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This study aimed to evaluate the in vitro antimicrobial effect of exposing raw water intended for human
consumption to light (A= 450 nm) and to investigate the correlation between the results obtained and
physical and chemical parameters. Fifteen (15) samples of raw water were collected from households in
a rural area of Santo Anténio de Jesus — Bahia (Brazil), from November to December 2016. A 100 mL
aliquot of each sample was exposed to a lighting system consisting of two high intensity light emitting
diodes, with a wavelength of 450 nm and luminous flux of 200 lumens per 10 h. Quantifications of
heterotrophic bacteria, total coliforms and temperature started at time zero and were done every two
hours until the end of exposure to light. Bacteriological analysis was repeated after 72 h of being
exposed to light. pH, dissolved oxygen and salinity analyses were performed before each experiment.
After a 10h illumination at 450 nm light emitting diodes (LEDs), the dosage of light received by the water
samples was 581.8 Jlcm?. There was a significant reduction in the two bacteriological parameters
analyzed after treatment (p = 0.000). There was an average decrease in heterotrophic bacteria counts
from 3.44 to 1.86 log CFU/mL and total coliforms from 2.45 to 1.02 log CFU/mL. Mean reductions of
heterotrophic bacteria were 97.01% and total coliforms were 95.61%. After 72 h, both counts increased;
there was significant growth between heterotrophic bacteria (p = 0.000), but there was no significant
growth for total coliforms (p = 0.058). pH (p =-0.981, p = 0.000), dissolved oxygen (p = -0.529, p = 0.043)
and temperature (p = 0.521, p = 0.047) were related to the percentage reduction of heterotrophic
bacteria. The method is shown to be effective in disinfecting raw water in vitro under different physical
and chemical conditions.

Key words: Blue light emitting diode (LED), indicator microorganisms, potability standards, contaminated
water.
INTRODUCTION
Light has been used for decades as a bacterial inactivation tool in several areas. Sunlight is used for
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water disinfection because it has combined antimicrobial
action of ultraviolet A (UVA), is responsible for the
alteration of microorganisms’ DNA and infrared radiation
that causes water temperature to increase. However, with
low light intensity, the process is not effective (Boyle et
al., 2008; Mcguigan et al., 2012).

Artificially produced ultraviolet (UV) radiation is also
used for water treatment. Ultraviolet band C (UVC - 254
nm) is used as germicide. However, in sublethal doses,
microorganisms can recover their metabolic activity, in
addition to requiring a physical barrier to protect the
operator due to its carcinogenic potential (Wisbeck et al.,
2011; Di-Bernardo et al., 2017; Mbonimpa et al., 2018).

However, recently, with the introduction of new
technologies, researches evaluating the antimicrobial
effect of light emitting diode (LED) in visible light
spectrum and ultraviolet light spectrum have emerged
(Maclean et al.,, 2014). A LED is a compact electronic
device that emits light within a monochromatic wave-
length spectrum, when electric current passes through it.
The main advantage LED has over traditional devices is
its high durablility, with a life expectancy of approximately
30,000 h, and consumes low energy when producing a
high luminous flux. In the visible light spectrum, due to its
safety, it does not require additional protection of its
operator (Ghate et al., 2013; Yeh et al., 2015).

Recent studies using this apparatus demonstrate that
after the exposure of bacteria to violet or blue light at a
wavelength between 405-520 nm, they are inactivated.
The device can be potentially applied in food and clinical
microbiology, since it has the ability to inactivate
pathogenic bacteria, such as Staphylococcus aureus,
Streptococcus pyogenes, Bacillus cereus, Listeria
monocytogenes, Escherichia coli O157: H7, Salmonella
spp., Staphylococcus epidermidis, Methicillin-resistant
Staphylococcus aureus (MRSA), Acinetobacter
baumannii, Proteus vulgaris, Klebsiella pneumoniae
(Enwemeka et al., 2008; Maclean et al., 2009; Ghate et
al., 2013; Kumar et al.,, 2015). Its cytotoxic action is
widely documented and is characterized from the
formation of reactive oxygen species (Guffey and
Wilborn, 2006; Luksiene and Zukauskas, 2009). Bacteria,
such as Salmonella spp., S. aureus, Escherichia coli, and
Bacillus cereus are amongst the predominant species
identified as etiological agents responsible for outbreaks
of foodborne diseases in Brazil, from 2007 to 2016.
These microorganisms account for 77.8% of all outbreaks
in that time interval in which the etiological agent was
identified (Brazil, 2016).

