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ABSTRACT: Well-known purification technologies built for
arsenic (As) removal from drinking water are not sustainable,
either being unaffordable or inefficient in the elimination of traces
of As. In our experiments, we observed that carbonate ion can
counteract the effects of As exposure as it efficiently prevented As-
induced cytotoxicity on epithelial cell lines of the small intestine
(IEC-6). The cotreatment of IEC-6 cells with 40 ppm of
carbonates and As (≥3 ppm) showed substantial remissions in
the As-induced cytotoxicity and increased the viability from 50% to
75%. The production of intracellular reactive oxygen species
(ROS) and cellular acidification were also reduced in this process
(pH increase from 5 to 6.5). Thus, the present study suggests that
the cytoprotective effect of carbonate can involve multiple pathways, such as reduction of extracellular/intracellular acidosis, H2O2
decomposition, balancing mitochondrial potential, and immobilization of As. We show that As-contaminated drinking water
enriched with carbonates up to 40 ppm has a reduced toxic effect on cells in comparison to that of an As-alone sample. Therefore,
carbonates can act as an adjunct in addition to the prevailing approaches to tackle mass poisoning by As. We believe that this study is
initial evidence for developing an alternative method to tackle the prevailing mass environmental poisoning by As, using locally
available, affordable, safe, and sustainable solutions.
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■ INTRODUCTION

While arsenic (As) ranks first in the priority list of hazardous
substances,1,2 over 150 million people in 70 countries are
estimated to be exposed to unsafe levels of As in drinking water
globally.3,4 In India, it is estimated that about 70.4 million
people in 20 states are at risk due to the presence of excess
amounts of As in groundwater.5 With these startling numbers,
As poisoning is regarded as the “worst mass poisoning in
history”. Thus, intense efforts are taken to reduce As exposure
to humans. Most of the water purification plants designed for
As removal are failing to reduce below the maximum safe level
(10 μg/L) insisted by the World Health Organization
(WHO).6−8 The cost and energy associated with membrane
processing, ion exchange, and adsorption techniques are high
while they deliver poor performance and introduce toxic
substances, creating secondary pollution.9−11 Chemical
reagents such as chlorine and ozone are used in the oxidation
of As3+ to As5+, a widely used As removal technique.11

Nanomaterials are increasingly researched upon12 and applied
in the field13 to solve As contamination.14 Interventional
research to alleviate As toxicity is in its early stages and is of
unknown effectiveness.15 In the following, we present the
problem of As poisoning and essential background necessary to
appreciate this work.

Arsenic: Toxicity, Oxidative Stress, and Human
Disease. Arsenic in water provides the majority of its daily
dose through inorganic As species (As3+ and As5+) that enter
orally. Among the two forms, As3+ and As5+, As exists primarily
as As5+ in water under aerobic conditions.16 Thus, the effect of
carbonate on As5+ in water was studied in this work. It has
been observed that when some of the vital human metabolic
pathways are stressed by As, progressive cellular dysfunction
results in apoptosis and diverse health effects such as cancer
and cardiovascular diseases are manifested.17−21 It inhibits
glucose uptake by cells, oxidation of fatty acids, gluconeo-
genesis, and further production of acetyl CoA. Experimental
evidence shows that the acute toxicity of As is due to the
development of a superoxide anion radical (O2

•−), singlet
oxygen (1O2), peroxide radical (ROO•), hydroxyl radical
(•OH), dimethylarsenic radical [(CH3)2As

•], oxidant-induced
DNA damage, and hydrogen peroxide (H2O2).
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exposure leads to an increase in levels of reactive oxygen
species (ROS) and reactive nitrogen species produced, which
can surpass the antioxidant capacity of the living cells.23,24

Additionally, the morphology and the integrity of mitochon-
dria are disturbed by As and a rapid decline in the
mitochondrial membrane potential occurs. Acidification of
growth media that contained cultured cell lines exposed to As
at levels below the lethal concentrations has been observed in
this work. A possible reason for this increased extracellular
acidification is lactate production, generated as a result of the
Warburg effect (aerobic glycolysis).23,25

Carbonate’s Association with As and its Toxicity. A
broad range of associations have been encountered in the
literature between carbonate and various As species.26 Arsenic
discharges from the aquifer rocks into groundwater are
strongly related to the concentration of bicarbonate in the
leaching solution.7,27 This release is mainly because of the
formation of arseno−carbonate complexes, which are stable in
groundwater.26 In the case of the worm Caenorhabditis elegans,
the gene abts-1, which encodes a sodium (Na+)-dependent
Cl−/HCO3

