyl acetate for non-polar phytochemicals (B).

These mixtures were macerated for 24 h at room temperature, fol-
lowed by 30 min of ultrasonication. The resulting solutions were filtered
through the Whatman grade 1 filter paper. Subsequently, 10 pL of each
extract was applied onto TLC plates. The elution process continued until

Fig. 1. Photographs of plant species investigated in this study: (A) M. paradisiaca, (B) M. sapientum, (C) M. laurentii, (D) P. eetveldeana (young plant) and

(E) S. americana.
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the solvent front reached a predetermined line. For the phytochemical
analysis of both SCFs and total extracts (of methanol and ethyl acetate),
the mobile phases for the screening of (i) saponins (i) was the mixture of
n-butanol-water-acetic acid (21:3.5:1.75; v/v/v); (ii) flavonoids was
ethyl acetate-formic acid-acetic acid glacial-water (100:11:11:26; v/v/v/
v); (iii) phenolic acids was dichloromethane-formic acid-acetic acid
(80:10:20; v/v/v); (iv) anthocyanins was ethyl acetate-formic acid-water
(100:10:10); (v) coumarins was toluene-diethyl ether saturated with
acetic acid 10% (1:1, v/v); and (vi) terpenoids toluene-ethyl acetate
(93:7). The standard reference compounds used included (i) alpha-
hederin, (ii) chlorogenic acid, (iii) rutin, (iv) ferulic acid, (v) D-cate-
chin, (vi) thymol and (vii) menthol for the above mentioned secondary
metabolites respectively. An appropriate revealing agent was used to
detect the phytochemical spots, as detailed by Kabamba et al [25]. Ob-
servations were made under a UV lamp at wavelengths of 250 nm or 366
nm.

2.5. Preparation of SBM by self-assembly method

2.5.1. Determination of critical micellar concentration (CMC)

To assess the CMC of each SCF, the dye isoniazid-conjugated-
phthalocyanine (Pc-INH) was used as a tag due to its limited solubility
in water, aiming to identify the concentration at which micellar NPs
form. Increasing amounts of SCF from each plant material, as well as pure
saponin (as a control), were blended with 2 mg of Pc-INH in 5 mL of
deionized water, the SCF at concentrations corresponding to 1 mg/mL, 2
mg/mL, 3 mg/mL, 4 mg/mL and 5 mg/mL was poured into each 25 mL
beaker. The mixtures were stirred at 500 rpm for 30 min at 55°C, fol-
lowed by centrifugation at 4000 rpm for 45 min at 4°C. The supernatant
was analyzed by UV-Vis spectrophotometry (Jenway 741501, USA) at
681 nm, which is the maximum absorption wavelength for Pc-INH, which
concentrations were determined using a stock solution in DMSO, di-
lutions, and spectrophotometry UV-Vis analysis. A standard calibration
curve was generated, and the concentration was determined using the
equation y = 0.003x-0.001, R? = 0.993.

2.5.2. Preparation of saponin-based micelles (SBMs)

For each SCF, 100 mg was dissolved in 15 mL of phosphate-buffered
saline (PBS) pH 7.4 containing 2 mg of Pc-INH. The reaction medium was
mixed at 500 rpm under heating at 55°C for 30 min. The mixture was
centrifuged at 4000 rpm for 45 min at 4°C (Hettich zentrifugen, Ger-
many) to pellet down undissolved particles of Pc-INH. The supernatant
potentially containing nano-sized SBM was then carefully collected for
further analysis. A blank solution containing 2 mg of Pc-INH in 15 mL of
PBS was treated in the same conditions below. This solution was
considered the control formulation.

2.5.3. Characterization of SBM

2.5.3.1. Nanoparticle size and zeta potential. The particle size and zeta
potential of the samples were analyzed using dynamic light scattering
(DLS) with a Zetasizer Nano ZEN-3600 MAL1043132 (Malvern In-
struments, United Kingdom). Measurements were performed at a scat-
tering angle of 173°, using an ordinary cuvette for particle size
determination and a capillary cuvette for zeta potential measurements.
The Malvern Zetasizer Software v7.12 facilitated data processing and
analysis. Results are presented as mean + SD based on triplicate
measurements.

2.5.3.2. Nanoparticle morphology. The morphology of the micellar NPs
was investigated through transmission electron microscopy (TEM) using
a Zeiss Libra-120 KV TEM (Germany). The NPs suspensions were
analyzed using particle size and Zeta potential measurements for TEM
analysis. A drop of each suspension was placed onto a copper grid for
sample preparation, and excess solvent was removed with filter paper.
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The samples were allowed to dry on the grids for over 48 h at room
temperature. Data from TEM imaging was analyzed using the software
ImageJ version 1.39a/Java 1.8.0_172 (64-bit) and Origin version 9.0.0
(64-bit) SR2 b87.

