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Intracellular mechanisms of solar 
water disinfection
María Castro-Alférez1,2, María Inmaculada Polo-López1,2 & Pilar Fernández-Ibáñez1

Solar water disinfection (SODIS) is a zero-cost intervention measure to disinfect drinking water in 
areas of poor access to improved water sources, used by more than 6 million people in the world. The 
bactericidal action of solar radiation in water has been widely proven, nevertheless the causes for this 
remain still unclear. Scientific literature points out that generation of reactive oxygen species (ROS) 
inside microorganisms promoted by solar light absorption is the main reason. For the first time, this 
work reports on the experimental measurement of accumulated intracellular ROS in E. coli during solar 
irradiation. For this experimental achievement, a modified protocol based on the fluorescent probe 
dichlorodihydrofluorescein diacetate (DCFH-DA), widely used for oxidative stress in eukaryotic cells, 
has been tested and validated for E. coli. Our results demonstrate that ROS and their accumulated 
oxidative damages at intracellular level are key in solar water disinfection.

Solar water disinfection (SODIS) is one of the most practical and low-cost techniques to reduce the load of path-
ogenic microorganisms in water at households in low-income areas. It consists on the exposure of polluted water 
in 1.5–2L-PET (polyethylene terephthalate) transparent containers to full sunshine for at least 6 h1. SODIS was 
known and used nearly 2000 years ago by Indian communities to purify drinking water. The bactericidal effect of 
sunlight was experimentally studied for the first time by Downes & Blunt in 18772. The first successful application 
was demonstrated by Acra et al. in 19803. Since then, SODIS accounts for more than 300 research articles. The 
mechanism of action of this photo-induced process has been intensively investigated since nineties till now. Most 
of research was focused on the influence of key parameters like water temperature4,5, solar energy dose6, turbidity 
of polluted water7, dissolved oxygen8, nature of the microorganism9, and other studies on the practical applica-
tion of this technique and field trials in several locations10–13. Other contributions report research and technical 
developments in solar reactors to use SODIS for scaled-up solutions1,14,15.

Bactericidal effect of sunlight is commonly attributed to the synergistic effect of solar UV photons and 
mild-thermal heating produced during exposure. It is accepted that UV-B causes damages in DNA by direct 
absorption of light by endogenous chromophores1. Accumulated damages induced by Reactive Oxygen Species 
(ROS) generated by solar UV-A photons inside bacterial cells are also considered responsible for the damage 
produced by solar radiation16. ROS comprehends some free radicals, such as superoxide (O2

•−), hydroperoxyl 
(HO2

•), hydroxyl (HO•), peroxyl (ROO•), alkoxyl (RO•), and also non-radicals species, such as hydrogen perox-
ide (H2O2), singlet oxygen (1O2), and hypochlorous acid (HOCl). ROS have been proven to induce lipids perox-
idation, proteins oxidation, DNA damages, by formation of pyrimidine dimers, or generation of single strands 
breaks17. Although, it is accepted that ROS play a very important role in solar disinfection, to our knowledge there 
is not any study focused in determining experimental evidence of intracellular ROS increase in bacteria by solar 
exposure.

Nevertheless, other research fields have done big achievements on ROS and RNS (radical nitrogen species) 
detection in cells tissues for medical applications. ROS and RNS generated endogenously or in response to envi-
ronmental stress have long been implicated in tissue injury in the context of a variety of disease states18. Cancer 
therapy, photodynamic therapy and antimicrobial infections have given a number of contributions on oxidative 
stress determination in eukaryotic cells. For this purpose, specific molecules (probes) with high selectivity to ROS 
and generating fluorescent products have been used19–21.

There is a wide range of fluorescent probes; selecting the most suitable for a specific ROS detection and also 
for a type of cell, cellular oxidative stress method or a ROS target is not an easy task. Very few organic mole-
cules react stoichiometrically with radicals and oxidant species to form detectable intracellular fluorescent prod-
ucts. Main fluorescence probes are classified as a function of the species to which they are more reactive. For 
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detection of superoxide radical, dihydroethidium, 1,3-diphenylisobenzofuran, and 2-(2-pyridil)-benzothiazoline 
are used. Singlet oxygen is detected using 9,10-dimethylanthracene and 9-[2-(3-carboxy-9,10-diphenyl)
anthryl]− 6-hydroxy-3H-xanthen-3-ones, among others. There are fluorescence probes for hydroxyl radi-
cal detection like 4-(9-anthroyloxy)− 2,2,6,6-tetramethylpiperidine-1-oxyl, 1,3-cyclohexanedione, sodium 
terephthalate, coumarin, fluorescein, etc. Peroxyl radical can be detected with cis-parinaric acid, lipophilic 
fluorescein derivatives, 2,7-dichlorodihydrofluorescein diacetate, etc. For detection of hydrogen peroxide, 
2,7-dichlorodihydrofluorescein, scopoletin, and amplex red are selected22.

The most commonly used probe as indicator of intracellular oxidative stress is 2,7-dichlorodihydrofluorescein 
diacetate (DCFH-DA)22. It is a good indicator of hydroxyl radicals (HO•), hydrogen peroxide (H2O2) and peroxyl 
radicals (ROO•)23. It can diffuse through the cellular membrane and it is naturally hydrolyzed by endogenous cell 
esterases removing diacetate groups and forming 2,7-dichlorodihydrofluorescein (DCFH). Then, non-fluorescent 
DCFH originates 2,7-dichlorofluorescein (DCF) by indirect reactions with iron, heme proteins, GS•, CO3

•−, 
NO2

•, HO•, and H2O2 (Fig. 1). DCF is a fluorescent compound that can be detected by absorbance spectroscopy 
at 500 nm (ε  =  59500 M−1 cm−1) and fluorescence spectroscopy at λ emission =  522 nm and λ excitation =  498 nm19.

