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MATERIALS ENGINEERING | RESEARCH ARTICLE

Electrochemical evaluation of ion
substituted-hydroxyapatite on HeLa cells plasma
membrane potential
Bernard Owusu Asimeng1*, Elvis Kwason Tiburu1,3, Elsie Effah Kaufmann1, Lily Paemka2,3,
Claude Fiifi Hayford1, Samuel Essien-Baidoo4, Obed Korshie Dzikunu1 and Prince Atsu Anani1

Abstract: This study reports the electrochemical activities of a novel ion substi-
tuted-Hydroxyapatite (HAp) material in contact with HeLa cells. The work was
performed to evaluate the inhibitory effects of various concentrations of HAp on ion
transfer mechanisms in HeLa cells. The materials (n = 2: HAp1 and HAp3) were
prepared at different stirring times from Achatina achatina snail shells and phos-
phate-containing solution. The structure of the materials and the trace elements
concentration were evaluated using x-ray diffractometry and infrared spectrometry
as well as atomic absorption spectroscopy. Electrochemical studies conducted on
the cells after 30 min of exposure to the materials demonstrated different
responses as elucidated by cyclic voltammetry. The voltammograms revealed HAp1
to be non-redox whereas HAp3 was redox active. Minimal concentrations of HAp1
showed high anodic peak current when compared to the HeLa cells alone, indicating
a hyperpolarization of the cells. The peak current gradually reduced as the con-
centration of HAp1 was increased, and then followed by a sudden rise suggesting
inhibition of the cell action potential. HAp3 showed a wavy pattern of the anodic
peak current when the material concentration was varied. Peak currents of 0:92�
0:03 nA and 0:57� 0:01 nA were recorded for HAp1 and HAp3, respectively at the
highest concentration of 5 µL. The results suggest that different inhibitory
mechanisms are at play on the voltage-gated ion channels of the cells, indicating
the possibility of using the materials to achieve different cancer proliferation
inhibition.
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1. Introduction
Hydroxyapatite (HAp) is an inorganic material with the chemical formula [Ca10(PO4)6(OH)2]. It is
similar to the mineral component of the bone and has found much use in the tissue engineering
industry owing to its biocompatible nature. It is used as a scaffold to promote bone cell migration,
adhesion, and growth (Fathi, Hanifi, & Mortazavi, 2008; Sopyan, Mel, Ramesh, & Khalid, 2007). HAp
possesses good adsorptive properties because of its negative and positive ion constituents. This
property coupled with its biocompatibility, and controllable biodegradability has made it
a preferred biomaterial for the delivery of cancer drugs to cancer sites (Uskoković & Uskoković,
2011). HAp nanoparticles, like other nanocarriers, respond to certain conditions like pH to release
drugs in slow and metered doses at targeted sites (Feng, Shi, Wang, Zhang, & Cao, 2013). This
reduces systemic toxicity and increases the solubility of the drug (Kundu et al., 2013; Kydd et al.,
2017), a solution to major limitations in chemotherapy. In spite of the advantages of nanoparticles
in drug delivery, nanocarriers face design issues which include nanoparticle loading efficiency, as
well as stability of nanoparticles with the attached ligands (Kumari, Ghosh, & Biswas, 2016). Some
investigations have thus been focused on using the nanoparticles as drugs and not just vehicles.
Reports from various studies indicate that synthetic HAp nanoparticles, without any loaded drug,
exhibit inhibitory properties on liver and lung cancer cells with lesser restraints on normal cells
(Tang et al., 2013; Yuan, Liu, Qian, Wang, & Zhang, 2010; Sun et al., 2016; Han et al., 2014). The
cancer cells engulf the nanoparticles through endocytosis and the nanoparticles are then adsorbed
onto ribosomes, interrupting the binding of mRNA. This is reported to disrupt the protein synthesis
of the cells, thus inhibiting proliferation (Tang et al., 2013).