2.5.4. Assessment of the hemato-toxicity of saponin crude fractions versus
nanoparticulate saponins

The hemato-toxicity was assessed according to the method previously
reported by Yakubogullari et al [26]. Briefly, 5 mL of the blood was
washed four times with 0.9% saline solution by centrifugation at 2000
rpm for 5 min at room temperature. The plasma supernatant was dis-
carded. The remaining erythrocyte pellet was resuspended in saline to
create a 1% erythrocyte suspension. This solution was then mixed in a
1:1 vol ratio with saline solutions containing SCF at concentrations of 25
pg/mL, 50 pg/mL, and 100 pg/mL, and SBM at concentrations of 100
pg/mL, 200 pg/mL, and 300 pg/mL for analysis. The experiment
included a negative control of 0.9% physiological saline solution (Cgo)
and a positive control of deionized water (Cjggy). Each mixture was
incubated at 37°C for 30 min and centrifuged at 1000 rpm for 10 min at
room temperature. The absorbance of haemoglobin (Hb) from released
lysed red blood cells (RBCs) was measured at 540 nm. The percentage of
Hb released (H%) was calculated using the following formula to quantify
hemolytic activity: H% = 5 4-A<0% — x 100; where ACjgg9, represents
the absorbance of the positive control (100%), A; denotes the absorbance
of the sample, and ACyq; is the absorbance of the negative control (0%).

2.5.5. Evaluation of encapsulation efficiency (%EE) and drug loading
capacity (%DLC)

Following the centrifugation step in section 2.5.2, the supernatant
was subject to further centrifugation at 13,500 rpm for 1 h at room
temperature to pellet down Pc-INH loaded in SBMs and discard any free
Pc-INH molecules dissolved in the aqueous liquid mass; blank SBMs have
been prepared under the same conditions, the obtained pellets of free
SBMs have been dried in the oven for 24 h at 40°C. The pellets of Pc-INH
solubilized in 5 mL of DMSO were then subjected to absorbance mea-
surement at 681 nm. The %EE was calculated using the equation %EE =
‘% x 100, where A; represents the theoretical absorbance, assuming
complete encapsulation measured before high-speed centrifugation
described below, and Ag denotes the absorbance of the sample encap-
sulated and measured after high-speed centrifugation; on the other side,

the drug loading capacity (%DLC) was calculated using the following
We—Wf
Wm
INH used for the encapsulation study, wr stands for the weight of free
(unencapsulated) Pc-INH, and wy, represents the weight of the dried

blank micelles [19,27].

equation %DLC = x 100, where w; stands for the total weight of Pc-

2.5.6. Study of cumulative release of Pc-INH from SBMs

The release study was performed according to the protocol previously
reported [28] and focused on the release behaviors in various pH envi-
ronments: 0.1 M acetate buffer (pH 4.5), PBS (pH 7.4), and PBS (pH 9.2)
at 37°C. SBMs from M. paradisiaca's SCFs were tested for release kinetics
based on their high %EE. After centrifuging at 13500 rpm, the resulting
SBM pellet was dissolved in the appropriate release medium and placed
within a dialysis bag (Membra-Cel MD 10-14 x 100 CLR, Sigma Aldrich).
Each filled dialysis bag was then immersed in 20 mL of each respective
release medium, each containing 1% v/v Tween 80 to aid in the solu-
bilization of the hydrophobic cargo molecules within the hydrophilic
release environment, as recommended [29]. The system was incubated,
and aliquots were sampled at various intervals: after 0.5, 1, 2, 3, 4, 5, 6,
12, 15, and 18 h. To maintain the volume constant, the same quantity of
the withdrawn medium was replaced with an equal volume of fresh
medium. The concentrations of the released Pc-INH were determined by
UV-Vis spectrophotometer at 681 nm, using a standard calibration curve,
as described earlier. Drug release data were processed using OriginLab 9.
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2.5.7. Statistical analysis

Experiments were conducted in triplicate, and data were represented
as the average + SD; error bars represent the SD of the mean. Graphical
data were processed and analyzed using GraphPad Prism v 10.2.0 (335)
(GraphPad Software). Comparative analysis was performed by one-way
analysis of variance (ANOVA) followed by Sidék's multiple comparison
test. Asterisks in the figures indicate significant differences between
groups (saponin crude fractions vs nanoparticulate saponins) (*p < 0.05;
**p < 0.01; ***p < 0.001 and ****p < 0.0001) and hashtag indicate
differences between a study group and the control (#p < 0.05; ##p <
0.01; ####p < 0.001 and ####p < 0.0001) and ns for no significant
difference for each respective analysis.