Intracellular redox chemistry of DCFH-DA obeys to a very complex group of reactions that generate inter-
mediates like DCF•, DCFH•, DCF•−, (DCF)*, which also react with one-electron-oxidizing species. Other com-
pounds and radicals involved in these reactions include O2, O2

•−, NADH, redox-active metals like copper and 
iron, cytochrome c, enzymes including peroxidase, etc. The presence of these substances interferes the formation 
of DCF making this probe to be considered better as a marker of the cellular oxidative stress than as indicator 
of the formation of H2O2 or other ROS and RNS22,25. Even DCFH is used as an oxidative burst indicator in mac-
rophages and neutrophils26.

The main goal of this work is to find out experimental evidence of ROS generation in E. coli bacteria in water 
exposed to solar radiation. Firstly, a protocol to detect intracellular generated ROS in E. coli cells using DCFH-DA 
as ROS probe has been developed. Several aspects related to the use of this probe such as its chemical stability 
under solar radiation, hydrolysis, suitable concentration and reaction time to favor optimal response among 
probe and bacteria were investigated in this work. As a result, a new protocol for intracellular ROS detection in 
solar irradiated E. coli in water was proposed and validated. This protocol was eventually used to evaluate and 
detect the photo-induced generation of internal ROS in E. coli cells exposed to solar radiation.

Methods
Chemicals. The probe 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA, Sigma Aldrich) was used as 
received and dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich). Sodium hydroxide (NaOH, J. T. Burker) 
and phosphate-buffered saline (PBS, Oxoid) were used for probe pre-treatment. Hydrogen peroxide (H2O2, 35% 
w/v, Sigma Aldrich) was used as received for positive control experiments. Luria-Bertani nutrient medium (LB 
Broth, Panreac) and Luria-Bertani agar (LB agar, Panreac) were used for bacterial growth and quantification.

Bacterial strain enumeration and quantification. E. coli K12 strain was obtained from the Spanish 
Culture Collection (CECT) and used for experiments in distilled water spiked with seeded bacteria. Fresh liquid 
cultures were prepared in LB Broth and incubated at 37 °C with rotary shaking for 20 h to get stationary phase. 
Bacterial concentration in this growth stage was 109 CFU mL−1. Then, bacterial suspensions were harvested by 
centrifugation at 900 ×  g for 10 min and bacterial pellet was re-suspended in PBS solution and diluted to the 
initial concentration of the experiments directly in the reactor. The samples taken during the experiments were 
enumerated using the standard plate counting method using LB agar, through 10-fold serial dilutions in PBS with 
a detection limit of 2 CFU mL−1. Colonies were counted after incubation for 24 h at 37 °C.

Figure 1. Formation of fluorescent product DCF. Intracellular reactions from DCFH-DA and redox cycling 
involving ROS and others intermediates to generate the final product, DCF. Imaged reproduced from ref. 24 
Copyright 2014, Mary Ann Liebert, Inc.
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Fluorescence detection. In this work, different types of equipment were used for DCF fluorescent sig-
nal detection: (i) Fluorescence microscope Leica DM 2500 with excitation filters of 480/40 and emission fil-
ters of 585/40 coupled to a DFC365 FX camera. (ii) Flow cytometer (FACSCANTO II) using a blue light that 
excites the samples (488 nm) and detection filters LongPass LP502 and Bandpass 530/30. The equipment gives 
the fluorescent signal of ca. 50 000 bacteria cells in terms of FITC-A signal. FITC-A (Fluorescein isothiocy-
anate) is a very well-known fluorescent probe used in cytometric assays and whose signal is used as arbitrary 
units as reference to other probes as DCFH that emits in the same wavelength. (iii) Fluorimeter (Spectrafluor 
Plus), excitation/emission: 497/520 nm that provides the fluorescent signal in terms of CPS (counts per second).  
(iv) Spectrophotometer (Unicam-II) used to perform spectral scanning in the range of wavelength of 300–800 nm 
with a quartz cuvette of 1 cm of path length.

Solar irradiation tests. Two types of solar irradiation tests were done: (i) DCFH-DA exposed to simulated 
sunlight, and (ii) solar water disinfection (with E. coli) under natural sunlight.

Previous to natural solar disinfection experiments, studies of probe photo-degradation were done using a 
simulated solar radiation equipment (SUNTEST XLS+ , Atlas). The artificial sunlight was provided by a xenon 
lamp that has incorporated a daylight filter with the aim to simulate solar noon spectrum. The irradiance set point 
was set to 30 W m−2 in the UV-A range, which corresponds to 410 W m−2 in the range of 300–800 nm. The total 
suspension volume (20 mL) was exposed to simulated solar radiation in front of lamp direction in an open vessel. 
Water reactor was spiked with 50 μ M of DCFH-DA before the light exposure. Samples were taken during the 
experiment to measure UV/vis absorption spectra.

Solar water disinfection experiments for the study of intracellular ROS formation during E. coli inactivation 
were done under natural sunlight in clear sky conditions in April 2016 at the solar facilities of CIEMAT (PSA), 
South of Spain. Temperature and solar irradiance were monitored during the solar exposure by a temperature 
sensor and an UV-A detector for outdoor operation (Solar Light CO., Inc. Laser Technology) that provides meas-
urements of UV-A irradiance in the range of 320–400 nm in terms of W m−2. The solar disinfection experiments 
were done in 200 mL borosilicate vessels with a glass cover to avoid contamination and permit UV-A income to 
water samples. Initial concentration of bacteria was 106 CFU mL−1 in all cases. The experiments were performed 
within autoclaved distilled water with 0.9% w/v of NaCl to avoid bacterial osmotic stress. Samples were taken 
during the experiments for E. coli enumeration and intracellular ROS detection. Four replicated tests were done of 
solar experiments. Average of results (mean value) and standard deviation (error) are reported in results section.