Considering the possibility of bacterial inactivation after
exposure to visible light at monochromatic wavelengths,
the efficiency of this system against pathogenic bacteria
causing foodborne diseases and the lack of researches
on the use of this device for treatment of water meant for
human consumption, this study aims to evaluate the in
vitro antimicrobial effect of exposing raw water intended
for human consumption to light at 450 nm and also to

investigate the relationship of the results with physical
and chemical parameters.

MATERIALS AND METHODS
Samples

Raw water samples were collected from 15 households located in a
rural area of Santo Anténio de Jesus — Bahia (Brazil), from
November to December 2016. 500 mL of water was collected and
stored in polyethylene bottles used for the first time. Samples were
labeled and stored in thermal boxes, and kept at refrigeration
temperature (+2 to + 8°C). They were transported to the Laboratory
of Microbiology and Parasitology of the Center of Food and
Nutrition Security (SANUTRI) of Health Science Center (CCS),
Federal University of Recdncavo of Bahia (UFRB), where they were
kept in the refrigerator for 12 h.

Characterization of the light emitting diodes system

The lighting system consists of two high-intensity LEDs, each of 10
W, with a wavelength of 450 nm (blue) and luminous flux of 200
lumens. The LED was put on a heat dissipating plate in order to
minimize heat transfer from the LED to the samples. It involved
using an acrylic plate to isolate the samples from the environment.
The entire system was overlaid with an autoclaved glass vat. This
way, the LED was positioned directly above each sample (Ghate et
al., 2013; Kumar et al., 2015) (Figure 1).

Experimental arrangement

A 100 mL aliquot of the refrigerated sample was transferred to the
glass vat. The LED system was put on the vat, switched on and
transferred to the refrigerator. It was kept under this condition for 10
h. Bacteriological analysis started at time zero and was performed
every two h for 10 h. After 10 h, the samples were stored in
polyethylene bottles used for the first time under the same
temperature conditions, but they were protected from light. After 72
h, a new analysis was performed. Consequently, there were seven
analyses done for each sample. A control sample was maintained
under the same refrigeration conditions, but it was not exposed to
the LED light. Bacteriological analysis in the control sample was
performed at the beginning of the experiment and after 72 h (Ghate
et al., 2013; Kumar et al., 2015). The dosage of light received by
each water sample was calculated using the equation:

E=PXT

Where, E = Dose in J/cm?; P = Irradiance in W/cm?; and t = time in
seconds (Ghate et al., 2013).

Two indicator microorganisms present in Ordinance MS
2914/2011 (Brazil, 2011) were used for bacteriological analysis.
Quantification of heterotrophic bacteria was used to identify flaws in
water disinfection and quantification of total coliforms, to evaluate
the efficiency of the treatment (Brazil, 2011). Heterotrophic bacteria
and total coliforms populations were estimated by the methods of
Petrifilm Aqua Heterotrophic Count Plate (AQHC, 3M Company ™)
and Petrifilm Aqua Coliform Count Plate (AQCC, 3M Company ™),
respectively. 1 mL of the sample was diluted in 9 mL of 0.9% NacCl
solution. 1 mL of the dilution was inoculated into each Petrifilm
plate. After complete gel solidification, plates were incubated in a
bacteriological oven at 36 + 1°C for 44 + 4 h and 36 + 1°C for 24 + 2
h, respectively. Results were expressed as log CFU / mL (APHA,
2012). pH, dissolved oxygen and salinity analyses were performed



2x10 W LED
P

de Miranda et al. 683

‘/4 Heat dissipatingplate ]

s

l 4_._——-{ Acrylicplate ’

_I

1 Sample

]

Glass vat

—

Figure 1. Diagram of the experimental LED lighting system.