3. Results and discussion
3.1. Microscopic screening of plant materials

Botanical microscopic features were determined to establish the
microscopic identity of plant materials used in this study, and setting the
stage for standardizing plant materials supply to ensure protection
against adulterated plant material [21]. In this study, optical microscopy
was used to investigate the anatomical features of each plant material
visually, and the resultant data was used to confirm the plant's identity
based on the literature information [30]. As shown in Fig. 2, microscopic
analysis revealed the characteristic presence of cork fragments in the
trunk bark of Millettia laurentii, while vessels and stomata were observed
in the leaves of Musa paradisiaca and Musa sapientum, and the observation
of the stem bark of Penthaclethra eetveldeana depicted crystalline fibers.
After confirming the botanical identity of plant materials, all extracts
were subjected to phytochemical screening to determine the groups of
secondary metabolites present.

A m. paradisiaca

P.
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3.2. Profiling of micellar nanoparticles from SCF

3.2.1. Exploration of SCF extracted

SCF was extracted using the diethyl ether precipitation method pre-
viously reported [31]. The extraction capacities of saponins were deter-
mined by comparing the mass of dried SCF versus 100 g of dried plant
materials. Saponins were found in comparable quantities in Musa spp.,
with a relatively higher concentration in M. paradisiaca (1.74%) than
M. sapientum (1.06%). For M. laurentii, P. eetveldeana, and S. americana,
the respective extraction capacities were found to be 0.4%, 4.9%, and
1.86%, respectively. The discrepancies in total saponin extracts provide
valuable insights into the saponin abundance in each plant, highlighting
the potential for targeted extraction and utilization based on saponin
content.

3.2.2. Phytochemical screening of SCF

Thin-layer chromatography (TLC) was utilized as a qualitative
analytical method to assess the phytochemical composition of the SCF
examined in this investigation. These fractions were chromatographed
both as is (as raw materials) and as micellar NPs. According to the
findings illustrated in Fig. 3, the TLC analysis consistently detected a
significant presence of saponins across all types of samples, whether they
were raw saponin in methanolic extracts for M. paradisiaca and
M. sapientum exclusively (MpME and MsME) or micellar saponins
considered as aggregated saponins from M. paradisiaca and M. sapientum
(ASMp and ASMs). A comparison of the saponins TLC profiles of total
methanolic extracts from plant materials (M. paradisiaca and
M. sapientum) with those of the SCF revealed a good alignment in the
saponin signatures across the extracts and fraction samples (except for
the micellar samples, which showed different patterns, likely due to
molecular self-assembly leading to slower migration). Furthermore, the

M. sapientum

etveldeana

Fig. 2. Illustration of histological characteristics of plant materials powder determined by observation under optical microscopy after exaltation by Steinmetz reagent:
annular vessels for M. paradisiaca, stomates for M. sapientum at the top panel (A), cork fragments for M. laurentii, crystalline fibers for P. eetveldeana and hexagonal
crystals for S. americana represented in bottom panel (B). Images were obtained using an objective lens of 40x.
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s

MpME MsME SMp SMs Std ASMp  ASMs

Fig. 3. Illustration of saponin chromatograms from M. paradisiaca and
M. sapientum samples; std: standard, pure saponin from Alfa aesar. Chromato-
grams were developed with a mobile phase composed of n-butanol-water-acetic
acid (21:3.5:1.75; v/v/v) and visualized under visible light after pulverization of
sulfuric acid: ethanol reagent (9:1; v/v). Saponin spots were detected as brown
spots pointed by the red arrow. MpME: M. paradisiaca methanolic extract;
MsME: M. sapientum methanolic extract; ASMp: aggregated saponin from Mp;
ASMs: aggregated saponin from Ms.

TLC chromatograms highlighted the presence of various phytochemical
classes within the extracted saponin fractions, shedding light on their
potential bioactive properties and chemical diversity.

As detailed in Table 1, the SCF contained additional phytochemicals
such as flavonoids, phenolic acids, and anthocyanins. These compounds
are found in methanolic extracts as they are polar, but the research on
apolar phytochemicals (terpenes and coumarins) in ethyl acetate extracts
did not show any migrated spots. This could be explained by saponins
being extracted using methanol (as described in Section 2.4.2), which
discriminated against all apolar phytochemicals.

Pharmaceutical Science Advances 2 (2024) 100055

This result demonstrated that even if the plant material was not
delipidated using an apolar solvent such as n-hexane, the methanolic
extract of saponins did not account for apolar phytochemicals. This in-
dicates that these phytochemical groups may have been incorporated
into saponin particles during precipitation. The phytochemical profiles of
plant materials’ total extracts (Table 1) observed are consistent with
previous research findings, where the identified phytochemical groups
were reported among the secondary metabolites found in the leaves of
Musa species [32], Millettia laurentii [33,34], and Penthaclethra eetvel-
deana [31,35], suggesting a broad spectrum of bioactive compounds that
could potentially contribute to the therapeutic efficacy of the extracted
SCF. Indeed, the hemato-toxicity results (vide infra) are promising in this
respect.

