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Abstract

Ethidium bromide (EtBr) is one of the most used non-protein molecules in molecular biology,
specifically for fluorescence-based detection of nucleic acids during gel electrophoresis. ETBr2
fluoresces when exposed to ultraviolet light, intensifying after binding to DNA. Although non-
radioactive, the ability of EtBr to bind preferentially to the double strand structure and to enter the
nucleus membrane of cells makes it a toxic substance, which can cause tumorigenesis due to the
genetic damage induced by its interaction. Its reputation as a potential mutagen has created a need
to minimize its use and eliminate the risks associated with exposure, as well as the potential
environmental hazards associated with disposal. In the last 10 years, EtBr has also been shown to be
electrochemically active. In this work, we show the modification of an ultra-micro electrode sensor
and subsequent detection of EtBr from Phosphate buffer on a nanomolar level (LoD of 12 nM). The
sensor can detect concentrations with a higher sensitivity and reliability than the classic UV lamp in a
practical manner. This novel sensor may offer a potential solution to test for and reduce potentials

risks associated with both job related risk and unwanted environmental release of EtBr.

Introduction

Many molecules of the phenanthridine group are used as fluorescence tags in gel electrophoresis due
to their high quantum efficiencies and stability [1], [2], [3]. Ethidium bromide (EtBr) is one of the most

used phenanthridine compounds, due to its ability to bind nucleic acids, and has been documented in
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the literature since 1964 [4]. It is typically seen as the gold standard of the florescence tags [5] used
for gel electrophoresis [6], [7], [8]. More recently it is being used to assess anti-toxicity studies in
bacteria [9]. The ability of EtBr to bind to DNA comes with caution since it has also been shown to stop
the nucleic acids synthesis in Strigomonas oncopelti [10], damage the mitochondrial circular DNA [11],
[12], [13]and cause mutations in DNA [14]. Despite these negatives, ethidium bromide is still a well-
used dye [15] with it ability to bind to different sites on the dsDNA, for which it has a preference, and
also to ssDNA structures [16], [17]. Recently, EtBr is also used as an electrochemical probe molecule
[18]. The oxidation of EtBr has been studied using cyclic voltammetry on these, on a variety of working
electrode materials such as boron-doped diamond [19] mercury drop systems [20] and large gold
electrodes [21] and has been used to electrochemically detect EtBr that is bound to DNA

complementing fluorescence approaches[22].

EtBr has also been used as a pest control with the toxicity of molecule gaining awareness in 1970s.
EtBr was shown to cause consistent damage to mitochondrial [23], [24], [25], [26] ribosomal DNA [27]
and non-nuclear DNA in different models leading to neurodegenerative disorders and higher risk of
tumorigenesis [28], [29] [30]. Long term effects of EtBr induced mitochondrial DNA damage leading
to rapid cellular ageing [31] for the single individual and call also lead to infertility or other
reproductive problems in animal models specifically infertility or early menopause [32], [33] or
spontaneous abortion [34] while damage to Male sperm’s mitochondria is also possible [35]. To this
end, the risk for mitochondrial has resulted in stringent Health & Safety procedures regarding EtBr use
and, more specifically, concerning its disposal and detection [36]. Concerning electrochemical
detection of EtBr, reports in the literature exhibit limits of detection typically in the micro molar
concentrations of range. This limitation of detection may not be fit-for-purpose for on-site detection
as smaller concentrations of this substance may cause damage over time; thereby highlighting the
need for a more sensitive detection method [37], [38]. To date, electrochemical methods have been

more successfully applied to remediation of the molecule [39], [40], [41] rather than detection.

In this work, we develop a sensitive electrochemical based sensor, incorporating solid-state
ultramicroelectrode sensors, that allows detection of EtBr contamination (nanomolar) in real time and
apply this to the detection of EtBr of swab samples from a microbiology laboratory. Our approach is
shown schematically in Figure 1. First a cotton swab is wiped across to the area under test and then
immersed in 0.5 mL of phosphate buffer and let stand for 5 minutes. The buffer is then agitated to
ensure a homogeneous mixture and the placed into the sample well of a chip holder. Electrochemical
analysis is then undertaken, and an EtBr concentration (time to result) obtained after 12 seconds. The
approach is rapid and yields quantitative results unlike current approaches using dyes or a UV lamp

[42].
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Fig. 1 schematic showing EtBr detection approach. (A) swabbing and sampling of surfaces with different potential levels of
contamination risk e.g., the sample is taken from the surface where a spill or a surface where contamination is present, (B)
the head of a swab is then immerse in 500 uL of phosphate buffer pH 7, (C) the liquid is transferred to the sample well of a

sensor chip holder (D) analysis is undertaken and displayed visually in twelve seconds.

