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ABSTRACT

Sunlight efficiently disinfects drinking water in plastic bottles over two days, but simple
additives may show promise for reducing this time to several hours. This study found
that adding up to 500 gM hydrogen peroxide accelerates the room-temperature
inactivation of E. coli K12 by sunlight at a rate proportional to concentration, while
temperatures of 35 and 45 degrees Celsius further enhance this effect. It was also found
that both 25 pM ascorbic acid in the presence of 2.5 ptM copper sulfate and solid copper
metal in the presence of 200 tM ascorbate synergistically increased the light-mediated
inactivation rate with first-order dependence in both dissolved species, while the addition
of hydrogen peroxide to this system exhibited further synergistic enhancement. Although
solid copper and 1% lemon juice performed no better than lemon juice alone, the latter
significantly accelerated inactivation in a light-dependent manner. Finally, at higher
concentrations the copper-ascorbate system can also inactivate E. coli in the dark. These
findings suggest possible directions for accelerating the rate of SODIS, with potential for
the Cu + ascorbate system to act as a residual disinfectant and an alternative to SODIS on
extremely cloudy days.
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I. Introduction

A. The Right to Water

Access to an adequate supply of safe drinking water is a fundamental human right.

(Mintz 2001, Rainey, 2003) (WHO 2003) However, over 1.1 billion people in

developing countries worldwide still lack access to an improved water source (such as a

well, protected spring, or treated piped water). Together, the lack of hygiene, sanitation,

and safe water contribute to the deaths of an estimated 2.2 million people every year,

mostly children, from preventable, communicable diseases (Sobsey 2002). While it is

often difficult to prove a direct link between water treatment and health (Cairncross

2003), it has been shown that in combination with hygiene education and hand washing

practices, improved water quality leads to improved health (Rainey 2003). The World

Health Organization asserts that safe water is essential not only for health, but also for

effective education, economic prosperity, and human dignity (WHO 2003).

B. Point of Use Water Treatment

1. The need for safe point-of use water technologies

In both rural and urban areas, central water supplies may be unsafe, unreliable, or

unavailable to hundreds of millions far into the future. Moreover, even ignoring

institutional and logistical barriers to improving water supply, piping safe water to the

rural poor in developing countries may be economically impossible in many cases.

While an argument can be made that social justice demands national and international
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efforts to subsidize such projects, the reality on the ground is that for the next several

decades, with or without such efforts, hundreds of millions will have to rely on

decentralized solutions for their drinking water (Mintz 2001).

Where it is available, vended water may be unreliable, excessively expensive, and of

uncertain quality (Mintz 2001). While bottled water may be an option for wealthier

individuals, and vending trucks, etc. may be a convenient source of "semi-clean," non-

potable water, alternatives are necessary for ensuring that virtually everyone can afford

and rely upon safe drinking water. Moreover, even households who rely primarily on

piped or bottled water may benefit from a home-treatment option as well, for occasions

when their primary source is unavailable or suspect.

2. What makes a good point-of-use technology?

Some criteria for a good point-of-use (POU) technology include effectiveness, simplicity,

cost, acceptability, sustainability, and potential for dissemination (Sobsey 2002). Oates

adds that a good POU technology should be effective against a broad range of pathogens,

should not make water unpalatable, should involve only minor concentrations of any

chemicals, must provide residual protection against recontamination, and should utilize

locally available equipment (Oates 2001). A POU system must also be robust, breaking

down infrequently if ever, and should require only locally available parts and expertise

for maintenance. Moreover, it must be obvious to the user when a system is

malfunctioning, if proper use of and confidence in the technology are to be achieved.

Finally, there is a paradox associated with the intangible nature of water treatment,
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especially in communities where the germ theory of disease is not widely known or

accepted; while an acceptable system should not significantly alter the taste, odor, or

appearance of water, the ability of users to smell, taste, or see evidence that the

technology is "working" may be indispensable (Lukacs 2001).

The above criteria illustrate the numerous challenges associated with implementing safe

point-of-use treatment systems in rural areas and with limited resources. The reader may

thus be inclined to infer one of two conclusions: either that implementing an effective

system in adverse conditions is next to impossible, or that different water treatment

solutions are required for different groups of people and local conditions. We suggest the

latter.

3. Review of POU water technologies

Where there is no access to adequate supplies of safe groundwater, a number of point-of-

use options are available and in use throughout the developing world. Boiling and

chlorination are both simple and highly effective at inactivating pathogens. However, the

former can require prohibitive and unsustainable amounts of fuel, while the latter may

produce unpleasant tastes and odors, and is subject to problems with chlorine availability

and dosage (Mintz 2001). Colloidal silver has also proven to be a highly effective

germicide, and when available and affordable, can be an excellent POU technology,

although it is toxic in excess (Hwang 2003), and may not be effective against viruses and

protozoan cysts at concentrations typically used (Sobsey 2002). While candle filters can

remove turbidity and pathogens, they can be slow and fragile, and studies have shown
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they may not always provide adequate disinfection (Rainey 2003), (Hwang 2003).

Biosand filters, which rely upon natural biofilms to disinfect water as it percolates slowly

through a layer of sand, are generally effective but can easily become clogged,

dramatically reducing their flow rate (Lukacs 2001), and their effectiveness can be

diminished under field conditions (Sobsey 2002). Solar disinfection, or SODIS, though

not without its own disadvantages, is a simple, inexpensive, and effective addition to the

POU water treatment repertoire. It should be noted, however, that point-of-use

treatments cannot effectively reducing exposure to pathogens unless a means of

preventing recontamination, such as a residual disinfectant and/or safe and proper

household storage, is established (Mintz 2001). Moreover, the potential of proper

sanitation, hand-washing, and hygiene education to multiply the health benefits of water

treatment cannot be overemphasized (Sobsey 2002).

C. Solar Disinfection

1. History

Sunlight has long been known to improve water quality. Sanskrit texts dating back to

2000 B.C. recommend treating water by exposure to sunlight, filtering it through

charcoal, and storing it in copper vessels (Baker 1981). The first controlled study on the

ability of sunlight to inhibit bacterial growth was reported in 1877 by Downes and Blunt,

who demonstrated that light was able to both inactivate and inhibit the growth of bacteria

in nutrient broth (Downes 1877). In 1946, Lukiesh specifically reported the ability of

sunlight to inactivate E. coli (Luckiesh 1946). More recently, Calkins et al. reported that
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simulated solar UV-B rapidly inactivated both E. coli and other indicator organisms in

good agreement with the inactivation rates observed in sunlit Kentucky waste

stabilization ponds (Calkins 1976).

In 1984, Acra et al. at the American University in Beirut, Lebanon, published the first

quantitative study on solar disinfection of drinking water (Acra 1984). Since then, a

number of groups have studied the SODIS process, with the Swiss Federal Institute for

Environmental Science and Technology taking the lead in many areas of research, as well

as in disseminating practical SODIS information (EAWAG/SANDEC). To date, SODIS

has been used and studied in over a dozen countries, including Haiti, Nicaragua, Costa

Rica, Colombia, Bolivia, Brazil, Burkina Faso, Togo, Kenya, Lebanon, Nepal, Thailand,

China, and Indonesia.

2. SODIS Procedure

SODIS relies upon the combined abilities of ultraviolet and visible light, as well as

elevated temperatures, to inactivate microorganisms. While the precise mechanisms

responsible for SODIS are not yet fully understood, the efficiency of this treatment has

been studied by a number of researchers, and has been characterized for representative

bacteria and viruses (Wegelin 1994). The process begins with pouring low-turbidity raw

water into a clean, transparent PET (polyethylene terephthalate) plastic bottle,

oxygenating by shaking, and exposing the bottle to sunlight for a period of at least one

day. Recent work (Oates 2001) suggests that two days is preferable for ensuring

adequate disinfection, and many SODIS proponents currently recommend exposing
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bottles for two days to ensure that they are disinfected. The water is allowed to cool

overnight, and is ready to drink the next morning. SODIS has been reported to work best

with clear water in containers with a depth of less than 10 cm (Rainey 2003).

3. Advantages and drawbacks of SODIS

The primary advantage of SODIS over other technologies is simplicity. This method

requires only plastic bottles, considered by many of its proponents to be ubiquitous and

inexpensive or free in developing countries. A second advantage is its low cost, since

additional chemicals, apparatus, and fuel are not required. Perhaps the most important

aspect in terms of acceptability, according to proponents, is that SODIS does not alter the

odor, taste, or appearance of the water, and has no associated risks of an overdose. Some

drawbacks of SODIS are labor inputs, potential scarcity of bottles, and the variable

effectiveness of disinfection, especially in cloudy weather conditions, all of which may

tend to reduce the technology's acceptance (Sobsey 2002), (Rainey 2003).

D. A critical review of SODIS

In order for SODIS to benefit those without access to safe water, it must be both effective

and acceptable. There has been a tendency in the literature to focus on the former

criterion, perhaps appropriately, since acceptance of an ineffective technology is of little

use. At the same time, the decision by the WHO to define access to a safe water source

as living within one kilometer of that source makes an important point about water

solutions. A safe water source that is unacceptably inconvenient will not be used, and
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thus confers no benefits. Likewise, if a POU solution is not acceptable in terms of cost,

convenience, aesthetics, and social norms, it is unlikely that potential users will choose it

over contaminated water. While conditions for acceptability may vary, it is essential to

consider both technical and social factors in designing and evaluating point-of-use water

technologies.

1. Effectiveness

Several studies have shown that SODIS effectively inactivates indicator microorganisms

in the laboratory (Wegelin 1994), (McGuigan 1998), (Calkins 1976), (Keenan 2003).

Table 0.1 summarizes some of these experiments. One general theme in laboratory

SODIS studies is the quantitation of fluence from lamps used to simulate sunlight.

Fluence is typically measured using photometers, radiometers, pyranometers, quantum

sensors, and other instruments that utilize the photoelectric effect to calculate an intensity

of incident light. However, the spectral responses of these instruments can vary

considerably over the spectrum, and may not be intercomparable (Kalff 2001).

Moreover, fluences in different studies are frequently reported over different wavelength

ranges, making comparison more difficult. Finally, fluorescent, halogen, mercury vapor,

and xenon arc lamps have all been used in SODIS studies with different combinations of

filters. However, their outputs are dramatically different, especially with respect to

implications for SODIS. In particular, mercury vapor lamps have a great deal of their

intensity concentrated into several narrow emission bands (i.e. 254, 265, 280, 302, 313,

334, 365, 405nm, etc.) while Xe arc lamps typically generate more uniform spectra. The

assumption that equal fluences from the two types of lamps will produce equal effects in
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biological systems may therefore be unwarranted. While fluence may be a useful

measure of exposure to simulated sunlight, without detailed additional information on

lamp spectra and exposure times, it may become increasingly difficult to intercompare

studies as our knowledge of SODIS and its wavelength dependence evolves.

Table 0.1: Some Laboratory SODIS studies summarized

Organism(s) Representative Light Source Comments Reference

Inactivation

Rate Constant

F99.9% TQ718 500/700W F 99.9%

E. coli (Kriesbach Isolate) 1510 kJ/m 2  medium-pressure =kJ/m 2

Streptococcus Faecalis 1850 kJ/m 2  mercury lamp integrated

Enterococcus Sp 2460 kJ/m 2  (MPML) w/ 320 from 350-

F2 Coliphage 9000 kJ/m 2  nm cutoff filter 450 nm,

Encephalomyocarditis virus 34,300 kJ/m 2  data for 20

Rotavirus 6800 kJ/m 2  C.

E. coli (Kenyan fecal isolate) hr-1 (ks/kr) 150W Xe arc lamp Found sens.

1.04/0.17 700 W/m 2  and

0.45/0.14 400 W/m 2  resistant

0.25/0.00 100 W/m 2  inact. rates

(ks/kr)

E. coli K12 % reduction/t 1000W Xe arc Filters

99.6%/6 hrs lamp w/ filters = reproduce

(= 0.4 hr-') 1.3 "suns" solar

spectrum
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In the field, SODIS is effective at removing pathogen indicators, but does not always

reduce them to acceptable levels, even after two days' exposure. A number of field trials

have used membrane filtration and other culture techniques to determine the effectiveness

of SODIS in the field. Some of the pioneering studies have been conducted by groups

from EAWAG/SANDEC, the Swiss Federal Institute for Environmental Science and

Technology's Department of Water and Sanitation in Developing Countries. Sommer et

al. compiled the results of field tests using glass and PET bottles or plastic bags, as well

as flow reactors, in Cali, Colombia, San Jose, Costa Rica, Amman, Jordan, and Khon

Kaen, Thailand. Results from these studies were variable, with inactivation rates of fecal

coliforms ranging from 0.09 to 1.39 log units per hour in plastic bottles, compared to 0.10

to 0.52 in glass, and 1.31 to 3.75in plastic bags. Overall, the average fluence (UV-A)

required for a 1-log reduction in fecal coliforms was 278 kJ/m 2 (Standard deviation 198)

2 2
in PET bottles, 324 kJ/m (SD 186) in glass, and 53 kJ/m (SD 20) in plastic bags. The

SODIS flow reactor achieved high rates of inactivation under all but "very cloudy" and

"completely overcast" conditions, while a solar pasteurization reactor, which relied on

temperature to inactivate E. coli, only reached its working temperature of 70 C (158 F) on

clear and slightly cloudy days. Overall, the investigators found that water is disinfected

most rapidly in plastic bags, and when water temperatures reach 50 C. (Sommer 1997)

Other groups obtained comparable results. In a SODIS study performed in the suburbs of

Port au Prince, Haiti, Oates et al. found that a one-day exposure only eliminated

detectable E. coli, fecal coliforms and H2S-producing bacteria in 50%, 50%, and 41.7%

of contaminated samples, respectively (Oates 2001). Parsons conducted similar studies
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around Port Au Prince, and found that exposure times of 5 hours or of one day were not

sufficient to reliably achieve even two-log inactivation of either E. coli or of fecal

coliforms in contaminated water samples. After two days' exposure, over 99% of E. coli

were inactivated in all samples, although more than 10% of fecal coliforms remained

(Parsons 2002). Keenan also performed SODIS experiments in Jolivert, Haiti, and

observed no detectable E. coli after four hours of exposure in all experiments, and a 2.4

log reduction in fecal coliform concentrations after six hours of exposure on sunny days,

with a 1.7-log reduction on cloudy days. On sunny and cloudy days, maximum water

temperatures reached approximately 40 and 37 degrees Celsius, respectively (Keenan

2003). Collectively, these results suggest that while SODIS can often inactivate

detectable E. coli with a one-day exposure time, two days' exposure significantly reduces

the occurrence of inadequately disinfected bottles (IDBs) for E. coli inactivation. By

contrast, fecal coliforms appear to be more resistant to SODIS in the field, and may

remain at significant levels even after two days of exposure. These data with pathogen

indicators suggest that more resistant pathogens may not be entirely inactivated by solar

disinfection, even with a two-day exposure.