3.2.3. Critical micellar concentrations

Saponins can self-assemble into micelles in aqueous environments,
provided the saponin monomers reach a specific concentration threshold.
This threshold is referred to as the CMC [36,37]. The CMC is a pivotal
parameter that indicates the lowest concentration of saponins at which
micelles begin to form in solution [38]. To track the self-assembly of SCFs
into SBMs, as shown in Scheme 1, the potential of saponin molecules to
engage in interactions with Pc-INH through their hydrophobic moieties
(aglycone) was assessed by increasing amounts of SCFs combined in the
presence of a fixed amount of Pc-INH.

Pc-INH was selected as the dye and drug model for this study due to its
notable hydrophobicity and complex structure [20], which closely ap-
proximates the aglycone moiety of saponins. To ascertain the CMC of
SCFs, the aqueous solubility of Pc-INH served as an indicator for micelle
formation, with UV-vis spectroscopy at 681 nm facilitating the mea-
surement process.

This method involved recording the progressive increase in absor-
bance of Pc-INH correlating with rising concentrations of SCFs. A sig-
nificant shift in the absorbance pattern of Pc-INH was observed upon
reaching the CMC, marking the transition from dispersed saponin crude
fractions to micellar aggregates. These aggregates play a crucial role in
enhancing the solubilization and signaling potentials of phthalocyanine

Table 1

Summary of TLC profiling of various phytochemical groups in different SCFs and total extract.
Phytochemicals Samples

Ml SM1 Mp SMp Ms SMs Pe SPe Sa SSa

Saponins P P P P P P P P P P
Flavonoids P P P A P A P P P P
Phenolic acids P P P A P P P A A A
Anthraquinones A A P A P A A A A A
Anthocyanins P A P A P A P P P A
Coumarins A A A A P A P A P A
Terpenoids P A P A P A P A P A

Note: S: Crude saponin, SMI: Crude saponin from Millettia laurentii, SMp: Crude saponin from Musa paradisiaca, SMs: Crude saponin from Musa sapientum, SPe: Crude
saponin from Penthaclethra eetveldeana, SSa: Crude saponin from Schwenckia americana, P: Present, A: Absent.
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Scheme 1. Flowchart depicting the potential of saponin crude fractions from banana plant leaves to self-assemble into saponin-based micelles after the critical
micellar concentration is reached. The saponin structure was designed with ChemSketch software, and the micelles illustration was designed online with www

.BioRender.com.
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molecules as described by Setaro et al [39] who showed the potential of
block copolymer-based micelles to encapsulate efficiently silicon phtha-
locyanine (SiPc), which can be used as a photosensitizer in photodynamic
therapy, another study from Motlung et al presented the successful
encapsulation of phenyldiazenyl phenoxy substituted phthalocyani-
nes—indium phthalocyanine (InPc), and zinc phthalocyanine (ZnPc)) in
Pluronic F127-based micelles as biocompatible nanocarriers, they
showed that the resultant nanocarriers improve the aqueous solubility of
InPc and ZnPc [40]The observed alteration in absorbance effectively
signifies the formation of micelles, thereby offering a measurable
approach to determine the CMC. As shown in Fig. 4, the findings indi-
cated that SCFs from different plant species were able to successfully
increase the aqueous solubility of Pc-INH and form micelles at low
saponin concentrations, starting from 1 mg/mL, except for SCFs from
M. sapientum and S. americana. These outcomes from CMC determination
are presented in Fig. 5, illustrating the micelle formation of the various
SCFs tested.

CMC data for most of the SCFs (with range values of 0.72 +
0.04-4.12 + 0.53 mg/mL) demonstrated notable advantages over pure
saponin derived from Quillaja saponaria (CMC = 2.52 + 0.16 mg/mL)
(Fig. 5), as well as glycyrrhiza acid from Glycyrrhiza glabra, which had a
reported CMC of approximately 4.83 mg/mL [41] and rebaudioside A
saponin from Stevia rebaudiana with a CMC of 4.06 mg/mL [42]. How-
ever, Li [43] found that Ginsenoside Rb1, a saponin extracted from Panax
notoginseng, forms micelles at a significantly lower CMC of 0.35 mg/mL.

Nevertheless, these results overall underscore the SCFs' potential to
form stable micelles for encapsulating hydrophobic molecules, aligning
with previous findings [12] that demonstrated the encapsulation of
fluorescent molecules in SBM derived from Quillaja saponaria for
bio-imaging applications. Subsequently, Vinarov [16] explored the
encapsulation of a hydrophobic anticancer drug, namely paclitaxel,
within micelles formed by saponins, further evidencing the versatility
and effectiveness of SBM in drug delivery systems.