Material and methods

Chemicals

EtBr 1% solutions, sodium phosphate dibasic heptahydrate, sodium phosphate monobasic
monohydrate, ferrocene carboxylic acid?, PBS tablets, AuCl trihydrate, sodium acetate and acetic acid
(Sigma-Aldrich) were used for XXX. 10 mM phosphate buffer (PB) was prepared by dissolving 1 tablet
in 250 mL with deionized water (Elgapure, 10'® Q). EtBr 1% solutions were then diluted with PB to
prepare a stock solution of 512 nM which was then further diluted to prepare standard solutions of

256 nM, 128 nM, 64 nM, 32 nM, 16 nM and 8 nM.
Electrochemical deposition and analysis

Chronoamperometry was employed to deposit nanogold on the electrode surfaces using an optimized
voltage for a set time (see results section) . Cyclic Voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) was employed for electrode characterization, while square wave voltammetry was
used for EtBr detection. All electrochemical analysis was undertaken using a multi-autolab M101
operating under Nova 1.0.4 software control (Netherlands). Electrochemical deposition employed an
off-chip Ag/AgCl reference electrode and on-chip counter electrode, while the EtBr detection was

undertaken using the on-chip Pt pseudo-reference and on-chip gold counter electrodes.
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Atomic force microscopy
Sensor Fabrication

Silicon Chip fabrication was undertaken as described in previous publications[43], [44], [45], [46], [47],
[48], [49]. In brief, four-inch silicon wafer substrates bearing a 300 nm thermally grown silicon dioxide
layer were used. Working electrodes were first fabricated using optical lithography, metal
evaporation (Ti 10 nm /Au 50 nm Temescal FC-2000 beam evaporator) and lift-off techniques to yield
well-defined, stacked metallic (Ti/Au) microband (1 um width, 50 nm height, 45 um length) structures.
Optical lithography and metal deposition (Ti 10 nm/Ni 70 nm/Au 200 nm) process was again
undertaken to define a MicroSD pin-out, on-chip metal interconnection tracks, as well as counter and
reference electrodes. Finally, a passivation SisNs layer was deposited on the chip by PECVD, with
windows opened in this layer directly above the working, reference and counter electrodes and SD
pinouts. The windows defined the length of the working electrode to be 45 um. A PCB bearing a
mounted microSD port connector structure was designed and fabricated to allow facile connection
between the microSD primary contact pads with the potentiostat. In this manner, the microSD
electrical pin-out enabled rapid and easy electrical connection to external electronics, enabling
sensors to be used as a portable field sensor. Each silicon chip comprised six independent sensors
containing two interdigitated electrode (IDE) structures, a platinum counter electrode, and a platinum
pseudo-reference electrode. Gold contact pads and interconnection metallisation on two sides of the
chip allowed electrical connection to both interdigitated structures. Figure 2 shows an optical
micrography of a fully fabricated chip (based on previous designs) the SEM image shows a high-
resolution image of a typical sensor device [29] [30]. IDEs were selected due to possibility of using
localized pH control of the solutions for the ethidium bromide should this be required [43]. Finally. a
custom-made holder cell constructed from an aluminium base and a Teflon™ lid was fabricated to
allow measurement in small electrolyte volumes (=500 pL). The cell was included a Viton O-ring,
chosen for their chemical resistance, embedded in the lid which formed a seal around the on-chip
electrodes. The inner diameter of the O-ring was 7 mm with a cross section of 1.6 mm which was of
sufficient size to expose all six sensors, counter, and reference electrodes on the device to the

electrolyte [43], [44].

Electrochemical characterization

Cyclic voltammetry (CV) was performed in 10 mM ferrocenecarboxylic acid (FCA) in 10 mM phosphate
buffered saline (PBS) in the voltage range 0-0.6 V @ 100 mV s using a commercial Ag/AgCl (Alvateck)
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external reference electrode. CVs were also undertaken in Ethidium bromide solutions in the voltage
range 0to-0.6 V@ 100 mV s using the on-chip platinum pseudo-reference electrode. A Square wave
voltammetry protocol for detection of Ethidium bromide was developed with the conditions 22 mV/s

and 10 mV amplitude versus the platinum on-chip reference electrode.

Fig. 2 (a) Structure of the sensor chip with a SEM zoom on the structure of the Working Electrode (b) Chip dimension

comparison and relative holder and connector (c) Zoom on the SD chip connector.