Field studies have also found modest to dramatic reductions in cases of diarrhea among

SODIS users. In a controlled, 12-week study of 206 Kenyan Massai children, Conroy et

al. found that SODIS use with half-day exposures produced a 9% reduction in cases of

diarrhea, and a 26% reduction in severe diarrhea. However in each case, the results of

the two groups differed by less than one standard deviation. (Conroy 1996) A yearlong

study in the same district with similar methods showed slightly more encouraging results,
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with the SODIS group displaying a 16% reduction in overall incidence of diarrhea

compared to the control group. (Conroy 1999) Finally, in the wake of an outbreak of

cholera affecting the same study group, it was found that only 1.9% (three out of 155) of

children under 6 years old contracted cholera while using SODIS, whereas 13.9% (20 out

of 144) of children of that age contracted cholera in the control group, representing an

86% lower incidence among SODIS users. (Conroy 2001) Rainey summarizes another

encouraging study by the International Buddhist Society of 9 villages in Terai, Nepal

showed an 84% decrease in the reported incidence of diarrhea in these villages after three

months of SODIS use, with biweekly visits from IBS "health motivators" to encourage

use and answer questions (Rainey 2003). Exposure times used in this study were not

reported in the secondary source.

These results suggest that the effectiveness of SODIS in the field may be variable. A

number of confounding factors exist, including hygiene practices and education, access to

sanitation, quality of SODIS feedwater, age and proficiency of SODIS users, outside

motivators and user consistency, climate, season, nutrition, and scale of use. Thus, it may

be difficult to make accurate comparisons between studies or to draw precise conclusions

about SODIS effectiveness. However, it is clear that SODIS can effectively reduce the

rate of diarrhea and cholera incidence among users. Moreover, if the dramatic results in

Terai, Nepal, can be replicated elsewhere, the implications for public health and

development are staggering. However even the modest gains observed by Conroy's

yearlong study justify expanded attention to and promotion of this technology. Perhaps
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for these reasons, The World Health Organization has been actively promoting SODIS

since highlighting this technology at their 2001 world water day (WHO 2001)

2. Acceptability

One critical step towards realizing the full potential of SODIS, however, is increasing its

acceptability. In one 75-day study of 33 households in rural Nepal, Rainey found that

subjects missed performing the procedure on an average of 42 days (56% of the time).

The 30 subjects who missed at least one day cited "too much work" (83%) as the primary

reason. It was also noted that only 39% of subjects interviewed said they would obtain

bottles on their own after the study, while 42% said they would not (19% did not

respond). Of the 33 subjects, 42% did not know where they might be able to obtain more

bottles, and 15% gave no response (Rainey 2003). It has been reported that SODIS

bottles typically wear out in fewer than four months of use (Altherr 2004), making

obtaining new bottles a significant consideration. By contrast, Conroy et al.'s study of

Massai children found no evidence of noncompliance with SODIS instructions by

subjects during random field checks (Conroy 1996). Finally, in Rainey's study only 9%

of subjects reported feeling that SODIS improved their health, while 18% reported

feeling that SODIS improved their family's health. Despite these findings, 64% of

subjects thought they would continue SODIS, and 83% felt that SODIS was easy to

perform (Rainey 2003). What is clear from these potentially contradictory results is that

SODIS use in this study, when practiced, was extremely irregular, and that labor

requirements, scarcity of bottles, altered taste, and a perception that SODIS was

ineffective all reduced the acceptability of the technology. It seems reasonable to
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question whether similar acceptability issues may impede the effective introduction of

SODIS into other communities. We suggest that any measures that could reduce the

labor and number of bottles required for SODIS, improve taste, and increase the

perceived effectiveness of SODIS might improve acceptance.

3. Opportunities for Enhancement

A case can thus be made for innovations that will enable SODIS to disinfect water

virtually 100% of the time in one day, rather than two, both to save time, improve

effectiveness, and limit the number of bottles required. Furthermore, a process that

provided a safe residual disinfectant and made SODIS-treated water distinguishable from

untreated water might also be advantageous. Finally, with even the best-designed

strategy, it is possible that days on which SODIS cannot be used may occur. It would

therefore be helpful if SODIS dovetailed effectively with a sunlight-independent backup

system to ensure that users can enjoy safe water year-round. Based on these objectives,

we investigated a variety of potential additives in the hopes of identifying safe, low-cost,

enhancers for SODIS that might be intuitive, easy to use, and locally available in a wide

variety of developing country settings.

E. Background

A number of operational parameters affect solar inactivation rates, including temperature,

pH, dissolved oxygen concentration, salinity, turbidity, and container size and material.

In particular, some of these parameters interact synergistically with light, meaning that
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the rate of inactivation in the presence of light and that parameter together is greater than

the sum of the inactivation rates due to each factor alone. Thus, if light and a given

temperature each produce a 1-log per hour reduction in E. coli concentration individually,

but together they produce a 3-log per hour reduction, this combined effect is classified as

synergistic. While synergistic interactions between factors are highly desirable for

achieving rapid inactivation of pathogens, they are not strictly necessary for disinfection.

" Elevated Temperatures: Wegelin et al. (1994) report a threshold of 50 C for

synergistic inactivation, (Wegelin 1994), (Sommer 1997), while McGuigan et al.

(1998) find that 450 C is sufficient.

" pH: Curtis et al. (1992) report that fecal coliform in water from waste stabilization

ponds (WSPs-ponds in which sewage can be held while it undergoes natural

disinfection and nutrient removal) are inactivated more rapidly in the light as pH

increases from 7.5 to 9.5 (although a slight dark kill is observed at pH 9.5).

Davies-Colley (1999) found that E. coli in WSPs were killed more rapidly at pH

values above 8.5, but that Enterococci were not affected up to pH 10.

* Oxygen: Increasing dissolved oxygen concentration has been found to increase

SODIS kill rates, and all light-induced damage has been shown to be oxygen-

dependent above 313 nm (Reed 1997), (Curtis 1992), (Davies-Colley 1999),

(Webb 1979).

* Salinity: A number of groups have noted that increasing salinity, either during or

after the irradiation of E. coli, decreases their survival rates , .
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* Low turbidity: Kehoe et al. (2001, 2004) found that low turbidity was a

significant factor in the batch process disinfection of E. coli and Shigella

dysinteria Type I, although inactivation of E. coli was still possible up to 300

nephalometric turbidity units (NTU). By contrast, Wegelin et al. (1994) found no

effect of turbidity due to added Bentonite up to 24 NTU.

* Container size and material: Acra (1984) writes that transparent glass and plastic

containers are preferable for use in SODIS, while colored glass containers,

unsurprisingly, are less effective. McGuigan (1998) and Sommer (1997) report

that PET (polyethylene terephthalate) bottles are suitable for SODIS, while

Wegelin (2001) notes that PET bottles are preferable to polyvinyl chloride (PVC)

containers because they contain less UV-stabilizing additives that could

potentially migrate into drinking water. He further notes that the UVA absorption

of the PET bottle material dramatically increases over four months' exposure to

light, nearly tripling from <0.2 to nearly 0.55 at 334 nm.

These observations, particularly on the effects of temperature and dissolved oxygen, have

proved extremely useful for optimizing SODIS procedures (EAWAG/SANDEC).

However, they do not convey a great deal of information about the mechanism of

inactivation. All organisms can exist only within a given range of temperature, pH,

salinity, and oxygen values, and the fact that these potential stressors interact with light is

not in itself very informative. Therefore, a number of excellent studies have sought to

identify more precisely the factors and mechanisms involved in solar disinfection.
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F. SODIS Mechanisms

While many aspects of solar disinfection are not well understood, it seems unlikely that a

single mechanism describes the ability of sunlight and oxygen to destroy

microorganisms. It is more likely that molecular oxygen and light are an inherently

cytotoxic combination, and that the nature of oxidative stress is better described as the

breakdown of one or more of the mechanisms that cells have evolved to survive these

elements than the ability of a single set of conditions to induce toxicity.

Indeed, a study of marine bacterioplankton in the gulf of Mexico showed that under

normal environmental conditions, cells accumulate significant amounts of DNA

photodamage during the day, which they then repair at night with little or no net

accumulation . These results suggest that SODIS may, under some circumstances, be

understood simply as a large dose of natural, ubiquitous photooxidative damage that

outstrips cells' repair capacity. That said, the more that is known about what factors

potentiate such damage and what factors reduce or repair it, the greater the possibilities

for optimizing and enhancing SODIS applications.

1. Light

a) Direct DNA Damage

While most studies to date discount direct absorption of light by DNA as a major

pathway of inactivation, some work has suggested these mechanisms are biologically

important. Sinha (2002) and Harm (1980) both suggest that absorption by DNA of 290-
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320 nm (UV-B) light leads directly to the formation of certain DNA lesions,

cyclopyrimidine dimers (CPDs) and 6-4 photoproducts (6-4 PPs, Figure 0.1), and that

higher wavelengths may cause secondary damage. Sinha further notes the strong

correlation between CPDs and 6-4 PPs with cell inactivation, and reports the ability of

290-320 nm light to inactivate naked DNA (Sinha 2002). However, while the rates of in

vivo DNA lesion induction correlate well with inactivation rates, it should be noted that a

causal link between these two phenomena is largely assumed. Moreover, Harm notes

that the DNA lesions formed at longer wavelengths are not repaired by cells as readily as

those produced in the UV-B range, suggesting that they may be qualitatively different

(Harm 1980). Thus, while UV-B may induce potentially toxic DNA lesions, the

possibility that this occurs in sunlight at rates that are biologically significant in the

presence of DNA repair enzymes remains a matter of speculation.

Figure 0.1: Common Photochemically Produced DNA Lesions
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b) Photoaction spectra

Photoaction spectra comparing cell inactivation rates to the wavelength of light absorbed

show strong effects of UV-B, as well as peaks at 335-340, 365, 405-420, and 500 nm

(Table 0.2). In addition, light absorption by the DNA base thymidine drops off steeply

above 313 nm, and while inactivation below 320 nm is oxygen independent, damage

above 320 nm is highly oxygen dependent. Moreover, oxygen-dependent effects at

longer wavelengths include DNA single-strand breaks (SSBs), which are typically not

observed during shorter wavelength UV inactivation, and which are good candidates for

lethal DNA damage(Webb 1976). These results suggest that while direct DNA damage is

known to occur at wavelengths shorter than 320 nm, indirect mechanisms occurring at

longer wavelengths may be more important in sunlight-irradiated biological systems.

This seems especially likely since wavelengths shorter than 320 nm comprise less than

1% of the energy in ground level sunlight (Davies-Colley 1999). Indeed, the energy

available at 300 nm is less than 0.01% of that available at 440 nm on a midsummer day at

400 N latitude (Schwartzenbach 2003).

Table 0.2: Inactivation Peaks and Chromophore Candidates Absorbing at Similar

Wavelengths.

Wavelength Reference Chromophore Reference

Candidates (krmax)

330-340 nm (Webb 1976) NADH (340) (Pakalnis 2000)

340 nm (Webb 1979) NADH (340), Riboflavin (Pakalnis 2000), (Madden)

(350?)
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Webb et al. (1982) also found a profound synergistic effect between prior irradiation of

E. coli strains at 365 nm and subsequent exposure to radiation at 405 nm. Damage at 405

nm in these experiments was oxygen-dependent, and produced a large number of single-

strand DNA breaks. The authors attributed the observed synergistic effect to an

inactivation by 365 nm light of the mechanisms that repair damage at 405 nm. No

synergistic effect was observed when cells were irradiated in the reverse order.

Further work in natural sunlight confirms the importance of wavelengths above 320 nm,

and consequently, the lesser importance of direct DNA absorption. In Brazil, Curtis et al.

(1992) observed the effects of cutoff filters on E. coli and fecal coliforms exposed to

sunlight in water from waste stabilization ponds (WSPs). They consistently found that all

regions between 300 and 700 nm contributed to inactivation under these conditions,

24

365 nm (Webb 1979) NADH (360), FMN (370), (Pakalnis 2000)

riboflavin(370), other

flavins

400-410 nm (Webb 1976) Cytochrome bo, nitrate (Yamanaka 1992)

reductase, Cytochromes

b558, c-550, c-552

410 nm (Webb 1979) Cytochrome bo (oxidized, (Yamanaka 1992)

410nm)

460 nm (Webb 1976)

500 nm (Webb 1979)

490-5 10 nm (Webb 1976)



although only wavelengths shorter than 440 nm significantly inactivated E. coli in

buffered distilled water. Sinton et al. (1999) found similar participation over a broad

range of wavelengths for fecal coliforms in seawater, as did Acra for E. coli in freshwater

. Work by Davies-Colley (Davies-Colley 1999) appears to contradict these findings (as

well as his own earlier work) by suggesting that only wavelengths below 340 nm are

relevant. On the whole, though, we may infer that, because SODIS works at wavelengths

well above those absorbed by DNA, the process does not rely solely upon DNA acting as

a chromophore. This is especially significant since, between the low natural intensity of

light below 320 nm at the Earth's surface, the ability of turbid or highly colored water to

reduce this intensity further, and the tendency of PET bottles to absorb much of the light

shorter than 320 nm , longer wavelengths may constitute the vast majority of light

available for SODIS.

