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Abstract: In this work, optimization parameters were developed to capture plant metabolites from
Dioclea Reflexa (DR) seed ex-tracts onto halloysites nanotubes (HNTs). A one-step pool of the crude
extracts at neutral pH from the HNT lumen failed to elicit a reduction in breast cancer, Michigan
Cancer Foundation-7 (MCF-7) cell viability. However, the pH-dependent elution of metabolites
revealed that the acidic pH samples exhibited profound antiproliferative effects on the cancer
cells compared to the basic pH metabolites using both trypan blue dye exclusion assay and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) viability test. pH~5.2 samples
demonstrated by half-maximal inhibitory concentration (IC50) of 0.8 mg and a cyclic voltammetry
oxidation peak potential and current of 234 mV and 0.45 µA, respectively. This indicates that the
cancer cells death could be attributed to membrane polarization/depolarization effects of the sample.
Fluorescence-activated cell sorting (FACS) studies confirmed that the plant metabolites affected
breast cancer apoptotic signaling pathways of cell death. The studies proved that plant metabolites
could be captured using simplified screening procedures for rapid drug discovery purposes. Such
procedures, however, would require the integration of affordable analytical tools to test and isolate
individual metabolites. Our approach could be an important strategy to create a library and database
of bioactive plant metabolites based on pH values.

Keywords: halloysite nanotubes; cyclic voltammetry; polarization/depolarization Dioclea Reflexa;
plant metabolites; anticancer metabolites

1. Introduction

Traditional herbal medicine practices continue to be inseparable in the lives of many
people in the world, including the inhabitants of sub-Sahara Africa (sSA), due to the impact
of plant metabolites for treating several diseases [1–3]. Over the years, the global accep-
tance of herbal medicines in homes, as well as health clinics, has resulted in the growth
of the herbal products market in most countries in the subregion. However, there are
still challenges with understanding mechanisms of action due to the lack of standardized
procedures to rapidly prepare plant metabolites to meet pharmacological criteria [4–6].
This gap, especially in the subregion, has elevated the research community enthusiasm in
pursuing cheap and affordable functional materials to facilitate the development of simple
and effective separation technologies that have similar or even better performance efficien-
cies than the traditional and more expensive technologies. Such easy-to-use technologies
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will facilitate the capture, release, and compilation of plant metabolites in a library and
database to support further scientific research in the field of plant medicine [7,8].

Recently, solid-phase microextraction (SPME) technology has been developed using
TiO2 nanotube arrays in situ on Ti wires for selective removal of organic compounds [9].
However, this technology exhibits some drawbacks, including fragility, which limits
longevity. Halloysites nanotubes (HNTs) are natural tubules of aluminosilicate minerals
composed of different proportions of aluminum, silicon, hydrogen, and oxygen, often with
the chemical formula Al2Si2O5(OH)4.nH2O [10,11]. They are empty cylinders with widths
of about 100 nanometers and consist of two structures: the anhydrous structure with an
interlayer dispersing of approximately 7Å and the hydrated structure with an augmented
interlayer dividing of 10 Å, due to the presence of water in the lamellar spaces [12–14]. In
each layer of the halloysite nanotubes (HNTs), the siloxane (SiOH) groups are found on
the outer surface, while the aluminol (AlOH) groups are situated on the inner surfaces,
making the outer and inner surfaces have different charges. The positive charge of the
internal lumen is a consequence of protonation of the AlOH group at low pH, whereas
the SiOH groups has overall negative charge due to the coordination of the atoms. These
unique properties of HNTs have made it possible for it to be used in various biomedical
applications, such as the development of biohybrid materials for health applications [15].
The charge disparity has drawn interest from the research community, whereby overall
negatively charged proteins taken above their isoelectric points were mostly loaded into the
positively charged nanotube lumen [16]. Therefore, in a pool of organic compounds, HNTs
can facilitate the formation of a transient bond between selected bioactive compounds and
the AlOH or SiOH as a function of pH conditions and can be very effective as a nano drug
carrier for different applications [17–22]. The loading efficiency is influenced by the charge
characteristics of the active agents, as well as vacuum pressure [23].