Swabbing of contaminated surfaces

Surfaces were swabbed using a dry cotton swab over a ~20 x 20 cm area (400 cm?) for ~1 min (to
ensure full loading of the swab). The head of the swab was then immersed in 500 uL of 10 mM sodium
phosphate solution at pH 7 in a Eppendorf tube, closed and sealed with parafilm and stored prior to
measurement. To undertake analysis, the Eppendorf tube was placed on a shaker for few seconds,
then an aliquot of 500 uL was removed and pipetted directly onto a chip mounted in the chip holder

and analyzed by CV.

https://doi.org/10.26434/chemrxiv-2024-3395| ORCID: https://orcid.org/0000-0002-7554-1536 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-3395l
https://orcid.org/0000-0002-7554-1536
https://creativecommons.org/licenses/by/4.0/

134

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

151

152

Results

Initial experiments for detection of ethidium bromide were undertaken using fabricated chips.
However, due to the smoothness of the gold electrode it was not possible to achieve an
electrochemical response despite previous reports in the literature [50]. Following a review, it was
theorized that a roughened gold surface with sufficient nucleation points was required for ethidium
bromide absorption thereby allowing electron transfer to occur. To this end, electrode modification
was undertaken initially using amperometry (E=-0.3 V, 80 s) in a solution of 400 ppm gold chloride in
sodium phosphate buffer at pH 3. Figure 3(a) shows a SEM image of a typical gold deposition,
exhibiting sharp “nanospike” structures at the edges of the electrodes. While this approach did
roughen the surface, the formation of these nanospikes was stochastic and formed gold overlaps
between the interdigitated electrodes resulting in short circuits with a consequent reduction in the
overall yield of devices. To address this, a chronopotentiometric method was developed and the
optimized protocol of applying 24 nA for 200 s resulted in a stable 0.4 um nanogold deposition on the
working electrodes. All six sensors on a chip were electroplated simultaneously by temporarily
electrically shorting them together. Figure 3(b) shows a typical SEM image obtained using the
chronopotentiometric method. It is evident from the image that the gold deposited uniformly across

the electrodes and no bridging between electrodes was observed.

B
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Fig. 3 SEM analysis of the working electrode interdigitated structure after the AuCl deposition. In (a) the amperometric over
deposition on the interdigitated structure and the Imperfect depositions as the over deposition on the counterpart of the
interdigitated working electrode. On the upper right the SEM of the deposition using chronopotentiometry in which the
surface is deposited in a more coherent way and without the overdeposition in the other comb of interdigitated electrodes.

In the lower images we can observe the AFM profiles of the rod deposited via chronopotentiometric protocol.

Electrochemical characterization was undertaken before and after electrode modification. Figure 4(a)
shows typical CVs for both unmodified and modified electrodes. The bare gold electrodes exhibited
quasi steady state behavior (black data) with a diffusion limited peak profile and increased hysteresis
when compared to single microband electrodes. The nanogold modified electrode exhibited a higher
peak current attributed to the increased surface area of the electrode when compared to the
unmodified electrode. An increase in hysteresis was also observed. This diffusive limited behavior
arose from analyte diffusion profiles at each band, in the IDE, overlapping resulting in the IDE behaving
as a larger electrode. Figure 4 (a) and (b) shows typical CV from a modified and unmodified electrode
undertaken at different scan rates. The near overlap of peak currents is indicative of semi-steady state
behavior as occurs at low scan rates of these ultra-microelectrodes. The measure peak currents
presented in Figure 4(b) following deposition of gold deposition show a significant increase when
compared to the unmodified electrodes. This may be attributed to the increased surface area of the

modified electrodes as agrees with previous report [51].
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Fig.4 CV profiles of the WE using Ferrocine before (left) and after (right) the chropotentiometric deposition and the AuCl

enriched WE after the detection of 256 nM of Ethidium Bromide.

We initially investigated the use CV as the electroanalytical method of choice for EtBr in the voltage
range of -00.6 to 0.6 at 100 mV/s. However, no well defined peaks were observed. To this end, square

wave voltammetry 22 mV/s and 10 mV amplitude was employed. The use of a platinum on-chip
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reference electrode, over commercial Ag/AgCl reference electrodes, was preferred as it is solid-state
and removed the need for any additional electrodes.[52]. Figure 5 (a) shows typical SWV obtained for
different concentrations of EtBR. Well defined peaks, proportional to EtBr concentration, were
observed at ~0.5v. Figure 5(a) shows a calibration curve plotted using the SWV peak currents
presented in figure 5(b). Three different sensors were used for each concentration and, although tiny,
the error bars are included in the data. Each data point represents the mean of three replicates and
the error bars represent one standard deviation. The calibration curve resulted in a R? of 0.99 with a
sensitivity (slope) of 1.5 pA/pM The theoretical LOD was calculated as 12 nM using the equation

3xSD/slope which is significantly lower than the reported literature [18].
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Fig.5 (a) Calibration curve for the different concentrations of EtBr (nM), with an LOD of 12 nM, (b) SWV profiles of the

different concentration of [Ethidium bromide]

The SWV in figure 5 (a) exhibited a higher background current (possibly capacitive) after the EtBr
oxidation event. This suggests that the redox process was influencing / modifying the electrode in
some manner possibly by electrodepositing at an electrode surface. This is known to happen at
commercial macroscale glassy carbon electrodes; that are typically polished between measurements
to remove any bound material. To understand if this was the case with gold electrode, we undertook

further AFM analysis.