While the effects of a given intensity of UV-B light are several orders of magnitude

greater than those of UV-A or visible light, the intensity of UV-B present at the earth's

surface is also orders of magnitude lower. It is not unreasonable, therefore, that Harm,

Webb, Peak, and others should find photoaction spectra indicating that UV-B is most

damaging, while Curtis and others show that wavelengths above 320 nm are equally or

more important in natural sunlight.

c) Chromophores

As noted above, several wavelengths have been identified at which photoaction spectra

show peaks in the inactivation rate at wavelengths corresponding to potential
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photosensitizers (Table 0.2), and this coincidence has been interpreted as evidence for the

presence of photosensitizers-molecules that are excited by absorbing light, then pass

that excitation to targets, either directly or through reactive intermediates, ultimately

damaging targets within the cell, and potentially damaging themselves as well.

(1) Porphyrins

Porphyrins are a class of molecules containing four pyrrole rings connected by methene

bridges. Heme, a subset of porphyrins, contains an iron atom bound by the N heteroatoms

of the four pyrrole rings (Figure 0.2). The central iron atom may exist in the reduced

ferrous (Fe 2) state or the oxidized ferric (Fe3+) form. The redox potential difference

between these two states depends largely on the substituents attached to the heme

structure, as well as on interactions with the larger protein. Thus, typical potentials for

the redox couple may cover an enormous range, from -100 to 400 mV. (White 2000).

Figure 0.2: Heme B

Fe
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Heme can be incorporated as a prosthetic group into nonrespiratory enzymes, such as

catalase, or incorporated into the electron transport chain in functional units called

cytochromes. Five types of heme have been observed in bacteria: hemes A, B, C, D, and

0. These can be arranged in cytochromes, membrane-bound structures each containing

two different kinds of heme. In prokaryotes, these include cytochrome bd (also known as

cytochrome d) and cytochrome bo (also bo3 or o), both of which reduce molecular

oxygen to H20. Cytochromes are so named for their ability to absorb light at

characteristic wavelengths when in the reduced state. These characteristic wavelengths

are known as Soret bands, and are divided into a, p, and y bands. The a band typically

falls slightly above 400 nm in the reduced state, and is lower in the oxidized state. The p

and y bands are typically between 500 and 600 nm (White 2000). It has been suggested

that the narrow peak around 420 nm and broad 450-550 nm peak identified in SODIS

photoaction spectra may correspond to characteristic absorbances of cellular porphyrins

(Tuveson 1986).

(2) Porphyrins in vivo

The work of Tuveson and Sammartano on heme-deficient mutants is among the best

evidence for the role of porphyrins as photosensitizers. Shortly after Acra's original

SODIS publication, Tuveson and Sammartano showed that heme-deficient E. coli

mutants are resistant to inactivation by 300-400 nm near-UV (NUV) light (Tuveson and

Sammartano, 1986). They employed a strain of hemA8 E. coli with a mutation that

blocks the synthesis of the porphyrin precursor A-aminolevulinic acid (A-ALA),
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effectively preventing porphyrin synthesis. The investigators found that a dose of NUV

light producing a 5-log reduction in survival of a hemA+ culture of RT-10 E. coli caused

virtually no inactivation for hemA8 mutants of the same strain. Moreover, the same

hemA8 mutant demonstrated a dramatically increased rate of inactivation when it was

supplemented with 50 pig/ml A-ALA. Furthermore, another hemA8 E. coli strain, RT-8,

which experienced less than a 1-log inactivation at 86.4 KJ/m2 in the absence of A-ALA,

exhibited increasing rates of inactivation at increasing levels of A-ALA supplementation,

with a 6-log reduction at roughly 50 gg/ml. Finally, the investigators showed that

hemA+ mutants were not significantly affected by added A-ALA at pg/mL

concentrations (although Szocs et al. found that at mM concentrations, A-ALA did

enhance photoinactivation of E. coli , and van der Meulen found similar results for

Haemophilius parainfluenzae ). These results strongly suggest that porphyrins play a

critical role in the inactivation of E. coli by NUV light. One caveat noted by the authors,

however, is that blocking porphyrin synthesis could interfere with other constituents of

the electron transport chain, potentially altering the concentrations of other chromophores

or sources of ROS.

In a similar study using E. coli hemA8 mutants, Peak et al. confirmed that A-ALA

supplementation accelerated inactivation by 334 and 405 nm light. While oxygen was

important at both wavelengths, it played a larger role at 405 nm, and DNA breaks

occurred more frequently at this wavelength as well. However, because fewer DNA

breaks occurred per lethal event in A-ALA supplemented cells, the authors concluded that

DNA damage was not the source of cytotoxicity in this study. Rather, they noted that
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rubidium leakage from cells supplemented with 50 jig/mL A-ALA occurred much more

rapidly than in cells supplemented with 0.1 ptg/mL A-ALA. The authors therefore

proposed that Porphyrins photosensitized the production of singlet oxygen, leading to

membrane damage, which played a role in cytotoxicity (Peak 1987). However, the

generalization of these monochromatic studies to broad-spectrum sunlight should be

made with caution.

It has likewise been found that exogenously added porphyrins can increase the

inactivation rate of bacteria. Nitzan and Ashkenazi (2001) found that incubation with the

cationic porphyrin 5, 10, 15, 20-tetra (4-N methylpyridyl)porphine (TMPyP) sensitized

an antibiotic-resistant strain of E. coli to light so effectively that at concentrations of 29.4

ptM, a fluence of 20 KJ/m2 of blue (400-450nm) light completely eradicated a culture of

109 CFU per mL of that organism, while the same dose of light had no observable effect

on an unsensitized culture. 8- and 16-fold higher fluences of green and red light,

respectively, achieved the same effect on sensitized cultures. Also, 1.83 ptM of TMPyP

achieved eradication after exposure to 7 J/cm 2 blue light. Similar results were observed

for a drug-resistant strain of the Gram-negative bacterium (GNB) Acinetobacter

Baumannii. Such dramatic photosensitizing properties have been observed for a variety

of cationic porphyrins , . In each case, the authors cite the light- and oxygen-dependent

generation of singlet oxygen by the porphyrin photosensitizer as the likely mechanism of

cytotoxicity. While other (anionic or uncharged) porphyrins have been reported to

eradicate Gram-positive bacteria, they do not affect Gram-negative bacteria, presumably

because they are unable to penetrate the outer membrane. It is not yet known why
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cationic porphyrins may be more effective at crossing this membrane , although Valduga

et al. (1999) have suggested that they may associate with and damage sites on the outer

membrane that permit entry.

Numerous studies have linked porphyrin cytotoxicity to the photosensitized generation of

singlet oxygen (102) by this class of compounds, both in E. coli , as well as in

mammalian tumors, . Much older work has shown that a singlet oxygen quencher 1,3-

diphenylisobenzofuran is capable of protecting mouse mammary carcinoma cells from

the inactivating effects of hematoporphyrin exposed to red light between 610-630 nm .

However, Henderson and Dougherty (1992) point out that the role of 102 in causing

toxicity has not been conclusively demonstrated, and evidence exists for the involvement

of superoxide radical anion as well.

(3) Other Biomolecules

A variety of other cellular constituents have also been proposed as endogenous

chromophores, including flavins and quinones. Lloyd et al. (1990) suggested riboflavin

as a potential sensitizer, and found that E. coli strains deficient in the synthesis of this

compound were less sensitive to 320-400 nm light than wild-type strains, becoming more

sensitive as exogenous riboflavin was added. The nucleic acid 4-thiouridine has also

been suggested as a sensitizer, as cited by Curtis and Mara in their literature review

(Curtis 1994). Work on human breast cancer cells has linked a toxic photosensitizing

effect of the synthetic quinone diaziquone to the production of hydroxyl radicals , a result

adding credence to Blough and Zepp's observation that natural quinones could
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potentially act as photosensitizers (Blough 1995), although they assert that in the case of

the photosensitizer 2-Methyl-1,4-benzoquinone, the hydroxylating reactive intermediate

is more likely a hydroxyl radical-semiquinone complex than a free HO radical (Pochon

2002).

(4) Humic Substances

Extracellular photosensitizers have also been proposed, primarily humic substances.

Humic substances (HSs) are commonly separated into the operationally defined

categories of humic and fulvic acids, both of which are derived from decomposing plant

matter, and are characterized by large, complex arrays of aromatic rings with hydroxyl

and carboxyl substituents, which cause them to absorb visible light and be somewhat

water soluble. Although the potentially infinite variety of possible chemical structures

makes HSs substances difficult to characterize, they have been long recognized for their

ability to sensitize the reduction of molecular oxygen to hydrogen peroxide and

superoxide, and possibly to produce singlet oxygen as well (Blough 1995). However, in

order to be effective SODIS photosensitizers, this would have to occur fast enough for

the flux of these species reaching the membrane and/or diffusing into the cell to

significantly increase steady-state concentrations from intracellular and/or membrane

production.

The question of whether endogenous or exogenous photosensitizers are more important

in catalyzing SODIS is a difficult one, and the answer may vary depending on solution

conditions. However, the observation that organisms continue to be inactivated when
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irradiated in distilled water (Curtis 1992) or phosphate buffers (Davies-Colley 1999),

suggests that while exogenous chromophores may contribute significantly to SODIS,

they are not essential. By contrast, the finding of Tuveson and Sammartano, that

photoinactivation of E. coli does not occur at significant rates in the absence of

porphyrins, suggests that these chromophores may be part of a set of endogenous

molecules that are essential to SODIS. However, the finding by Davies-Colley that

SODIS occurs faster in unfiltered WSP water suggests that exogenous constituents other

soluble humic substances may have a role in enhancing SODIS rates (Davies-Colley

1999).

2. Reactive Oxygen Species

When a photosensitizer absorbs light it can become excited, promoting electrons to

antibonding molecular orbitals. An excited chromophore may relax without undergoing

any chemical reaction, or it can react by one of two mechanisms. In a type I reaction, the

photosensitizer damages itself (i.e. undergoes photobleaching), whereas in a type II

reaction, the chromophore is quenched by another molecule in solution, producing a

reactive intermediate which is then capable of modifying other species (Halliwell 1999).

The chief candidates for intermediates involved in SODIS are reactive oxygen species

(ROSs), a class of species formed either through the excitation of molecular oxygen or

through its stepwise reduction to water. The principal ROSs proposed in connection with*

SODIS are singlet oxygen (102), superoxide radical anion (02*-), hydrogen peroxide

32



(H20 2), hydroxyl radical (HO*), and, to a lesser extent, organic ROSs such as alkyl- and

lipid peroxides (ROO,).

a) Singlet Oxygen
One common quencher of excited chromophores is ground-state (triplet) molecular

oxygen, which readily becomes excited, promoting an electron to yield singlet oxygen

(Schwartzenbach 2003). Singlet oxygen, in turn, is rapidly quenched by water, resulting

in a lifetime of approximately 3.8 gs (Halliwell 1999). Some sensitizers known to

produce singlet oxygen include dissolved organic matter (DOM) in natural waters

(Blough 1995, Schwartzenbach 2003), and cellular constituents including riboflavin and

its derivatives, FMN, and FAD, as well as Cytochromes and other porphyrins. When

produced, singlet oxygen can damage both the chromophore itself and other species in

solution, including heme proteins such as catalase, as well as species with conjugated

double bonds (including some unsaturated membrane lipids), which then may react to

form endoperoxides (Halliwell 1999). Park et al. (2001) observed that in addition to

inactivating catalase, singlet oxygen produced by irradiating the photosensitizers

methylene blue and rose Bengal was capable of damaging superoxide dismutase (SOD)

in vitro. In these experiments azide, a singlet oxygen scavenger [and also, coincidentally,

an inhibitor of catalase] was able to protect SOD against damage from singlet oxygen.

Likewise, histidine, another 102 scavenger, was able to protect catalase. However, the

findings by Lledias et al. that singlet oxygen modified catalase in vivo without

inactivating it, cast some doubt on the in vivo implications of Park's results .
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Given its reactivity with important biomolecules, it should come as no surprise that

singlet oxygen has been proposed by many as a key intermediate in SODIS chemistry.

Curtis (1992) found that the singlet oxygen quencher histidine (10 and 100 mM)

significantly protected fecal coliforms from solar disinfection in WSPs. The finding by

Gourmelon et al. (1994) that histidine (100mM) and NADPH (another 102 quencher)

(1mM) only weakly protect E. coli in seawater do not necessarily contradict those of

Curtis. Because singlet oxygen is readily quenched by water, the failure of a scavenger

to offer significant protection need not rule out the involvement of this species in a

SODIS reaction. Specifically, given a second order rate constant on the order of 107 M

S-' for the reaction of singlet oxygen with histidine , and a histidine concentration of 10-1

M in bulk solution for both experiments, the maximum rate of reaction with this quencher

will be on the order of 106 s-, while the rate of reaction with water is on the order of 10 5

s-1 (Wilkinson 1995). Thus, if singlet oxygen acts intracellularly, and if intracellular

histidine concentrations are significantly lower than those in bulk solution, the scavenger

may not be an important sink for '02.

b) Superoxide (O2-)
Superoxide radical anion is produced by the one electron reduction of 02. Since ground

state molecular oxygen exists in an unpaired triplet state, spin-paired organic molecules

can only reduce dioxygen one electron at a time(Imlay 2003). In the absence of

microorganisms, the specific processes generating superoxide are not well understood,

although DOM is known to photochemically produce this radical in natural

waters(Blough 1995). Within living cells, superoxide can be formed "accidentally" when
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redox enzymes in microbial electron transport chains "leak" electrons onto molecular

oxygen; in aerobically grown E. coli, as much as 5 ptM superoxide can be generated per

second (Halliwell 1999)! Superoxide production has also been reported from the

photooxidation of tryptophan by NUV light (McCormick 1978). Tryptophan is the least

abundant of the 20 amino acids that make up all proteins, with a relative abundance of

roughly 1% (Figure 0.4). However, since proteins make up roughly half of the dry

weight of cells, tryptophan is still a significant cell constituent, and its potential role in

SODIS should not be discounted.