− transporter (a bicarbonate transporter), has been
reported to protect it from As toxicity. Stronger expression of
the abts-1 gene was observed in the cells of C. elegans after
exposure to As, and the cells of the worms lacking abts-1 were
found to be hypersensitive to As.28 In the experiments
performed by Ruby et al., the dissolution of As in a stomach
environment was found to be strongly pH dependent and the
extent of dissolution was observed to decrease by 16% when
there was a minimal increase in pH.29 Arsenic-affected cells
produce acidic metabolites and undergo the Warburg effect, an
effect also seen in cancer cells.30 In the case of cancer cells, this
acidification is generally treated with systemic buffers and
carbonates that can significantly inhibit the development of
metastases.30,31 In the As-affected cells, ROS are the major
reason for the intensification of As toxicity, and prior research
implies that the carbonate (or bicarbonate) anion has a role in
promoting peroxide decomposition, found to be nine times
faster than sodium hydroxide.32 Intracellular pH is a crucial
factor that regulates cellular behavior. In the presence of
oxygen, pyruvate is imported into mitochondria for the Krebs
(or tricarboxylic acid) cycle and oxidative phosphorylation in
the cells.33 Under anaerobic conditions, glucose is converted
into pyruvate followed by its transformation into lactate to
cope with the low oxygen availability. For unascertained
reasons, even during stressed conditions, like As exposure or
cancer, cells perform glycolysis, irrespective of oxygen
availability. This is termed as the Warburg effect, and it
involves the increased uptake of glucose and higher lactate
production, shifting the pH of the microenvironment toward
an acidic range.25 At such stressed conditions, aerobic
glycolysis is inefficient in generating adenosine 5′-triphosphate
(ATP) and its advantage to the cells is unclear.25

Sustainable Counteraction for As Toxicity. From the
discussion above, it is clear that the carbonate anion can
counteract the potential risk of As toxicity, following any or all
of the possible routes. Here, we have investigated the
hypothesis that the increased systemic concentrations of
carbonate species can reduce various cellular dysfunctions,
namely, extracellular/intracellular acidosis, H2O2 decomposi-
tion, balancing mitochondrial potential, and immobilization of
As into the cell. Since the majority of As present in water is
absorbed in the gastrointestinal tract (ingestion) and causes a

cascade of cellular dysfunctions, our study was performed using
epithelial cell lines of the small intestine (IEC-6).
Even though H2O2 is not a free radical, it is next to

superoxide anion and hydroxyl radical in its toxic effects, which
is a key member in the class of ROS. Earlier reports state that
increased cellular concentrations of free iron (during overload
of iron in the organism) imposes deleterious effects where
Fe(II) participates during the decomposition of H2O2, known
as a Fenton reaction, which generates reactive hydroxyl
radicals.34 Through CV experiments, it was observed that
carbonates can reduce the H2O2 produced by As-exposed cells
by 95%.
Following an initial observation of rapid acidification in the

culture media that contained As-exposed cells, we show that
the buffering capacity of carbonates can regulate the impact of
cellular acidification caused by As. The current study shows
that the administration of safe levels of carbonate in the form
of sodium carbonate or calcium carbonate can counteract the
toxicity levels of As. As bolus ingestion of bicarbonates can also
lead to metabolic disturbances, we propose that a divided dose
of carbonate-balanced water containing sodium carbonate
and/or calcium carbonate throughout the day is the best way
to compensate the impact of As on human body.
As the chemistry of ions present in the groundwater is

complex35−37 and As-related cellular changes are diverse, this
paper stands as a piece of salient preliminary evidence to tackle
the mass poisoning due to As, using abundantly available
carbonates. The addition of carbonates does not involve
complex chemicals or need energy, as may be necessary for the
currently practiced arsenic removal techniques, and thus it can
contribute to developing a sustainable and effective method for
As remediation.