The species Dioclea Reflexa (DR) hook belong to leguminoase plants, which include
legume, pea, and the bean families. There are certain classes of compounds in Dioclea
reflexa (DR) that have clinical usefulness in both temperate and tropical regions [24–26].
Extract of DR seed has been shown to boost hematological parameters and antioxidant
activities which protect the kidney and blood from oxidative and related injuries under
acute and chronic toxicological challenges [1,2,24,25,27–31]. In addition, the aqueous
extract of the seeds produces 100% mortality in third stage mosquito larvae of Aedes
aegypti. The seed is a potential food source which contains around 14% protein, 8% fats,
and 58% carbohydrates [26]. Though these metabolites in the pool continue to show
promise in disease treatment, there is very limited data in the literature of the properties
of single isolates and their medicinal relevance, albeit due to the difficulties in pursuing
systematic separation of the complex mixtures in a single separation method. Thus, the
current work describes the use of a simplified method to systematically isolate bioactive
compounds from extracted complex mixtures from DR and test their inhibitory effects
on breast Michigan Cancer Foundation-7 (MCF-7) cells. The rationale is that the larger
surface area coupled with the differential polarity of the lumen and the surface of the HNTs
will be sufficient to bind selectively with the plant metabolites in the crude extracts of
DR. The authors hypothesized that: (1) the pH dependent elution of the plant metabolites
can identify therapeutic bioactive compounds against cancer cells and that (2) specific
HNT could isolate structurally and functionally related metabolites from complex mixtures
in a single step. The evidence of the entrapped species onto the HNTs was monitored
using X-ray diffractometry (XRD) and Fourier transform infrared spectroscopy (FTIR) to
determine the degree of aluminol (AlOH) and the siloxane (SiOH) groups modification
since these two functional groups will be key sites for bioactive compounds interaction.
pH-dependent eluted samples have been tested on breast (MCF-7) cancer cell lines to
investigate both their inhibitory and the mechanism using cyclic voltammetry and flow
cytometry analyses [32–35]. The results are reported here and show evidence of differential
inhibitory effects of the bioactive compounds from the various pH conditions.
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2. Materials and Methods
2.1. Materials

N,N-dimethyl sulfonamide, sodium hydroxide (NaOH, >99%), acetic acid (CH3COOH,
>99%), sulfuric acid (H2SO4, >99%), hydrochloric acid (HCl), and propidium iodide were
purchased from Fisher Scientific, Altrincham, UK. Samples of natural halloysite (cat. no.
685 445) were purchased from Sigma Aldrich, St. Louis, USA. All chemicals were analytical
grade and were, therefore, used without further purification. Breast (MCF-7) cancer cells
(HTB-22) were purchased from American Type Culture Collection (ATCC) (Manassas, VA,
USA) and maintained in Dulbecco’s modified eagle medium (DMEM-F12) complete media
supplemented with 10% fetal bovine serum (FBS), minimum essential medium (MEM)
nonessential amino acids, gentamicin, and 10 µg/mL insulin in a 5% CO2 incubator at
37 ◦C. All culturing media were obtained from ATCC (Manassas, VA). RNase A from Sigma
Aldrich, St. Louis, MO, USA.

2.2. Methods
2.2.1. Loading and pH-Dependent Release of DR Metabolites

A 5 g quantity of Dioclea Reflexa (DR) seed powder was suspended in 30 mL of 70%
ethanol (pH 7.4) for 24 h to extract the plant metabolites [6]. A volume of 30 mL of the
supernatant was used for the immobilization using 120 to 1320 milligram quantities in
intervals of 120 mg/mL of halloysite nanotubes(HNTs). A UV–Vis spectrophotometer
(Shimadzu UV/Vis 1601 spectrophotometer, Shimadzu Corporation, Tokyo, Japan) was
used to determine the concentration of the crude extracts before and after loading onto the
halloysites nanotubes. A standard curve was then constructed to determine the amount of
entrapped bioactive compounds from the DR seed extracts.