Figure 0.3: Tryptophan
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Once produced, superoxide does not react rapidly with most cellular constituents, such as

DNA, lipids, amino acids, or most other metabolites(Halliwell 1999) . However, it does

attack enzymatic iron-sulfur clusters, specifically those of dehydratases such as aconitase

(Fridovich 1998), which are rapidly destroyed, releasing iron. Superoxide also undergoes

dismutation (one 02 molecule oxidizes another) to generate hydrogen peroxide. This

reaction can be catalyzed by transition metal ions in solution (Blough 1995), or by

35



superoxide dismutases, a nearly ubiquitous class of enzymes whose sole known function

is to catalyze this reaction (Halliwell 1999).

In SODIS experiments, no effect of added superoxide dismutase on Fecal coliform and

E. coli kill rates was found by Curtis (5U/mL) or Gourmelon (55U/mL), respectively,

although Curtis notes that this is not grounds for assuming that the species is not

involved(Curtis 1992),(Gourmelon 1994). Indeed, the ability of SODs to be inactivated

by light, as described below, and the potential difficulty of the large SOD molecule or the

charged 02 radical crossing the plasma membrane might explain the inability of the

levels of SOD added to protect cells. Whether spontaneously or catalyzed by SODs, one

important fate of superoxide is disproportionation into hydrogen peroxide.

c) Hydrogen Peroxide
Hydrogen peroxide can be formed from the dismutation of superoxide produced either

biologically (Harm 1980) or from the photosensitization of DOM in natural waters

(Blough 1995). An action spectrum for the photochemical production of H202 in

lakewater shows significant H202 yields for wavelengths ranging from 300-400nm, and

formation rates on the order of 10-7 M/hr in sunlight (Cooper 1988). While Blough et al.

note that this is the major source of H20 2 in natural waters, intracellular production rates

in the dark are much higher, and have been measured at 15 ptM/s during exponential

growth in respiring E coli mutants unable to scavenge hydrogen peroxide(Imlay 2003).

The same study found production in stationary phase cells at room temperature to be

roughly 3 pM/s (Costa-Seaver 2001). This H20 2 is produced both via adventitious
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reduction of 02 in the electron transport chain to 02', which then dismutates to form

H20 2 , and by the activity of enzymes such as urate-, and D-amino acid oxidases, which

are capable of generating hydrogen peroxide in vivo (Halliwell 1999). It should be noted,

however, that production rates vary with growth conditions, complicating comparisons

between separate studies, such as those yielding rates for intracellular superoxide and

hydrogen peroxide production.

In SODIS studies, sinks of hydrogen peroxide have been shown to protect fecal coliform

(Curtis 1992) and E. coli (Gourmelon 1994), (Sammartano 1984) cells from inactivation

by sunlight. Similarly, Xenopoulos and Bird found that levels of H20 2 as low as 50 nM

could inhibit bacterial production in a mesohumic lake, while addition of catalase

stimulated productivity (Xenopoulos 1997). It was also found that catalase in the plating

medium could dramatically protect E. coli damaged by previous exposure to 300-400 nm

radiation from both inactivation and mutagenesis, but not those exposed to far UV

wavelengths (Sammartano 1984). These studies suggest that H20 2 is important to

SODIS, and that it continues to act on cells after irradiation has ceased.

This is at first puzzling, since H20 2 is not, in itself, highly reactive, and even at mM

concentrations it will not readily react, alone, with DNA, lipids, or proteins. Hydrogen

peroxide will react with heme proteins to inactivate them, however, releasing iron.

Nonetheless, when added at concentrations of 10-100 pM in vivo, H20 2 is toxic to most

cells, results in DNA, lipid, and protein damage, and can inactivate both FeSOD and

CuZnSOD superoxide dismutases. This paradox is potentially resolved by the ability of

37



H20 2 to cross cell membranes rapidly (perhaps through aquaporins), and to react

intracellularly with transition metals such as iron and copper to form hydroxyl radicals

via the Fenton reaction and its copper analog (Halliwell 1999).

d) Hydroxyl radical
Hydroxyl radical can be formed in the environment through the exposure of water to

ionizing radiation, as well as through mechanisms like the Fenton reaction (see below).

HO* is capable of damaging proteins, DNA, and lipids. It reacts at near-diffusion limited

rates with virtually all organic and biomolecules, and reacts particularly rapidly with

catalase (k2 = 2.6x10 1 ' M -'s -1) (Halliwell 1999). Because of its high reactivity, the

average lifetime of hydroxyl radicals in natural waters and within a cell is extremely

short, limiting the distance they can travel before reacting, and making direct in-vivo

observation (i.e. quencher studies) difficult.

These difficulties may account for the varying results found by groups investigating the

role of hydroxyl radical in SODIS. Gourmelon et al. have found that the addition of

thiourea, a hydroxyl radical quencher, significantly reduces the kill rate of irradiated

bacteria, suggesting that this species may play an important role in SODIS (Gourmelon

1994). By contrast, Curtis found that 100 mM of the scavengers mannitol and DMSO did

not protect fecal coliforms in sunlit water from WSPs (Curtis 1992).
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e) Other Reactive Intermediates
Peroxynitrite (ONOO-) and hypochlorous acid (HOCI) have also been implicated as

biologically important reactive nitrogen and oxygen species, respectively (Halliwell

1999). However, there has not been sufficient investigation of their potential

involvement in SODIS to discuss them further here.

Another set of reactive intermediates that has received relatively little attention in the

SODIS literature is the organic ROSs, including organic peroxides (ROOR'), peroxyl

(RO2), and alkoxyl (RO') radicals. These are good oxidizing agents, and may also play a

role in damaging cellular constituents during SODIS. They are presumably generated

and propagated through the process of lipid peroxidation, discussed below.

3. Metal Ions
As noted in our discussion of the roles of hydrogen peroxide, trace metals such as iron

and copper can play a critical role in oxidative stress. Moreover, because they may

always be present in cell culture media at low concentrations and can carry out many

important reactions at low concentrations, it is easy to overlook their roles as catalysts in

biological systems. For example, Halliwell (1999) suggests that so-called "auto-

oxidation" reactions in vivo may in fact require metal catalysts.

a) Iron
Iron has the potential to catalyze the Fenton reaction intracellularly, damaging DNA and

other cellular constituents. The Fenton reaction, first described in 1876, is still not

entirely understood. However, it is generally written as shown:
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1) H2 0 2 + Fe(II) 4 Fe(fII) + OH~ + HO* (Halliwell 1999)

It should be noted that when iron is chelated, it can react much more rapidly with

peroxide to generate hydroxyl radical, in a ligand-dependent manner. However, it is

readily apparent that the reaction can only proceed when iron is in its reduced state.

Superoxide, either generated metabolically or photochemically, may catalyze Fenton

reactions by recycling Fe(III) to Fe (II):

2) Fe(III) + 02'- 4 Fe(II) + 02 (Halliwell 1999)

In combination with reaction 1), this has been referred to as a superoxide-assisted Fenton

reaction. However Imlay suggests that at normal cellular superoxide concentrations this

may not be an important reduction pathway . Other reductants, such as ascorbate, can

also recycle Fe(III) in Fenton reactions. The combination of Fe(III)-EDTA, H20 2, and

ascorbate, known as the Udenfriend system, is well known for its ability to hydroxylate

organic compounds (Halliwell 1999). Light can also have the effect of photoreducing

ligand-bound Fe(III) to Fe(II) via ligand-to-metal charge transfer, in which the ligand is

ultimately oxidized (Blough 1995). Blough and Zepp further report in their review of

ROS that citrate and phosphate complexes of Fe(III) can be efficiently photoreduced at a

rate that is increased by low pH.

3) LmM(n+l) 4 (hv) 4 L(m-1)Mn* + L.X'
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In vivo, a variety of biological reductants are available which might also participate

(Halliwell 1999). Both NADH (Brumaghim 2003) and FAD (Woodmansee 2002) have

been implicated as key reductants of Fe(III) in the intracellular Fenton reaction.

The ability of intracellular Fenton chemistry to damage cells is almost certainly related to

the subcellular location of the reactants. The ability of short-lived hydroxyl radicals

produced by Fenton chemistry in bulk solution to inactivate cells would be highly

questionable. Fridovich proposes that iron released from heme groups and Fe-S clusters

binds to polyanions such as nucleic acids and phospholipid membranes (Fridovich 1998).

Work by Linn, Imlay, and others has confirmed that Fe shows a high affinity for DNA,

and that in the presence of hydrogen peroxide, Fenton chemistry occurs, resulting in

DNA damage, mutagenesis, and cytotoxicity (Imlay 1988). Fenton rate constants for

iron-bound to DNA have been reported as 2000-6000 M 1s~1 , nearly 100 times the

reported rate for free Fe(II) , while Imlay reports chelatable, "Fenton-active" intracellular

Fe(II) concentrations of 20pM in growing E. coli cells (Imlay 2003). Touati (2000) also

notes the presence of oxidative DNA damage in an E. coli mutant lacking the fur gene,

which regulates iron uptake and homeostasis, corroborating the findings of Imlay and

Linn. He further reported that a fur mutant lacking homologous DNA repair capability

was unable to survive in the presence of oxygen. These findings strongly suggest that

DNA damage mediated by intracellular Fenton chemistry is a source of oxidative stress

in bacteria.
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b) Copper
It has been reported that copper can catalyze Fenton-like reactions in the presence of

hydrogen peroxide.

4) H2 0 2 + Cu(I) Cu(II) + OH + HO' (Halliwell 1999)

5) Cu(II) + 02*~ 4 Cu(I) + 02 (Stohs 1995)

As in the case of iron, superoxide and photoreduction can recycle oxidized copper. In

particular, Cu(II)-amino acid complexes are reported to be readily photolyzed, yielding

reduced copper (I). This species can efficiently reduce molecular oxygen to H20 2,

further potentiating Fenton-like reactions . In addition, a number of biomolecules,

including ascorbate, have been reported to reduce Cu(II) (Halliwell 1999).

3) Cu(II) + Asc 4 Cu(I) + semihydroascorbate (SDA) radical

4) 2 SDA - Asc + dehydroascorbate (DHA) (Halliwell 1999)

The ability of copper ions to catalyze the autooxidation of ascorbic acid, as shown above,

is well known, and has been reported to produce H20 2 and hydroxyl radical, as well as to

oxidize DNA, lipids, proteins and a variety of enzymes in vitro, including catalase

(Halliwell 1999), (Orr 1967), (Orr 1967). These reactions may involve the aerobic

reduction of 02 described above. Combinations of copper sulfate and ascorbate, as well
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as copper sulfate, ascorbate, and hydrogen peroxide have been reported to react in the

dark via Udenfriend-like mechanisms, producing hydroxyl radical (Halliwell 1999).

Moreover, copper has a high affinity for lipids and DNA, especially guanosine residues,

and can produce site-specific oxidative damage in the presence of hydrogen peroxide

(Sagripanti 1989), which damage is potentiated by ascorbate, cysteine, and other

intracellular reductants (Sagripanti 1997). Combinations of copper, hydrogen peroxide,

and ascorbate have also been found to inactivate fecal coliforms (Ragab-Depre 1982),

Herpes simplex virus (Sagripanti 1997), and a variety of other pathogens and indicators

in the dark. However, to our knowledge the application of these systems to SODIS is

novel to this study.

c) Other Metals
While iron and copper are the most biologically relevant transition metals, others have

been reported in connection with SODIS and oxidative damage. Pedahzur et al. reported

inactivation of E. coli K12 in the presence of silver and hydrogen peroxide, as well as

silver in the presence of Cu(II), Ni(II), Zn(II), and Cd(II)(Pedahzur 1997). Studies have

also used the semiconductor TiO 2 to disinfect water in sunlight .

Other Targets: Cell Membranes and Lipid Peroxidation

The mechanisms above have focused largely on damage to intracellular constituents.

However, lipid peroxidation is an important pathway of oxidative stress in mammals.

The process is initiated when a strongly oxidizing ROS such as HO', RO, RO2, and HO2,

(the protonated form of 02-., pKa 4.8) abstracts a hydrogen atom from an allylic or bis-
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allylic methylene group in a polyunsaturated fatty acid (PUFA), leaving a highly unstable

carbon-centered radical. This can react with molecular oxygen to form a slightly more

stable peroxyl radical (RO2). Peroxyl radical in turn, may abstract hydrogen from

another PUFA, propagating the reaction and generating a lipid peroxide.

ROO*+ R'H - ROOH + R'

These lipid peroxides can react with transition metals, as well as with intact porphyrins,

to undergo Fenton-like reactions yielding alkoxyl radicals. Often, lipid peroxides react

much more rapidly via such mechanisms than H20 2. It has been found that iron (and

presumably copper as well) bound to membranes, proteins, and DNA can all react with

lipid peroxides to generate alkoxyl and peroxyl radicals. In addition to reacting with

peroxides, iron and copper can accelerate the lipid peroxidation process themselves,

although the mechanism is not known. Singlet oxygen is also known to contribute to

lipid peroxidation by reacting directly with double bonds to form two hydroperoxides,

which can then react with trace metal catalysts to form peroxyl radicals (Halliwell 1999).