Chemotherapy, targeted drug delivery, and the use of the nanoparticles as described above, cause
cancer cell death, thus preventing uncontrolled proliferation, through necrosis (forcing the cell to
undergo premature death) (Azizi et al., 2017). The cell membrane ruptures causing the organelles to
stop functioning. This causes all the contents, including ions in the cytoplasm to be released out of the
cell. The ions then act as free radicals and pick up other ions from the surrounding normal cells causing
oxidative stress (OS) which leads to cell lysis and inflammation of the surrounding tissues (Nicolson &
Settineri, 2011). Literature has reports of necrosis causing leukaemia as a result of OS from che-
motherapy (Zhang, Lei, Chen, Wang, & Qian, 2018). In contrast to necrosis, apoptosis (programmed
cell death) occurs routinely in normal cells during growth and ageing in homeostatic mechanism to
retain cell population in tissues (Elmore, 2007). It is favourable since ions are not released into the
extracellular space, thus avoiding the inflammatory response (Kannan & Jain, 2000; Azizi, Ghourchian,
Yazdian, & Alizadehzeinabad, 2018). Apoptosis can be initiated via two pathways: intrinsic and
extrinsic depending on the origin of the death-causing stimuli (Bortner & Cidlowski, 2014; Green &
Llambi, 2015). The pathways activate caspase (proteases that trigger the cell death process) which in
turn requires reduction of potassium ions in the cytoplasm. Thus, ion flow across the plasma mem-
brane and its subsequent depolarization (influx of positive ions into cell cytoplasm) are events that
characterize apoptosis. Cell fragments known as apoptotic bodies are released after apoptosis.
Macrophages engulf the apoptotic bodies and remove them before the cell contents can spill into
the extracellular space (Franco, Bortner, & Cidlowski, 2006).

It is reported that disrupting the plasma membrane potential of cancer cells may trigger
apoptosis (Zhang, Chen, Gueydan, & Han, 2017). Generally, cell plasma membranes generate
potential (membrane potential) because of the imbalance of charges between the intracellular
and extracellular environment. This arises from the presence of different ion channels which allow
distinct ions such as Na+, K+, Ca2+ and Cl− access through the voltage-gates of the ion channels
based on their specific size. Because of the difference in the number of ions within the cytoplasm
and the extracellular medium, a voltage difference (electrochemical gradient) is always evolving.
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A normal cell tries to balance the ion concentration across the plasma membrane to achieve
a resting potential through polarization. At resting potential, the cytoplasm becomes more nega-
tive. That is, more Na+ are sent outside and K+ are kept inside the cytoplasm (polarization).
Typically, normal cells generate stimuli through polarization, for example, during muscle contrac-
tion (Lodish, Berk Arnold, Lawrence, & Baltimore David, 2000). On the contrary, cancer cells
generate stimuli through plasma membrane depolarization (more Na+ are taken up by the cell
and the cytoplasm becomes less negative). Depolarization generates strong stimuli that commu-
nicate faster, causing rapid proliferation (Yang & Brackenbury, 2013).

To achieve apoptosis in cancer treatment, we have prepared a novel ion substituted-HAp
material to influence the ion flow across the cell plasma membrane. The material is expected to
release stimuli in the form of current when a low applied voltage is subjected to it. This will disrupt
the depolarized membrane potential for apoptosis instigation. As proof of concept, the material is
added to HeLa cells in-vitro, a potentiostat of a cyclic voltammetry (CV) supplies a potential to the
mixture, and the ion transfer profiles from and to the cytoplasm recorded. The profiles are then
related to the cell action potential. Normal human epithelial cells (RWPE-1) were used as control.

2. Materials and methods

2.1. Materials/reagents
Achatina achatina (AA) snail shells were collected from snail sellers in Ghana and identified.
Ammonium phosphate dibasic (APD) was purchased from Daejung chemicals & metals, Korea.
HeLa cells and RWPE-1 (America Type Cell Culture (ATCC), USA) cultured in Roswell Park Memorial
Institute (RPMI) medium 1640 (Sigma-Aldrich) supplemented with 10% Fetal Bovine Serum (FBS)
and Penicillin-Streptomycin (PS: 100 U/mL) (Gibco, UK) were used in the cell studies.