Results
General concept of proposed protocol for intracellular ROS detection. The procedure used in this 
work to detect intracellular ROS by fluorescent probes is based on the general mechanism of recognized ROS-
probes23, and more specifically of DCFH-DA. In the present study three novel achievements will be developed 
and demonstrated to permit detecting significant intracellular ROS levels in solar irradiated bacteria in water. 
These are: (i) lab-hydrolysis of DCFH-DA prior to bacterial incubation, instead of natural hydrolysis by esterases 
in bacteria cells, which will guarantee perfect and faster interaction between DCFH and intracellular ROS; (ii) 
determination of optimal DCFH-DA concentration for a significant and reliable measurement of fluorescent 
signal for E. coli in water, and (iii) optimization of incubation time for the reaction of DCFH and intracellular E. 
coli-ROS to obtain time-stable response of fluorescent signal (flow cytometry and fluorescent microcopy).

Photo-chemical stability of DCFH-DA. Previous DCFH-DA protocols proposed an incubation period 
with cells23, then they are exposed to the oxidative stress under assessment. In the case of bacteria exposed to 
solar radiation, the oxidative stress is produced by continuous income of solar UV photons over bacteria. Initially, 
exposure of DCFH-DA to solar radiation was considered, and therefore its photo-chemical stability was tested.

Absorbance spectrum of irradiated DCFH-DA (without bacteria) was measured at different times of solar 
exposure, from 0 to 90 min (Fig. 2). The absorbance increase in the range of 400–500 nm, suggested the formation 
of photo-transformation compounds. Similar observation was published by Chignell and Sik27, they measured 
an increase of DCF fluorescence signal in cell-free samples containing DCF, DCFH and horseradish peroxidase 
when irradiated by UV-A. This can be attributed to the photo-reduction of DCF, involving (DCF)* and DFC•− 
generation1,3. The formation of these photo-products could also alter the ROS levels due to the high reactiv-
ity of DFC•− with oxygen, generating O2

•− and consequently H2O2. Hence, given the photo-transformation of 
DCFH-DA under sunlight, the addition of DCFH-DA to E. coli should be done only after solar exposure of 
bacteria in water. Although some researchers used the probe prior to cellular oxidative stress28,29, alternatively the 
probe might be used after if ROS generation is an UV-photo induced process, as reported for cyanobacterium 
Anabaena sp. under UV-B30,31.

Hydrolysis of DCFH-DA. When bacterial cells are loaded with DCFH-DA, diacetate groups are hydrolyzed 
by endogenous esterase to generate DCFH. However, under irradiation, it is expected that many intracellular 
molecules are modified or even inactivated1,32,33. It is also assumed that esterase may be altered by solar radiation, 
and therefore it may be working with lower efficiency than in unaltered cells. Therefore, solar irradiated cells 
could be affected at esterase level, so that proper ROS detection by DCFH-DA is not optimal. To avoid this, an 
alternative chemical hydrolysis procedure is proposed to load the cells with DCFH instead of DCFH-DA. The 
advantage of pre-hydrolysis is not only to avoid potential esterases degradation, but also to permit ROS reac-
tion with hydrolyzed DCFH-DA immediately after added to bacteria, avoiding longer periods of intracellular 
reactions.

Chemical hydrolysis of DCFH-DA is induced to remove diacetate groups from the molecule. Hydrolysis of 
DCFH-DA was done following the protocol described elsewhere34. Briefly, 0.01 N of NaOH was added to 50 μ M 
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of DCFH-DA and incubated 30 minutes in dark. Then, the probe was neutralized with PBS 0.1 M to obtain the 
hydrolyzed form, DCFH.

DCFH-H2O2 reaction: concentration dependence. Reaction of DCFH with ROS to produce DCF was 
measured by absorbance and fluorescence signals. In this case, H2O2 was used as a positive control of ROS. H2O2 
was chosen due to its capability to react with DCFH and to penetrate easily into bacteria cells35. Furthermore, 
H2O2 is commonly accepted as one of the ROS that are generated inside bacteria under light stress36. Reaction 
between 10 μ M DCFH and H2O2 at different concentrations (0.01 to 1 mM) was done in the absence of bacteria 
in dark. These concentrations were selected to ensure good measurement of absorbance and fluorescent signals 
in the spectrophotometer and fluorimeter respectively, and to check if the hydrolyzed probe was reactive to H2O2. 
Further experimental work will optimize concentrations of the probe to measure ROS at intracellular levels in  
E. coli. Figure 3 shows that DCF formation is H2O2-concentration dependent; the higher H2O2 concentration the 
higher DCF concentration was observed for both, absorbance and fluorescence peak values. This confirms that 
hydrolyzed DCFH by NaOH can be used as a good indicator of H2O2.

In order to determine the saturation concentration of DCFH for a certain amount of H2O2, and to avoid over-
load of DCFH which may give undesired fluorescence background signal, several reactions of DCFH and H2O2, 
at variable concentrations of both, were carried out in absence of bacteria and measured with the fluorimeter. 
Concentrations of DCFH were 1, 5, 10, 15, and 20 μ M with different concentrations of H2O2, 0.01, 0.1, 0.2, 0.3, 
0.5 and 1 mM. At view of first results, 1, 15 and 20 μ M-DCFH were discarded, as the signal was too low for 1 μ M, 
while it was unstable at 15 and 20 μ M, probably caused by the effect of ambient light and oxygen. Two replicates 
of reactions at 5 and 10 μ M of DCFH with all concentrations of H2O2 were done, and resulted highly reproducible 
(confidence level >  99%). Average values are shown in Fig. 4.