While we are not aware of studies directly linking lipid peroxidation to SODIS damage,

unspecified membrane oxidation processes have been implicated as the mechanism of

toxicity in E. coli by Peak (1987) as noted above, and by Davies-Colley (1999) at

pH>8.5. However, Imlay suggests that because most bacterial membranes lack PUFAs,

instead containing monounsaturated lipids, peroxidation of membrane lipids may not be

significant in bacteria .
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4. Cellular Defenses
In light of the potentially deleterious effects of light, ROSs, and metals in biological

systems, it is unsurprising that all organisms have evolved defense mechanisms to protect

themselves from these effects. Those of greatest interest in this work are the ROS

scavengers catalase, peroxidase, and superoxide dismutase, as well as DNA repair

mechanisms.

a) Catalase
Catalase is a heme-containing protein known to convert hydrogen peroxide to water at

diffusion-limited rates. E. coli has two catalase enzymes, HPI and HPII, the former

generally being expressed during exponential growth, while the second is activated in

stationary phase. Most references to E. coli "catalase" in the literature refer to HPI,

which is generally regarded as the most significant in avoiding oxidative stress, and the

term will be used with this meaning hereafter (Imlay 2003, Halliwell 1999). In

combination with peroxidase, cellular catalase represents the primary sink of hydrogen

peroxide in natural waters (Blough 1995). Saturation of this enzyme is virtually

impossible under intracellular conditions (Km = 5.9 mM ), but it is out-competed by alkyl

hydroperoxide reductase (Ahp) at low [H 20 2] (<10 gM,). Thus, while it is the most

important scavenger at concentrations higher than this, in biological systems under

normal conditions, catalase may not be the primary intracellular scavenger of hydrogen

peroxide (Halliwell 1999), . Catalase can be inactivated by singlet oxygen, and as noted

above, is inhibited by copper plus ascorbate (Halliwell 1999), (Orr 1967),(Orr 1967).

Catalase is also inactivated by its substrate, hydrogen peroxide, and NADPH is believed

to reactivate the damaged enzyme (Brumaghim 2003).
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In studies using simulated sunlight it has been noted that addition of catalase, not only to

irradiated solutions but also the post-irradiation plating medium, can protect E. coli from

photoinactivation (Sammartano 1984). Finally, it is interesting to note that in Tuveson's

study of E. coli mutants unable to synthesize full complements of porphyrins, either the

lack of catalase did not substantially impair mutants exposed to light, or else synthesis of

catalase must have occurred even under such limiting conditions.

b) Peroxidase
As noted above, E. coli's native peroxidase, alkyl hydroperoxide reductase (Ahp), is

thought to be the primary scavenger of endogenous hyrdrogen peroxide (Costa-Seaver

2001), reducing intracellular hydrogen peroxide levels to one tenth of extracellular levels

or less (Seaver 2001) while oxidizing NAD(P)H. Since NADH is reported to reduce

Fe(III), driving the Fenton reaction, it is believed that cells may expend ATP to convert

NADH to NADPH as a defense against oxidative damage from Fenton chemistry

(Brumaghim 2003). Thus, any depletion of ATP, NADPH, or inhibition of metabolic

activities during SODIS could reduce the peroxidase activity of Ahp. It is also possible

that the protein itself is somehow damaged by SODIS. Specifically, Ahp is a

flavoprotein, containing a FAD cofactor bound to its 57kDa F subunit, and with

absorption maxima at 280, 380 and 448 nm (Jacobson 1989). Since FAD has been

shown to be an endogenous chromophore, capable of reacting by either damaging itself

(photobleaching) or producing singlet oxygen (photodynamic effects) (Halliwell 1999), it

is possible that gradual photoinactivation of peroxidase may occur.
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c) Superoxide Dismutase
Like catalase, this enzyme reacts with its substrate, superoxide, at diffusion-limited rates,

producing hydrogen peroxide. Several SODs have been found, including CuZn, Fe, and

Mn SODs, of which the former two can be inactivated by hydrogen peroxide. SOD may

also be vulnerable to attack by singlet oxygen (Halliwell 1999). E. coli have been found

to contain periplasmic CuZn SOD, as well as cytosolic varieties, and the lack of the gene

encoding the former is found to result in increased sensitivity to H20 2 in E. coli and

Salmonella typhimurium in early log phase.

d) DNA Repair
In order to understand how SODIS works, it is also relevant to consider how

photochemical damage to cells is repaired. DNA repair is undoubtedly important in E.

coli inactivation. Harm (1980) shows that an E. coli strain deficient in dark repair (uvrA-

recA-) undergoes a two-to-three-log reduction in survival after one minute of exposure

to natural sunlight. Moreover, when the same strain was exposed to sunlight for 90

seconds, then exposed to fluorescent white light, photoreactivation was dramatic, and a

net inactivation of less than 1 log unit was observed. In a related study, Harm showed

that naked transforming DNA (DNA that can be taken up by a cell and incorportated into

that cell's genome to produce an observable change) is rapidly inactivated by sunlight,

but that when photoreactivating enzyme (PRE) is added, much of its activity is restored.

Furthermore, when DNA and PRE are irradiated in sunlight together, DNA inactivation

proceeds much mores slowly (Harm 1980). These data strongly suggest that both light

and dark repair mechanisms are essential to protecting E. coli from the harmful effects of
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sunlight, and that in the absence of these mechanisms, DNA is almost certainly the most

important target of photooxidative damage.

e) Redox Regulation
Bacteria also mitigate oxidative stress by controlling gene transcription. In particular, the

oxyR, soxRS, and fur genes are essential in reducing damage from oxidizing conditions.

In the presence of hydrogen peroxide, the OxyR gene upregulates levels of

Hydroperoxidase I (catalase), Ahp (peroxidase), and Dps (discussed below). In the

presence of superoxide, soxRS promotes the transcription of MnSOD, a DNA repair

enzymes, and superoxide-resistant variants of aconitase, fumarase, and glucose-6-

phosphate reductase. The fur gene regulates iron uptake and homeostasis within bacterial

cells, and as noted above, fur-deficient mutants are unusually sensitive to oxygen

(Halliwell 1999).

f) DPS
Dps is the most abundant protein in stationary-phase E. coli, and can be present at

concentrations as high as 20,000 molecules per cell. It is induced by RpoS upon

transition of the cell into stationary phase, or by OxyR upon exposure to oxidative stress.

Dps, or DNA binding protein isolated from starved cells, binds DNA during stationary

phase in a stable, protective complex known as a "biocrystal." DPS is also known to

sequester ferrous iron and degrade hydrogen peroxide, suggesting that it may reduce or

prevent Fenton chemistry in vivo. Dps mutants were found to be more sensitive to very

high levels (400 mM) of H20 2 (in the dark), 254 nm UV radiation, gamma radiation, 100
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mM FeSO 4, 50 mM CuSO4, and temperatures of 500 C or higher. Dps mutants were also

considerably more sensitive to low (2) and high (12) pH. It has also suggested that Dps

may be a sacrificial substrate for ROSs, preferentially oxidizing so that DNA may remain

intact. While no experiments directly show an effect of Dps on E. coli exposed to solar

wavelengths, these results strongly suggest that the protein is an important factor in

protecting DNA from many forms of oxidative damage .

5. Temperature, pH, and salinity
As noted above, temperatures above 45-50C, pH above 8.5, and salinity on the order of

3% (seawater) were found to synergistically increase SODIS rates for E. coli and fecal

coliform bacteria. It is quite possible, however, that when organisms adapted to the

mammalian gut are exposed to combinations of conditions unlike those to which they are

adapted, these combined stresses may enhance one another without the necessity of a

specific mechanism.

a) Temperature
In the case of heat, all cells can only exist within a certain range of temperatures, and

their survival drops sharply near the maximum temperature, probably due to decreased

enzyme function as proteins begin to denature (unfold), and possibly also due to

membrane permeabilization (Madigan 2002). E. coli has a maximum growth temperature

of approximately 48 C, above which it cannot survive. Thus, the finding that light

inactivates E. coli more effectively at temperatures in excess of 45-50C is therefore not

overly surprising. At these temperatures, cells are on the verge of thermal inactivation,
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and the activity of enzymes essential to preventing oxidative damage, such as catalase,

peroxidase, SOD, DNA repair enzymes, or iron chelating proteins, could be impaired.

Thus, any investigation for a specific mechanism of synergy between light and heat must

consider the possibility that almost any stress may be more effective at inactivating a cell

that has already essentially shut down.

b) pH
Similarly, each organism can only survive within a given range of pH values, typically

spanning two to three log units. Problems associated with pHs outside of this range

include maintaining membrane integrity and establishing a proton motive force (Madigan

2002). Thus, it is not necessarily surprising that between pH 7 and 9.5 (Curtis 1992), or

at pH 2.5 (this work), an increased sensitivity to other stresses is observed. It is possible

that either membrane damage from light and pH interact synergistically, or that extreme

pH interferes with metabolism, disrupting redox regulation and/or cellular defenses

against oxidative stress. Ghadermarzi also found that the activity of catalase is

dramatically reduced below pH 6.5 and above pH 9 (Ghadermarzi 1996).

c) Salinity
Likewise, E. coli and other non-halophilic bacteria can only tolerate a narrow range of

salinity, and are either inactivated or become dehydrated and dormant in saline conditions

(Madigan 2002). Thus, findings regarding the inactivation of E. coli and other non-

halophilic bacteria in seawater or high ionic strength solutions should probably be

generalized to freshwater systems with caution. Moreover, the observation by
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Gourmelon et al. (1994) that E. coli exhibit a marked reduction in metabolic activity upon

incubation in seawater suggests one possible reason that this species' defenses to

photooxidative damage might be impaired. Alternatively, it is possible that high salt

concentrations promote enough cell shrinkage to dramatically increase its surface area-to-

volume ration, allowing harmful bulk solution constituents such as H20 2 to diffuse in

more rapidly from sunlit waters. Finally, it has been suggested by Davies-Colley (1999)

that sensitivity to pH and other adverse bulk solution conditions may be evidence for

membrane damage as the dominant mode of cell inactivation.

Thus, while the causes of SODIS rate enhancement from temperature, pH, and salinity

are not well understood, it seems likely that these stresses may affect organisms on

multiple levels, including reducing enzyme and metabolic activity, and may also affect

their ability to prevent or repair damage arising from oxidative stress. In a model of solar

disinfection that considers active mechanisms for DNA repair and antioxidant defense,

any factor(s) that impair these defenses should exhibit a synergistic effect with light.

6. Possible Mechanisms
Based on the studies reviewed above, it seems reasonable to propose a process whereby

porphyrins and other biomolecules sensitize the production of singlet oxygen, which

damages these chromophores themselves as well as catalase, superoxide dismutase, and

other cellular targets, and which may also release iron from the heme moieties of the very

porphyrin photosensitizers. The inactivation of SOD would allow concentrations of

superoxide to become high enough to liberate "free" iron from the iron-sulfur centers of
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respiratory proteins in the plasma membrane. This iron could then localize at negatively

charged sites on the membrane (Fridovich 1998) and DNA (Imlay 2003), (Rai 2001).

The singlet-oxygen mediated inactivation of membrane-bound catalase and (possibly)

peroxidase could allow concentrations of H20 2 and perhaps lipid peroxides to build up in

the periplasm, cell membrane, and cytosol, and to react with the liberated Fe(II) via the

Fenton reaction, generating hydroxyl radicals which could damage the phospholipid

membrane, adjacent proteins, and DNA (Imlay 2003). The combined action of these

ROSs in an oxidative cascade could cause sufficient DNA and/or membrane damage to

destroy the cell, especially if repair proteins were gradually inactivated, as suggested by

Webb et al (Webb 1976), (Webb 1982).

7. Motivation for this study

On the basis of the above information, it seemed likely that SODIS involves

photosensitized free radical reactions, rather than simple DNA absorption. This being the

case, the possibilities for enhancing SODIS rates increase dramatically. While it would

be difficult to increase the amount of sunlight absorbed by DNA, producing chemical

conditions favorable to photooxidative SODIS may be possible by adding low

concentrations of common substances. We therefore designed a battery of experiments

intended to determine the effects of potential enhancers on the inactivation rates of

SODIS in the laboratory. Given its frequent use in solar disinfection and other literature,

the pathogen indicator species, Escherichia coli, seemed a reasonable choice of model

organism in which to investigate the in vivo effects of these enhancers.
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a) Enhancers Studied
Guided by the above information, we investigated the effectiveness of the following

potential SODIS enhancers.

" H20 2: This species was investigated both because of indications in the literature

that hydrogen peroxide was important in SODIS mechanisms, and because of

Keenan's findings that its addition increased inactivation rates in the laboratory

and field.

" H 20 2 + Temperature: When H20 2 alone was proven effective, this combination

was proposed to investigate to determine whether the observed synergistic effects

between light and temperature might involve H20 2.

* Fe(II): This species was proposed based on the strong evidence for the

involvement of Fenton chemistry in SODIS. It was assumed that if additional

Fe(II) were supplied, uptake might increase, potentially increasing [Fe(II)]reactive,

in-

" Cu + Ascorbate: These species were proposed in light of the evidence that copper

may undergo Fenton-like reactions as well, and indications in the literature that

copper and ascorbate may inhibit catalase.

" Fe + Ascorbate: When Cu + Ascorbate were shown to be effective, these species

were proposed to determine whether a reductant might increase the effects of

exogenous iron as well.

* Cu + Ascorbate + H20 2: This combination was proposed to determine whether the

role of ascorbate in the Cu + Ascorbate system was simply as a source of H20 2, or

whether it played some different role as well.
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* Cu + Lemon Juice: Based on the effectiveness of Cu + Ascorbate, it was of

interest to determine whether this natural source of ascorbate might prove

effective as well.

The above enhancer systems, among others, were implemented as part of the series of

SODIS experiments described below.

II. Materials and Methods

A. Bacterial Strains and Growth Conditions
Stock Cultures of E. Coli K12 (Martin Polz, MIT) were maintained by repeated

subculture on LB agar plates. Experimental cultures were prepared by loop inoculation

of 15 mL centrifuge tubes containing 5 mL LB broth and incubated at 370 C to mid-log

phase (A600 0.3-0.5, 2-3 h) in a Shel Lab Model 1545 incubator (VWR) with a VWR DS-

500E orbital shaker. Cultures were pelleted at 1046 g for 10 min using a Hermle Labnet

Z 323 centrifuge and resuspended in 5 mL of 0.2 micron-filtered Charles River water

(FCRW, see below). Cultures were then diluted to an approximate cell density of 106

CFU/mL in FCRW, and allowed to acclimate at room temperature for at least one hour

before beginning experiments. During experiments, aliquots were removed at specified

time points and immediately plated on LB agar plates, incubated at 370 C, and

enumerated using standard plate count techniques.
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B. Chemicals and Reagents
L-Ascorbic acid, 99+%, Citric Acid, 99.5+%, Dimethyl sulfoxide, sodium azide, 99%,

and 2,2'-Dipyridyl, 99+% were obtained from Aldrich Chemical Company, Inc.