2.2. HAp preparation
AA shells were calcined at 800ºC using the method described by Asimeng et al. (2018). HAp
materials (n = 2) were prepared from 0.3 M of the calcined AA shell (CAAS) material, and
0.5 M APD solutions. A quantity of 5.9 g of APD (pH 8.12) was added to 0.15 cm3 of distilled
water to produce 0.5 M APD solution. 0.3 M CAAS solution was also produced by adding 5.7 g of
CAAS powders to 0.15 cm3 of distilled water while stirring. The APD solution was added to the CAAS
drop-wise and stirred using a magnetic stirrer hot plate for 1 and 3 h, respectively at a constant
temperature of 40ºC. These were labelled HAp1, and HAp3 for HAp stirred at 1 and 3 h, respec-
tively. The materials were permitted to age for 24 h and then filtered. The filtrates were dried in an
oven at a 100°C for 2 h to form HAp materials (Asimeng et al., 2018).

2.3. Characterization techniques
X-ray diffractometer (PANalytical Empyrean, Netherlands), with Cu Kα radiation, λ = 1.5406 Å, was
used to determine the phase compositions of the materials. The scan was in steps of 2� per min
and the phases identified by comparing the material patterns to the Joint Committee on Powder
Diffraction Standards (JCPDS) file. The crystallite size of HAp1 and HAp3 were determined using
Debye-Scherer’s equation from the extreme peaks in the range of 30–35�. Infrared (IR)
Spectrometer (Spectrum Two FT-IR, Perkin Elmer) was used to examine the functional groups
present in the materials. The spectra were obtained over the region of 400–4000 cm−1 and
compared to the Database of ATR-FT-IR spectra of various materials. Atomic Absorption
Spectrometry (PinAAcle 900 AA Spectrometer, Perkin Elmer) of selectable spectral bandwidth 0.2,
0.7, and 2.0 nm was used to determine the concentration of trace elements in the materials.

2.4. Electrochemical and in-vitro cell studies with hap materials
Cells were cultured in different T-75 culture flasks of RPMI-1640 supplemented with 10% FBS, 1%
PS and kept in an incubator at 37°C and 5% CO2. Cells were detached from culture flasks using
trypsin and kept in suspension in culture medium. The cells were grown at 3 different times and
each cultured cell gave cell density which was normalized using the inhibition rate, i given as:
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i ¼ 1� treated cell viability
untreated cell viability

� 100

The mixture was centrifuged and then suspended in phosphate buffer saline (PBS: electrolyte
medium for the experiment). A quantity of 5 mg of each HAp material was added to 50 µL of
PBS and microcentrifuged for 60 s to form a stock solution after which varying concentrations
(1–5 µL) of the supernatant were pipetted into 100 µL of each cell. The bulk mixture was
incubated for 30 min at room temperature before CV and viability studies using Cheap Stat
Potentiostat (IORodeo, USA) with an Ag/AgCl interdigitated electrode (DropSens, UK), and
a Cellometer Mini (Nexcelom, USA), respectively. 5 µL of the bulk mixture for various con-
centrations of HAp1 and HAp3 containing 6:30� 106 cell/mL were pipetted onto the electrode
for CV readings. 20 µL of the bulk mixture was added to 20 µL of 0.2% trypan blue prepared
in PBS (pH 7.2) after which 20 µL was then pipetted on to the counting chamber of the
cellometer for cell viability.

2.5. Statistical analysis
The data were reported as the means, with standard deviations as the errors. One-way ANOVA and
Tukey–Kramer’s procedure was used to compare the variance between data groups. The statistical
significance was determined with 5% confidence level (p < 0.05)(Chen, Bruyneel, Clarke, Carr, &
Czernuszka, 2013).

3. Results and discussion

3.1. XRD analysis
Figure 1 shows XRD patterns for raw AA shell and CAAS materials. The raw powder material
pattern in Figure 1(a) has an aragonite structure. The aragonite was calcined at 800ºC to convert
into calcite, since calcite is more stable and commonly used for HAp preparation (Ruiz-Agudo,
Putnis, & Putnis, 2014). The calcination temperature transforms aragonite to calcite and decom-
poses portions into calcium oxide (Yang & Brackenbury, 2013). The pattern in Figure 1(b) shows the
structure of the CAAS materials and this reveals phases of calcite and calcium hydroxide. Calcium
oxide absorbs moisture from the atmosphere to form calcium hydroxide. Figure 2 shows the XRD
patterns of HAp prepared from CAAS and APD. The patterns demonstrate a similar structure for
HAp1 and HAp3. However, the variations in the stirring time resulted in different crystallite sizes.
The crystallite size calculated for HAp1 and HAp3 were 40.86 ± 4.13 and 37.82 ± 3.48 nm,
respectively.

