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cement of low cost double-
stranded DNA binding dye based fluorescence
measurement of total bacterial load in water†

Jiwon Choi,a Beelee Chua *b and Ahjeong Son *a

We demonstrated the feasibility of using ozonation to enhance the performance of dsDNA binding dye

SYBR Green I in the fluorescence measurement of total bacterial load in water. Unlike its membrane

permeable but expensive equivalent such as SYTO82 dye, SYBR Green I is many times cheaper but

membrane impermeable. Ozonation allowed SYBR Green I dye to permeate the membrane and bind

with the dsDNA within by first breaching it. Using E. coli K12 bacteria at serial dilution ratios from 1/1

(980 CFU mL�1) to 1/200, we achieved corresponding quantification from 618.7 � 9.4 to 68.0 � 1.9 RFU

(100 to 11.00% normalized RFU). In comparison, plate counting and optical density measurement were

only able to quantify up till a serial dilution ratio of 1/50 (40 CFU mL�1 and 0.0421, respectively). Most

importantly with ozonation, the sensitivity of SYBR Green I dye based fluorescence measurement was

improved by �140 to 210% as compared to that without ozonation. Given its low electrical power

consumption, lab-on-chip compatibility and reagent-less nature, ozonation is highly compatible with

portable fluorimeters to realize low-cost monitoring of total bacterial load in water.
1. Introduction

Since the rst microscopic observation of bacteria in 1676 by
the Dutch scientist Antonie van Leeuwenhoek, methods for
bacterial observation and detection have evolved signicantly.
Among the conventional and well-known methods are microscopy,
plate counting, optical density measurement, and quantitative poly-
merase chain reaction (qPCR).1–5 As of today, some of thesemethods
are still largely revered as the gold standard for bacterial detection
and quantication. In the last couple of decades, parallel advances in
biosensors have also seek to supplant these gold standard methods
with equivalent performance at lower cost and hence better
community accessibility. These biosensors employ synthesized
nanomaterials (such as DNA–quantumdot complexes or aptamer) to
capture the target bacterial gene.6–8 They also occasionally require
additional reagents (such as glucose oxidase).9,10 Quantitative detec-
tion is achieved via a variety of methods such as colorimetry,11–13

uorescence measurement14–16 or electrochemical means (coulom-
etry and amperometry).17–19 These biosensors are also oen target
selective and are useful for distinguishing pathogenic strains from
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non-pathogenic strains. Leveraging on the advances in micro-
uidics,20–24 these biosensors also promise unprecedented commu-
nity access to sensitive and selective bacterial detection. In other
words, bacterial outbreaks should have belonged to history.

Interestingly, bacterial outbreaks are still no less common
today. For example in 2020, E. coli and salmonella outbreaks via
clover sprouts and onions affected multiple states in the United
States.25 In the same year, over 200 kindergarten teachers and
students in Korea were involved in the E. coli food poisoning
incident.26 This insuinates that the advances in bacterial
detection technologies have not been translated into tangible
benets in the community. Further rumination will suggest a re-
visit of the bacterial detection technologies paradigm and its
translation to community protection. The preponderance of plat-
itudes on the need for high selectivity and hence nanomaterial
synthesis might have even ironically de-railed the translational
efforts. Perhaps all we need is a veritable easy and rapid screening
method that quanties total bacterial load, in particular Gram
negative bacteria such as Escherichia coli and Salmonella, to avert
an outbreak. For example, upon the rapid detection of a threshold
bacterial load in a sample, health advisory can be issued imme-
diately while the sample is further analyzed with other methods.
Also note that existing adenosine triphosphate (ATP) based testing
meters are not able to detect Gram negative bacteria effectively.27

A cogent approach would be to leverage on three decades of
development in intercalating uorescence dye based epi-
uorescence microscopy and ow cytometry for total bacte-
rial, viral as well as protozoans load detection and
enumeration.28–32 In this study, we will attempt to contribute
RSC Adv., 2021, 11, 3931–3941 | 3931
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to the cost effectiveness, sensitivity and portability of existing
techniques by employing ozonation to enhance cell
membrane permeability. In this way, low cost dsDNA (double
stranded DNA) binding dyes such as SYBR Green I could be
employed with improved sensitivity. Note that SYBR Green I
dye is seven fold less costly than its membrane permeable
equivalent such as SYTO82 dye.33