Milwaukee, WI. 2,2'-Bipyridine was also obtained from TCI America, Portland, Oregon.

N,N-Diethyl-p-Phenylene-Diamine, Bathocuproinedisulfonic Acid, EDTA, 99%, pyruvic

acid (99+%, sodium salt), Bovine Liver Catalase, Horseradish Peroxidase, and

superoxide dismutase (from bovine erythrocytes) were obtained from Sigma Chemical

Corporation, St. Louis, MO. Bacto Agar and LB Broth (Miller) were obtained from

Becton, Dickinson and Company, Sparks, MD. Sodium phosphate (dibasic) anhydrous,

and sodium phosphate (monobasic) anhydrous, copper metal, and cupric sulfate were

obtained from Mallinckrodt, Inc., Paris, KY. L-Histidine was obtained from Avocado

Research Chemicals, Ltd., Heysham, Lancaster. Hydrogen Peroxide (30%, unstabilized)

was obtained from Fluka Chemie AG, CH-9470 Buchs.

C. Irradiation Experiments

1. Solar Simulator
Samples were irradiated either in quartz tubes or a quartz-bottom batch reactor. Hand-

blown quartz tubes measured approximately 12 x 95 mm. 5 mL of sample filled each

tube to a depth of approximately 6 cm, and all were fitted with ground glass stoppers.

The water-jacketed quartz-bottom batch reactor was cylindrical, with an inner diameter of

90 mm and an outer diameter of 110 mm. A sample volume of 100 mL reached a depth

of approximately 1.6 cm in this reactor. Since the light beam leaving the solar simulator

measures only 45 mm in diameter, the batch reactor received illumination on only 25% of
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its area. However, continuous stirring of the reactor helped to compensate for the

potential heterogeneity of exposure fluences introduced by this geometry.

Quartz tubes were suspended in a merry-go-round photoreactor (MGRR) above a beam

of light directed upward from the solar simulator. The MGRR was made from four

plastic tubing clamps arranged in a ring and glued around the end of a length of 5/16"

dowel. The dowel was held in place vertically by the chuck of an overhead laboratory

stirrer, suspended from the top of the solar box.

The solar simulator itself consisted of an Oriel 450-1000W Research Arc Lamp Housing

with an ozone-free 450W Xe Arc lamp and a light intensity controller. The system was

equipped with a liquid filter, filled with distilled water to quantitatively absorb IR

(pathlength 8 cm) and a Beam Turning Apparatus (BTA) mounted on a Rod Mount

Carrier. The BTA, which directs the lamp's horizontal light beam upwards to irradiate

samples from below, held an Oriel 66225 full reflectance mirror (FRM). Atop the BTA

were two air mass filters in series: models 81011 and 81074. The bench was adjusted so

as to place the center of the mirror held within the beam turning apparatus at a distance of

44 cm from the Arc Lamp Housing. The height of the BTA and MGRR were such that

the vertical distance from the center of the FRM to the bottom of the tubes was 16 cm.

Thus the total average pathlength of light from the Lamp to the bottom of the test tubes

was approximately 60 cm. The distance from the bottom of the batch reactor to the

midpoint of the FRM was 12 cm, making the total average pathlength of light from the

lamp to the bottom of the batch reactor approximately 56 cm. The Batch Reactor was
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continuously stirred using a motorized (IKA Works Inc.) stirring rod. The liquid filter

was cooled using a VWR recirculator.

2. Filtered Charles River Water (FCRW)
River water was vacuum filtered through Whatman Nuclepore 0.2 gm filters. Some

samples were prefiltered through Whatman GF/F and GF/D filters using either a filtration

rig or a peristaltic pump. Ultrapure ("Q") water for solution preparation was produced by

a Millipore Biocel system using Ultrapure Organex and Q-Gard2 cartridges, and a 0.22

uM Millipak Express filter. Sample solutions were never autoclaved prior to use, as this

was found to substantially increase the concentration of hydrogen peroxide present. The

pH of FCRW samples was measured using a calibrated Thermo Orion pH meter and was

found to be approximately 7.8, although it is likely that this value may have varied

slightly between experiments performed on different days. It is not known how pH may

have varied over experiments, as these data were not recorded.

3. Hydrogen Peroxide Analysis
Hydrogen Peroxide was analyzed colorimetrically using the method of Bader et al. as

modified by Voelker and Sulzberger (Voelker 1996), which relies on horseradish

peroxidase to oxidize N,N-diethyl p-phenylene diamine (DPD) to a colored product in the

presence of H20 2. Samples were quantified based on their absorbance at 552 nm,

measured on an HP 8453 UV-Vis Spectrophotometer with a 1.0-cm pathlength. In our

experiments, this method was found to have a detection limit of 500 nM and a linear
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range of 500 nM to 50 tM. Concentrations above 50 jiM were diluted to within this

range prior to measurement.

4. Dissolved Copper Analysis
Dissolved copper was analyzed colorimetrically using the method described by Bjorklund

and Morrison (1997) modified as follows. To each 1.5 mL sample, hydroxylamine (150

L x 0.035M) was added to reduce Cu (II) to Cu(I), which was then chelated upon the

addition bathocuproine (150 jiL x 0.012M), forming a bright yellow complex. Total

dissolved Cu was determined as A4 84, using a 1-cm pathlength and a molar extinction

coefficient of 14,500 M-'cm-.

5. Sample Preparation
Quartz tubes: E. coli were added to FCRW in sterile 500 mL glass bottles or? 50 mL

centrifuge tubes at the desired concentration, and allowed to acclimate for approximately

one hour (longer, in some cases). Four quartz test tubes were used in each experiment,

since the MGRR had a capacity of four 5-mL tubes. 10 mL of the E. coli + FCRW

solution was pipetted into each of four sterile, foil-covered 15-mL centrifuge tubes, and

the appropriate concentration of reagents for the experiment added. The centrifuge tubes

were then vortexed, and 5 mL were sterile-pipetted from each into a corresponding quartz

tube for irradiation. The remaining 5 mL were kept in the foil-covered centrifuge tube as

a dark control. Quartz tubes were transferred to the merry-go-round photoreactor,

secured in place with a thin rubber band or plastic tie, and irradiated while being rotated

at approximately 30-60 rpm. During sampling, each tube was removed and inverted
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several times to ensure mixing, and aliquots were removed using a pipettor with

presterilized tips. Each tube was then replaced before the next tube was removed, and the

process of sampling all four tubes usually required no more than one to one and a half

minutes. Dark controls were sampled in the same way.

Figure 0.4: Quartz tubes in MGRR (left) and quartz bottom batch reactor (right) in

irradiation assembly.

6. Batch Reactor
All samples were prepared in sterile, foil-covered 500 mL glass bottles. E. coli was

added to FCRW at the desired concentration and allowed to acclimate for approximately

one hour (longer in some cases). Any reagents to be used in the experiment were added

to the bottle, and thoroughly mixed. 100 mL of solution were added to the batch reactor,

while the remaining 50 mL served as the dark control, either in the foil-covered bottle or
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after transfer to a sterile, foil-covered 50 mL centrifuge tube. During sampling, the stirrer

was switched off, and aliquots were removed using sterile borosilicate glass Pasteur

pipettes. Dark controls were sampled in the same way. Since these were not stirred, they

were inverted several times prior to each sampling. For all but the most time sensitive

experiments, the time at which sampling was begun and finished were recorded, and their

average used as the time value for all four tubes. Since sampling the four tubes typically

required less than 90 seconds, this level of precision was deemed adequate for

experiments with expected durations greater than one hour. For experiments with

complete inactivation expected in less than one hour, the removal times for the first and

last aliquot were recorded to the second, and other aliquot removal times were calculated

assuming equal duration for the removal of each aliquot.

D. Experimental Procedures
For all irradiation experiments, the lamp was ignited 30 minutes prior to beginning

irradiation, and the recirculating bath used to cool the liquid filter was switched on at a

temperature of 20 C. For experiments where the samples were to be heated during

irradiation, the immersion circulator was also switched on, set to the desired temperature,

and allowed to run until the water bath in which it was immersed reached the set point.

Samples were then added, either in quartz tubes or directly to the batch reactor, and

continuously rotated or stirred, respectively. Unless stated otherwise, experiments were

performed at room temperature (typically 22-25C in the laboratory), and regular

measurements of sample temperatures showed no significant deviations of samples from

initial room temperature. The optical equipment described above was used with the
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intensity controller setting of 10%, corresponding to a lamp power of 250W. Lamp

intensity after passing through the airmass filters was measured at the point of sample

irradiation using a Li-COR LI- 185 Quantum/Radiometer/Photometer with an underwater

probe (Lambda Instruments, Lincoln, NE). This instrument had a spectral response of

400-700 nm, deviating from ideal linear spectral response by less than 1% at all

wavelengths . Thus, measured fluences should be regarded as estimated values. The

maximum intensity at the center of the light beam was measured as 125 W/m 2, although

the light beam was not perfectly uniform throughout. This value varied by less than 10%

between experiments. Spectral irradiance curves for a 1000W Oriel Xe arc lamp (with

very similar relative intensities as the 450 W lamp used here?) is shown (Courtesy of

Oriel Instruments). Tabular data were not available for the 450W lamp.
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Figure 0.5
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Figure 0.5. Spectral Irradiance for Oriel 1000W Ozone-free Xe Arc Lamp. Dotted line:
spectrum filtered through two airmass filters. Solid line: unfiltered spectrum.

1. Hydrogen Peroxide Only
Experiments were performed in quartz tubes with 5 mL of sample in two batches, one

consisting of the 0-100 uM H20 2 samples, and the other of the 200-500 jiM H20 2

samples. The same solution of FCRW + E. coli was used for both experiments, and the

200-500 uM batch of experiments was performed first, so the E. coli used in the 0-100

uM experiments incubated at room temperature for an additional 4 hours before addition

of H20 2 and exposure to light.
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Because E. coli are able to rapidly degrade 4M concentrations of H20 2 in their cell

medium at a rate dependent both on [H 20 2] and initial cell concentration, it was

necessary to include some measure of this in our calculations. Initial [H 20 2] was

calculated based on the measured [H 20 2] of the stock solution and the volume added.

Final [H 20 2] was measured as described above, within 60 minutes of the end of each

experiment unless otherwise noted, and the numerical mean was used as the [H 20 2] for

all subsequent calculations and plots using these data.

2. Hydrogen Peroxide and Temperature
All experiments were performed in the batch reactor. Temperature was controlled using

the VWR immersion circulator, connected to a peristaltic pump, which circulated the

water through the batch reactor's water jacket at a constant rate. Samples were irradiated

in the batch reactor with constant stirring, while dark controls were placed in 50 mL

sterile centrifuge tubes, wrapped in aluminum foil to eliminate light, and immersed in the

heated water bath. Temperature was measured every time aliquots were removed, and

time-averaged temperature values were calculated for each condition (light and dark).

Dark controls (at 35 and 45 C only) were a few degrees warmer than their experimental

(light) counterparts due, presumably, to heat losses between the bath and reactor, and the

insulating effect of the reactor's glass jacket.

3. CuSO 4 plus Ascorbate
Reagents were prepared fresh every day. The ascorbate stock solution was prepared

immediately prior to mixing and irradiation, and this solution was also the last reagent
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added to each sample, in order to minimize the degree of auto-oxidation that occurred

prior to beginning irradiation. However, as sample preparation often lasted 5-15 minutes,

it was not always possible to eliminate this source of error. Indeed, an ascorbate

autooxidation experiment showed that within one hour, 60 jiM ascorbate is almost

completely decomposed in the presence of 3 cm of 18-gauge copper wire. Figure 0.5

shows ascorbate decomposing at a rate of 1.4 M/minute in the presence of solid Cu

wire. I n all experiments involving copper and ascorbate, solutions were prepared in acid-

washed glassware, and the quartz tubes in which samples were irradiated were also acid

washed prior to use, although the (disposable) centrifuge tubes used for dark controls

were not.
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Figure 0.6
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Figure 0.6 shows the disappearance of
addition of 3 cm of 18 gauge Cu wire.
mL.

60 gM ascorbate before (0) and after (0) the
The reaction volume for this experiment was 4

4. FeSO4 plus Ascorbate
These experiments were performed as above, with the substitution of FeSO 4 for CuSO 4.

5. CuSO4 plus Ascorbate plus H20 2
Experiments were conducted as above. H20 2 was added immediately prior to Ascorbate.

6. Solid Copper plus Ascorbate
The experiment was performed in the batch reactor, which was acid-washed prior to the

experiment. 200 uM ascorbate was added to 100 mL of E. coli in FCRW in the reactor,
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and the 100 mL dark control. Four 2.5 cm lengths of 18 gauge (1.02 mm diameter) Cu

wire were then added to each sample, immediately following the addition of the light

sample to the already irradiated batch reactor.

7. Solid Copper plus Citric Acid
Citric acid was added to each of the four centrifuge tubes, which were vortexed before

adding 5 mL of each to the quartz tubes. Immediately after the quartz tubes were placed

in the MGRR, one 0.5-cm length of 18-gauge copper wire was added to each. Two

lengths of Cu wire were accidentally added to the Cu-only quartz tube (light).

8. Lemon Juice with and without Copper
Fresh lemon juice was obtained daily from Sunkist California lemons. Lemons were

squeezed unfiltered into sterile centrifuge tubes, and the juice was pipetted into samples

using sterile disposable graduated pipettes. The pH of FCRW solutions containing 2.5%

and 5% Lemon juice was found to be 2.85 and 2.75, respectively. When present, Cu(s)

(one 0.5 cm length of 18-gauge Cu wire) was added immediately prior to irradiation.