Figure 1. XRD patterns of AA
shell materials (a) raw (b) CAAS
at 800°C. The raw materials
show the pure phase of arago-
nite structure, whereas the
CAAS reveals major phases of
calcite and minor phases of
calcium hydroxide.
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3.2. Infrared (IR) spectroscopy
FT-IR confirms the functional groups present in the prepared materials. The fingerprints in Figure 3(a)
corresponded to the aragonite structure as confirmed from the Database of ATRFT-IR spectra of
various materials (Asimeng et al., 2018; Vahur, Teearu, Peets, Joosu, & Leito, 2016). The fingerprints
with wavenumber 1082 cm−1 disappeared with CAAS. The fingerprints at wavenumbers 712, 874, and
1417 cm−1 in Figure 3(b) are those for calcite functional groups. These fingerprints support the XRD
results of structural change from aragonite to calcite. The steep region around wavenumber 400 to
712 cm−1 indicates the presence of Ca-O stretching weak bonds (Karthik, Dhanuskodi, Gobinath,
Prabukumar, & Sivaramakrishnan, 2017) whereas the wavenumber at 3643 and 712 cm−1 are the
fingerprints of calcium hydroxide (Karthik et al., 2017). Figure 4 shows the fingerprints of HAp func-
tional groups. The six phosphate groups occurred at wavenumbers 473, 563, 600, 963, 1029, and
1090 cm−1. This indicates the symmetric vibrational modes, ν1 and ν2 of phosphate at 473 and
963 cm−1, respectively whereas ν3 appears at wavenumbers 1029 and 1090 cm−1. The final ν4
shows at wavenumbers 563 and 600 cm−1. The two hydroxide groups of HAp appeared at wavenum-
bers 634 and 3574 cm−1. The carbonate groups at wavenumber 874 and 1412 cm−1 suggest that the
materials are carbonated HAp. The carbonate peaks show a difference in the transmittance between
HAp1 and HAp3. This variation is due to the prolonged stirring of the materials at 40◦C as reported in

Figure 2. XRD patterns of HAp
materials prepared at varied
stirring times (a) HAp1 (b)
HAp3. The pattern looks similar
with slight variation in the full
half width maximum (FHWM).

Figure 3. FT-IR spectra (a) raw
(b) CAAS materials. The raw
material corresponded to ara-
gonite structure whereas the
CAAS material is made up of
calcite and hydroxide groups.
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the literature (Asimeng et al., 2018). The decomposition of the carbonate might have been the reason
for the reduction of the crystallite size indicated in the XRD.

3.3. AAS studies
Figure 5 shows the concentrations of trace elements in HAp1 and HAp3. The AAS studies con-
ducted on sodium (Na), potassium (K), zinc (Zn), magnesium (Mg), lead (Pb), and cadmium (Cd)
reveal higher concentrations of Na, K, and Zn ions. Mg, Pb, and Cd ions were below the detection
limit of the device. The bar graphs show a considerable difference in Na+ concentration in HAp1
and HAp3. The stirring times affected the concentration of Na+ that were available to the surface
of the electrode of the potentiostat. HAp1 has fewer Na+ whereas HAp3 contains more surface
ions, indicating ion substitutions in HAp1.

3.4. CV studies of cells with HAp materials
Figure 6 shows the cyclic voltammograms (CV) of cell medium alone, cell medium with HeLa
(cmHeLa) cells, HAp1, and HAp3. The cell medium (RPMI-1460) contains inorganic salts, and
amino acids and when placed on the working electrode of the potentiostat, exhibited redox
activity. The cell medium alone denoted electrons to the electrode at the oxidative half cycle
and was recorded as an anodic peak current (0:55� 0:00 nA). Conversely, when the potential

Figure 4. FT-IR spectra of the
HAp materials prepared at var-
ied stirring times (a) HAp1 (b)
HAp3. The wavenumbers at
1412 and 874 cm−1 confirm the
materials are carbonated-HAp.
The differences in the carbo-
nate fingerprints were due to
the prolonged stirring
temperature.