3.2.4. Particle size and zeta potential of SBMs

Data from dynamic light scattering (DLS) indicated that SBMs from
pure saponin, M. laurentii, M. paradisiaca and M. sapientum are in the
nano-sized range, while SBMs from S. americana are in the micro-sized
range (Table 2). The polydispersity index (PDI) values ranged from
0.25 to 0.60. Additionally, the particle surface charges were very low,
suggesting that the larger particle sizes observed may be attributed to
aggregation. Remarkably, SBMs derived from pure saponin, M. laurentii,
M. paradisiaca, M. sapientum, and P. eetveldeana demonstrated small
particle sizes within the nanometre scale, with a range size of 150-900
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Fig. 5. Data of the critical micellar concentrations of different SCF (500 rpm,
55°C) were investigated based on their solubilizing effects on the molecular tag
Pc-INH (n = 2), with asterisk (*) indicating the significant differences of the
CMCs between the pure saponin and different saponin crude fractions, *p <
0.05; **p < 0.01; ***p < 0.001 and ****p < 0.0001), ns means no signifi-
cant difference.

Table 2

Particle size and Zeta potential of prepared SBM.
Origin of SBMs PS + SD (nm) PDI + SD ZP + SD (mV)

(n=3) (n=3) (n=10)

Pure saponin 389 + 94.54 0.43 + 0.09 —20.6 + 0.42
M. laurentii 937 + 47.91 0.58 + 0.05 —1.76 + 0.04
M. paradisiaca 890 + 25.30 0.49 + 0.01 —2.65 £ 0.55
M. sapientum 660 + 20.60 0.58 + 0.01 —0.31 +£0.57
P. eetveldeana 157 + 0.02 0.27 + 0.19 —0.24 + 7.30
S. americana 5470 £ 0.21 0.36 + 2.09 0.21 £ 0.42

PS: particle size: SD: standard deviation, PDI: polydispersity index, ZP: Zeta po-
tential, mV: millivolt, n: number of replicates.

Pure saponin
M. laurentii

M. paradisiaca

M. sapientum

- === P eelveldeana

[

S. americana

Saponins concentrations (mg/mL)

Fig. 4. Data showing the increase in Pc-INH concentrations as a function of concentrations of SCFs (1 mg/mL to 5 mg/mL) from different plant species.
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nm and PDI in a range of 0.25-0.60, indicating for most of them het-
erogeneity of size (PDI < 0.35), this is in agreement with results found by
Fattahi et al. [44]. The ZP values were low, suggesting that the net total
surface charges of SBMs are likely neutral. This implies the high risk for
the aggregation of some particles, which may lead to marked particle size
heterogeneity, underlying the observed high value of PDI. The observed
low values of ZP in this study (< +20 mV) are in agreement with a
previous study [43], which found similar results in the formulated
diclofenac-loaded in ginsenoside Rbl-based micelles for ocular drug
delivery.

3.2.5. Morphology of the saponin-based micelles

For each type of saponin, SBMs were prepared at concentrations
exceeding the CMC, specifically at 25 mg/mL. These SBMs were spherical
(Fig. 6), with particle sizes of 500 nm. The average particle size estimated
from TEM micrographs using ImageJ software was 85 nm for SBMs
derived from pure saponin, 133 nm for those from M. laurentii, 277 nm
for P. eetveldeana, and 289 nm for S. americana.

As verified through TEM, the nanoscale dimensions of SBMs suggest
that the larger sizes detected via DLS may be attributed to particle ag-
gregation, likely due to the low surface charges observed on the SBMs.
The morphology of the SBMs identified in this study aligns with the
findings of Verza et al. [45], who reported the formation of nanospheres
in the development of SBMs from Chenopodium quinoa. This observation
is further corroborated by the research of Yasamineh et al [46], who
described micelles as spherical NPs with a size range between 10 and
1000 nm, thereby supporting the spherical nature and size variability of
SBMs, as observed in the present study. Due to the high CMC of saponins
from S. americana (4.12 + 0.53 mg/mL), it was discarded for further
studies.

3.2.6. Hemolytic profiles

Numerous studies have highlighted the toxicity of pure saponins,
particularly their capacity to lyse erythrocyte membranes, leading to
hemolysis. However, relatively few investigations [13,43] have explored
the hemato-toxicity (%H) of saponin fractions (denoted SCFs). To the
best of our knowledge, no studies have examined the role of other sec-
ondary metabolites and their impact on the hemato-toxicity of saponins
towards human red blood cells (RBCs). In this research, the hemolytic
profile of SCFs was assessed against human RBCs at concentrations of 25,
50, and 100 pg/mL.