9. Sunlight experiments
Light samples consisted of three one-liter PET bottles of E. coli in FCRW. Dark controls

for samples 2 and 3 were kept in 50 mL centrifuge tubes, while the control for sample 1

was kept in another one-liter PET bottle, since volume was considered to be more

important in this experiment. 25 uM Ascorbate was added to sample 1 and its dark

control, along with four 12.5-cm lengths of 18-gauge copper wire to each. 100 pM H20 2
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was added to bottle 2 and its dark control, while nothing was added to bottle 3 or its dark

control. Light samples were placed in full sun on a cement slab on the MIT campus

(06.24.04, 42.3750 N latitude). Aliquots were removed via pipettor with sterile tips, and

samples were mixing and temperatures measured with glass thermometers.

Thermometers were cleaned in ethanol and Q water between measurements.

10. Scavenger Experiments
All scavenger experiments were performed in quartz tubes. Histidine was added as a

solid and had to be vigorously vortexed before dissolving. DMSO was added from a 2.3

M stock solution (aq). Pyruvate was added from a 5% wt stock solution, and SOD was

added from a 1500 U/mL stock.

E. Determination of Inactivation Rate Coefficients
Inactivation rate coefficients (k) were determined for these experiments by performing

linear regressions on plots of log concentration (CFU/mL) vs. time irradiated. In some

experiments, inactivation curves exhibited an initial shoulder period of low or no

inactivation, before becoming linear. For such curves, a final slope, (K) and threshold

time or fluence (ts or F,), as described by Wegelin (1994), can be determined as shown

(Figure 0.6). A fluence at which 99.9% inactivation is achieved, F99.9%, can also be

defined, and we find t99.9%, the time required for a three-log inactivation, to be a useful

measure as well. In this work, threshold times and fluences were determined graphically,

as threshold values and final slopes were in most cases relatively clearly delineated.

However, a more rigorous method might be to perform nonlinear regressions of the form
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described by Wegelin et al (1994). While most of the inactivation curves in this study

were well described by first order equations (r2 > 0.9), the use of linear regressions and

inactivation rate coefficients is a matter of operational convenience, rather than an

assertion that first-order kinetics obtain in all cases. To the contrary, some curves in our

work and in the literature exhibited shoulders, bimodal decay rates, and sigmoidal shapes.

However, so long as first order inactivation rate coefficients are reasonably well matched

with data, their practical utility advocates strongly for their use.

Figure 0.7: Shoulder Curves
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F. Defining Inactivation
There is some debate in the literature over the definition of inactivation. For the purposes

of this discussion, a culturable organism that is modified in such a way as to render it

nonculturable will be considered to have been inactivated. If such an organism

undergoes changes from this state allowing it to be cultured again, it will be considered to

have been reactivated. These terms are operationally defined, and do not convey much

information about the status of an organism at the cellular level, much less about whether

it can be said to be "alive" or "dead". There is a significant debate in the literature as to

the existence and importance of a "viable, non-culturable" (VBNC) state of

microorganisms, and such a state has been proposed for E. coli cells in seawater rendered

nonculturable by sunlight . This debate is reviewed by Kell et al, who suggests that in

many cases such a categorization may not be useful . Smith et al. found that cells of

Salmonella typhimurium rendered active (Kogure cell elongation test) but nonculturable

(ABNC) by simulated solar radiation were unable to produce symptoms in mice at over

1000 times the LD50 . While the evidence is by no means conclusive as to the

significance of regrowth or reactivation of pathogens in drinking water, for the present

discussion we will not consider VBNC or ABNC states.

Ill. Results

1. SODIS without additives
Four separate experiments conducted on different days show that the log of the

concentration of E. coli colony forming units (CFU) irradiated in filtered Charles River
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Water (FCRW) decreases relatively linearly with time (Figure 1). The average

inactivation rate coefficient for the four experiments was 0.87/hr, with a standard

deviation of 0.04/hr. There do not seem to be significant shoulders, except in the case of

one experiment (0 symbols).

Figure 1
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Figure 1. Rate and reproducibility of inactivation of E. coli irradiated in FCRW. The
loglo of E. coli concentration (CFU/mL) over initial concentration (Log(N/No)) is plotted
vs time (hours) for four trials conducted on four separate dates. All trials were performed
in quartz tubes. Open symbols: irradiated tubes; closed symbols: dark controls.
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Hydrogen Peroxide

2. Hydrogen Peroxide Alone
Added hydrogen peroxide increased the rate of E. coli inactivation in the light (Figure 2

a). A plot of inactivation rate coefficients versus mean hydrogen peroxide concentrations

from 0 to 500 g M could be approximated by a linear regression with a slope of 1.6x10-2

hr-'gM-' (Figure 2 b). Mean H20 2 concentrations were used because scavenging by E.

coli catalase and peroxidase reduced bulk solution H20 2 concentrations significantly over

the course of these experiments (Table 2.1). The rate of scavenging of H20 2 was found

to be somewhat concentration dependent, as described in appendix.
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Figure 2a
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Figure 2a. E. coli in FCRW are inactivated more rapidly at increasing concentrations of
hydrogen peroxide in the light, while no discernible effect is observed in the dark. The
light data here are summarized in Figure 2b. Initial H202 concentrations--Irradiated

tubes: @, 0 pfM; 0, 25 tM; V, 50 pM; V, 100 pM; M, 200 pM; 0, 300 pM; *, 400
pM; K, 500 pM. Dark controls: A, 0 tM; B, 25 jM; C, 50 pM; D, 100 jiM; E, 200 pM;
F, 300 jM; G, 400 pM; H, 500 M.
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Figure 2b
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Figure 2b. Inactivation rate coefficients (k) increase with increasing
average hydrogen peroxide concentration. A regression fit to these points
gives a slope of 0.0016 and an r2 value of 0.95.

Table 2.1: Hydrogen Peroxide Concentrations Before and After Irradiation*

Initial [H 20 2] Final [H 20 2] Average [H 2021 % Change

[MM M gM

0.0 1.4 0.7 N/A

25.0 9.7 17.4 61.0

50.0 26.7 38.4 46.6

100.0 46.2 73.1 53.8

200.0 156.6 178.3 21.7

300.0 249.4 274.7 16.9
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400.0 243.0 321.5 39.3

500.0 449.7 474.8 10.1

*[H 20 2] were not recorded for dark controls in these experiments.

3. Hydrogen Peroxide and Temperature

The effects of added hydrogen peroxide on E. coli in batch reactors were found to

increase with temperature over the range of 25-45 C (Figures 3a-c). Temperature had

relatively little effect on the inactivation rate coefficient (k choose either small k or cap K

consistently) in the experiments to which no hydrogen peroxide was added, remaining

near the mean inactivation rate coefficient determined for quartz tubes in Figure 1 (Table

3.1).
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Figure 3a, b, c, and d. Inactivation of E. coli in FCRW with varying concentrations of
added H20 2 at 25 C (3a), 35 C (3b), and 45 C (3c). For all three figures, initial H2 0 2

concentrations are: LI, 0: 1000 M; A, A: 100 gM; 0, 0: 0 gM. Open figures:
irradiated tubes; closed figures: dark controls. Figure 3d summarizes these results.
Initial H20 2 concentrations are: square columns: 1000 gM; pyraminds: 100 pM;
cylinders: 0 gM. Dark controls are omitted for clarity.

Table 3.1: Inactivation Rate Coefficients for H20 2 and Temperature Experiments

Temperature (C) [H 20 2] (pM) First-Order Inactivation Rate coefficients (hrif)

Light Dark

25 0 0.89 0.00
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Because not all of the results in these experiments were well described by 1st order

kinetics (Figure 3b (i)-(iv)), t9q. 9% values were plotted as well (Figure 3d(ii)). These

values revealed similar trends.
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35 0 0.43 0.00

45 0 0.75 0.58

25 100 1.43 0.02

35 100 3.04 0.00

45 100 2.97 1.50

25 1000 2.36 0.07

35 1000 4.96 0.12

45 1000 6.48 5.22
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Figures 3e-h. The inactivation curves of irradiated E. coli in FCRW diverged
significantly from linearity. The curves shown are representative of such deviations.
Both irradiated samples (open symbols) and dark controls (closed symbols) are plotted
for 35?C experiments with 0 pM (0, 0); 100 iM (V, V); and 1000 PM: (Figure 3g,
El, U) H20 2 added. Final inactivation rate constants (K values) were determined by
graphically identifying shoulder and tail regions, subtracting these data, and fitting a
regression to the remaining (no fewer than four) points (Figure 3h). Regressions for 0
pM (dotted line), 100 jM (dashed line), and 1000 [tM (solid line) are shown. Dark
controls are not plotted in Figure 3h.

Regardless of how inactivation rate is quantified, increasing temperature magnifies the

phototoxicity of H20 2. A summary of lag-corrected inactivation rate coefficients

(Figures 3d(i)) illustrates a trend towards increased kill rate (and decreasing t99.9%, Figure
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3d(ii)) with increased temperature in the presence of 100 and 1000 pM H20 2 and light,

but no discernible effect in the absence of added H20 2. By contrast, the concentrations of

H20 2 used had no effect on dark controls at 25 C, and only the 1000 pM condition

showed any effect at 35 C, while there appears to be a strong synergistic effect between

heat and H20 2 in the dark at 45C (Figure 3d(i)).

While light clearly has a significant synergistic effect at 25 and 35 C, its significance is

less clear at 45 C. One confounding factor is that the dark controls were warmer than

their irradiated counterparts, due primarily to heat loss in the tubing connecting the

recirculating bath to the batch reactor (Table 3.3). This is especially problematic since

the profound effect of increasing temperature from 35 to 450 C on the inactivation rate

coefficients of dark controls suggests that the effects of temperature in these experiments

may increase quite sharply near 45' C. Thus the slight temperature differences between

light and dark samples for the 45' C experiments may be quite significant. If that is the

case, the effects of light at this temperature may be greater than our experiments indicate.

This possibility is addressed further in the Discussion section.
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Figure 3i
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Figures 3i and 3j. Increased temperature and hydrogen peroxide concentration decrease
E. coli survival time and accelerate inactivation. Figure 3di shows lag-corrected
inactivation rate coefficients (K) vs. temperature and [H 20 2], with 0 PM (cylinders), 100
pM (pyramids), and 1000 M (boxes) data shown for light (white and gray symbols) and
dark (black symbols) conditions. Values of . were calculated as described in methods,
and t, values are tabulated in Table.3.2 Figure 3j shows 3-log reduction time (t99.9%) for
E. coli (CFUs/mL) vs. temperature and [H 20 2]. Irradiated tubes containing either 0 pM
(white cylinders), 100 pM (light gray pyramids), or 1000pM (dark gray boxes). Dark
controls: transparent shapes (45? C, 0 pM dark control omitted for clarity: t99.9% = 5.46
hrs). Only those conditions for which a 3-log inactivation was observed are shown.
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Table 3.2. Lag-corrected Inactivation Rate

Temperature + H20 2 Synergy Experiments

Coefficients and Shoulder Times for

Temperature [H 20 2] FLM K (hr-) K (hr-1)

(C)

Light t99 .9% Dark t99.9%

(hours) (hours)

25 0 0.9405 0.61 0 N/A

35 0 0.4281 0.61 0.0023 N/A

45 0 0.7458 0.95 0.7467 1.7

25 100 1.4292 0.42 0.0215 N/A

35 100 3.0399 0.76 0 N/A

45 100 2.753 0.53 1.6733 0.41

25 1000 2.38 0.55 0.0714 N/A

35 1000 4.9613 0.55 0.1167 N/A

45 1000 6.4844 0.25 6.06 0.18

Table 3.3: Mean actual and target values for Temperature + H20 2 Synergy Experiments

Nominal Light Dark Light Dark Light Dark
Temp+ (Actual) (Actual) (Actual) (Actual) (Actual) (Actual)
(OC)

Initial [H202] 0 pM Initial [H202] 100 ,uM Initial [H202] 1000 pM

25 25 0.4* 25 0.8 24.1 96.6 25 96.2 25 858.7 25 734.7
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35 35.1 0.4* 36.8 0.4 34.8 74.7 37.0 68.2 35.4 728.6 37.0 728.6

45 44.8 1.2* 47.9 0.6 44.7 99.4 4 9 42.6 1147.5 47.4 1047.7

+ Mean peroxide concentrations and temperatures were calculated as time-weighted

averages. Temperatures are underlined.

* When only initial and final values were available (*),the numerical mean is

reported.

t For experiments in which exact temperature data were not recorded, the target

temperature was used. For the 250 C conditions, target and actual temperatures differed

by no more than 2*C

Disappearance of H2 0 2

In all but one of the nine experiments reported here, final H20 2 concentrations were

higher in irradiated samples than in the dark controls (Figures 3j, k, i). In the 0 gM H20 2

added conditions, some formation of hydrogen peroxide was observed, although in most

cases measured levels were below our detection limit of 0.5 gM. At 450 C, no significant

loss of H 20 2 was observed at an initial concentration of 100 pLM after 3 hours, or for the

1000 tM added condition after 0.75 hours. Indeed, in the latter case, an apparent net

production of 167 p.M relative to the measured initial concentration was observed in the

light condition over 0.75 hours, corresponding to a net rate of 50 nM/s. This rate is quite

high, and without additional data points or replicates it is difficult to determine whether it

represents an observed phenomenon or a dilution error. As noted above, the times at

which final [H 20 2] was measured varied among the experiments presented here.
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Figure 3g
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Figures 3g,h,i. Final hydrogen peroxide concentrations in irradiated solutions of E. coli
in FCRW and dark controls vs. temperature. Open symbols represent final
concentrations of H20 2 for initial concentrations of 0 gM (Figure 3g, circles), 100 JM
(Figure 3h, triangles), and 1000 pM (Figure 3i, squares) in the light (open symbols) and
dark (closed symbols).
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Copper, Ascorbate, and Other Additives

4. Copper Sulfate plus Ascorbate
A combination of dissolved copper sulfate and ascorbate was found to increase kill rate

with apparent first-order dependence on each. In the presence of 25 iM ascorbate,

increasing copper from 0.1 gM to 2.5 pM raised the value of k from 0.39 to 2.3 hr-1

(Figures 4a, 4b). In the presence of 2.5 RM copper sulfate, increasing ascorbate from 0 to

37.5 pM raised the inactivation rate coefficient from 1.4 to 4.9 hr-1 (Figure 4c, 4d). The

inactivation curve for a tube containing no added copper and 200 p.M ascorbate from

another experiment is also plotted for comparison (figure 4a), and does not appear to

differ significantly from the 0.1 pM CuSO 4 condition. It is noteworthy that for both of

these conditions (0 pM CuSO 4, 200 [M asc., 0.1 p.M CuSO 4 , 25 p.M asc.), the

inactivation rate coefficient is significantly (a factor of 2.25) lower than the value of 0.87

hr-1 determined for E. coli in pure FCRW.