At low H2O2 concentrations, the fluorescence signal for both, 5 and 10 μ M of DCFH, led to very similar values, 
while at higher H2O2 concentrations (> 0.3 mM) 10 μ M of DCFH showed higher values than for 5 μ M, being 10 μ M  
more precise to detect differences in fluorescence measurements. Due to the stability of the measurements at all 
H2O2 concentrations tested, both DCFH concentrations (5 and 10 μ M) could be a good option to determine the 
internal ROS in E. coli. In this work, 10 μ M of DCFH was selected for further experiments to detect fluorescence 
signal caused by intracellular generated ROS in solar exposed E. coli. Although E. coli intracellular ROS values 
are expected to be very low as compared to this previous calibration; for instance 0.01 μ M H2O2 intracellular 
concentration was reported37, it is more accurate to work in excess of DCFH by the following reasons, (i) DCFH 
is expected to react with not only H2O2 but with all ROS generated after the stress-generating process, and (ii) the 
addition of the DCFH is done to samples with a high bacterial concentration 106 CFU mL−1 and not for a single 
cell. Measurements of DCFH in bacterial suspensions will be done with the following protocol, which was also 
validated for flow cytometry, as explained below.

DCFH - E. coli incubation. According to the literature, cells incubation time at 37 °C in presence of 
DCFH-DA should range between 30 and 60 minutes, to permit the diffusion of probes inside cells and the hydrol-
ysis by endogenous esterase38,39. Nevertheless, these incubation times for samples containing solar irradiated E. 
coli may lead to modifications of physiological state of the cells, including ROS levels, due to metabolic activities 
during the incubation period. Therefore, a large incubation period could lead to false-positive or higher signal 
detection by an increment of ROS concentration that doesn’t represent the real state of the cells under evaluation. 
For this reason, this work is proposing the use of hydrolyzed DCFH-DA to DCFH as a tool that will also permit 
decreasing incubation times with bacteria, as esterase internal step is skipped.

With the aim of determine if shorter periods are adequate for incubation of DCFH and E. coli, preliminary 
experiments were done using unaltered E. coli suspensions and a fluorescence microscope, for direct counting 
of number of fluorescent bacteria. This will also give an idea of the baseline fluorescence signal of non-altered 
bacteria and its stability over time. The incubation experiments were done as follows. 10 μ M of DCFH and 109 

Figure 2. DCFH-DA photo-degradation. Absorbance spectrum of a 50 μ M DCFH-DA solution at 0, 15, 30, 
45, 60 and 90 min of solar radiation (30 W m−2 UV-A).
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CFU mL−1 E. coli were incubated at 37 °C for different times, 5, 15, 30, and 60 min, in dark. The fluorescent bac-
teria were directly observed and numbered using a counting chamber of 25 μ L of samples. After each observation 
the total amount of fluorescent bacteria per sample was determined. Figure 5(a) shows a photograph of the flu-
orescence cells after 15 min incubation. Cell counting was done immediately after the tested incubation times, 
additionally each sample was re-numbered at different post-incubation times to confirm the stability of the meas-
urement (Fig. 5). The first count result (time 0 in Fig. 5(b)) for all incubation times (5, 15, 30, and 60 min) revealed 
the same concentration of fluorescent bacteria, 109 CFU mL−1, which was the expected initial concentration of 

Figure 3. DCF concentration is dependent on H2O2 concentration. (a) Absorbance spectrum and (b) 
fluorescence emission signal (excitation: 497 nm) of the formed DCF product from the reaction between DCFH 
(10 μ M) and several H2O2 concentrations.

Figure 4. Effect of DCFH concentration in fluorescence measurements. Maximum fluorescence emission 
signal (excitation/emission: 497/520 nm) of DCF product formed from the reaction between 5 and 10 μ M 
(chemically hydrolyzed) DCFH with H2O2 (0.01, 0.1, 0.2, 0.3, 0.5, and 1 mM).
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alive bacteria in the suspension. These results confirm that diffusion of DCFH inside bacteria and further reaction 
with intracellular ROS is very fast, for 5 and 15 min incubation, and it doesn’t change over time (up to 60 min 
incubation). Nevertheless, longer incubation periods, 30 and 60 min, generated an increment in the number of 
counted florescent cells over post incubation time. This confirms the hypothesis that longer incubation times 
could lead to modifications in cells states and in intracellular ROS levels. Therefore, an incubation time between 5 
and 15 min was found ideal for this protocol, because it gives a stable measurement over time of unmodified ROS. 
We selected 15 min incubation, which avoids long incubation periods and guarantee stable fluorescent measure-
ment by successful DCFH diffusion and ROS-reaction inside cells.

Validation of DCFH protocol using flow cytometry (H2O2 as positive control). The proposed 
modified protocol is summarized in Fig. 6. Its validation was done by measuring the fluorescence intensity of 
bacteria exposed to oxidative stress of added H2O2 using a flow cytometer. Bacterial suspension cells (108 CFU 
mL−1) were exposed for 10 minutes in dark to H2O2 (0, 0.1, 0.5, 0.75, 1, and 1.5 mM). Then samples were taken 
and loaded with 10 μ M DCFH, incubated according to the above protocol and measured in the flow cytometer. 
Figure 7 shows the FITC-A average value of 50 000 cells reaching detector. The fluorescence intensity increased 
linearly with added H2O2. This result shows that the whole protocol works without any limitation in the flow 
cytometer, as well as H2O2 diffusion into cells was correctly happening. The calibration curve has a good linear 
response in the range of tested concentrations. In addition, the high resolution of the equipment is clear, as 
FITC-A values were lower than 100.

