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ABSTRACT: Ethidium bromide (Et−Br) is a widely used fluorescent dye in molecular
biology and biotechnology laboratories for visualizing nucleic acids in agarose gel
electrophoresis. However, concerns have been raised about its environmental impact and
potential health risks due to its persistence and toxicity. The potential accumulation and
long-term effects on the environment necessitate the removal of Et−Br from water. This
study investigates the potential of novel cold plasma technology for the degradation of Et−
Br. Cold atmospheric plasma (CAP) is an environmentally friendly technology that does
not produce secondary pollutants and generates a variety of potent chemical reactive
oxidants such as hydroxyl radicals (•OH), H2O2, NO2, and NO3. In this study, Et−Br was
treated with CAP for 15 min without the addition of any chemicals, resulting in substantial
removal of Et−Br. The degradation kinetics revealed that the CAP-treated Et−Br followed
a pseudo-first-order reaction, dependent on the treatment time of CAP. The degradation of
Et−Br by CAP is distinctly evident through the results obtained from both high-
performance liquid chromatography (HPLC) and liquid chromatography-mass spectrometry (LC-MS) analyses, providing clear
evidence of the occurrence of degradation. Furthermore, toxicity analyses of the degradation products were conducted by evaluating
the Et−Br intercalation ability with DNA before and after treatment of Et−Br with CAP. To supplement the assessment, the binding
of Et−Br with BSA has also been studied before and after CAP treatment. The impact of CAP-treated Et−Br on the growth and
colony-forming unit (CFU) counts of Escherichia coli was also evaluated. Results indicated an increase in bacterial growth with an
increase in CAP treatment time, suggesting that the degradation products of Et−Br using CAP were nontoxic. This study highlights
the potential of CAP as a clean and efficient technology for the degradation of Et−Br, presenting a promising solution for mitigating
its environmental and health risks.

1. INTRODUCTION

Ethidium bromide (3,8-diamino-6-phenyl-5-ethylphenanthridi-
nium bromide, Et−Br, Figure 1) is a potent mutagenic dye
soluble in water, commonly used in molecular biology research

for quick visualization of nucleic acids and deoxyribonucleic
acid (DNA) in electrophoretic gels.1 Et−Br is considered toxic
due to its ability to intercalate with DNA and ribonucleic acid
(RNA) molecules and can interfere with essential biological
processes, such as DNA replication and transcription, leading
to cellular dysfunction.2,3 Prolonged exposure to Et−Br
increases the risk of cancer development.4,5 As it does not
come under the regulation of the Environmental Protection
Agency, it is generally poured down into the drains untreated,
which has very toxic, cancer-causing, and mutagenic
qualities.6,7 When disposed of improperly, such as being
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Figure 1. Chemical structure of ethidium bromide.
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washed down laboratory sinks, it can enter wastewater systems
and contaminate aquatic environments. Its persistence in the
environment and potential bioaccumulation in aquatic
organisms can have detrimental effects on ecosystems.
Therefore, the treatment of water containing Et−Br is of
utmost necessity.

There are many studies related to the treatment of polluted
water with Et−Br such as chemical degradation including
bleach treatment,8 electrochemical degradation,9−11 biological
degradation by bacteria,12 and catalysis;13 but they all have
drawbacks; degraded products generate other harmful
secondary pollutants (waste) and require high chemical
dosages to degrade. Also, irradiation techniques such as UV
and γ radiation require higher dosages for significant
removal.14