■ MATERIALS AND METHODS
Cell Culture. Rat small intestinal cells (IEC-6) obtained from

National Centre for Cell Science (NCCS, Pune, India) were
maintained in Dulbecco’s modified Eagles medium (DMEM)
supplemented with 10% fetal bovine serum and secured with
antibiotics, namely, penicillin and streptomycin (100 IU/100 μg).
IEC-6 intestinal cells were grown in T-75 culture flasks and were
maintained at 37 °C at a 5% CO2 atmosphere. Upon reaching
confluency, the growth medium from the T-75 culture flask was
removed and the cells were gently rinsed with 2 mL of phosphate
buffered saline (PBS), and then 5 mL of trypsin-EDTA (ethyl-
enediaminetetraacetic acid) solution was added and kept at room
temperature (in a laminar hood) for 40 s. Then, the trypsin-EDTA
solution was removed and the flask was kept at 37 °C in a CO2
incubator for 3 min, and the cells were detached completely from the
surface by tapping gently over the flask. The cells were then
suspended in a fresh growth medium and then transferred to sterile T-
75 flasks. The total volume was made up to 5 mL using the growth
medium.

Cell Viability Assay. The viability of the cells was assessed by a
MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
tetrazolium] assay.38 About 5 × 103 cells were plated in 96-well plates
with DMEM containing 10% FBS (fetal bovine serum). The cells
were incubated for 24 h under 5% CO2 and 95% O2 at 37 °C. Then
the DMEM with FBS was removed and replaced with a serum-free
medium. Arsenic and carbonate were given to cells through the
DMEM media, and the system was incubated for 24 h. After
treatment, the medium was removed and replaced with 500 μL of
0.5% MTT containing DMEM and then incubated at 37 °C for 4 h.
After incubation, the MTT containing medium was removed from the
plate and 500 μL of dimethyl sulfoxide was added and mixed well, and
after 2h, the color that developed was read at 570 nm in a microplate
spectrophotometer (SpectraMax M5Microplate Reader). The un-
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treated control cells were used for the normalization of absorbance to
calculate the changes in cell viability. The cell viability was calculated
as the percentage of viable cells and then plotted against time in
hours. The total As concentration of the cells was estimated using
inductively coupled plasma mass spectrometry (ICP-MS) (Perki-
nElmer Nex ION 300 ICP-MS).
Cellular Morphology. The morphological changes in the cells

due to As exposure and the cytoprotective action of As5+ and
carbonate were studied under a phase-contrast microscope (EVOS FL
auto cell imaging system).
Live/Dead Staining. A LIVE/DEAD viability/cytotoxicity kit

designed for mammalian cells (Molecular Probes, Invitrogen) was
used for differentiating live cells from dead cells. The treated adherent
cells, cultured on 24-well plates as confluent monolayers, were washed
with 500−1000 volumes of Dulbecco’s phosphate-buffered saline (D-
PBS) prior to the assay to remove serum, growth media, and other
ions added during the studies. About 20 μL/10 mL of ethidium
homodimer-1 stock solution and 5 μL/10 mL of calcein were mixed
thoroughly, and the mixture was added directly to cells. Imaging was
performed at an excitation/emission wavelength of 494/517 nm for
calcein and at 528/617 nm for ethidium homodimer-1 using an EVOS
FL auto cell imaging system.
Determination of ROS. 2′,7′-dichlorodihydrofluorescein diac-

etate (H2DCFDA) (Molecular Probes, Eugene, OR) is a non-
fluorescent dye that is oxidized by intracellular ROS to form highly
fluorescent 2′,7′-dichlorofluorescein. The cells, after treatment with
different concentrations of ions, were washed once with DMEM,
stained with 20 μM H2DCFDA, and incubated at 37 °C for 30 min.
The dye was then removed, and the cells were washed with DMEM.
Fluorescence images were taken at 485 nm excitation and 535 nm
emission using the EVOS FL auto cell imaging system.
Cyclic Voltammetry. Cyclic voltammetry (CV) experiments were

performed using an electrochemical analyzer (CHI 600A) to study
the H2O2 decomposition caused by CaCO3 and Na2CO3. For CV
experiments, a precleaned gold (Au) electrode was chosen as a
working electrode, Ag/AgCl was chosen as the reference electrode,
and Pt was fixed as the counter electrode. Arsenic-treated cells were
separated from the growth media, suspended, and lysed in PBS (pH ∼
7). H2O2 produced by the As-treated cells lysed in PBS was exposed
to various concentrations of CaCO3 during voltammetry measure-
ments. This sample was used for H2O2 measurement. CV measure-
ments for every sample were performed in a potential window
between 0 to +1.2 V with a fixed scan rate of 100 mV s−1 at room
temperature. For reference values, CV profiles of Au were performed
in a blank solution (only PBS).
Cellular pH Profiling. A stock of a pH indicator solution