Bacterial intracellular ROS formation during solar exposure. During solar water disinfection experi-
ments (four replicates), samples were taken every 30 min over 4 hours. Each sample was evaluated for viable E. coli 
counts and ROS determination using the proposed DCFH protocol (Fig. 8). E. coli concentration as a function 
of solar exposure time showed the typical SODIS inactivation curve, where a small shoulder for the first 30 min 
followed by a close to linear decay until reaching the detection limit (not counted colonies) at 180 min. Water 
temperature varied from 20 to 27 °C along the experiment; solar UV-A irradiance increased from 12.7 W m−2 
(t =  0 min) to 36.1 W m−2 (t =  155 min), and then remained almost constant to the end of experiment.

For ROS-determination, the protocol shown in Fig. 6 was used. Each flow cytometry run was done against one 
control sample containing bacteria not exposed to solar radiation and treated with the same DCFH-DA protocol. 
This was used as a reference of ROS baseline against solar induced ROS measurements in irradiated samples. 
Baseline fluctuation of control samples’ FITC-A was used as a reference to normalize the signal of irradiated cells; 
results of normalized FITC-A are shown in Fig. 8. A significant increase in FITC-A for samples exposed to more 

Figure 5. Incubation time of E. coli cells loaded with DCFH. (a) 40x fluorescence microscope photograph of  
109 CFU mL−1 E. coli sample loaded with 10 μ M DCFH an incubated 15 minutes at 37 °C in dark; (b) Fluorescent  
E. coli cells counts with 10 μ M DCFH an incubated for 5, 15, 30, and 60 min over a post incubation period 
(0–60 min).
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than 60 min of solar radiation was observed; after 60 min the higher level of FITC-A remained nearly constant 
until the end of the experiment. According to these results, we can conclude that a solar induced generation of 
ROS is produced after a certain time period of solar exposure. The addition of the probe after the irradiation 
makes it to react with stable ROS mainly, so that the signal attributed to less stable ROS could be missing in this 
protocol. Therefore, the increment on fluorescence signal could be attributed to the most stable ROS, like H2O2, 
formed during solar exposure at intracellular level, which was detected using the new DCFH protocol proposed 
in this work.

Discussion
To our knowledge there are not previous studies on the measurement or detection of intracellular ROS generated 
inside solar irradiated bacteria. Molecular techniques for investigating intracellular mechanisms of SODIS have 
been explored mostly from the genetic point of view. These studies demonstrated that DNA damages can modify 
ROS and SOS responses in bacteria. Some contributions use mutagenicity and genetic approaches to identify 
near-UV (NUV, 320–400 nm) radiation effects on bacteria cells. Webb and Brown demonstrated that irradiation 

Figure 6. General scheme of proposed protocol for ROS detection in E. coli cells using DCFH-DA 
previously hydrolyzed as ROS-probe. Briefly, chemical hydrolysis of DCFH-DA to obtain DCFH, addition of 
DCFH to bacterial suspension, incubation period and fluorescence detection by flow cytometry.

Figure 7. Validation of the internal ROS detection protocol using H2O2 as positive control. Fluorescent 
signal (excitation/emission: 488/530 nm) of E. coli-10 μ M DCFH exposed to different concentrations of H2O2 by 
flow cytometry.
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with either broad-spectrum NUV or monochromatic wavelengths in the NUV can cause specific damages to 
DNA in E. coli K12 AB248040. Eisenstark studied the DNA mutations due to NUV in E. coli. They assessed an 
experimental correlation between intracellular ROS and NUV; i.e. hydrogen peroxide resulted to be generated by 
the irradiation of tryptophan with UV-A, thus providing at least one pathway for generation of ROS by UV-A36; 
specific UV-mutations observed were responsible for the increase in the flux of HO• radicals41 and O2

•− action42. 
Moreover, NUV radiation was proven to block SOS responses to DNA damages in E. coli that could result in cells 
inactivation43.

The generation of intracellular ROS is promoted by the absorption of light of endogenous chromophores. 
In this sense, experiments with mutants E. coli katF gene (hydroperoxidase II) suggested that porphyrin com-
ponents of the respiratory chain may act as endogenous photosensitisers44. Also, it was found that cytochrome 
overproducing strains (cloned cydA and cydB genes) were sensitive to broad-band UV-A radiation45. Berney et 
al. investigated the effect of artificial sunlight on E. coli using flow cytometry and viability stains to monitor six 
cellular functions: efflux pump activity, membrane potential, membrane integrity, glucose uptake activity, total 
ATP concentration and culturability. They observed at different solar flux values that efflux pump activity and 
ATP synthesis decreased significantly, the loss of membrane potential, glucose uptake activity and culturability, 
and the cytoplasmic membrane of bacterial cells became permeable46.

Oxygen has been also investigated since early as one of the key factors affecting SODIS process, since it is the 
inducer of ROS generation and oxidative stress in aerobic bacteria under UV-A or sunlight47. Oxygen has been 
identified as a requirement for efficient inactivation of faecal bacteria under sunlight showing that efficiency of 
Enterococcus faecalis inactivation was faster in air-equilibrated water than in anaerobic conditions8; even more, 
the extent of inactivation during illumination was directly related to the dissolved oxygen content of the water48. 
Beyond this, Mani et al. investigated E. coli disinfection by SODIS process using plate count method under aero-
bic conditions and ROS-neutralized ambient with sodium pyruvate supplemented medium. Cultivable popula-
tion from ROS-neutralized conditions was slightly higher than those in air49. This result indicated that a fraction 
of the cells become sub-lethally injured during sunlight exposure to the extent that they were unable to grow 
aerobically.