Figure 5. AAS results of HAp1
and HAp3. Na ions were the
highest trace elements present
in the materials. HAp1 has
fewer surface ions than HAp3,
indicating that more ions were
substituted in HAp1.
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sweep reversed, the electrode released electrons back to the cell medium. This was recorded as
a cathodic peak current on the reduction half cycle. The cmHeLa cells gave a higher anodic
peak current than the cell medium alone. This result indicates that the cell released additional
ions from the cytoplasm into the extracellular space (polarization), which is unusual with
cancer cells. Normally, cancer cells generate depolarized membrane potential for the cell to
proliferate (Yang & Brackenbury, 2013). Therefore, the recorded behaviour is due to the elec-
trochemical gradient created by the ions present in the medium.

HAp1 and HAp3 activated in PBS solution showed non-redox and redox activities, respectively.
This trend supports the AAS results where HAp1 had fewer ions on its surface than HAp3. Figure 7
shows bar graphs of anodic peak currents against HAp concentrations.

Addition of 1 µL of HAp1 into cmHeLa cells generated a higher anodic peak current compared to that
of cmHeLa cells alone. Literature reports indicate that sialic acid released by the cell membrane of
cancer cells promotes attachment of HAp to the cell surface, thus allowing much of the particles to be
engulfed (Han, Wang, Dai, & Li, 2012). Hence, it is suspected that, the cell attaches itself to the material
and results in the formation of a double-layered cell when theHApparticles are engulfed; cellmembrane
of the HeLa cell as one layer and the internalized HAp material as the other layer. The arrangement of

Figure 6. Cyclic voltammo-
grams of cell medium, cell
medium with HeLa (CmHeLa)
cells, HAp1, and HAp3. All the
materials were exhibiting redox
activity except HAp1 alone
which is non-redox active.
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the double layer together with the cytoplasmic materials and the electrode of the potentiostat is
believed to behave as a capacitor. Thus, upon application of voltage, a spike is observed on the cyclic
voltammogram labelled A in Figure 8. The spike represents a short period of direct current (Faradic
current) which acts as a stimulus to hyperpolarize the cell during the oxidation half cycle. That is, the
cell’s voltage-gated ion channels opened, allowing more ions to move from the cytoplasm into the
extracellular medium which constitutes the higher anodic peak current recorded. As the concentration
of the HAp1material is increased, the materials formed a stack structure (as illustrated with Scheme 1)
which increased the double layer thickness, d and in turn reduced the capacitance of the product
formed, hence the material’s Faradic current. This indicates that the concentrations of HAp1 from 2 to
4 μL did not generate stimuli to affect the cell’s ion flow across the membrane, and this is evident as
significantly lowering anodic peak currents as shown in Figure 7. As reported by Asimeng et al. (Asimeng
et al., 2018), HAp1 has a higher adsorption capacity and so might have adsorbed some ions present in
themedium to balance themembrane potential gradient creating no statistical difference between 4 μL
and themedium. However, due to the reduced Faradic current, electrons are received from the electrode
to balance out the charges. This is evident as a negative spike, B’ in the reduction half cycle of HAp1 at 4
µL (Figure 8). As the potential sweep is reversed, the deposited electrons are released to the electrode
yielding the spike B in Figure 8. At a concentration of 5 µL, the highest double layer thickness is achieved.
However, the highest anodic peak current is also recorded. This is because, at this concentration, high
amounts of the material is internalized and with no stimuli created to regain the membrane potential.
The plasmamembrane undergoes fatigue which resulted in the failure of the membrane potential. This
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Figure 8. Cyclic voltammo-
grams of CmHeLa cells with
different concentrations of
HAp1. A and B are oxidative
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double layer polarization
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indicating electron transfer
from the electrode to the
available free sites.

Scheme 1. Proposed mechanis-
tic behaviour of HAp1 on the
HeLa cells. The cells form
a double layer with the HAp1
material. Varying the concen-
tration of HAp1 increases the
layer thickness, d. The arrow
indicates the behaviour of the
layer when the potential is
applied. The red signs are the
electrons introduced by the
electrode of the potentiostat
during reduction half cycle.
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results in a high efflux of ions to the extracellular medium (hyperpolarization) hence the high peak
current recorded.