containing 100 mM bromothymol blue (BTB) was prepared in water
with 10 mL of 4% sodium hydroxide and 20 mL of absolute alcohol.
For the pH profiling of cells through staining, the cell culture medium

was first aspirated and then the washing procedure was completed
three times using PBS. Following this step, the cells were treated with
the pH indicator solution (1 mg/mL) and removed after 10 min of
incubation. Finally, the redundant pH indicator stain sticking to the
extracellular lines of the cells were washed using 20% aqueous ethanol
solution for three times. Treated cells were observed under the bright
field EVOS FL auto cell imaging system.

■ RESULTS AND DISCUSSION

The cause and development of As toxicity are complex and
have not been fully understood. A cascade of cellular
dysfunction occurs in which oxidative stress plays a vital role.
The oxidative damage further leads to loss of mitochondrial
membrane potential, which complicates the toxicity, leading to
cell death. Figure 1 is a schematic representation of As-induced
toxic metabolism resulting from the exposure to As
contaminated water (Figure 1a) and carbonate’s cytoprotective
action to counter it. In the present study, a model of rat
intestinal cells, IEC-6 in confluent culture, was used. Important
analytical studies, namely, cell viability, morphological changes,
cell death, ROS generation, H2O2 decomposition, As uptake,
and cellular pH neutralization, were performed to understand
the role of the carbonate ion. Figure 1b shows vital cellular
dysfunction as a result of As intake and the carbonate’s activity
to encounter each of them. Part c and d of Figure 1 represent
the cells stressed by As toxicity and the carbonates’
cytoprotective action against it.

Qualitative Assessment of Carbonate’s Cytoprotec-
tive Action. It has been reported that As intake leads to a
decrease in the efficacy of cellular defense mechanisms
(reduced glutathione), and it increases the formation of
superoxide derived free radicals. This leads to progressive
cellular dysfunction, leading to apoptosis.21 IEC-6 cells upon
treatment with varying concentrations of As5+, namely, 1, 3,
and 5 ppm for 24 h, resulted in a 50% loss of cell viability at 3
and 5 ppm As exposure. At concentrations of As lower than 1
ppm, a longer incubation time was required to achieve cell
death with As. In such cases, it was difficult to differentiate
natural vs arsenic-induced cell death. The cell viability was
studied by differentiating live cells vs dead cells through
staining with calcein and ethidium bromide, followed by
fluorescence imaging. The intracellular esterase present in live
cells hydrolyzes the acetomethoxy group of nonfluorescent
calcein AM dye, making it fluorescent. Ethidium bromide is a

Figure 1. Schematic representation of As-induced toxic metabolism and carbonate’s cytoprotective action to encounter them.

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.9b06850
ACS Sustainable Chem. Eng. 2020, 8, 5067−5075

5069

https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.9b06850?fig=fig1&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.9b06850?ref=pdf


commonly used fluorescent tag that intercalates with nucleic
acids and stains dead cells red. Figure 2 shows the effect of As
on the IEC-6 cells and the increase in cell viability due to
exposure to CaCO3 and Na2CO3. The control IEC-6 cells
showed only green fluorescence (Figure 2a), a characteristic of
live cells, whereas 3 ppm As-treated cells showed significant
red fluorescence, which indicated dead cells, as shown in
Figure 2b. The cells treated with only 40 ppm of CaCO3 or
Na2CO3 showed a negligible number of dead cells (Supporting
Information; Figures S1 and S2). Almost 75% of the cells of
As5+ CaCO3- or As5+ Na2CO3-treated samples were green
fluorescent (Figure 2 c,d), indicating that carbonates protected
IEC-6 cells from the As-induced cell death. The result was
obtained from triplicate experiments. We observed that a
cotreatment of carbonate showed effective protection against
As-induced cell death. Due to the poor solubility of CaCO3,
precipitates were formed on the surface of the treated cells, as
seen in the Supporting Information, Figure S1d. In order to
understand if CaCO3 is involved in As complexation,26 SEM
with EDS spectra and elemental maps of the CaCO3

precipitates were studied (Supporting Information; Figure
S3). Chemical characterization of the precipitates showed no
presence of As on them, and thus, we infer that As−carbonate

complexes might be of concentrations below the detection
limit. Cyclic voltammetry experiments to study the effect of
CaCO3 on H2O2 concentration in the cells have shown 95%
reduction in H2O2 concentration after incubation of IEC-6
cells with As5+ and 40 ppm of CaCO3.