Considering these saponins were also employed in the formulation of
NPs for biomedical applications, the study further examined the hemato-
toxicity of SBMs at higher concentrations than those used for SCFs,
specifically at 100, 200, and 300 pg/mL (Table 3). A comparative

Average particle size 85 nm
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Average particle size 277 nm
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Table 3
Hemolytic profile of saponin crude fractions and nanoparticulate saponins (n =
2).

Samples Hemolysis rate (%) at different concentrations (pg/mL)

Saponin crude fractions Nanoparticulate saponins

25 50 100 200 300
Pure saponin 61.74 + 89.30 103.77 26.85 54.89 86.01
4.35 + 4.54 +3.26 +0.49 + 0.59 +1.28
M. laurentii 79.72 + 97.90 139.00 23.35 50.83 55.17
2.86 +0.29 +4.23 +0.49 + 0.39 +0.39
M. paradisiaca  18.39 + 85.66 150.21 9.79 + 47.83 63.28
0.59 +4.35 +1.08 0.89 + 0.49 +0.19
M. sapientum -1.60 1.95 + 100.39 11.95 23.00 48.60
+0.39 1.28 +7.22 +1.58 +1.78 +9.49
P. eetveldeana 103.28 115 + 121.39 30.97 43.63 54.26

+9.69 7.71 + 2.67 +0.39 + 0.29 +1.28

analysis of the behavior of saponin crude fractions (SCF) and their
nanoparticulate forms (denoted SBMs) was conducted. High doses of
SBMs were utilized, underpinning the hypothesis that SCF would exhibit
greater toxicity than their micellar counterparts; this was anticipated
based on the literature suggesting that nanotechnology can reduce the
toxicity of hazardous compounds in their bulk form [47].

Findings presented in Fig. 7 shows that at 100 pg/mL concentration,
SCFs demonstrated significantly higher toxicity levels—two, three, and
even four times more hemolytic—compared to SBMs (p < 0.0001). These
results underscore the differential hemolytic profile of SCFs and their NPs
formulations, indicating a reduced toxicity profile for SBMs at the studied
concentrations. Owing to their toxic effects on erythrocyte membranes,
saponins have seen constrained application in therapeutic contexts [45].
This study's insight proposes leveraging the saponins' natural propensity
to aggregate into micellar-type NPs (SBMs) in aqueous environments,
thereby potentially mitigating much of the inherent toxicity. The for-
mation of micelles from SCFs has been successfully established, as
detailed in previous sections (3.2.3, 3.2.4, and 3.2.5).

In addition, most of the SCFs also show lower toxicity than the pu-
rified saponins, further underscoring their use and SBMs as safe nano-
carriers for the systemic delivery of biomedical molecules. The hemolysis
rate data for SCFs align with the results of Manaargadoo-Catin et al. [48],
who described saponins as surfactants having the potential to cause
erythrocyte lysis. Indeed, to the best of our knowledge, there are no
studies documenting the hemolytic profile of SBMs, marking a novel area
of investigation in the context of reducing the toxicity of saponins
through nanotechnological approaches. However, Lv et al. [27] have
investigated the hemolytic profile of curcumin-loaded block copolymer
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Fig. 6. Illustration of the shape of SBMs by TEM micrographs (denoted 1) and size distribution by ImageJ log-normal fitting graphs (denoted 2): SBM from pure
saponin (Al and A2), SBM from Millettia laurentii (B1 and B2), SBM from Penthaclethra eetveldeana (C1 and C2), SBM from Schwenckia americana (D1 and D2). Shape (1)

and size distribution (2). The scale bar is 500 nm.
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Fig. 7. The hemolytic profiles of raw saponins (un-
formulated into micelles, denoted molecular saponins
to describe the saponin crude fractions) compared to
nano-formulate saponins (saponin formulated into
micelles, denoted nanoparticulate saponins) were
evaluated using distilled water as a control, repre-
senting 100% hemolysis. Statistical analysis, con-
ducted through one-way ANOVA comparing each
saponin crude fractions to pure saponins revealed
significant differences represented by hashtag (#p <
0.05; ##p < 0.01; ####p < 0.001 and ####p <
0.0001), except for the saponin from M. sapientum,
and no significant difference (ns) was observed be-
tween distilled water and saponin crude fractions.
Conversely, multiple comparisons between each
saponin crude fraction and its corresponding nano-
particulate form demonstrated notable significant
differences represented by asterisks (*p < 0.05; **p <
0.01; ***p < 0.001 and ****p < 0.0001) The hemo-
lysis rate (H%) reported in the graph was assessed at
the concentration of 100 pg/mL (A); Illustration de-
picts haemolysed red blood cells in the presence of

M. laurentii

Distilled water

Pure saponin M. disic M. sapient P.