Ozonation was selected as the preferred method of breach-
ing the cell membrane because it is reagent-less, lab-on-chip
integrable and has low electrical power consumption.34,35

There are other cell membrane breaching methods such as the
use of ethanol, salts, enzymes, sonication, strong lasers and
atomization.36–40 Unfortunately they will either need reagent
reservoirs, high electrical power or transportation of the sample
beyond the vial. Therefore they are less ideal than ozonation for the
eventual integration with uorescence measurement based
portable analyzers.41–43 However ozone is also known to damage
dsDNA such as inducing dsDNA backbone cleavages via hydroxyl
radicals production.44 Note that SYBR Green I dye binds with the
dsDNA via minor groove binding, electrostatic interactions and
intercalation.45,46 Ozonation induced damage could compromise
the binding of SYBRGreen I to the dsDNA. Therefore it is necessary
that we also demonstrate the feasibility and compatibility of
ozonation enhancement. In particular, it will be important to
shield the dsDNA from most of the extracellular ozonation by
terminating the ozonation prior to whole cell lysis.

In order to examine the feasibility and compatibility of
ozonation enhancement with SYBR Green I dye based uores-
cence measurement of total bacterial load in water, we used the
Gram negative Escherichia coli (E. coli) K12 as a target bacterium
at varying concentrations. As shown in Fig. 1a, this method
employed in this study consists of three steps. Step 1: ozonation
of sample. Step 2: addition of a low cost dsDNA binding uo-
rescence dye (SYBR Green I). Step 3: uorescence measurement.
As shown in Fig. 1b, the ozonation rst breaches the bacterial
cell wall membrane. This enables the SYBR Green I dye to enter
the cytosol and binds with the dsDNA. In this way, the total
uorescence is indicative of the total bacterial load.

Using different ozonation duration, the output of the ozon-
ation device was rst characterized using an ozone meter. Since
ozonation would breach the cell wall membrane and inactivate
the cell, the effectiveness of the ozonation device was rst
investigated via plate counting. Its effectiveness on a given sample
was inversely proportional to the number of colony forming units
(CFU). Aer the addition of the SYBRGreen I dye into the ozonated
sample, the opportune amount of ozonation and entry of the SYBR
Green I dye into the cytosol and its subsequent binding with the
dsDNA was also veried via confocal microscopy. The results were
compared with non-ozonated sample. The detection range of
ozonation enhanced SYBR Green I dye based uorescence
measurement was examined at 8 different concentrations (corre-
sponds to �0 to 1000 CFU mL�1). The improvement to the uo-
rescence measurement sensitivity as a result of ozonation was also
examined. In order to highlight its efficacy, its results were also
compared with that of plate counting as well as optical density
measurement (another rapid screening method).
3932 | RSC Adv., 2021, 11, 3931–3941
2. Materials and methods
2.1 Design and operation of the electrical discharge apparatus

As shown in Fig. 2a, the custom assembled ozonation device primarily
consisted of an ionizer, a high voltage DC–DC converter and an air
pump. Both high voltage DC–DC converter (spark arc ignition coil
module, 3–6 VDC input, > 10 kVDC output, cost � USD 2) and air
pump (JQB032-3A, 3 VDC, TCSElectrical Co. Ltd, China, cost� USD3)
are available commercially. The ionizer is constructed using a hollow
brass cylinder (length ¼ 40 mm, ID ¼ 6.5 mm) and a stainless steel
hypodermic needle (length ¼ 15 mm, OD ¼ 0.7 mm). The stainless
steel hypodermic needle functions as the pin cathode and the hollow
brass cylinder functions as a the cylinder anode. The inter-electrode
spacing is �3 mm. They are connected to the negative and positive
polarity output of high voltageDC–DCconverter respectively. A silicone
tubing (HelixMark Medical LLC, USA, OD ¼ 2.5 mm, ID ¼ 1.5 mm)
channels the air from the air pump into the ionizer. The ozone-laden
air from the ionizer exits via the acrylic conduit (ID ¼ 2 mm). The
overall dimensions of thedevice is 20� 35� 160mm. It is poweredby
two AA size batteries. Fig. 2b shows the photo of the actual device.