Morphological and Quantitative Assessment of
Carbonate’s Action. Morphological criteria have been used
to define cell death. Rounded bodies observed in cell tissue
culture are distinct morphological features associated with cell
death (specifically, apoptosis) and cells under stress or exposed
to stressful environments.39 The untreated IEC-6 control cells
were polygonal in shape with more regular dimensions and
were grown attached to the substrate in discrete patches.
Figure 3A shows the phase-contrast microscopic images of
untreated control cells, cells treated with As5+, As5+ + CaCO3,
and As5+ + Na2CO3 (Parts a, b, c, and d of Figure 3A,
respectively). Morphological changes were observed in As-
affected cells, whereas the cotreatment of As5+ with either
calcium carbonate or sodium carbonate acted as a
cytoprotectant and preserved the morphology similar to that
of the control cells. The morphology of cells treated with 40
ppm of CaCO3 or Na2CO3 was not disrupted (Supporting
Information, Figure S4). CaCO3-treated cells show increased

Figure 2. Fluorescence microscopy images demonstrating the effect of carbonates on the cytotoxicity produced by arsenate on IEC-6 cells at 3
ppm. Two different magnifications are shown for every type. Line (row) (a) Control cells without any treatment. Line (b) 3 ppm of As5+ treatment.
Line (c) 3 ppm As5+ + 40 ppm of CaCO3. Line (d) 3 ppm As5+ + 40 ppm of Na2CO3. Calcein stains the live cells green and ethidium bromide
stains the dead cells red.
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viability than Na2CO3-treated cells as the buffering capacity,
and acid neutralization efficiency of CaCO3 is higher than that
of Na2CO3.

40

This difference in viability was measured quantitatively using
the MTT colorimetric assay. The cotreatment of the cells with
a combination of As5+ + CaCO3 (Figure 3B) or As5+ +
Na2CO3 (Supporting Information, Figure S5) resulted in
protection against As-induced toxicity in a dose-dependent
manner. The cytosolic and mitochondrial dehydrogenases
produced by the living cells reduced the yellow tetrazolium salt
(MTT) and produced a purple formazan dye that was detected
using a spectrophotometer. The viability of As-treated cells was
restored to above 75% of the control when they were cotreated
with carbonates. This cell viability assay stands as preliminary

data to indicate the protective action of carbonate during As
exposure. The total concentration of As in As5+ + CaCO3-
cotreated cells reduced by 31.5% when compared with the 3
ppm As5+-treated cells (Supporting Information, Figure S6). In
this study, we found that the concentration of carbonates
above 10 ppm and below 40 ppm is necessary for protection.

Intracellular ROS Levels. An important biomarker to
indicate oxidative stress caused by As is the intracellular level
of ROS. When the ROS concentration increases, it indicates an
increase in cellular oxidative stress. Initial experiments were
performed with an oxidatively stressed model in which IEC-6
cells were treated with a toxic level of 3 ppm As. For a positive
control to represent intracellular ROS production, cells were
treated with 1 mM H2O2 for 1 h and were stained subsequently

Figure 3. (A) Effect of arsenate on the cellular morphology and the cytoprotection by calcium carbonate and sodium carbonate. (a) Untreated
control cells, (b) 3 ppm of As5+ treatment, (c) 3 ppm As5+ + 40 ppm of CaCO3, and (d) 3 ppm As5+ + 40 ppm of Na2CO3. (B) Effect of calcium
carbonate on the toxicity of varying concentrations of arsenate (As5+). The percentage of cell viability was measured using MTT assay. The
difference between the heights of dashed lines represents the increase in viability of the cells.
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(Supporting Information, Figure S7). The As-treated cells
showed green fluorescence depicting excessive oxidative stress
(Figure 4f). The data summarized in Figure 4 show that the
cotreatment of As5+ CaCO3 or As5+ Na2CO3 (Figure 4g,h)
significantly decreased the levels of intracellular ROS in
comparison to that produced in As-treated cells. The negative
control (untreated healthy cells) and 40 ppm of CaCO3-
(Figure 4e) or Na2CO3-treated cells showed no significant
difference in the intracellular ROS production and showed no
fluorescence. Parts a−d of Figure 4 are the phase-contrast
images of control cells, cells treated with As5+, 3 ppm As5+ + 40
ppm of CaCO3, and 3 ppm As5+ + 40 ppm of Na2CO3,
respectively. This experiment suggested that the protective role
of carbonates is mediated, at least in part by direct H2O2