Cold atmospheric plasma (CAP) has emerged as a
promising technological tool that has many applications in
the wastewater treatment industry.15−18 Many studies have
been reported on CAP based degradation of hazardous
chemicals mainly present in the environment, causing
detrimental health effects .19−23 The CAP is produced by
providing high voltages between electrodes where an inert gas/
mixture of gases is used to initiate ionization followed by the
generation of many reactive species (ROS/RNS), UV photons,
and electric field.24−26 CAP in liquid and gas−liquid
environments produces radicals, such as hydroxyl radicals,
hydrogen peroxide, nitrate, nitrite, and nitric oxide, responsible
for the degradation of chemicals in less treatment time with no
addition of chemicals. All energetic species synergistically
create a preferable oxidation environment for the degradation
of hazardous chemicals.27,28 Herein, a comprehensive study on
the degradation of Et−Br using CAP has been investigated.
The study of degradation kinetics has been done using UV−vis
spectroscopy. Analytical techniques such as high-performance
liquid chromatography (HPLC) and liquid chromatography−
mass spectroscopy (LC-MS) have been employed to analyze

the changes in Et−Br before and after treatment of Et−Br with
CAP. Also, the effect of intercalation of Et−Br with DNA on
the growth of E. coli was studied before and after CAP
treatment to analyze its toxicity effects after degradation.
Furthermore, an assessment of the toxicity of byproducts
resulting from the degradation of Et−Br via CAP has been
conducted to underscore the capability of CAP in effectively
eliminating Et−Br without harming the environment.

2. MATERIAL AND METHODS
2.1. Materials and Reagents. Et−Br (product number:

18096DJ; CAS no. 1239/45/8; melting point: 260−262 °C;
chemical formula C21H2ON3 Br; molecular weight: 394.2 g/
mol) was purchased from Sigma Aldrich. A stock solution of
Et−Br with a concentration of 50 μM was prepared for the
experiments. Millipore water (resistance 18.2 MΩ) was used to
prepare the samples. BSA, identified by Chemical Abstracts
Service (CAS) numbers 9048-46-8, was obtained from Sigma
Aldrich. Acetonitrile of HPLC grade from Sigma Aldrich was
used to perform the HPLC experiment.
2.2. Experimental Plasma Setup and Its Character-

ization. The setup of the cold atmospheric plasma (CAP) jet,
as illustrated in Figure 2, includes a power supply (Ionics
Power Solution Pvt. Ltd.), an electrode housing, and a cylinder
of carrier gas. The high-voltage AC power supply (0−20 kV,
25 kHz) is utilized to provide high voltages between the
electrodes. Within the electrode housing, there is a cylindrical
glass tube with inner and outer diameters of 3 and 7 mm,
respectively. A 1 mm diameter stainless steel rod as the live
electrode is inserted into the glass tube, and a copper wire strip
is wrapped around the glass tube as the ground electrode. To
ensure protection and insulation from high voltages, the glass
tube is encased in a Teflon housing known for its high thermal
stability and low thermal conductivity, providing effective high-
temperature insulation. The Teflon housing is connected to
the gas inlet, with helium gas chosen as the carrier gas for this

Figure 2. Lab setup of the cold atmospheric plasma jet and the optical emission spectrophotometer.
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experiment due to its high thermal conductivity, reducing the
breakdown voltage required for plasma discharge. The flow
rate of helium gas is set at 1.5 slm (standard liters per minute)
and can be adjusted using a variable area flowmeter (Cole
Palmer). Upon applying a 6 kV peak-to-peak voltage between
the electrodes, the helium gas becomes ionized, leading to the
generation of plasma discharge. We use a Tektronix 6015A
high-voltage probe to measure the peak-to-peak voltage, which
is approximately 6 kV at 30 kHz. Additionally, an Agilent
N2783B current probe is employed to measure the current at
the powered electrode, which is around 15 mA. In our earlier
work, we obtained emission spectra ranging from 200 to 900
nm for He gas using an optical emission spectrometer (Andor-
SR-303i-A) and used the NIST atomic spectra database to
identify and depict spectral line valuable insights into the
emission characteristics of the helium plasma.15 A 5 mL sample
is placed in a Petri dish positioned just below the plasma
discharge, with the live electrode’s tip situated approximately 8
mm above the liquid sample surface. The plasma discharge
interacts with nitrogen and oxygen species, leading to
excitation, ionization, and dissociation of molecules by electron
impact with the surrounding air, producing short- and long-
lived reactive species, including the hydroxyl radical and
hydrogen peroxide,19 which are transferred to the sample
beneath the plasma plume discharge, as depicted in Figure 2.
2.3. Degradation Kinetics and Fluorescence Study. In