Prior to operation, the end of the acrylic conduit is rst submerged
into the sample. The battery switch is turned on and it simultaneously
powered the high voltage DC–DC converter and the air pump. As
a result, a high voltage is stressedbetween thepin cathode and cylinder
anode.This createdapartial electrical discharge (coronadischarge) and
an electrical plasma that is conned to the tip of the pin cathode.
Ozone is generated within the electrical plasma and is driven through
the acrylic conduit by the air pump. As the ozone bubbled into the
sample, it breached the cell wall membrane of the bacteria by either
directmolecular ozone reactionor via the formationofhydroxyl radical.
Both ozone and hydroxyl radical are high reactive and capable of
causing damage to the outer layer of protein surrounding nucleic acid
and the fatty aciddouble layer. This allows theuorescencedye to enter
into the cell and binds with the dsDNA within.
2.2 Characterization of custom assembled ozonation device

As shown in Fig. 2c, the ow rate of the custom assembled ozonation
device was rst characterized via amass owmeter (Model 4043, TSI
Inc, MN, USA) at an operation voltage of�2.5 V (400mA). The ozone
production rate was also characterized by connecting the acrylic
conduit to one end of a test cylinder (length¼ 40mm, ID¼ 12mm).
The other end of the test cylinder was connected to an ozone meter
(Model A-22, EcoSensors, NM, USA). An exhaust orice (diameter¼ 2
mm) facilitated the displacement of the air within the test cylinder by
the output from the ozonation device (Fig. 2d). Themeasurements by
the ozone meter were recorded over an interval of 10 min and were
repeated three times. As shown in Fig. 2e, the ozonation production
rate could be estimated by assuming instantaneous mixing of ozone
in the test cylinder. This means at a given instance, the ozone
concentration detected by the ozone sensor (Csensor) is given by:

DCsensor ¼ DVdevice � Cdevice

Vtest

(1)

where Cdevice and Vdevice is the ozone concentration and volume
of the air exiting the ozonation device, respectively. Vtest is the
volume of the test cylinder.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ozonation enhanced dsDNA binding dye based fluorescencemeasurement of total bacterial load (a) step-by-step procedure (b) principle
of operation.
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Therefore, the rate of change of ozone concentration detec-
ted by the ozone meter is given by:

DCsensor

Dt
¼

DVdevice

Dt
� Cdevice

Vtest

(2a)

Since ozone concentration Cdevice is in turn given by the
ozone mass per unit volume or Dmdevice/DVdevice, we can re-write
eqn (2a) as follows:
© 2021 The Author(s). Published by the Royal Society of Chemistry
DCsensor

Dt
¼

DVdevice

Dt
� Dmdevice

DVdevice

Vtest

(2b)

Re-arranging eqn (2b) gives us the ozone production rate
Dmdevice/Dt in terms of the rate of ozone concentration change
with respect to time as measured by the ozone meter.

Dmdevice

Dt
¼ DCsensor

Dt
� Vtest (3)
RSC Adv., 2021, 11, 3931–3941 | 3933
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Fig. 2 Custom assembled ozonation device (a) schematic (b) photo. Experimental setup for (c) mass flow (d) ozonemeasurement. (e) calculation
model for ozone production rate.
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2.3 Target bacteria culture

E. coli K12 in stationary state with OD600 � 1.5 and � 0.2 were
cultured prior to the respective experiments. Difco™ LB Broth,
Miller (Luria-Bertani, BD Biosciences, San Jose, CA, USA) was used
to culture E. coliK12. As permanufacturer's recommendation, 15 g
of LB broth was mixed with 500 mL of distilled water. The media
and glassware were autoclaved (Biofree, Seoul, Korea) for 1 h at
120 �C. E. coli K12 was added to the sterilized media at a ratio of
100 to 1 prior to culturing in a shaking incubator (Wise Cube,
Daihan Scientic, Gangwondo, Korea) for 24 h at 37 �C.
3934 | RSC Adv., 2021, 11, 3931–3941
2.4 Effects of different ozonation duration