The percentage loading capacity, LC was obtained from Equation (1):

LC = Mm/Mh × 100 (1)

where Mm and Mh are the masses of the entrapped metabolites and the amount of hal-
loysites used for the entrapment, respectively.

The loaded HNTs were weighed and stored at 20 ◦C, and the entrapped metabolites
were released using a buffer of pH (4.1–9.6) for 24 h.

2.2.2. Characterization of HNTs and DR Loaded HNTs

FTIR spectra of empty halloysites nanotubes (HNTs) and Dioclea Reflexa (DR) loaded
HNTs were recorded with a Nicolet MAGNA-IR 750 Spectrometer (Nicolet Instrument Co.,
Madison, WI, USA). The spectra were recorded from 500 to 4000 cm−1 wavenumber with
16 scans and spectral resolution of 4 cm−1.

XRD (Empyrean, Malvern Panalytical B.V, Almelo, The Netherlands) of the HNTs and
loaded HNTs were performed using a Pan Analytical diffractometer with CuKα radiation.
A 2θ scan was performed from 5 to 35◦ in steps of 0.05◦, with a tube voltage of 45 kV and a
current of 40 mA.

The Thermogravimetric Analyzer (TGA) (Q600 SDT, TA Instruments, Brussels, Bel-
gium) analysis of the HNT and HNT loaded with the DR extract was conducted using
Pyris 1 TGA equipment. The analysis was conducted in N2 atmosphere at a heating rate of
20 ◦C/min.

2.2.3. Culturing and Cyclic Voltammetry Analysis of MCF-7 Breast Cancer Cell Lines

MCF-7 cells (HTB-22) were grown and maintained in DMEM-F12 supplemented
media. Media was changed every 2–3 days, and cells were passaged at 65–80% confluence.
The cells were harvested after complete rinsing with 0.25% (w/v) Trypsin and 0.53 mM
Ethylenediamine tetra acetic acid (EDTA) solution to remove all traces of fetal bovine
serum, which contains trypsin inhibitor. A volume of 2.0 to 3.0 mL of Trypsin-EDTA
solution was added to the flask, and the cells were observed under an inverted microscope.
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A volume of 6.0 to 8.0 mL of complete growth medium was used to aspirate the cells, and
the suspension was centrifuged at 125 mg for 5 to 10 min. After re-suspension, cell density
of 5.6 × 106 was obtained. The inhibitory effects (expressed as Percentage Activity, (PA)) of
the metabolites concentration of 2 mg/mL on the cells was determined using Equation (2).
Mo is the initial concentration of the extracts, Mph is the concentration of the extracts at
particular pH.

PA =
Mo − Mph

Mo
× 100 (2)

A stock solution of 2 mg/mL of the metabolites from pH ~5.2 was prepared for elec-
trochemical detection studies using cyclic voltammetry under steady-state conditions. The
electrochemical detection was carried out using A CheapStat potentiostat device (IO Rodeo,
Pasadena, CA, USA) connected to interdigitated gold electrodes (IDEs)/Microelectrodes
(Metrohm, DropSens Llanera, Asturias, Spain). A volume of 5µL of cells of cell density
of 2.3 × 106 cells/well was suspended in 0.1 mM Phosphate Buffer Saline (PBS), and the
metabolite was also dispensed in 0.002 mM dimethyl sulfoxide (DMSO). The samples
were deposited on the active electrode for cyclic voltammetry measurements. The voltam-
mograms were obtained using a potential range from 690 to 970 mV at a scan rate of
10 mVs−1. Cell viability studies was conducted using trypan blue assay and confirmed
by MTT assay. The MTT assay protocol is based on the conversion of water soluble MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) compound to an insoluble
formazan product by the viable cells. [36–40].