order to conduct the experiments and analyze the degradation
kinetics and other treatment-related characteristics, a stock
solution of Et−Br at a concentration of 50 μM was created.
The ultimate concentration of the Et−Br solution was 10 μm.
Following that, 5 mL of the Et−Br solution was applied to
Petri plates for CAP treatment durations of 3, 5, 7, 10, and 13
min. Moreover, the values of absorbance were taken of each
sample using UV−visible spectroscopy (Shimadzu UV-2550,
USA) to study the degradation kinetics of Et−Br with CAP. A
calibration curve comprising 11 distinct known concentrations
of Et−Br was graphed (with R2 = 0.999), and the absorption at
285 nm was obtained to assess the degradation. The
determination of the limit of detection for the UV−vis
instrument involved assessing Et−Br standard concentrations,
aiming to establish it at 0.53 μM. The measurements were
taken using a 3 mL quartz cuvette. Further, the kinetics rate
constant and percentage removal of Et−Br with CAP
treatment time were calculated. Fluorescence analysis was
determined with a photoluminescence spectrophotometer
(QM08075-21-C, Horiba). All irradiation experiments were
performed under ambient conditions at a temperature of 25
°C.
2.4. Et−Br Degradation Analysis: HPLC, LC-MS, and

FTIR Approaches. We analyzed high-performance liquid
chromatography (Agilent 1260 Infinity HPLC) data to
monitor changes in the chromatogram to analyze the Et−Br
after CAP treatment and the formation of degradation
products. There were shifts in retention times, peak intensity
changes, or the appearance of new peaks when there was a
comparison between control Et−Br and CAP-treated Et−Br.
Here, for the HPLC analysis, a Hypersil Gold C-18 (150 mm
× 4.6 mm, 3 μ) analytical column was used. Other
requirements included a flow rate of 0.6 mL/min and an
injection volume of 20 μL at a column oven temperature of 30
± 0.8 °C. For the mobile phase, acetonitrile was added in
double-distilled water in the 50:50 v/v ratio and was detected
at 285 nm. Moreover, analyzing liquid chromatography−mass

spectrometry (LC/MS) data for the degradation of Et−Br
involved assessing the mass spectrometry data to identify the
presence of degradation products and monitor changes in their
mass-to-charge ratios (m/z) and intensities over time. The Et−
Br and degraded products were detected by using a 1200 series
LC system (Agilent Technologies, Santa Clara, California),
hyphenated to a triple quadrupole (QQQ) mass spectrometer
(6470 series, Agilent Technologies) using positive electrospray
ionization (+ESI). The mass scan range varied from 50 to 1000
m/z with 10 μL injection volume, a gas temperature of 300 °C,
a gas flow of 5 L/min, a 45 psi nebulizer, a sheath gas
temperature of 250 °C, a sheath gas flow of 11 L/min, a
capillary voltage of 3500 V, and a fragmentor 35V. Moreover,
to determine any structural changes in Et−Br before and after
CAP treatment, Fourier transform infrared spectroscopy
(PerkinElmer Spectrum 2) with attenuated total reflectance
(ATR) was performed. The samples were scanned at a
resolution of 30 cm−1, and before scanning, the samples were
dried in a hot air oven at 50 °C for about 8 h.
2.5. Effects of Et−Br Degradation on Its DNA