The effects of different ozonation duration on the bacterial cell
viability (hence membrane integrity) were characterized via plate
counting method. The E. coli K12 culture (OD600 � 1.5) was rst
serially diluted with PBS buffer (0.1 M, pH 7.4). The experiment was
conducted with the E. coli K12 culture at 10�6 serial dilution. TwomL
of eachdiluted bacterial culturewas added to a 15mL falcon tube and
it was subject to ozonation by the custom assembled device for 1, 2, 5,
and 10min. Aer ozonation, 100 mL of each sample was plated on LB
agar plate. The acrylic conduit of the custom assembled ozonation
© 2021 The Author(s). Published by the Royal Society of Chemistry
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device was rinsedwith autoclaved deionized water aer each use. The
agar plateswere incubated in anoven at 37 �C for 24h. Eachplatewas
subsequently divided into 4 parts to facilitate counting.

2.5 Confocal microscope visualization

Confocal microscopy was employed to visualize the bacterial cell
wall membrane breach by the opportune amount of ozonation as
well as the subsequent entry and dsDNA binding by SYBR Green I
dye. The visualization was conducted with E. coli K12 culture
(OD600� 1.5) at 10�6 serial dilution. It was washed twice using PBS
buffer (0.1 M, pH 7.4) prior to 10 min of ozonation. Both ozonated
and non-ozonated samples were then observed by confocal
microscope (Super Resolution Confocal Microscope, Leica Micro-
systems, Wetzlar, Germany). At 100� magnication, the scan
speed was 400 Hz and the immersion medium was HCS PL APO
100�/1.40 oil. At 20� magnication, the scan speed was 400 Hz
and the immersion medium was HC PL APO CS2 20x/0.75 water.

2.6 Quantication using ozonation enhanced SYBR Green I dye

As mentioned earlier, SYBR Green I nucleic acid gel stain (SYBR
Green, Invitrogen, Eugene, OR, USA) was employed as the DNA
intercalating dye. SYBR Green I (10 000�) was diluted to 10� with
Tris–HCl buffer (0.02 M of Tris-base, pH 8.0, Sigma-Aldrich, Saint
Louis, MO, USA) containing 0.005% of sodium dodecyl sulfate (CAS
151-21-3, Sigma-Aldrich). The experiment was performed using
serially diluted E. coliK12 culture (1/1, 1/2, 1/5, 1/10, 1/20, 1/50, 1/100,
and 1/200) of stationary growth state (OD600� 0.2). Each sample was
washed twice using PBSbuffer (0.1M, pH7.4) and resuspended in 50
mL PBS buffer. Subsequently each sample was ozonated for 10 min.
The ozonated sample (50 mL) and SYBRGreen I dye 10� (50 mL) were
mixed at ambient temperature and transferred into 96well plate. The
uorescence of sample wasmeasured three times byM2 Spectramax
spectrouorometer (Molecular Devices LLC, San Jose, CA, USA) at lex
¼ 254 nm and lem ¼ 525 nm. The emission spectra from 450 to
700 nm at lex ¼ 254 nm was also measured. The serially diluted
culture was also subjected to plate counting and optical density
measurement (at 600 nm) for comparison.

3. Results and discussion
3.1 Characterization of custom assembled ozonation device

As shown in Fig. 3a, the ozone sensor detected a rapid increase of
ozone to 1.406 � 0.145 ppm in 3 min. This is followed by a more
gradual increase to 1.904� 0.096 ppm at 5min and nally to 2.290
� 0.087 ppm at 10 min. In order to facilitate the estimation of the
ozone production rate in accordance to eqn (3), the rate of change
in ozone concentration with respect to time as measured by the
ozone sensor is given by the gradient of the regression line as 0.221
ppmmin�1. The test volume Vtest is � 4.52� 10�3 L. Since 1 ppm
of ozone is equivalent to 2140 mg L�1 in air, the ozone production
rate of the custom assembled ozonation device is estimated to be
�2.14 mg min�1 or 128 mg h�1 (at a ow rate of 0.6 L min�1).

3.2 Effects of different ozonation duration

As expected, the increment in ozonation duration corresponded
to a decrement in viable E. coli K12 bacteria (Fig. 3b and c). The
© 2021 The Author(s). Published by the Royal Society of Chemistry
ozonation durations of 0, 1, 2, 5, and 10 min corresponded to
a plate count of 607 � 129, 513 � 31, 337 � 92, 157 � 90, and 70
� 35 CFU mL�1 respectively (10�6 dilution). Specically an
ozonation duration of 10 min resulted in �90% reduction in
viability. In other words, the cell membrane of �90% of the
bacteria was breached and ready for SYBR Green I dye to enter.
Therefore an ozonation duration of 10 min was selected as
a nominal setting for subsequent experiments.