3. Results
3.1. Characterization of HNT and loaded HNT using XRD, TGA, and FTIR

In an effort to determine the presence of trapped compounds in the HNT, preparations
were subjected to analysis using XRD, TGA, and FTIR techniques. In Figure 1a (red), the
characteristic 2◦ peak positions of HNT occur at 11.7, 20.5, 24.8, 37.5, and 62.2, representing
(001), (110), (011), (131), and (331) crystallographic planes, respectively. After immobi-
lization of the DR extracts on the nanotubes, there was dramatic reduction of the peak
intensities at the same 2◦ positions, indicating that the resulting structure of the composite
material (HNT with DR) is more amorphous than that of HNT. This is expected since
the metabolites from the DR are mostly amorphous in nature. The absence of additional
peaks aside the characteristic peaks of HNTs after loading with DR depicts the amount
of DR loaded was less than 5% by weight of the HNTs. Since the metabolite may be
amorphous, it is likely that the peaks of the HNTs overshadowed the amorphous peaks of
the extract, and, as a result, no clearly defined XRD peaks were found. The bioactive con-
stituents were eluted with 70% ethanol and resulted in HNTs signature peaks, as shown in
Figure 1a (blue). The characteristic peak intensities reverted to those observed in the
control, implying that the reduced intensities were due to the plant extract.

The changes in the signatures peak intensities of the halloysite nanotubes (HNTs) was
monitored using FTIR spectroscopy, as shown in Figure 1b. The FTIR spectra revealed all
the functional groups present in the empty HNTs (black). Six major peaks were identified
in the HNT. The inner Al-OH and outer Si-OH groups have characteristic stretching peaks
at 3622 and 3694 cm−1, respectively. Bending vibrations of Al-OH and Si-OH revealed
absorption peaks at 902 cm−1. In addition, the uneven stretching vibrations of the Si-OH
bond gave a strong absorption peak at 995 and 1118 cm−1. In addition, the deformation
vibration of the interlayer water molecules of the HNT was observed at 1647 cm−1. There
was a significant increase of the transmission peak intensities after immobilization of the
DR extracts on the HNTs (blue). Four distinct additional peaks were observed in the FTIR
spectra of the halloysite nanotubes loaded with the DR extract, as can be seen in Figure 1b.
These peaks were also present in the FTIR spectra of the DR extract. The peak observed at
1744 cm−1 is due to the C = O stretching, while the peak observed at 1460 cm−1 represents
the symmetric C–H vibration. The symmetric and asymmetric vibrations of CH2 were
represented by the peaks observed at 2923 and 2854 cm−1 [41]. Since the peaks present
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in the HNT and DR extract were observed in the HNT loaded with DR extract sample, it
depicts that the HNT was indeed loaded with the DR extract.

To further confirm that the DR extract was loaded into the HNT, TGA analysis of the
raw HNTs and HNT loaded with the DR extract was conducted. This analysis also helped in
estimating the amount of DR extract loaded into the HNTs. The TGA results is presented in
Figure 1c. Two distinct decompositions were observed at approximately 60 ◦C and 450 ◦C.
The weight losses observed at 60 ◦C and 450 ◦C can be attributed to the decomposition
of the water molecules absorbed onto the HNT surface and the dehydroxylation of the
HNTs, respectively. Considering the HNT loaded with the DR extract, a significant mass
loss was observed between 25–85 ◦C. This mass loss can be attributed to the decomposition
of the 70% ethanol solution used in the loading process. The HNT loaded with the
DR extract contained some moisture when the TGA analysis was being conducted. In
addition to this observed decomposition, another gradual decomposition was observed
from approximately 240–370 ◦C. This gradual decomposition can be attributed to the
extract. This implies that the HNT loaded with the DR extract indeed contained the DR
extract. The amount of the loaded DR extract was estimated to be approximately 5.18 wt.%.
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with the Dioclea Reflexa (DR) extract. (b) Fourier transform infrared (FTIR) spectra of HNTs and
loaded HNTs with plant metabolites. (c) TGA of HNT and HNT loaded with DR extract.