Intercalation Capacity. Agarose gel electrophoresis is the
most widely used method to separate DNA fragments
depending on the size. To visualize DNA fragments under
UV light, a staining agent is required, which enhances
fluorescence after binding with DNA. Although many staining
agents are available, Et−Br is widely accepted in biological
laboratories. Et−Br interacts with DNA in such a way that it is
independent of sequence and intercalates between two
adenine−thymine base pairs. In the agarose gel electrophoresis
experiment, 1× TAE (Tris-acetate and EDTA) buffer (pH 8)
is used to prepare the gel in which Et−Br is added, and then,
the gel is illuminated under a Gel Documentation System
(GDS) from Chemi DocTM XRS+ (BIO-RAD) to see DNA
bands. Even a small concentration of Et−Br is adequate for the
intercalation of the DNA, as it forms DNA−Et−Br complexes
after binding, which enhance fluorescent yield by 20−30-fold
compared to unbound DNA.29 In this experiment, the
nontreated and different exposure time CAP-treated Et−Br
(5 mL of 10 μM) is added to the TAE buffer to find out the
intercalation ability of Et−Br with bacterial genomic DNA
after the CAP treatment. 3 μL of bacterial genomic DNA (50
ng/μL) is loaded into the well of the agarose gel incorporated
with treated and nontreated Et−Br. Then, the gel is run for 15
min in the gel electrophoresis system. After the gel electro-
phoresis, the images are observed, showing the intercalation
intensity of the DNA with nontreated and CAP-treated Et−Br
by GDS.
2.6. BSA Binding Analyses before and after CAP

Treatment. The interaction of Et−Br with BSA was also
studied. The BSA stock solution was formulated at a
concentration of 5 μM in phosphate buffer solution (PBS)
adjusted to a pH of 7.4. All experiments were conducted in
triplicate to ensure the precision and reliability of the acquired
data. The interaction between Et−Br and BSA was examined
by assessing the steady-state fluorescence intensity using a
photoluminescence spectrophotometer (model QM08075-21-
C, manufactured by Horiba) with excitation at a wavelength of
280 nm. Et−Br exhibits minimal fluorescence at 280 nm. Prior
to fluorescence measurements, the BSA−Et−Br complex
solution was allowed to incubate for 10 min to ensure
adequate interaction. Excitation and emission wavelengths
were set at 280 nm and within a range of 200−500 nm,
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respectively. A 5 nm slit width was utilized for both excitation
and emission spectra.
2.7. Toxicity Experiment. Experiments were conducted to

assess the toxicity of Et−Br solutions compared to CAP-
treated Et−Br solutions using E. coli (ATCC 25922) bacterial
growth on agar plates as a qualitative indicator of toxicity. First,
E. coli was cultured in nutrient broth media and kept at 37 °C
under the shaking condition (200 rpm) for 12 h. Then, the
culture was serially diluted up to 10−6, and 50 μL of the diluted
(10−6) broth culture was spread on the nutrient agar media
supplemented with treated and nontreated Et−Br (10 μM)
and kept at 37 °C for 12 h, and the appeared CFUs were
counted using a colony counter (LAPIZ). To prepare the
growth medium, nutrient agar was dissolved in double-distilled
water and autoclaved for 20 min at 121 °C. After allowing the
mixture to solidify, E. coli was streaked on the gel surface and

incubated at 37 °C for 24 h to allow E. coli to grow. Then, E.
coli was added to Et−Br, and CAP treated Et−Br (for differen
treatment times 5, 10, and 15 min), and was allowed to interact
for 1 h. Then, 50 μL of the solution (E. coli with Et−Br and
CAP treated Et-Br) was transferred to the nutrient agar plate
and incubated at 37 °C for 24 h. Quantitative analysis of E. coli
growth was conducted using a colony counter (LAPIZ).