4,00
3.50
3.00
2,50
2,00
1,50
1.00
0.50
0.00

Average bacterial counts
(log CFUI/mL)

Oh
344

—e— Heterotrophic bacteria |
245

|—=—Total coliform

Heterotrophic bacteria |

control 344

| ——Total coliform control | 245 -

 —

4h 6h 8h 10h 72h

| 316 | 293 | 250 | 1.86 | 212
| 188 | 154 | 129 | 102 | 1.13
345 | 354

| 249 | 259

Figure 2. Bacterial inactivation after samples exposure to 450 nm light.

before each experiment with a AK88 multiparameter meter
(AKSO®), using an approximate aliquot of 100 mL of water.
Temperature was checked with an infrared digital thermometer MT-
350 (Minipa®) every two hours. Color and turbidity analysis was
performed with a spectrophotometer SP22 (Biospectro), using
wavelengths of 455 nm and 860 nm, respectively (APHA, 2012).

Statistical analysis

Data were processed and analyzed using Microsoft Office Excel
version 2007 (Microsoft Corporation™) and Statistical Package for
the Social Sciences (SPSS) version 23 (International Business
Machines™). The data normality test (Shapiro-Wilk) was performed
with all quantitative variables. Descriptive and analytical statistics,
such as mean, median, maximum and minimum, logarithmic and
percentage reduction, Spearman’s correlation coefficient, paired t
test and analysis of variance (ANOVA) were performed. The level of
significance was 5% (p <0.05).

RESULTS

Figure 2 shows the means of the bacterial populations of
the fifteen samples analyzed within 10 h of exposure to
light as well as bacterial growth after 72 h. There was a
decrease in heterotrophic bacteria and total coliforms
counts during their exposure to light (3.44 to 1.86 log
CFU/mL) and total coliforms (2.45 to 1.02 log CFU/mL).
After 72 h, both counts increased, with significant growth
of heterotrophic bacteria (p = 0.000), but there was no
significant growth for total coliforms (p = 0.058). Even
after 72 h, samples exposed to light, when compared to
control samples, obtained values 26 times lower for
heterotrophic bacteria and 30 times lower for total
coliforms. After a 10 h illumination by the 450 nm LEDs,
the dosage received by the water samples was 581.8
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Figure 3. Bacteriological quantification during 10 h of experiment and after

72 h.
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Quantifications of heterotrophic bacteria before their
exposure to light reached a maximum value of 3.75 log
CFU/mL, median of 3.63 log CFU/mL and a minimum
value of 3.09 log CFU/mL. All the values were above the
ones recommended by the Brazilian Legislation (Brazil,
2011), 11.4 times higher than the recommended ones
(limit of 2.7 log CFU/mL). After 10 h of the bacteria
exposure to light, the maximum value found was of 2.51
log CFU/mL and the minimum was 1.30 log CFU/mL,
meaning all samples were within the legislation
standards. Within 8 h of their exposure, most samples
were already within this legislation standard (73.3%).
Regarding total coliform counts, a maximum value of 3.08
log CFU/mL, median of 2.48 log CFU/mL and a minimum
value of 1.90 log CFU/mL were found before the bacteria
exposure to light. After 10 h of their exposure, maximum
value was reduced to 1.48 log CFU/mL, median and
minimum values to <1 log CFU/mL. In eight samples
there were no counts of total coliform after 10 h of the
bacteria exposure to light, nor growth after 72 h (Figure
3).

There was a significant reduction in the two
bacteriological parameters analyzed after treatment (p =
0.000). Reductions in bacterial counts reached 98.98%
for total coliforms and 98.96% for heterotrophic bacteria.
The lowest reductions found were 88.75% in total
coliform analysis in sample 12 and 93.57% in the
heterotrophic bacteria analysis in sample 8. Mean
reduction of the heterotrophic bacteria was 97.01% and
of total coliforms, 95.61%. During pre and post treatment
periods, there is strong positive and significant correlation
in the heterotrophic bacteria counts (p = 0.912; p = 0.000)
and a moderate positive and significant correlation in total

coliform counts (p = 0.581; p = 0.023) (Table 1).