As mentioned before, genetic studies strongly suggested the photo-generation of ROS in bacteria exposed to 
NUV, and therefore to sunlight. According to Imlay50, ROS are continuously formed in E. coli through the adven-
titious autoxidation of its redox enzymes; their accumulation is controlled by superoxide dismutases, peroxidases 
and catalases. Under not stressed environment, the balance of these ROS is in equilibrium so bacteria are viable 
and stable. Superoxide dismutase avoids the accumulation of O2

•− in bacteria converting it to H2O2 that is then 
removed by catalase. UV-A radiation has a detrimental effect to these enzymes51, thus permitting higher accumu-
lation of O2

•− 52. Microorganisms are vulnerable to elevated levels of intracellular ROS and it is considered one of 
the main pathways of bacterial inactivation during solar exposure.

The results of this work show for the first time an experimental evidence of the accumulation of intracellular 
stable ROS in E. coli during solar irradiation. This is a clear proof that oxidative stress was increased during the 
action of natural solar radiation. Previous reported studies on the bactericidal mechanism of SODIS showed 
indirect evidence that ROS were the main cause of bacterial inactivation, while the present contribution reports 
on new evidence of ROS generation over the basal levels (Fig. 8).

For the first time, this modified protocol for intracellular ROS detection was proposed and validated for E. coli. 
The use of hydrolyzed DCFH-DA and a reduction of incubation time permitted detection of intracellular ROS 
in solar irradiated E. coli. This protocol can be used for other bacteria, to investigate the influence of other stress 
factors, with the advantage of having a fast response and a high capability of detecting low levels of ROS, due to 
the fast reactivity of the hydrolyzed probe and the high sensitivity of flow cytometry, respectively.

Figure 8. Solar water disinfection of E. coli within distilled water. Inactivation curve of E. coli ( ), UV-A 
irradiance ( ) during solar irradiation, normalized FITC-A ( ), reference FITC-A value for control 
samples ( ).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:38145 | DOI: 10.1038/srep38145

References
1. McGuigan, K. G. et al. Solar water disinfection (SODIS): A review from bench-top to roof-top, J. Hazard. Mater. 235–236, 29–46 

(2012).
2. Downes, A. & Blunt, T. P. Researches on the effect of light upon bacteria and other organisms, Proc. R. Soc. 28, 488–500 (1877).
3. Acra, A., Karahagopian, Y., Raffoul, Z. & Dajani, R. Disinfection of oral rehydration solutions by sunlight. The Lancet. 2(8206), 

1257–1258 (1980).
4. McGuigan, K. G., Joyce, T. M., Conroy, R. M., Gillespie, J. B. & Elmore-Meegan, M. Solar disinfection of drinking water contained 

in transparent plastic bottles: characterizing the bacterial inactivation process. J. Appl. Microbiol. 84, 1138–1148 (1998).
5. Berney, M., Weilenmann, H. U., Simonetti, A. & Egli, T. Efficacy of solar disinfection of Escherichia coli, Shigella flexneri, Salmonella 

Typhimurium and Vibrio cholerae. J. Appl. Microbiol. 101(4), 828–836 (2006).
6. Ubomba-Jaswa, E., Navntoft, C., Polo-López, M. I., Fernandez-Ibáñez, P. & McGuigan, K. G. Solar disinfection of drinking water 

(SODIS): an investigation of the effect of UV-A dose on inactivation efficiency. Photochem. Photobiol. Sci. 8, 587–595 (2009).
7. Ubomba-Jaswa, E., Fernández-Ibáñez, P., Navntoft, C., Polo-López, M. I. & McGuigan, K. G. Investigating the microbial inactivation 

efficiency of a 25 L batch solar disinfection (SODIS) reactor enhanced with a compound parabolic collector (CPC) for household 
use. J. Chem. Technol. Biotechnol. 85, 1028–1037 (2010).

8. Reed, R. H. Solar inactivation of faecal bacteria in water: the critical role of oxygen. Lett. App. Microbiol. 24, 276–280 (1997).
9. Boyle, M. A. et al. Identifying the bactericidal limits of Solar Disinfection (SODIS) of water under real sunlight conditions. Appl. 

Environ. Microbiol. 74, 2997–3001 (2008).
10. Conroy, R. M., Elmore-Meegan, M., Joyce, T., McGuigan K. G. & Barnes J. Solar disinfection of drinking water and diarrhoea in 

Maasai children: A controlled field trial. Lancet 348(9043), 1695–1697 (1996).
11. Caslake, L. F. et al. Disinfection of Contaminated Water by Using Solar Irradiation. App. Environ. Microb. 70(2), 1145–1150 (2004).
12. Mbonimpa, E. G., Vadheim, B. & Blatchley, E. R. Continuous-flow solar UVB disinfection reactor for drinking water. Water Res. 