Samples

(4-arm poly(ethylene glycol)-block-poly(anhydride-esters) micelles and
showed that in vitro, these polymeric micelles do not lead to hemolysis
with a hemolysis rate of 3.18% at 100 pg/mL to blood from
Sprague-Dawley rat. This suggests that the results found with saponin
crude fractions from M. paradisiaca are very close to previous findings
[27].

3.2.7. Saponin-based micelles’ drug loading capacity, encapsulation
efficiency, and cumulative release profiles for Pc-INH

Upon establishing that SCFs possess the potential to form SBMs and
that these SBMs can efficiently encapsulate hydrophobic molecules like
Pc-INH while concurrently exhibiting a significant reduction in saponin
toxicity, further investigation of the encapsulation efficiency of these
SBMs for Pc-INH has been conducted before release studies. The aim was
to determine the optimal quantity of saponins required to maximize
encapsulation within the micelles.

The %DLC for all the SBMs formulations presents the following pro-
files: 1.46%—pure saponin, 2.49%—M. laurentii, 0.34%—P. eetveldeana,
2.31%—M. paradisiaca, and 0.87%—M. sapientum. This variability in-
dicates differences in the potential of SBMs to encapsulate Pc-INH, which
could be influenced by various formulation-related parameters, such as
the phytochemical compounds that remained in the SCFs or the
composition of the resultant SMBs. The SBMs of P. eetveldeana had the
lowest drug loading, indicating inefficient drug encapsulation (Fig. 8A),
most likely due to a low affinity between Pc-INH and the micelles. On the
other hand, M. laurentii and M. paradisiaca SBMs have the largest drug-
loading capacity and appear to be the most successful in drug trapping,
suggesting that they may be more physicochemical compatible with Pc-
INH. On the other hand, The SBMs from M. laurentii and M. paradisiaca
had the highest drug loading potential and appeared to be more effective
in drug entrapment than pure saponin and might have, therefore, better
physicochemical compatibility with Pc-INH [49]. The higher the drug
loading, the more desirable the formulation because this factor allows for
effective therapeutic doses with smaller amounts of excipients, which
would minimize any risks of hemato-toxicity associated with crude
saponins.

The results of encapsulation efficiency and cumulative release are
concisely summarized in Fig. 8A, indicating at least SBMs from SCFs of
M. laurentii exhibited significant differences (p < 0.0001) of %EE to SBM
from pure saponin (with %EE of 56% and 33% respectively), and those
from M. paradisiaca (40%) exhibited a different significant %EE (p <

saponin crude fractions from M. paradisiaca (B); and
Mlustration shows hemolysis of RBCs by SBM from
M. paradisiaca (C). This study has been performed in
duplicate.

0.01) with the SBM of pure saponin, and M. sapientum and P. eetveldeana
presented weak %EE (17% and 7% respectively) compared to pure
saponin (p < 0.0001). This data provides insights into the effective use of
saponins for encapsulating hydrophobic substances within SBMs as
described by Wang et al [50] and Yang et al [51] who encapsulated
podophyllotoxin (78%) and paclitaxel (90%) efficiently respectively into
SBM.

The study of release dynamics for Pc-INH encapsulated within SBMs
was conducted under varying pH conditions to simulate different bio-
logical compartments for potential in vivo applications such as the acidic
milieu of endosomes (pH 4.5) and the neutral blood medium (pH 7.4),
and the alkaline milieu (pH 9.2) to extend applications to in vitro studies.
SBMs from SCF of M. paradisiaca were selected for in vitro release testing
due to their similar %EE to pure saponin and low hemato-toxicity. As
depicted in Fig. 8B, the release profile of Pc-INH at pH 7.4 is steadily
efficient, with a complete release of 100% Pc-INH occurring within 6 h.
In contrast, at the alkaline pH of 9.2, the release pattern is initially slow,
with almost no release up to 6 h, followed by a sudden surge, culminating
in 100% release of Pc-INH by the 12-h mark, indicating the onset of
release between 8 and 10 h. The release was gradual at acidic pH,
reaching 60% after 18 h. The observed low percentage Pc-INH released in
acidic might also be a result of acid degradation of Pc-INH molecules, as
reported by Nkanga and Krause [19] who observed liposomes loaded
with Pc-INH exhibited optimal release of isoniazid (INH) at an acidic pH
of 4.4. Nonetheless, the UV-vis measurements at 681 nm were likely
integrative enough to consider both the intact Pc-INH and degraded
version of phthalocyanine without INH. Nevertheless, this nuanced un-
derstanding of the release behavior under different pH conditions un-
derscores the potential of SBMs for targeted drug delivery, adapting to
the varied pH environments encountered within the human body and for
in vitro applications necessitating alkaline conditions.