3.3 Confocal microscope visualization

As shown Fig. 4a and b, the SYBR Green I dye penetrated the
bacterial cells and bind with the dsDNA within. In addition, the
SYBR Green I dye penetrated a larger number of ozonated bacterial
cells (Fig. 4d) as compared to non-ozonated ones (Fig. 4c). In
particular, the ozonated sample had a uorescent intensity of 6.63
mm�2, whereas that of non-ozonated sample was 2.06 mm�2. The
ratio of the number of uorescent bacteria cells per total bacterial
cells in the xed area was 79.3 � 10.1% and 49.5 � 14.4% for
ozonated andnon-ozonated samples, respectively (Fig. 4e). Note that
the penetration of SYBR Green I dye into non-ozonated bacterial
cells were higher than expected. This could be attributed to the
fragility of laboratory cultured bacteria. Nevertheless, the results
from both ozonated and non-ozonated samples are signicantly
different (t-test, P-value¼ 0.00099). More importantly, the ozonated
bacterial cells were intact aer ozonation. This suggests that it is
possible that the dsDNA within was conceivably shielded from the
extracellular ozonation and the damage was minimized.

3.4 Quantication of E. coli K12 bacteria using ozonation
enhanced SYBR Green I dye

The emission spectra of SYBR Green I dye in ozonated samples
at different serial dilution ratios is shown in Fig. 5a. At the
emission wavelength of 525 nm, the uorescence decreased as
the sample became more diluted. For serial dilution ratios of 1/
1, 1/2, 1/5, 1/10, 1/20, 1/50, 1/100 and 1/200, the uorescence
measurements (10 min ozonation) yielded �618.8 � 9.4, 446.5
� 23.1, 281.2 � 4.9, 181.7 � 5.0, 128.3 � 4.3, 88.4 � 1.1, 75.4 �
5.0 and 68.0� 1.9 RFU at lem ¼ 525 nm. In order to gain further
insight of the results' signicance, the relation between serial
dilution ratios, quantity of bacteria via plate counting, and
optical density measurement is presented in Fig. 5b and Table
1. For serial dilution ratios of 1/1, 1/2, 1/5, 1/10, 1/20, 1/50, 1/100
and 1/200, plate counting yielded 980, 500, 230, 110, 40, 10,
0 and 0 CFU mL�1, whereas optical density measurement yiel-
ded 0.2062, 0.1248, 0.0741, 0.0563, 0.0475, 0.0421, 0.0502 and
0.0382. Note that even though plate counting and optical
density measurement were not performed in triplicate, they
correlated very well (y ¼ 81.34 + 0.40x, R2 ¼ 0.99).

As shown in Fig. 5c, the proposed method (ozonation 10
min) was able to quantify E. coli K12 bacteria over a concentra-
tion range of 0 to 980 CFU mL�1 (y ¼ 102.77 + 0.57x, R2 ¼ 0.96).
Interestingly, the uorescence of the non-ozonated samples
appeared to be also indicative of the E. coli K12 bacterial concen-
tration. This is consistent with the confocal microscopy observa-
tion in Fig. 4a and e where the bacterial membrane was already
breached prior to ozonation. As mentioned earlier, this was
RSC Adv., 2021, 11, 3931–3941 | 3935
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Fig. 3 (a) Ozone concentration (ppm) versus time elapsed (min) for ozonation device. (b) Viability of E. coli K12 (CFU mL�1) versus ozonation
duration (min). (c) Photos of plate counting with different ozonation duration.
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expected because the bacteria was laboratory cultured and tended
to be more fragile than its environmental counterparts. Therefore,
the results with non-ozonated samples do not invalidate the
improvement of sensitivity acquired as a result of ozonation.