3. RESULTS AND DISCUSSION
3.1. Generation of Reactive Species in Degradation

of Et−Br by CAP. In cold plasma, the AC high-voltage power
supply used to accelerate electrons and these high-energy
electrons (0.2−2 eV) in the plasma ionizes the He gas via
collision, forming electrons, ions, and neutrals.22−26 The
ionization increases the amount of charged particles, which
are further accelerated by the electric field, leading to

Figure 3. Effect of CAP treatment on Et−Br degradation: (a) absorbance versus CAP treatment time of Et−Br, (b) percentage removal of Et−Br
with increasing CAP treatment time, and (c) logarithmic representation of Et−Br degradation as a function of treatment time, fitting the pseudo-
first-order kinetics equation.
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additional collisions with other atoms and releasing more
charged particles.27−31 Subsequently, electrons gain more
energy than ions due to their small mass, and therefore, the
temperature of neutrals or ions comparatively is very low than
that of electrons.30,32−35 The charged species produced in the
plasma interacts with surrounding air and water vapor
molecules on the liquid sample surface are known to produce
reactive species (•OH, H2O2, NO2, NO3) by electron impact
phenomena, which cause excitation, ionization, and dissocia-
tion of the molecules.36−39 In our previous work, the emission
spectra for the He jet were obtained, covering wavelengths
from 250 to 900 nm.15 The presence of various reactive species
in the plasma jet can be seen from the spectrum. Also, the
presence of the molecular bands in the UV region of the
emission spectrum indicates the energetic UV photon emission
from the plasma jet.15,40 Oxidizing OH radicals are also formed
in the collision process. The dissociation of water molecules via
the electron and metastable collision process produces
hydroxyl radicals. The following equations represent the
production of OH radicals.

e eH O H OH2+ + +• • (1)

e eHe He+ + (2)

He H O OH H He2+ + +• • (3)

He N He N2 2+ + (4)

The presence of singlet oxygen in the spectrum40 results
from collision dissociation of O2 caused by energetic electrons,
and helium metastable is described in eq 5.

e eO O O2+ + +• • (5)

N OH NO H+ +• • • • (6)

O N NO+• • • (7)

The reactions by excited molecular nitrogen and singlet
oxygen, which have enough energy to dissociate water
molecules, is represented in the below equations.39,41

N H O OH H N2 2 2+ + +• • (8)

eHe N He N2 2+ + + + (9)

He O O O He2+ + +• • (10)

H O O OH OH2 + +• • • (11)

3.2. Kinetics Studies of CAP-Treated Et−Br. Et−Br is
classified as an immediate or acute hazard according to the
regulations outlined in SARA sections 311/312 (40 CFR
370.21).42 The kinetics of the degradation of Et−Br has been
investigated using UV−visible spectroscopy. Absorbance
values at λmax = 280 nm were documented for both the
control Et−Br and the Et−Br samples treated with CAP at
different exposure durations (3, 5, 7, 10, 13, and 15 min).

Absorbance values decrease for Et−Br samples treated with
CAP at different exposure durations, as shown in Figure S1.
With the increase in the treatment time, the absorbance
decreases, as shown in Figure 3(a), and it is well known that
the absorbance is the function of the concentration of the
solution, and hence, the decrease in the absorbance directly
correlates to the decrease in the concentration of Et−Br.
Figure 3(b) depicts the percentage removal of Et−Br, and in
15 min, we see approximately 99.99% removal. This indicates

CAP’s ability to degrade Et−Br and follows a pseudo-first-
order reaction, as shown in Figure 3(c). The correlation
coefficients (R2 = 0.94212) suggest a good fit of Et−Br
degradation to pseudo-first-order kinetics following eq 12

C
C

ktln
0

=
(12)

where C and C0 are the final and initial concentrations of Et−
Br, respectively, and k is the kinetic rate constant. From Figure
3(c), k is found to be 0.2585 min−1.