decomposition. The result was obtained from triplicate
experiments for three separate trials. In all the experiments,

treatment with carbonates resulted in a significant reduction in
As-induced intracellular ROS production, proving its ability to
decrease oxidative damage and subsequent cell death.

Cellular pH Profiling. Upon As5+ exposure, the acidic
metabolites of As and the Warburg effect lead to a decreased
pH in the cells. This was evident from the change in the color
of the growth media (DMEM) in which As5+-affected cells
were cultured. Although the pH change in a cell is balanced by
the buffering activity of the CO3

2−/HCO3
− system, the acidic

metabolites formed due to As-induced toxicity were high in
concentration, leading to cell death. Therefore, the effect of
external administration of carbonates along with As5+ on the
cellular pH was studied.
The UV−vis absorption spectra of the treated cells that were

eluted from the culture plate, sonicated, and stained with BTB
are shown in Figure 5. Each condition was tested in triplicate.

Figure 4. Determination of ROS in treated cells. Phase-contrast (top) and fluorescence microscopy (bottom) images demonstrating the effect of
carbonates on the ROS produced by cells during 3 ppm As5+ treatment: (a, e) control, (b, f) 3 ppm As5+, (c, g) 3 ppm As5+ + 40 ppm of CaCO3,
and (d, h) 3 ppm As5+ + 40 ppm of Na2CO3.

Figure 5. (a) Structure of BTB at different pH ranges. (b) Different colors of BTB at marked pH conditions. (c) Calibration curve of UV−vis
absorption peak of the dye solutions. The inset shows the calibration curve from pH 4.5 to 7.5. (d) UV−vis absorption spectra of BTB/PBS
solutions at different pH. The red shift in acidic solutions at 420 nm is marked. Inset is the normalized UV−vis absorption spectra in the 350−500
nm window at different pH. (e) UV−vis absorption spectra of the treated cells eluted from the culture plate, sonicated, and stained with BTB.
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BTB can be in its protonated or deprotonated form, indicated
by a yellow or blue color, respectively (Figure 5a,b). An
intermediate of the deprotonation mechanism is responsible
for a greenish color at neutral pH. The absorption spectra of
BTB/PBS solution were initially studied at varied pH, and a
correlation curve was obtained (Figure 5c) to quantitate and
compare the pH of the treated cells. The dye shows two
distinct features at 420 and 620 nm (Figure 5d). The
protonated form of the dye had its peak absorption at 420
nm, thus transmitting yellow light in As5+-treated acidic
solutions, and the deprotonated form had its peak absorption
at 620 nm, thus transmitting blue light in the control and
carbonate-treated basic solutions (Figure 5e). This peak can be
attributed to the occurrence of a hydrogen transfer (on the
phenolic groups) and intramolecular charge transfer (caused
by the conjugate effects of the system).
The color of BTB/PBS varies as an active indication of pH

change in the range 6.0−7.6.41 As the pH decreases in an As5+-
treated cell solution (the orange trace in Figure 5e), the highly
pH-dependent absorption peak centered at 420 nm shows a
definite red shift from 420 to 430 nm (inset of Figure 5d). The
change in pH can be interpreted by comparing the peak center
and the absorbance vs pH calibration curve plotted with
standard solutions in the inset of Figure 5c, where the red shift
reaches saturation thereafter. Another important feature is the
absorption peak centered at 620 nm. This peak shown in the
standard solution decreases gradually and finally disappears
when the solution turns acidic. The peak intensity of the As5+-
treated cell solution (orange trace) at 620 nm had decreased
significantly in comparison to that of the control cells.
Whereas, there was an increase in the intensity of As5+ +
CaCO3-treated cells (blue trace) as the solution was
neutralized.
A colorimetric imaging method with bright-field microscopy