In order to further appreciate the improvement of sensitivity by
ozonation, the uorescence measurement is rst background sub-
tracted and then divided by the respective bacterial quanitity in CFU
mL�1. This gives the sensitivity of the SYBRGreen I baseduorescence
measurement in terms of RFU/CFU mL�1 as shown in Fig. 5d. It is
apparent that with ozonation, the sensitivity of the uorescence
measurement was improved for the entire range of bacterial quantity
from 0 to 980 CFU mL�1. The improvement by ozonation is further
elucidated by examining the ratio of ozonated to non-ozonated
sample. As shown in Fig. 5e, for bacterial quantity of 10 CFU mL�1,
3936 | RSC Adv., 2021, 11, 3931–3941
ozonation enhancement was at 213% (sensitivity improved by 113%).
As expected, this enhancement decreased as the bacterial quantity
increased. Nonetheless for bacterial quantity of 980 CFU mL�1, the
ozonation enhancement was at 140% (sensitivity improved by 40%).
3.5 Comparison of ozonation enhanced SYBR Green I dye
based uorescence measurement with plate counting and
optical density measurement

As shown in Fig. 6a to c, the quantication results of plate
counting, optical density measurement and SYBR Green I dye
based uorescence measurement were plotted in accordance to
the serial dilution ratios. Plate counting was able to quantify E. coli
K12 bacteria from serial dilution ratios of 1/1 to 1/100 (980 to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Confocal microscope images of SYBR Green I dye penetration of bacterial cell with ozonation duration of (a) 0 min. (b) 10 min. (c)
Confocal microscope images showing SYBR Green I dye within the bacterial cells. (d) Close-up image. (e) Percentage of bacterial cells with SYBR
Green I dye observed with confocal microscope (%).
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0 CFU mL�1, Fig. 6a). Similarly, optical density measurement was
able to quantify at serial dilution ratios from 1/1 to 1/50 (corre-
sponding absorbance from 0.2062 to 0.0421, Fig. 6b). However at
serial dilution ratio of 1/100, the absorbance instead increased to
© 2021 The Author(s). Published by the Royal Society of Chemistry
0.0502. On the other hand, the ozonation enhanced SYBR Green I
dye based uorescence measurement was able to quantify E. coli
K12 bacteria for the entire range of serial dilution ratios from 1/1 to
1/200 (618 � 9.4 to 68.0 � 1.9 RFU, Fig. 6c).
RSC Adv., 2021, 11, 3931–3941 | 3937
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Fig. 5 (a) Emission spectra of SYBR Green I dye at different serial dilution ratios of E. coli K12 bacteria. (b) Relation between optical density
measurement (OD600) and plate counting (CFUmL�1). (c) Quantification of E. coli K12 bacteria by SYBR Green I dye. (d) Sensitivity of SYBRGreen I
dye based fluorescence measurement with and without ozonation enhancement. (e) Ozonation enhancement of SYBR Green I dye based
fluorescence measurement of E. coli K12 bacteria (%).
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In order to facilitate a more intuitive comparison between
these three methods, the respective quantication units are
normalized as shown in Fig. 6d and Table 2. The normalized
quantication of plate counting and optical density measure-
ment ranged from 100 to 1.02% and 100 to 20.42% respectively
3938 | RSC Adv., 2021, 11, 3931–3941
for serial dilution ratios from 1/1 to 1/50. The normalized
quantication of ozonation enhanced SYBR Green I dye ranged
from 100 to 11.00% for serial dilution ratios from 1/1 to 1/200.
In other words, the ozonation enhanced SYBR Green I dye was
able to quantify more diluted samples than plate counting and
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Quantification results from plate counting, optical density measurement and ozonation enhanced SYBRGreen I dye based fluorescence
measurement for different serial dilution ratios

Serial dilution
ratio

Plate counting
(CFU mL�1)

Optical density
measurement (OD600)

SYBR Green I dye uorescence,
ozonation 10 min (RFU)

1/1 980 0.2062 618.7 � 9.4
1/2 500 0.1248 446.5 � 23.2
1/5 230 0.0741 281.2 � 4.9
1/10 110 0.0563 181.7 � 5.0
1/20 40 0.0475 128.3 � 4.3
1/50 10 0.0421 88.4 � 1.1
1/100 0 0.0502 75.4 � 5.0
1/200 0 0.0382 68.0 � 1.9
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optical density measurement. More importantly, it demon-
strated the feasibility and compatibility of ozonation as a means
of enhancing the performance of low cost dsDNA binding dye in
uorescence measurement.
Fig. 6 (a) Quantification of E. coli K12 bacteria via plate counting method
measurement (OD600). (c) Quantification of E. coli K12 bacteria (ozonated
K12 bacteria (ozonated 10 min) by SYBR Green I dye (DRFU 525 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
3.6 Potential, limitations and future work