Higher intensities and concentrations of reactive species
from CAP are crucial from a treatment standpoint in order to
break down organic contaminants.41,43 A cold plasma
produced over the liquid surface in ambient air, as shown in
the study of Jaiswal et al., was characterized by FTIR analysis.41

The presence of different reactive species, such as O3, NO2,
HNO2, and others, was discovered to be validated by FTIR
during plasma−liquid contact in ambient air.
3.3. Fluorescence Spectra Analysis. The concentration

of Et−Br was set as 10 μM, while the excitation wavelength
and emission wavelength were, respectively, set as 480 nm and
500−800 nm, with the Et−Br emission maximum at 615 nm.44

The fluorescence intensity of untreated Et−Br is very high as
compared to that of CAP-treated Et−Br, as shown in Figure 4.

With CAP treatment of 15 min, the fluorescence intensity
almost becomes nil. This indicates that after the CAP
treatment, Et−Br undergoes some structural modifications,
leading to the quenching of fluorescence intensity. Addition-
ally, we could also see the discoloration of the Et−Br with the
CAP treatment (Figure S2). To further understand this, HPLC
and LC-MS analyses were carried out.
3.4. HPLC Analysis of CAP-Treated Et−Br. To study the

degradation behavior of Et−Br, HPLC was performed. Figure
5 shows the chromatographs of control Et−Br and CAP-
treated Et−Br from 3 to 10 min. As shown in Figure 5(a), the
major peak at a retention time at 2.934 min has been
identified. Et−Br itself has a distinct peak, and degradation
byproduct peaks are different, as shown in Figure 5(b−e), for
different treatment times.

The changes in retention time, especially the appearance of
new peaks, can provide valuable information about the

Figure 4. Fluorescence spectrum of control Et−Br and CAP-treated
Et−Br.
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formation of degradation products or alterations in the
chemical composition of a compound. From Figure 5(e), it
is clear that 10 min CAP-treated Et−Br breaks down into
fragments with retention times of 2.854 and 3.434 min, which
signifies the degradation products. Also, it is shown that the
detector signal is significantly reduced with an increase in
treatment time, which represents the decrease in the
concentration of CAP-treated Et−Br. The area under the
chromatographic peaks for both Et−Br and any degradation
products is also given in Table S1 and provides quantitative
data on the concentration of each compound. The percentage
area under the peak in Figure 5 has been significantly reduced
in comparison with untreated and CAP-treated Et−Br, as given
in Table S1. The distinct new peak appears in the
chromatograms with respect to the CAP treatment time
suggested for further analysis. Further characterization of the
degradation products using complementary analytical techni-
ques, LC-MS, and FTIR can help in understanding the specific
chemical changes that have taken place after CAP treatment of
Et−Br. The FTIR analysis of Et−Br was performed for the
control and 10 min CAP-treated Et−Br to verify and
supplement information about any change in the compound’s
chemical structure and functional groups. The characteristic
peaks in the region of 1400−1600 cm−1 generally correspond
to the C�C stretching vibrations of the aromatic rings, which
are present in the structure of Et−Br. Et−Br exhibits peaks
related to hydrogen bonding interactions, which can be
observed in the region of 3000−3500 cm−1 (O−H or N−H
stretching vibrations). After 15 min CAP, the absence of all of

the distinctive FTIR peaks, as shown in Figure S3, confirms the
complete degradation of Et−Br.
3.5. LC-MS Analysis of CAP-Treated Et−Br. LC/MS was

performed for elucidating the structure of unknown com-
pounds and/or confirming the structure of known ones. Mass
spectrometry provides information about the molecular weight,
fragmentation patterns, and elemental composition of ions and
characterizes structural changes in compounds.