3.1.1. Optimization of Parameters to Increase Metabolites Immobilization onto HNTs

Concentration dependent analysis of the bioactive compounds entrapped on the HNT
using varied concentrations of the nanotubes is displayed in Figure 2a. It was observed that
the maximum extractable bioactive compounds at the loading range from 720 to 1080 mg
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of HNTs using DR concentration of 0.2 g/mL in a total volume of 30 mL of crude extract
solution was about 14–19%.
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Figure 2. Optimization of the conditions for DR entrapment using HNTs. (a) The relative amount in percentage of entrapped
bioactive compounds (mg/mL) using 5 grams bed volume of HNTs. The release was conducted for 2 days to ensure all the
bound molecules were completely released from the lumen of the HNT. (b)MTT assay for MCF-7 cell viability analysis of
the entrapped bioactive compounds from the various crude extracts using 2 mg/mL. (c) The effects of buffer pH on the
release of the immobilized bioactive compounds. (d) The relative activity of pH dependent bioactive compounds on MCF-7
cell viability using 2 mg/mL concentrations.

Figure 2 showed the inhibitory effects of 2 mg/mL of the entrapped metabolites on
breast (MCF-7) cancer cell lines at cell density 6.3 × 106. It was observed that the crude
extracts from the HNTs lumen did not show significant increase in percent antiproliferative
effects on the MCF-7 cells, as indicative by the statistically insignificant variations in
cell viability.

3.1.2. PH-Dependent Elution of the Metabolites from HNTs

The pH-dependent release of the bioactive compounds is displayed in Figure 2. The
results revealed pH effect on the release of the bioactive compounds from HNTs was the
same based on the profile exhibited in Figure 2. To investigate the inhibitory effects of the
pH eluted samples, a 2 mg/mL was prepared from all the samples and tested on the cancer
cells, as shown in Figure 2d. All the samples tested demonstrated some level of percent
inhibition with the extract from pH(~5.2 and ~9.6), revealing the highest and the lowest
degree of percent antiproliferative effects of 74 and 36, respectively. The IC50 in Table 1 of
the water and ethanol extracts, as well as those of the pH dependent eluted samples, were
determined to confirm the trend of inhibition demonstrated in Figure 2. The inhibitory
effects of the bioactive compounds eluted at acidic pH had much lower IC50 of 0.8–1.6,
with pH~5.2 revealing the lowest IC50, which indicated the metabolites from that fraction
are more potent to the cells, as shown in Table 1.
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Table 1. IC50 values of the extracts eluted at different pH conditions, all measured in milligram, and
quantities of the seed extract.

Treatment Normalized

Sample/Dry Extract IC50 (mg) R Squared Value

Water 33.3 0.959
Ethanol 1.6 0.991
pH 4.1 1.4 0.967
pH 5.2 0.8 0.998
pH 6.4 1.6 0.975
pH7.4 1.9 0.983
pH 8.1 2.3 0.948
pH 9.6 3.1 0.994