46(7), 2344–2354 (2012).
13. Keogh, M. B. et al. Capability of 19-L polycarbonate plastic water cooler containers for efficient solar water disinfection (SODIS): 

Field case studies in India, Bahrain and Spain. Sol. Energy 116, 1–11 (2015).
14. Polo-López, M. I., García-Fernández, I., Oller, I. & Fernández-Ibáñez, P. Solar disinfection of fungal spores in water aided by low 

concentrations of hydrogen peroxide, Photochem. Photobiol. Sci. 10, 381–388 (2011).
15. Keane, D. A. et al. Solar photocatalysis for water disinfection: materials and reactor design. Catal. Sci. Technol. 4, 1211–1226 (2014).
16. Eisenstark, A. Mutagenic and lethal effects of near-ultraviolet radiation on bacteria and phage, Environ. Mol. Mutagen. 10, 317–337 

(1987).
17. Goodsell, D. S. The molecular perspective: ultraviolet light and pyrimidine dimmers, Oncologist 6, 298–299 (2001).
18. Ryter, S. W. et al. Mechanisms of cell death in oxidative stress (Review). Antioxid. Redox Sign. 9(1), 49–89 (2007).
19. Crow, J. P. Dichlorodihydrofluorescein and Dihydrorhodamine 123 Are Sensitive Indicators of Peroxynitrite in Vitro: Implications 

for Intracellular Measurement of Reactive Nitrogen and Oxygen Species. NITRIC OXIDE: Biol. Ch. 1(2), 145–157 (1997).
20. Vatansever, F. et al. Antimicrobial strategies centered around reactive oxygen species – bactericidal antibiotics, photodynamic 

therapy, and beyond. FEMS Micribiol. Rev. 37, 955–989 (2013).
21. Liu, Y., Wang, P., Liu, Q. & Wang, X. Sinoporphyrin sodium triggered sono-photodynamic effects on breast cancer both in vitro and 

in vivo. Ultrason. Sonochem. 31, 437–448 (2016).
22. Gomes, A., Fernandes, E. & Lima, J. L. F. C., Fluorescence probes used for detection of reactive oxygen species. J. Biochem. Biophys. 

Methods 65, 45–80 (2005).
23. Cai, H., Dikalov, S., Griendling, K. K. & Harrison, D. G. Methods in Molecular Medicine, in Vascular Biology Protocols Vol. 000, 

Chapter 20, 293–311 (2007).
24. Dikalov S. I. & Harrison, D. G. Methods for Detection of Mitochondrial and Cellular Reactive Oxygen Species. Antioxid. Redox 

Signal. 20(2), 372–382 (2014).
25. Kalyanaraman, B. et al. Measuring reactive oxygen and nitrogen species with fluorescent probes: challenges and limitations. Free 

Radical Bio. Med. 52, 1–6 (2012).
26. Caldefie-Chézet, F. et al. Is the neutrophil reactive oxygen species production measured by luminol and lucigenin 

chemiluminescence intra or extracellular? Comparison with DCFH-DA flow cytometry and cytochrome c reduction. Clin. Chim. 
Acta 319, 9–17 (2002).

27. Chignell, C. F. & Sik, R. H., A photochemical study of cells loaded with 2’,7’-dichlorofluorescin: implications for the detection of 
reactive oxygen species generated during UVA irradiation. Free Radical Bio. Med. 34(8), 1029–1034 (2003).

28. Herrera, G., Martinez, A., Blanco, M. & O’Connor, J.-E., Assessment of Escherichia coli B With Enhanced Permeability to 
Fluorochromes for Flow Cytometric Assays of Bacterial Cell Function. Cytometry 49, 62–69 (2002).

29. Karlsson, M., Kurz, T., Brunk, U. T., Nilsson, S. E. & Frennesson, C. I. What does the commonly used DCF test for oxidative stress 
really show? Biochem. J. 428, 183–190 (2010).

30. He, Y.-Y. & Häder, D.-P., UV-B-induced formation of reactive oxygen species and oxidative damage of the cyanobacterium 
Anabaena sp.: protective effects of ascorbic acid and N-acetyl-L-cysteine. J. Photoch. Photobio. B 66, 115–124 (2002).

31. Rastogi, R. P., Singh, S. P., Häder, D.-P. & Sinha, R. P., Detection of reactive oxygen species (ROS) by the oxidant-sensing probe 
2’,7’-dichlorodihydrofluorescein diacetate in the cyanobacterium Anabaena variabilis PCC 7937. Biochem. Bioph. Res. Co. 397, 
603–607 (2010).

32. Abdelsalam, S. A. et al. Photosensitizing Effects of Hematoporphyrin Dihydrochloride against the Flesh Fly Parasarcophaga 
argyrostoma (Diptera: Sarcophagidae). Fla. Entomol. 97(4), 1662–1670 (2014).

33. Baliza D. P. et al., Physiological quality of coffee seeds produced under different levels of solar radiation and maturation stages. Rev. 
Bras. Sementes, 34(3), 416–423 (2012).

34. Foucaud, L., Wilson, M. R., Brown, D. M. & Stone, V. NanoImpactNet Scientific Protocol. Dichlorofluorescein (DCFH) oxidation 
assay. in The European Network on the Health and Environmental Impact of Nanomaterials (eds Clift, K. & Clift, M. J. D.) (2010).

35. Giannakis S. et al. Solar disinfection is an augmentable, in situ-generated photo-Fenton reaction–Part 1: A review of the mechanisms 
and the fundamental aspects of the process. App. Catal. B 199, 199–223 (2016).

36. McCormick, J. P., Fisher, J. R., Pachlatko, J. P. & Eisenstark, A. Characterisation of a cell-lethal product from the photooxidation of 
tryptophan: hydrogen peroxide, Science, 191, 468–669 (1976).

37. Imlay, J. A. Cellular defenses against superoxide and hydrogen peroxide. Annu. Rev. Biochem. 77(4), 1–4.22 (2008).
38. Kramer, B. & Muranyi, P. Effect of pulsed light on structural and physiological properties of Listeria innocua and Escherichia coli. J. 