The LC/MS spectra in Figure 6(a) demonstrate the
presence of the parent molecule�ethidium ion (C21H20N2

+,
m/z 314.15), exhibiting the highest peak (highest intensity)
along with some fragmented peaks at m/z 102.14 and 252.08.
The LC/MS chromatograms of CAP-treated Et−Br presented
in Figure 6(b−f) show the absence of a peak at m/z 314.15
with new peaks, depicting the formation of intermediate
products of Et−Br. This could be possible due to the
breakdown of the Et−Br molecule into fragments, specifically
due to the radicals in CAP attacking and cleaving Et−Br by a
ring opening mechanism.45 We also observe that with CAP
treatment of 13 and 15 min, more fragmentation of Et−Br
occurs. Such studies on Et−Br were earlier reported using
magnetic nanocatalysts and γ irradiation with possible
pathways of Et−Br degradation.14,45

3.6. Assessment of DNA−Et−Br Binding Interaction
after Degradation of Et−Br by CAP. In general, Et−Br is
used in gel electrophoresis to visualize the DNA and nucleic
acids fragments,46 due to its ability to bind to the base pairs of
DNA, resulting in illumination when viewed under ultraviolet
light in the gel image system.47 The primary binding modes
encompass intercalation between base pairs, partial intercala-

Figure 5. Chromatographs of Et−Br with retention time and peak area: (a) control Et−Br, (b) 3 min CAP-treated Et−Br, (c) 5 min CAP-treated
Et−Br, (d) 7 min CAP-treated Et−Br, and (e) 10 min CAP-treated Et−Br.
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tion, and electrostatic interaction with the DNA phosphate
backbone.48−51 Spectroscopy-based tracking of the ethidium−
DNA complex binding kinetics reveals a biphasic binding
process. The initial stage involves rapid diffusion of the ligand
throughout the DNA polymer, followed by the intercalation
event occurring within the millisecond time frame.52−55

Here, the TAE buffer was used to make the gel, which was
loaded with control Et−Br to visualize DNA, as Et−Br acted as
a nonradiative marker to stain DNA. Being a fluorescent dye,
the DNA band can be seen clearly under GDS. As shown in
Figure 8, the control Et−Br binds with DNA and shows
adequate fluorescence. Et−Br interacts with two consecutive
base pairs via van der Waals interaction, as it can be inserted
perpendicular to the helical axis of the DNA.56,57 In another set
of experiments, CAP-treated Et−Br (5 min) was added to TAE
buffer, and Et−Br lost its intercalating ability and fluorescence
properties, as shown clearly in Figure 7. This is more explicitly
seen with an increase in the CAP treatment time to 10 and 15

min, as shown in Figure 7. CAP-treated Et−Br perturbs the
ability to bind to DNA significantly. As elaborated in the
preceding section of the paper, the binding ability of CAP-

Figure 6. LC/MS spectra of (a) control Et−Br, CAP-treated Et−Br with treatment times of (b) 5 min, (c) 7 min, (d), 10 min, (e) 13 min, and (f)
15 min.

Figure 7. Gel doc image of the gel electrophoresis experiment using
nontreated and CAP-treated Et−Br.
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treated Et−Br to DNA is mainly due to the structural
alterations resulting from the ring opening of Et−Br through
hydroxylation by the reactive species of CAP. Figure 8 shows a
graphical picture of the intercalation of Et−Br with DNA
before and after CAP treatment. After Et−Br is degraded by
CAP, it ceases to intercalate with DNA, making it non-
hazardous to human health and the environment.
3.7. Binding of Et−Br with BSA Analysis before and

after CAP Treatment. The interaction between Et−Br and
BSA was investigated by analyzing the alteration in intrinsic
fluorescence intensity at 330 nm upon excitation at a
wavelength of 280 nm. The choice of 280 nm excitation
wavelength effectively stimulates the aromatic residues present
within BSA. In the absence of Et−Br, BSA demonstrates
intrinsic fluorescence emission at 330 nm when excited at 280
nm, primarily contributed by Trp134 and Trp213 residues.58

Upon addition of Et−Br to BSA, the fluorescence intensity
decreases may be due to the change in the conformation of
BSA after binding with Et−Br. However, when 5, 10, and 15
min of CAP treated Et−Br was added to BSA, the fluorescence
intensity increased significantly as shown in Figure 9. The
significant degradation of Et−Br in an aqueous medium results
in increased fluorescence intensity, depicting the restoration of

the structure of BSA altered in the presence of CAP treated
Et−Br.