3.1.3. CV Response of the MC-7 Cells in the Presence of the Metabolites

The influence of the metabolites from pH~ 5.2 on breast (MCF–7) cancer cells viability
was monitored with cyclic voltammetry (CV). Figure 3 showed the oxidation peak potential
and current fluctuations as the response variables when the cells were treated with the
metabolites at different pH. In Figure 3A, the empty electrode did not exhibit electrochemi-
cal response, as indicated by a horizontal line, whereas the treated cells samples showed
a quasi-reversible CV profile. The voltage–pH at the same concentration of metabolites
described an inverse correlation between metabolite concentration and oxidation peak
potential, revealing a Pearson correlation coefficient (R2) 98.64, as in Figure 3B. However,
the peak current correlation exhibited a triangular wave pattern as a function of metabolite
concentration, as shown in Figure 3C.
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Figure 3. (A) Effects of the bioactive compounds from the pH ~5.2 on the depolarization potential of
the MCF-7 cells. (B,C) The influence of the voltage on current of the MCF-7 cells as a function of pH.
The cyclic voltammogram measurements conditions were: Scanning from 690 mV to 970 mV at a
scan rate of 10 mV s−1. MCF-7 cancer cell viability studies of the bioactive compounds extracted at
pH 5.2 at cell concentration of 1 × 106 cells/well.

3.1.4. Flow Cytometry Analysis of the Active Metabolites on Cell Behavior

Flow cytometry analysis (BD LSRFortessa X-20, BD Biosciences, Le Pont de Claix,
France) was conducted to investigate the mechanism of inhibition of the breast (MC-7)
cancer cells by the metabolites obtained from pH~5.2 and the results compared with a
commercially available drug (Curcumin), as shown in Figure 4. The quadrants referred
to the cell condition, as displayed in the flow cytometry results, after a 48 h incubation
time frame. The symbols Q1, Q2, Q3, and Q4 on the graph were used to represent debris,
dead cells, live cells, and apoptotic cells, respectively. The conditions of the cells before
and after treatment with the drug, as well as the metabolites, and the results compared
with the control indicated that the curcumin showed dramatic cell death at concentration
of 0.02 mg/mL without going through significant apoptosis. Conversely, the metabolites
showed some level of cell death but with significant apoptotic effects.
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Figure 4. Fluorescence activated cell sorting (FACS) analysis of the inhibitory effects of breast (MCF-7) cancer cells using
bioactive extracts at pH 5.2 (best IC50 concentration). The results were compared to the inhibitory effects of a commercially-
available cancer drug, cucurmin. (a) Untreated cells, (b) cells treated with extract, and (c) cells treated with curcumin, all at
cell concentration of 1 × 106 cells/well.

4. Discussion

The current work seeks to propose aluminosilicate minerals, HNTs, to be used to
entrap plant metabolites for biomedical applications. The biomimetic material has been
used for various health applications due to its unique natural design consisting of empty
cylinders with widths of about 100 nanometers. The XRD, FTIR, and TGA results clearly
imply that the HNTs was loaded with the extracted crude DR. The reduction of XRD peak
intensities imply the crystallinity of the loaded HNT is reduced due to the immobilization
of bioactive compounds on the HNT and this observation is in conformity to literature
which indicates that crystallinity of HNT decreases when bioactive compounds complex
with the material [42]. The DR extract is expected to be amorphous, hence, the observed
reduction in the peak intensities of the HNT loaded with the DR extract. The FTIR spectra
transmission fingerprints of the HNT and HNT loaded with DR extract confirmed that the
HNTs was loaded with the HNTS. There was no observed shift in the peaks of the HNT
after loading. This implies that the functional groups present in the DR extract may not
have interacted chemically with the functional groups present in HNTs. If there was any
chemical interaction, then it is likely the interaction was not pronounced enough to cause
any significant/observable shift in the peaks. The reversal of the peak intensities back to
that of the empty tubules indicates that the bioactive compounds entrapped in the lumen
of the HNT are transient and reversible. Thus, the plant metabolites can easily be released
using buffer with different pH values, as was reflected in the FTIR and XRD spectra. The
TGA results further confirmed that the HNT was indeed loaded with the DR extract. The
decomposition of the DR extract in the HNT loaded DR was observed between 240–370 ◦C,
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and the amount of the DR extract loaded into the HNT was estimated to be approximately
5.1 wt.%.