Results of Spearman’s correlation coefficient between
percentage reductions of bacteriological parameters and
physical and chemical analysis showed a strong negative
and significant correlation between heterotrophic bacteria
percentage reduction and pH (p = 0.000), moderate
positive and significant correlation between heterotrophic
bacteria percentage reduction and dissolved oxygen (p =
0.043) and moderate negative and significant correlation
between the percentage reduction of heterotrophic
bacteria and temperature (p = 0.047) (Table 2). pH
values reached a maximum of 6.31; median, 5.0 and a
minimum, 4.15. Dissolved oxygen had a maximum value
of 9.50 mg/L; median, 5.70 mg/dL and minimum, 4.0
mg/dL. Temperature reached a maximum value of 8°C;
median, 7°C and minimum, 6°C. There was an increase
of 0.5-1.0°C in each experiment, but temperature did not
exceed 8°C. Salinity had the lowest variation, with a
maximum value of 0.06 ppm, median of 0.03 and 0.02
ppm. Color and turbidity obtained zero values in all
samples (Figure 4).

DISCUSSION

Results demonstrate the antimicrobial effect of high
intensity light with a 450 nm wavelength under
refrigeration temperature on tested indicator micro-
organisms. Reductions were significant during the
experiment, indicating the efficiency of the process in
small scale. The bacterial inactivation process has been
shown to be dose dependent, because reductions result
from longer exposure time. Inactivation curves and
percentage reductions were similar and sometimes better
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Table 1. Reductions of heterotrophic bacteria and total coliforms counts after 10 h exposure to light at 450 nm.

Heterotrophic bacteria

Total coliforms

Sample Logarithmic reduction Percent reduction Logarithmic reduction Percent reduction
(log CFU/mL) (%) (log CFU/mL) (%)
1 1.45 96.48 1.99 98.98
2 1.66 97.83 1.41 96.09
3 1.53 97.01 1.35 95.50
4 1.49 96.73 151 96.88
5 1.43 96.27 1.70 98.00
6 1.27 94.58 1.22 94.00
7 1.98 98.96 1.35 95.50
8 1.19 93.57 1.60 97.50
9 1.75 98.21 1.09 91.82
10 1.27 94.59 1.74 98.16
11 1.70 98.00 1.16 93.08
12 1.79 98.36 0.95 88.75
13 1.84 98.55 1.52 97.00
14 1.71 98.04 1.33 95.35
15 1.68 97.93 1.61 97.57

Table 2. Spearman’s correlation coefficient between percentage reductions and physical and chemical analysis.

Parameter Percentage reduction of heterotrophic bacteria Percentage reduction of total coliforms
pH -0.981" 0.462
Dissolved oxygen 0.529% -0.041
Temperature 0.521% 0.055
Salinity -0.104 -0.588

*The correlation is significant at the 0.05 level; b - The correlation is significant at the 0.01 level.

compared to previous studies done with pathogenic
bacteria like S. aureus, S. pyogenes, Bacillus cereus,
Listeria monocytogenes, Escherichia coli 0157:H7
(Guffey and Wilborn, 2006; Enwemeka et al., 2008;
Maclean et al., 2009; Ghate et al., 2013; Kumar et al.,
2015).

Microorganisms are sensitive to environmental
changes. There is an inversely proportional relationship
between pH and percentage reduction of heterotrophic
bacteria, and, the more the pH moves away from
neutrality, the greater the percentage of bacterial
reduction. Optimum pH ranges from 6.5 to 7.5 for most
bacteria, thus lower values can inhibit or delay bacterial
multiplication. A few species of bacteria, such as E. coli
have survival mechanisms at more acidic pH in short
periods. However, bacterial growth may fall by up to five
times at low pH (Cotter and Hill, 2003; Rousk et al.,
2009).