In contrary to the prevalent suggestion that ozonation is
incompatible with dsDNA–dye binding based bacterial
(CFU mL�1). (b) Quantification of E. coli K12 bacteria by optical density
0 min) by SYBR Green I dye (DRFU 525 nm). (d) Quantification of E. coli
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Table 2 Normalized quantification results from plate counting, optical density measurement and ozonation enhanced SYBR Green I dye based
fluorescence measurement for different serial dilution ratios

Serial dilution
ratio

Serial dilution
ratio (decimal)

Normalized plate
counting (%)

Normalized optical
density measurement (%)

Normalized SYBR Green
I dye uorescence,
ozonation 10 min (%)

1/1 1 100 100 100
1/2 0.5 51.02 60.52 72.16
1/5 0.2 23.47 35.94 45.46
1/10 0.1 11.22 27.30 29.37
1/20 0.05 4.08 23.04 20.75
1/50 0.02 1.02 20.42 14.28
1/100 0.01 0 24.35 12.19
1/200 0.005 0 18.53 11.00
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monitoring methods, we have shown that it is possible to
employ ozonation and still yield a signicant increase in uo-
rescence measurement. As mentioned earlier, the increase in
uorescence measurement ranged from 40 to over 100% more
than that without ozonation. This means the dsDNA damage
due to ozonation did not critically undermine the method via
the impediment of SYBR Green I dye binding to the dsDNA. It is
important to note that the ozonation was extracellular and the
dsDNA within should be mostly shielded by the bacterial cell
membrane. Subsequently the SYBR Green I dye would enter via
the breach to bind with the dsDNA within. This was evident
from the uorescence within whole cells as shown in Fig. 4a to
d. This also suggested that the extracellular (in solution) and
intracellular (within the breached bacterial cell) concentration
of SYBR Green I dye should be different and it would have
implication on the dominant binding mode (either minor
groove binding or intercalation). Therefore in the future work, it
will be useful to elucidate the amount of intracellular ozone
penetration and hence the potential damage to dsDNA within. It
will also be useful to determine the intracellular dye to base pair
ratio and establish the dominant binding mode.

As mentioned earlier, the other portable total bacterial
monitoring device commonly used by food safety professionals
is the adenosine triphosphate (ATP) based testing meter and it
is unable to detect Gram negative bacteria effectively.27 There-
fore the presented compatibility between ozonation and dsDNA
binding uorescence dye method will lay the foundation for
a low cost total bacterial monitoring device that can detect
Gram negative bacteria effectively.
4. Conclusion

We have demonstrated that the use of ozonation for 10 min
could signicantly improve the performance of the low cost
membrane impermeable dsDNA binding dye SYBR Green I in
the uorescence measurement of E. coli K12 bacteria. Ozona-
tion has been shown to increase the permeability of cell
membrane without effectively damaging the dsDNA and pre-
venting subsequent binding. The dye binding with dsDNA aer
ozonation was rst visually veried via confocal microscopy.
Subsequently we were able to quantify E. coli K12 bacteria
3940 | RSC Adv., 2021, 11, 3931–3941
samples at different serial dilution ratios ranging from 1/1 (980
CFU mL�1) down to 1/200 (0 CFU mL�1) with corresponding
uorescence of 618.7 � 9.4 and 68.0 � 1.9 RFU respectively. In
comparison, the quantication by both plate counting and
optical density measurement were only satisfactory down to
a serial dilution ratio of 1/100. Most importantly, ozonation was
able to increase the sensitivity of the uorescence measurement
by at least �140% (980 CFU mL�1) and as high as �210% (10
CFU mL�1). In other words, ozonation has enabled low cost
membrane impermeable dye based uorescence measurement
to outperform plate counting and optical density measurement.
Since ozonation is reagent-less, lab-on-chip compatible and has
low electrical power consumption, it is readily compatible with
existing portable uorimeters.
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