Appl. Microbiol. 116(3), 596–611 (2013).
39. Wang, L., He, H., Yu, Y., Sun, L., Liu, S., Zhang, C. & He, L., Morphology-dependent bactericidal activities of Ag/CeO2 catalysts 

against Escherichia coli. J. Inorg. Biochem. 135, 45–53 (2014).
40. Webb, R. B. & Brown, M. S., Genetic damage in Escherichia coli K12 AB2480 by broad spectrum near ultraviolet radiation, Science 

215, 991–993 (1982).
41. Hoerter, J., Eisenstark, A. & Touati, D., Mutations by near-ultraviolet radiation in Escherichia coli strains lacking superoxide 

dismutase. Mutat. Res.-Fund. Mol. M. 215(2), 161–165 (1989).
42. Knowles, R. L. & Eisenstark, A. Near-ultraviolet mutagenesis in superoxide dismutase-deficient strains of Escherichia coli. Environ. 

Health Persp. 102(1), 88–94 (1994).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:38145 | DOI: 10.1038/srep38145

43. Turner, M. A. & Eisenstark, A. Near-ultraviolet radiation blocks SOS responses to DNA damage in Escherichia coli. Mol. Gen. Genet. 
193(1), 33–37 (1984).

44. Tuveson, R. W. & Sammartano, L. J. Sensitivity of hema mutant Escherichia coli cells to inactivation by near-UV light depends on the 
level of supplementation with delta-aminolevulinic-acid. Photochem. Photobiol. 43, 621–626 (1986).

45. Sammartano, L. J. & Tuveson, R. W. Escherichia coli strains carrying the cloned cytochrome d terminal oxidase complex are sensitive 
to near-UV inactivation. J. Bacteriol. 169, 5304–5307 (1987).

46. Berney, M., Weilenmann, H. U. & Egli, T. Flow-cytometric study of vital cellular functions in Escherichia coli during solar 
disinfection (SODIS), Microbiology 152(6), 1719–1729 (2006).

47. Webb, R. B. & Brown, M. S. Action spectra for oxygen-dependent and independent inactivation of Escherichia coli-Wp2s from 254-
nm to 460-nm. Photochem. Photobiol. 29, 407–409 (1979).

48. Khaengraeng, R. & Reed, R. H. Oxygen and photoinactivation of Escherichia coli in UVA. J. Appl. Microbiol. 99(1), 39–50 (2005).
49. Mani, S. K., Kanjur, R., Bright Singh, I. S. & Reed, R. H. Comparative effectiveness of solar disinfection using small-scale batch 

reactors with reflective, absorptive and transmissive rear surfaces. Water Res. 40(4), 721–727 (2006).
50. Imlay, J. A. Diagnosing oxidative stress in bacteria: not as easy as you might think. Curr. Opin. Microbiol. 24, 124–131 (2015).
51. Idil, O., Darcan, C., Ozen, T. & Ozkanca, R. The effect of UV-A and various visible light wavelengths radiations on expression level 

of Escherichia coli oxidative enzymes in seawater. Jundishapur J. Microbiol. 6(3), 230–236 (2013).
52. Chen, S. X. & Schopfer, P., Hydroxyl‐radical production in physiological reactions. Eur. J. Biochem. 260(3), 726–735 (1999).

Acknowledgements
The authors wish to thank the financial support of projects WATERSPOUTT (H2020, GA 688928) and 
WATER4CROP (CTQ2014-54563-C3, Spanish Ministry of Economy and Competitiveness). The authors also 
wish to thank Gustavo Ortiz Ferrón and Dr Antonio Romerosa for their help with the flow cytometer and the 
flurorimeter, respectively.

Author Contributions
M.C.A. and M.I.P.L. did the solar tests, fluorometric and flow cytrometry measurements. M.C.A., M.I.P.L. and 
P.F.I. designed experiments and created manuscript, and M.C.A. did figures. All authors read and approved this 
manuscript.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Castro-Alférez, M. et al. Intracellular mechanisms of solar water disinfection. Sci. Rep. 
6, 38145; doi: 10.1038/srep38145 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://creativecommons.org/licenses/by/4.0/

	Intracellular mechanisms of solar water disinfection
	Methods
	Chemicals. 
	Bacterial strain enumeration and quantification. 
	Fluorescence detection. 
	Solar irradiation tests. 

	Results
	General concept of proposed protocol for intracellular ROS detection. 
	Photo-chemical stability of DCFH-DA. 
	Hydrolysis of DCFH-DA. 
	DCFH-H2O2 reaction: concentration dependence. 
	DCFH - E. coli incubation. 
	Validation of DCFH protocol using flow cytometry (H2O2 as positive control). 
	Bacterial intracellular ROS formation during solar exposure. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Formation of fluorescent product DCF.
	Figure 2.  DCFH-DA photo-degradation.
	Figure 3.  DCF concentration is dependent on H2O2 concentration.
	Figure 4.  Effect of DCFH concentration in fluorescence measurements.
	Figure 5.  Incubation time of E.
	Figure 6.  General scheme of proposed protocol for ROS detection in E.
	Figure 7.  Validation of the internal ROS detection protocol using H2O2 as positive control.
	Figure 8.  Solar water disinfection of E.



 
    
       
          application/pdf
          
             
                Intracellular mechanisms of solar water disinfection
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38145
            
         
          
             
                María Castro-Alférez
                María Inmaculada Polo-López
                Pilar Fernández-Ibáñez
            
         
          doi:10.1038/srep38145
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38145
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38145
            
         
      
       
          
          
          
             
                doi:10.1038/srep38145
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38145
            
         
          
          
      
       
       
          True
      
   