Additionally, we also performed a detailed binding study of
Et−Br with BSA before and after CAP treatment in our
work.59 In conclusion, the degradation of Et−Br results in the
inhibition of its binding to BSA, signifying that after CAP
treatment, Et−Br residues are not toxic.
3.8. Toxicity Test of the Byproduct of Et−Br after CAP

Treatment. Tomchick et al. showed that Et−Br inhibited the
growth of E. coli.60 To further elucidate the toxicity of CAP-
treated samples, we studied the effect of control Et−Br and
CAP-treated Et−Br on E. coli. The growth of E. coli after
exposure to Et−Br is significantly less as compared to the
growth observed when E. coli is exposed to CAP-treated Et−Br
for 5, 10, and 15 min, as shown in Figure 10. As shown in

Figure S4, CAP treatment can effectively mitigate the toxic
effects of Et−Br in increasing the CFU counts and
corroborates with the CAP treatment time. Therefore, CAP
is a viable alternative technology for protecting the environ-
ment, especially with hazardous chemicals such as Et−Br.
Furthermore, a comparison of the existing methods to treat

Figure 8. Graphical representation of Et−Br intercalation with DNA before and after CAP treatment.

Figure 9. Fluorescence spectrum of control Et−Br and CAP-treated
Et−Br binding to BSA.

Figure 10. Growth of E. coli with Et−Br and 5, 10, and 15 min CAP-
treated Et−Br.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c04302
ACS Omega 2024, 9, 48044−48054

48051

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04302/suppl_file/ao4c04302_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04302?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04302?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Et−Br is provided in Table 1, highlighting that this study has
significant importance in the degradation of harmful chemicals
such as Et−Br.

4. CONCLUSIONS
This study demonstrates the effective application of CAP
technology for the degradation of Et−Br, addressing both
environmental and health concerns associated with its use. The
results show that CAP can significantly degrade Et−Br within a
short treatment time of 15 min, without the need for additional
chemicals and without generating secondary pollutants. The
degradation kinetics, following a pseudo-first-order reaction,
highlights the efficiency of CAP in this context. Analytical
methods, including HPLC and LC-MS, confirm the substantial
degradation of Et−Br. Furthermore, toxicity assessments reveal
that the degradation products do not intercalate with DNA as
well as show less binding with BSA and are nontoxic to E. coli,
as indicated by increased bacterial growth and CFU counts
with increasing CAP treatment time. This study underscores
the potential of CAP as a clean, efficient, and environmentally
friendly technology for the removal of Et−Br, providing a
promising approach to mitigate its environmental and health
risks.
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S.
no. methods merits demerits references

1. solution of
hypophosphorous acid
and sodium nitrite

• inexpensive • time-consuming process 8
• reaction mixtures were non-mutagenic • solution (hypophosphorous acid and sodium

nitrite) is toxic itself
• insufficient hypophosphorous acid addition
failed to lower the pH below 3, causing the
reaction to fail.

• produces toxic byproducts
2. adsorption using

rectorite and
palygorskite

• can adsorb Et−Br from contaminated water without producing secondary
toxic products and have large cation exchange capacity and high specific
surface area

• need to again thermally destructed inside the
interlayer of rectorite

61,62

• mixed for around 24 h
3. adsorb on charcoal filter • inexpensive • cannot be reused 63

• around 90% removal • need to mix for one hour for significant
removal

• incinerate up to 262 °C to destroy Et−Br
sorbed on charcoal

4. photocatalytic
degradation over TiO2

• clean light-stimulated degradation • require around 90 min Et−Br removal with the
titania

9

• inexpensive • catalyst products are toxic
• 94% removal

5. γ irradiation • 100% removal • require high dosage to achieve complete
degradation

14
• produces no toxic products

6. CAP • 100% removal in 15 min • handling requires expertise this study
• clean and green technology
• secondary products are nontoxic
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