The captured bioactive compounds fail to show significant bioactivity when the
crude extracts from the optimization parameters are tested on model cancer cell lines.
Though literature reveals DR contains flavonoids, phenolics compounds, alkaloids, and
antioxidants, as confirmed by UV studies and other analytical characterizations, our
studies show the cells are not compromised in their cell viability in the presence of the
metabolites [6,26,43]. However, further studies are required to carry out careful analysis
on the extracts to confirm the presence of these metabolites. Nonetheless, the rationale
of the current study is to develop a simple procedure to capture metabolites mixtures for
further characterization.

We used pH-dependent elution of the bioactive compounds from the HNTs to further
validate the activity of the captured metabolites on cell death. HNTs have SiOH and AlOH
groups, which are found on the outer surface and the inner surface, making the outer and
inner surfaces have different charges, respectively. The charge disparity has drawn interest
from the research community, whereby overall negatively charged proteins taken above
their isoelectric points are mostly loaded into the positively charged tube’s lumen [16].
Thus, depending on the pH conditions, aluminol (AlOH) and the siloxane (SiOH) groups
can either be protonated or deprotonated, leading to different affinities towards certain
macromolecules and organic compounds. Our hypothesis here was that partially positive
metabolites will be weakly attracted to the SiOH groups, whereas negatively charged
metabolites will prefer the latter. The pH dependent release of the metabolites from the
HNTs are not statistically different after determining the amount in milligram quantities
and expressing the entrapment efficiency as a percentage value. However, when tested
against the breast (MCF-7) cancer cell lines, the acidic pH elution demonstrates significant
anti-proliferative activity against the cancer cell lines compared to the basic pH metabo-
lites. The most profound activity is found in the pH~5.2, which is supported by IC50
calculated values.

Polarization and depolarization are attributes associated with mitochondrial dysfunc-
tion in most cancer cells and can be used to inform the mechanism of cell death [44]. In
this work, cyclic voltammetry measurements are used to probe the extent of polarization
and depolarization by relating the voltage to current surge using electrochemical detection
methods. The results reveal that the metabolites exhibit quasi-reversible redox behavior
and concentration dependent reduction in the applied voltage [45]. The currents also
show a triangular modulation with a rise in oxidation current at lower pH, follow by
another rise beyond acidic pH and further reduction in the strongly basic pH conditions.
Metabolites from the pH~5.2 extract require a higher voltage application to generate the
minimum amount of current in the cells, indicating that cell membrane polarization in
the presence of the metabolite is achieved. The extracts from pH~7.4 and pH~8.1, even
though they give higher IC50 values, the voltage required to initiate cell depolarization is
at a minimum. Nonetheless, the highlights of the current studies are that the metabolites
can cause cell death through a polarization/depolarization mechanism, as documented by
other researchers in the literature [46].

Flow cytometer-based analysis shows that the metabolites exhibit dose-dependent
apoptosis of MCF-7 cells. It is noted that exposure of 2 mg/mL concentrations of the
metabolites leads to a greater than two-fold increase in apoptosis in comparison to the
untreated cells. Curcumin is a well-known polyphenol obtained from Curcuma longa,
and it is widely used for its anti-oxidative and anti-cancerous application. Curcumin
effects on the breast cancer cells are also investigated and compared to the results from the
metabolites. It is observed that curcumin improves cell death significantly, without going
through the apoptotic phase, indicating the synergistic effect could be developed when
both metabolites and curcumin are used to treat cancer.
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5. Conclusions

In this work, it is demonstrated that optimization of parameters for Dioclea Re-
flexa (DR) extracts immobilization on HNT and subsequent releasing the cargo based
on pH could find important lead metabolites for discovering druggable entities without
going through complex analytical techniques. Such simplified methods will need addi-
tional modified analytical tools to expediate the drug discovery pipeline. The work also
intend to provide plant metabolites database with fundamental information on herbal
medicine isolation and characterization to serve the scientific community in future studies
of herbal medicine.
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