Figure 6 shows AFM images of a portion of a gold electrode prior to (left), and, after (right) EtBr
detection. As can be seen, there is no clear difference in the two profiles heights but there is other

than a slight reduction in the root means square roughness of the electrode, suggesting that if a
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203 passivation layer is present then it is extremely thin and that the as the heights didn’t change the

204  deposited gold did not delaminate from the electrode surface.

214.9 nm 255w g 205.5 nm

-188.6 nm -214.4 nm

205 L ' -
206

207  Fig.6 (A + C) AFM profile of a session of working electrode after the chronopotentiometric deposition, (B + D) profile

208  comparison between undeposited (blue) and deposited working electrode’s rode.

209 To confirm the presence of a passivation layer and elucidate changes in electrode behavior, CV and
210 electrochemical impedance spectroscopy was undertaken at electrodes both pre and post EtBr
211 detectionin 5 mM FCA. The CV data presented in Figure 7(a) exhibited a significant decrease in current
212 falling from ~12 nA to ~0.5nA following EtBr analysis. The observed hysteresis arises from capacitive
213  charging of the electrode [44]. These results strongly suggest that a passivation layer is present. This
214  isfurther supported by the EIS data presented in Figure 7(b) where the charge transfer resistance was
215 observed to increase from ~100 kQ for pre-ETtBR detection to 60 MQ for post EtBr detection, which
216 s clearly indicative of the presence of a passivation layer coating the electrode. It was observed that
217 this passivation layer could not be removed by potentiodynamically cleaning approaches, indicating

218 that the sensors are single use only.
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Fig. 7 Impedence profile of the sensor using Ferrocine 1 uM in PBS in different condition of deposition: after the Gold
deposition using the previously described Chronopotentiometric protocol and after the detection of 256 nM of Ethidium
Bromide; fig. A Use the CV using the previously protocol for Ferrocine deposition, fig. B is an impedence profile with the the

circuit deduct using the potentiostat ANOVA software

To explore the applicability of the electrodes for EtBr detection, swabs were taken from different
locations of a microbiology laboratory which regularly uses EtBr, a fluorescent label for nucleic acid
detection. Three locations were selected where the potential for detecting EtBr was zero, low, and
high, mainly: the post electrophoresis gel tray, the TAE (Tris-acetate-EDTA) buffer tray and the gel
preparation fume hood and analyzed as described in the experimental section. Representative CVs
with an image of the swabbed area are presented in Figure 8. As expected, zero or very low
concentrations of EtBr were measured for the swabs taken from outside the fume hood. A significant
concentration was measured for swabs taken inside the fume cupboard corresponding to ~250 nM of
EtBr. This means that significant concentrations of EtBr remain on these surfaces despite UV and
cleaning protocols. These results are important as they can inform the preparation of occupational

risk assessments highlighting contaminated areas within a laboratory.

We field-tested the sensor on three different surfaces of a biotechnology lab with a long history of
using EtBr for electrophoresis related activity. The first sample is the surface of the fume hood, used
specifically to prepare agarose gels with EtBr, thus it has a high risk of contamination being an area of
intense activity in which the solution is used in its stock concentration. The second sample is the basin
of exhausted gel, a surface which presents a moderate risk of contamination due to the leaks from the
melting gel but mitigated by the UV exposure applied to the gels themselves. The last reading is an

electrophoretic gel basin before use and therefore well cleaned a couple of days before.
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Fig. 8 Images from the surfaces of the laboratory, which samples has been took and their relative risk of contamination due

to different level of exposition and cleaning frequency. In (d) the graph with the curve together

Due to the limit of the SEM we also check the structure changes in the working electrodes before and
after the exposure to Ethidium bromide, the data collected suggested a slightly decrease in roughness
and volume relatable to the electrical current activity rather than a corrosion operated by the Solution

or due to a potential binding between the component of the Ethidium Bromide and the surface. (Fig.8)

Conclusion

EtBr is commonly used in molecular biology labs and poses a risk to healthy and safety due to its
potential mutagenic properties. In this paper we explored the possibility to develop an
electrochemical sensor tailored for the reality of busy molecular biology labs in which the risk of spills

related to the EtBr can still be considered a threat.

Using IDF electrochemical technology it has been proved possible to detect EtBr from an microbiology
lab surface with a sensibility lower than the strict 12 nM concentration as required by the European
law[27], the LoD of 12 nM represent also at the moment an important milestone to the use of EtBr as
electrochemical probe for PCR-free procedures that usually operate between 10° and 10® nM of

nucleic acids.
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Further development will also focus on the ability to reuse the working electrode and improve the

sensibility of the chip.
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