The multifaceted release kinetics observed in this study are compel-
ling and align with previous research findings, highlighting the diverse
mechanisms through which SBMs can release encapsulated compounds
under varying pH conditions. Such phenomena have been documented in
the literature as follows: (i) by Wang et al [50] who studied the cumu-
lative release of the saponin-based glycyrrhizic acid in PBS medium (pH
7.4), supplemented with 0.5% Tween 80, at 37°C and found that the
formulated micelle can sustainable release podophyllotoxin (a first-line
agent for genital warts) in the first 5 h, similar to the release kinetics
herein observed at pH 7.4; (ii) Yang et al [51] reported the release of
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Fig. 8. Illustration figures of the drug delivery po-
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tential of SBMs with (A), data from the assessment of
the encapsulation efficiency (%EE) using the SBM
from pure saponin and SCFs of M. laurentii,
M. paradisiaca, M. sapientum, and P. eetveldeana
squares and triangles represent the duplicate data. (B)
Data from the assessment of the cumulative drug
release experiment using the SBM from M. paradisiaca.
The %EE of SBMs was calculated using the highest
CMC value of every single sample which was centri-
fuged at 13,500 rpm to isolate SBM encapsulating Pc-
INH; the pellet was recovered with DMSO and ab-
sorbances were measured at 681 nm, the statistic
study was processed with ANOVA one-way following

Pure saponin M. laurentii M. paradisiaca M. sapientum P eetveldeana

Saponin-based micelles

paclitaxel (an antitumor agent), which is equivalent to the SBMs release
profile at pH 4.5 in the present study, loaded in saponin-based glycyr-
rhizic acid at the simulated gastric fluid (pH 1.6) and intestinal (pH 6.5)
media supplemented with 1% Tween 80 at 37°C and showed that the
SBM promote a delayed release compared to conventional drug Taxol®
which presented a fast release of paclitaxel after 2 h.

These comparisons validate the versatility and adaptability of SBMs
in drug delivery across different pH environments and position them as a
promising platform for the targeted and controlled release of therapeutic
agents, enhancing their application potential in the biomedical field.

Nonetheless, further efforts are needed to optimize the drug delivery
potential of SBMs, particularly in terms of drug loading, encapsulation
efficiency, and cumulative release. These studies will explore challenges
and limitations that might be associated with different types of saponins
(triterpenoid or steroidal) and the number of glycone chains (mono-, bi-,
or tridesmosidic), which might influence the hemolytic profiles, formu-
lation, and stability of SBMs. Additionally, the phytochemical structures
in the SCFs will be examined for their impact on the hemolytic profiles,
stability, and drug delivery potentials of SBMs, which will enable the
gathering of comprehensive information to enhance the application of
saponin crude fractions in drug delivery.

4. Conclusion

This study aimed to develop cost-effective NPs for drug delivery of
SCFs from five Congolese plant species. Pharmacognostical evaluations
revealed that all SCFs formed SBMs to the same extent as pure saponins.
Comparative studies showed superior encapsulation efficiency of some
SCFs over commercially available pure saponins, with M. paradisiaca
showing the greatest stability. Particle characterization through DLS
indicated the presence of nanoparticles. TEM combined with ImageJ
analysis validated the nanoscale dimension of particles. The study
underscored the feasibility of NP formulations from SCF without strin-
gent environmental constraints despite the reputed hemato-toxicity of
saponins. The hemolytic profile analysis revealed that a double/triple
dose of most SBMs exhibited significantly lower toxicity on red blood
cells than the corresponding SCFs. SBMs from M. paradisiaca showed
statistically similar encapsulation efficiency with the SBM from pure
saponin. Further investigations must be done to extend this study to other
plant-rich saponins; standardization and plantation of those plant-rich
saponins will be useful to improve the scalability of the production of
saponin-based micelles. These findings suggest that SCFs are promising

Time (hours)

10

by Sidak's multiple comparisons and comparing SBMs
of different crude saponins to the SBM of pure
saponin, significant differences represented by aster-
isks (*p < 0.05; **p < 0.01; ***p < 0.001 and ****p
< 0.0001). The cumulative release profiles of Pc-INH
encapsulated in SBM from M. paradisiaca's SCF were
studied by incorporating SBM into a dialysis bag
under stirring at 100 rpm of different releasing media
at different pH (pH 4.5, 7.4, and 9.2) containing
Tween 80 (1% v/v) at 37°C.

raw materials for designing functional nanomaterials with the potential
to address biopharmaceutical challenges and boost the translational
development of affordable and accessible nanomedicines. Further in vitro
and in vivo studies are essential to comprehensively understand the
functional potentials of SBMs loaded with diverse active pharmaceutical
ingredients.
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