The process of bacterial inactivation using visible light
is oxygen dependent, according to Feuerstein et al.
(2005). Photodynamic inactivation involves excitation of
photosensitizing molecules, such as endogenous

porphyrins. Excitation of porphyrin leads to energy
transfer, which, on the other hand, generates reactive
oxygen species, especially singlet oxygen. These
reactive oxygen species oxidize constituents of the cell
membrane, such as unsaturated fatty acids, proteins, in
addition to DNA, promoting a cytotoxic and bactericidal
effect (Hamblin and Hasan, 2004; Guffey and Wilborn,
2006; Luksiene and Zukauskas, 2009).

It is possible that species less tolerant to oxygen are
more susceptible to these cytotoxic effects, due to the
lower presence of oxidative regulatory mechanisms
compared to aerobic species (Luksiene and Zukauskas,
2009; Murdoch et al, 2010; 2012). Even at low
temperatures, some studies have shown that bacterial
damage can rise with higher temperatures; as bacteria
increase their metabolic rates in these situations, their
metabolic load and cytotoxic reactions that aid their
inactivation also increase (Song et al.,, 2011; LOpez-
Velasco et al., 2012). However, the increased
susceptibility of bacteria observed in this and other
studies may be related to the increase of unsaturated
fatty acids in the cell membrane. These unsaturated fatty
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Figure 4. Physical and chemical evaluation of samples.

acids have a greater tendency to be oxidized compared
to saturated fatty acids, therefore a greater damage will
occur to this important cellular constituent. The optimal
temperature for bacterial inactivation in this light
spectrum is close to 10°C (Ghate et al., 2013; Kumar et
al., 2015).

Bacterial growth after 72 h can be explained by the
presence of particulate matter and colonies in the
medium with bacterial aggregation; this negatively affects
the water disinfection process with light exposure, as they
lead to the formation of areas with no direct exposure to
light and consequently oxidative stress will be affected.
Thus, raw water needs to be filtered (Bohrerova and
Linden, 2006; Cantwell and Hofmann, 2008). Another
possibility would be the susceptibility of species to
inactivation at this wavelength. For example,
Pseudomonas aeruginosa requires higher doses
compared to S. aureus (Guffey and Wilborn, 2006).
Salmonella entericae Enterococcus faecalis are two
studied bacteria with greater resistance to inactivation by
exposure to visible light, requiring long periods of
exposure. The reasons for these different susceptibilities
are still indeterminate, but analysis indicates that gram-
positive bacteria tend to be more susceptible to
inactivation than gram-negative (Maclean et al., 2009;
2014; Murdoch et al., 2012). Therefore, there will be cells

that cannot be injured and can multiply in the time
interval. Even after 72 h, there was no growth of total
coliforms in 53.3% samples and 86.7% were within the
recommended standard for heterotrophic bacteria (Brazil,
2011).

Compared to UV light, the germicidal efficacy of blue
light is lower, since its lethal dose is much lower, thus it
has a slower inactivation. However, the fact that this
wavelength lies within the visible light range and does not
require the necessary protections for UV light, it can be
continuously for treatment of water, food as well as
surfaces. It can be safely used in the presence of people
in the same enclosure, it is easy to operate, and it has
high penetration power in water, plastics and glass
(Maclean et al., 2014).

In summary, exposure to light at 450 nm wavelength
led to mean reductions in bacterial counts above 95%. All
samples were within the standards recommended by the
Brazilian Legislation for heterotrophic bacteria and 53.3%
of the samples were within the recommended standards
for total coliforms. pH, temperature and dissolved oxygen
were directly related to the percentage reduction of
heterotrophic bacteria.

This is an unpublished study involving raw water meant
for human consumption, addressing the correlation
between physical and chemical parameters and indicator



microorganisms. No other study so far has worked with
these parameters or indicator microorganisms; they have
used only pathogenic bacteria and experimental
inoculations in Petri dish with growth medium or saline
solution. Because of its uniqueness, this study presents
itself as an initial effort to find new methods for water
disinfection. It proves to be a safe, effective method
against indicator microorganisms, allowing continuous
use without the need for special protection and it is easy
to use. In the same way, it demonstrates the necessity of
expanding subsequent studies, seeking to perfect the
system to leave experimental work in vitro for in loco
evaluations.
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