using a pH indicator, BTB, was used also to demonstrate the
change in cellular pH. Upon optical microscopic observation,
cells, when treated with 3 ppm of As5+, stained yellow due to
lowering of the cellular pH, whereas the color turned darker
when treated with 3 ppm As5+ + 40 ppm of CaCO3 and 3 ppm
As5+ + 40 ppm of Na2CO3 (Figure S8a of Supporting
Information). The pH distribution of treated cells was
calculated from the calibration curve, which showed a decrease
in the intensity of the 620 nm peak for As-treated cells,
whereas the carbonate-treated cells retained the intensity
similar to that of the control cells (Figure S8b of Supporting
Information). The pH change of cotreated cells was 5−6.5,
which was significant although being small. Treatment with

carbonates balanced the cellular pH to the neutral range and
prevented acid-promoted cellular stress.

H2O2 Decomposition. To prove that carbonates are
efficient in decomposing H2O2 produced during oxidative
stress induced by As5+, a set of CV experiments were
performed on As5+-treated cells lysed in PBS. The CV curve
of PBS (pH = 7) used in the experiment is shown in the
Supporting Information, Figure S9. Figure 6 (a and b) shows
the concentration-dependent decomposition of H2O2 through
voltammogram when the cells were incubated for 1 min with
calcium carbonate and sodium carbonate, respectively. In the
potential window (0 ± 1.4 V), we observed a broad oxidation
peak of H2O2 at 0.4−0.8 V. However, this peak gradually
decreases with lowering of the concentration of H2O2 in the
presence of carbonate in the sample. When the incubation time
was increased, a complete decomposition was observed, which
lead to the disappearance of the H2O2 peak. More than 95%
reduction in H2O2 concentration was observed within an
incubation period of 1 h. Studies on several different systems
have demonstrated significant decomposition of H2O2 by
carbonates.42 It is reported that oxidative cell death in the
presence of iron involves Fenton-type reactions, and
peroxidative damage to the cell may be prevented by the
decomposition caused by carbonates.43

In view of the above, the carbonate-mediated protection can
be suggested due to one or more of the following mechanisms:
(1) direct decomposition of ROS produced and (2) action as a
buffering agent in neutralizing the acidic byproducts formed in
the cell. The formation of As−carbonate complexes can be
another mechanism, as reported in the literature.44 Carbonated
water may be a prudent solution in preventing the slow
impairment caused by continuous intake of As from the
contaminated water. The counteraction of carbonates on As
toxicity has to be studied using animal models, and the
influence of other metal ions in the digestive system on the
effect of carbonate has to be investigated. Additional
investigations on the impact of such measures on the overall
well-being of individuals are necessary before proposing such
methods as remedial measures.

■ CONCLUSION

Carbonates are nonhazardous, abundantly available in the
earth’s crust, and are affordable to all the communities present
throughout the world. The current study shows that the
administration of safe levels of carbonate in the form of
calcium carbonate or sodium carbonate can counteract the
toxicity levels of As. A cascade of cellular dysfunction that

Figure 6. Carbonate’s role in the decomposition of H2O2 at varying concentrations of (a) CaCO3 and (b) Na2CO3 by cyclic voltammetry.
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occurs as a result of As toxicity results in cellular acidification
and excessive ROS generation in IEC-6 cells. While acid-
ification is neutralized by the buffering action of carbonates,
the oxidative stress created inside the cell is counteracted by its
H2O2 decomposing activity. Any mineral intake in living
organisms through fluids plays a key role in maintaining its
balance in comparison to food. We propose that a divided dose
of mineral balanced water containing sodium carbonate and/or
calcium carbonate at concentrations adjusted according to the
As content can be the best way to compensate for the
multiplex complications caused by As in the human system.
While developing advanced materials to create an affordable
drinking water purifier,45 we have reported in our earlier work
that 20−50 ppm of carbonates and other essential minerals can
be released continuously and sustainably from confined
scaffolds.46,47 The use of such sustainable carbonate releasing
encapsulations can provide cytoprotection against As toxicity
at an affordable cost, without any energy demand. This paper
stands as preliminary evidence to tackle the mass poisoning
scenario by using this sustainable and affordable solution.
Although the effective route of administration of carbonates in
order to tackle As5+ contamination in living systems is not
clearly understood in this study, this may be evaluated in the
future by detailed clinical analysis.
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