Addition of HAp3 to cmHeLa cells resulted in a wavy pattern indicating a different influence on
the ion transfer of the bulk mixture from that of HAp1. From Figure 7, the addition of 1 μL HAp3
caused a depolarization (inflow of ions). As shown in the AAS results (Figure 5), HAp3 has
a relatively higher concentration of Na+, hence leading to an inflow of ions due to the gradient
established. Introducing 2 µL of HAp3 to the cells caused a hyperpolarization. The electrode
recorded a higher efflux of the ions from the cells. However, further increase in the concentration
of the HAp3 material does not significantly affect the membrane potential of the cells as evident in
the statistical analysis (between 3 µL and 4 µL) of the recorded peak currents. Thus, 2 µL
concentration of HAp3 is the critical concentration to generate hyperpolarization to disrupt the
membrane potential. Cell viability test on HAp1 and HAp3 using trypan blue diazo (a dye exclusion
test) confirmed a low possibility of cells to survive (Figure 9). The dye exclusion test is based on the
principle that damaged cells take up permeable dyes while viable cells are impermeable to the
dye. Proteins from the damaged cells interact with the dye and fluoresce for detection by the
cellometer, thus quantifying them as dead cells. HAp1 and HAp3 gave cell viability of 13.44% and
14.1% at 5 µL, respectively. This supports literature reports, that altering the ion concentration in
the cytoplasm greatly affects the survival of a cell (Terasaka, Kamitakahara, Yokoi, & Matsubara,
2015). The HAp3 material affected the cancerous cells to leak ions from the ion pumps as indicated
in Figure 10. As a positive control, same concentrations of Hap1 and HAp3 were introduced to
RWPE-1. Figure 11 shows the anodic currents at the various concentrations of the materials.
Generally, lower peak currents were recorded as compared to those obtained for the cancer
cells. The peak currents of HAp materials with the RWPE-1 are lower than that obtained for the
RWPE-1 with the medium indicating that the materials did not hyperpolarize the membranes of
the normal cells. 2015).

Studies show that the attachment of hydroxyapatite particles by normal cells is poor (Han et al.,
2012). Thus, HAp materials interaction with RWPE1 showed no evidence of the formation of
a capacitive product reported for HAp1 and the cancer cells (See Figure 12). There is no faradic
current to stimulate polarization of the membrane. However, HAp1 adsorbed ions from the
medium. The ion concentration on the surface increases and generates a concentration gradient
which favoured an inflow or outflow of a few intracellular ions. The results produced a polarization
proliferation signal which is needed for RWPE-1 survival. On the contrary, HAp3 has a lower
adsorption capacity yet a higher concentration of surface ions (Asimeng et al., 2018). The surface
ions established equal potential across the plasma membrane thus, preventing the proliferation
signal. In addition, the prevention did not affect the ion pumps of the normal cells as CV in Figure
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Figure 9. Cell viability studies.
HeLa cells and RWPE-1 cells
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cal significance (p < 0.05)
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13 indicated. Cell viability studies conducted on the normal cells when exposed to HAp1 and HAp3
are indicated in Figure 9.

3.5. Conclusion
Electrochemical evaluation performed on ion substituted-HAp in HeLa cells reveals that hyperpo-
larization of membranes of cancer cells could trigger cell death. The two materials prepared, HAp1
and HAp3, however exhibited different ion transfer mechanisms and produced a hyperpolarization
of the membranes at different concentrations. HAp1 occurred at 1 µL and HAp3 at 2 µL which
corresponded to anodic peak currents of 0:81� 0:02 nA and 0:90� 0.02 nA, respectively. The
hyperpolarization produced was due to HAp1 forming a capacitive product with the cells and this
released stimuli to affect the membrane potential gradient. HAp3 produced surface charge ions
that caused a high potential gradient that released in an outflow of ions from the cytoplasm. After
hyperpolarization, the cells membrane was fatigued due to the alternating cycles of polarization
and depolarization and this negatively impacted cell survival. HAp1 and HAp3 recorded 13% and
14% cell viability. As a positive control, the materials were applied to normal cells (RWPE-1). The
cyclic voltammograms did not show any capacitive product formation. Thus, HAp1 with RWPE-1
did not produce a hyperpolarization signal and gave high cell viability of 84%. On the contrary, the
high concentration of surface ions present in HAp3 balances the potential for polarization initia-
tion. This inhibited proliferation of the cell and thus, recorded 50% cell viability. HAp1 has the
potential to be used as low voltage assisted targeted anticancer material. Further in-vitro studies
need to be carried out to confirm the influence of HAp on the ion channels and pumps.
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