Overall, the reproducibility of copper plus ascorbate (Cu + Asc) experiments was lower

than that observed for experiments in which nothing was added (Figure 4e). The

inactivation rate coefficient for solutions of 2.5 9M CuSO4 and 25 pM ascorbate with

roughly 106 CFU/mL E. coli ranged from 1.8 to 3.8 hr'(Figure 4e), with an average value

of 2.73 hr-1 and a standard deviation of 0.90 hr-1. The lower reproducibility between days

of experiments with added Cu plus ascorbate may be related to the rapid disappearance of

ascorbate in the presence of copper Figure 4c shows that k is very sensitive to

[ascorbate], and while the concentration difference (22 pM) required to explain a factor

of two difference in k seems quite large, ascorbate disappearance may at least partially
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explain the high variability in k observed. Moreover, since the delay between adding

reagents to the first and last tubes is rarely more than one minute, variability within a

single experiment should be much less than between experiments. This seems especially

likely since the copper and ascorbate experiments in this study do not show signs of

dramatic variability between tubes irradiated together, producing generally well-behaved

inactivation curves (e.g. Figures 4b, 4dskip forward reference to figure). This topic is

discussed further in section 8. All data in the following figures are from experiments

performed together on the same day, unless otherwise noted.

Some production of hydrogen peroxide was also observed in solutions containing copper

and ascorbate. H20 2 concentrations of up to 8 ptM were measured for the experiments

presented in figure 4c at three hours after beginning irradiation. However, because

ascorbate tended to reduce the colored DPD product used to detect H20 2 , these results

were not considered to be quantitatively reliable. Specifically, since this interference is

most likely to cause low H20 2 measurements, actual concentrations may have been

higher.

These measurements raise the important question of whether H20 2 produced during the

copper-mediated decomposition of ascorbate is responsible for the cytotoxicity of the

latter two reagents in the light.
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Figures 4a-4d. Effects of CuSO 4 and ascorbate on inactivation rates. Increasing copper concentration
accelerates inactivation (Figure 4a). Concentrations of 0.1 jM (K,*), 0.5 LM (LE), 1 4M (A,A),
and 2.5 pM (0,0) were added to 25 pM ascorbate in irradiated tubes (open symbols) and dark controls
(closed symbols). A 0 p.M CuSO 4 + 200 RM ascorbate inactivation curve from another experiment
(gray circles) is also shown. Inactivation rate constants are calculated for each of the four light (0) and
dark (0) conditions from Figure 4a, and plotted as a function of [CuS0 4] in Figure 4b. Similarly, 2.5

pM CuSO4 were added to 0 pM (0,0), 12.5 pM (A,A), 25 pM (E],) and 37.5 pM ascorbate (0,*)
in irradiated tubes (open symbols) and dark controls (closed symbols), and inactivation curves were
plotted (Figure 4c). Inactivation rate constants from Figure 4c were plotted as a function of [ascorbate]
for light (0) and dark (0) tubes (Figure 4d).
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Figure 4e
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Figure 4e. Variability of inactivation rate constant for E. coli irradiated in tubes
containing FCRW with 2.5 9M CuSO4 and 25 pM ascorbate added. Data from four trials
performed on different days are shown. Trial 1: 0, 0, trial 2: A, A, trial 3: L, U, and
trial 4: K, *. Irradiated tubes: open symbols; dark controls: closed symbols.
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5. Copper Plus Hydrogen Peroxide
Motivated by the questions surrounding ascorbate-derived H20 2, we sought to investigate

whether the combined effects of added H20 2 and Cu were sufficient to explain the

phototoxicity observed in figures 4a-d. To this end, hydrogen peroxide concentrations

ranging from 0 to 14 jIM were added to 2.5 pM CuSO 4 (Figure 5a). No significant

effects of added H20 2 were observed at these concentrations, either in the light or the

dark.

87



Figure 5 a
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Figure 5a. Effects of 2.5 p.M CuSO4 and varying [H 20 2] on the inactivation rate of E.
coli irradiated in FCRW. Tubes containing 2.5 p.M CuSO 4 and 0 pM H20 2 (0, @), 3.5
pM H20 2 (A, A), 7 pM (E], 0), or 14 pM (>, *) were irradiated (open symbols) or
kept dark (closed symbols).

6. Copper plus Ascorbate plus hydrogen peroxide
While copper and H 20 2 did not appear to explain the cytotoxic effects of the Cu +

ascorbate system, this does not rule out the possibility that H2 0 2 generated by ascorbate

decomposition or produced intracellularly is involved in Cu + ascorbate phototoxicity.

To test this possibility, varying concentrations of hydrogen peroxide were added to a

solution of E. coli in FCRW containing 2.5 p.M CuSO 4 and 25 pM ascorbate. The added

H20 2 increased k synergistically with Cu and ascorbate in the light. The efficacy of

added peroxide was 28 times greater in the presence of the copper and ascorbate than in
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their absence (0 versus Vin Figure 6b). A significant percentage of this effect was also

achieved in the dark (El in Figure 6b). Nonetheless, the inclusion of a "composite" line

(Vin figure 6b) illustrated that the sum of the dark kill rate observed in the presence of

Cu and asc and the light kill rate due to H20 2 and light alone (no Cu or ascorbate) was

much less than the observed data with H20 2, Cu, ascorbate and light all present. Since

the effect of H20 2 alone in the dark at these concentrations is negligible, we need not be

concerned about potentially counting these effects twice in the composite curve. The fact

that the composite curve does not match the irradiated inactivation curve confirms that

the putative synergistic effects of Cu + Asc + H20 2 cannot be readily dismissed as the

sum of two independent phenomena (ie. Cu + Asc and H20 2 + light). As in earlier

experiments, the concentration of H20 2 remaining two hours after the beginning of

irradiation in each of the light-exposed tubes was slightly but consistently higher than

that found in the dark tubes (Figure 6c) .
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Figure 6a
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Figures 6a-c. Figure 6a Illustrates the effects of added hydrogen peroxide to irradiated E.
coli in FCRW with 2.5 pIM CuSO4 and 25 tM Ascorbate present. H 20 2 concentrations

added were 0 tM (0, 0), 25 pM (V, V), 50 pM (E], U), and 100 iM (C, *).
Irradiated samples: open symbols; dark controls: closed symbols. Figure 6b shows light
(0) and dark (V) inactivation rate constants from 4a Vs. [H 202] added (4M). These
curves have slopes of 0.045 and 0.025, respectively. Inactivation rate constants for H20 2
in the light (V, data from figure 2b) and for a composite of the dark data from this
experiment and the light data from figure 2b (0) were plotted with slopes of 0.0016 and
0.025, respectively. Figure 6c shows the change in H20 2 concentrations in irradiated
tubes (white bars) and dark controls (black bars) over the course of experiment 6a.
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7. Iron plus ascorbate
100 gM Fe(II)S0 4, both alone and in the presence of 200 pM ascorbate, did not increase

the kill rate of E. coli in FCRW irradiated in quartz tubes, and in fact appeared to

demonstrated a slight protective effect compared to pure FCRW (Figure 7). The

inactivation rate constants for Fe with and without ascorbate were 0.39 and 0.42,

compared to an average k of 0.87 for FCRW. Ascorbate alone had no significant

protective effects in this experiment at the 95% confidence level.
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Figure 7
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Figure 7. Effects of Fe(II)Cl 2 and ascorbate on inactivation rate of E. coli irradiated in
FCRW. Solutions with nothing added (0, @), 100 pM Fe(II)C12 (V, V), 200 iM
ascorbate (E], M), and 100 tM Fe(II)C12 + 200 pM ascorbate (0, *) were irradiated.
Irradiated tubes: open symbols; dark controls: closed symbols. A curve with the slope of
the mean inactivation rate constant for E. coli in FCRW (from Figure 1) is also plotted
for comparison (dotted line).
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8. Copper wire plus Ascorbate
In the presence of solid copper and 200 pM ascorbate, E. coli exposed to light were

reduced from 105.8 CFU/mL to undetectable in 31 minutes. Four 2.5 cm lengths of 18-

gauge copper wire were added to 100 mL of FCRW containing E. coli and 200 pM

ascorbate in an irradiated batch reactor at room temperature. After a roughly 15-minute

shoulder period, the inactivation curve reached a lag-corrected inactivation rate

coefficient of 15 hr' (Figure 8a), over 17 times the rate observed in the absence of copper

and ascorbate (Figure 1). Over the course of the experiment, copper measurements also

increased steadily from below our detection limit of 0.5 pM to 7.7 pM in the light, while

the dark control measures 3.25 pM at 0.5 hours, but is below detection limits at all other

times (Figure 7b). It is puzzling that copper appears to accumulate in the irradiated

solution, but not in the dark control.
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Figure 8a
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Figure 8a. E. coli are rapidly inactivated in the presence of 4 x 2.5 cm lengths of 18-
gauge copper wire and 200 pM ascorbate. Both the irradiated batch reactor condition
(open circles) and dark control (closed circles) are shown. Following a 15-minute
shoulder, irradiated points (inscribed diamonds) approach a final inactivation rate
constant of 15.3 hr-1. The final dark point plotted (gray circle) is a non-detect.
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Figure 8b
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Figures 8b. Figure 8b shows the final copper concentrations from the experiment
described in figure 8a. Figure 8b shows [Cu] in the same experiment as a function of
time. Irradiated samples: 0; Dark controls: 0. The vertical dotted line represents the
point at which E. coli in the irradiated sample are no longer detectable.

9. Copper plus citric acid
In Figure 9a, an experiment investigating the effects of added citrate and copper wire, the

only conclusion that could be drawn is that this combination did not synergistically

enhance inactivation rates. Adding solid copper wire (K) did not increase the kill rate

due to 1000 jM citric acid alone (V), while copper alone (0) did not increase the

inactivation rate coefficient observed for E. coli in pure FCRW (line extrapolated from

Figure 1). From the data presented, it could not be determined whether or not Cu + 100
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ptM or 1000 pM citrate (V or 0) differed significantly from the pure FCRW

experiments. In figure 9b, the fact that 100 mM citrate at pH 2.5 inactivated cells (0)

while 100 mM citrate at pH 5.67 did not (V) suggests that citric acid may be better able

to enhance SODIS at low pH.

Figure 9a Figure 9b
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Figures 9a,b. Figure 9a. Effects of added copper wire (18 gauge, 0.5 cm) and ascorbate
on inactivation rates. 0.5 cm Cu wire + FCRW (0, 0), 1000 pM citrate, (V, V), 100
pM citrate + 0.5 pM Cu wire (E], M), and 1000 pM citrate + 2.5 pM Cu wire (0, *)
irradiated solutions (open symbols) and dark controls (closed symbols) are compared.
The mean inactivation curve for E. coli in pure FCRW is also plotted (k= 0.87). Figure
9b. Effect of citrate and phosphate buffers of different pHs on inactivation rate. 0.1 M
solutions of Citrate at pH 2.5 (0, 0) and 5.67 (V, V) and 0.1 M phosphate solutions at
pH 5.2 (L], U) and 6.7 (0, *) were irradiated (open symbols) or kept as dark controls
(closed symbols).
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10. Copper and Lemon Juice
Relatively low concentrations of lemon juice could dramatically increase kill rate in the

light in the presence of copper wire (Figure 10a). However, even higher kill rates were

observed for lemon juice in the absence of copper in a separate experiment (Figure 1 Ob).

No significant kill was observed in the dark controls (closed symbols) for either

condition.

Figure 10a Figure 10b
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Figures 10a, b. Figure 10a shows the inactivation curves for E. coli in 2% Lemon juice
(U) with 0.5 cm Cu wire (0, 0), 1% U with Cu wire (V, V), 0.5% U with Cu wire
(D, U), 0.25% U with Cu wire (0, *), 1% U alone (A, A), and 2% U only (A,O).
In figure 10b, the same U only data are reproduced: 1%: (A, A) and 2%: (A,O), along
with inactivation curves for 1% U with 20 pM FeSO 4 (l, U) and 1% U with 5 mg
Fe30 2 (0, *). In both figures, irradiated conditions are represented by open symbols,
while closed symbols correspond to dark controls. The pH of a 2.5% solution of U in
FCRW was found to be 2.85.

Sunlight Experiments
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11. H20 2, Solid Copper + Lemon Juice, and Pure FCRW
in sunlight

Experiments in IL PETE bottles in natural sunlight show a 4-log reduction in the

concentration of E. coli in the presence of Cu (s) and 1% lemon juice within the first 40

minutes, and a dramatic reduction in the number of organisms in the presence of 100 RM

H202 within the first 100 minutes (Figure 11a). Gray symbols here represent

measurements below the detection limit for plate count techniques (corresponding to one

or fewer colonies per plate). In the absence of any additives, a 3.75 log reduction was

observed within 2 hours and 20 minutes. Temperature profiles for bottles 1, 2, and 3,

show a maximum water temperature at 2.5 hours (16:53) of 31, 31.5, and 32.5 C,

respectively (Figure 1 b).
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Figure 1 la, b. Figure 1 a illustrates the inactivation curves of IL bottles containing E.
coli and FCRW with various additives irradiated in full summer sun in Cambridge, MA.
Figure 1 lb illustrates the variation of the water temperature in these bottles over the
course of the experiment. In each figure, data for bottles with nothing added (0, 0), 100
pM H202 (V, V), and 4 x 12.5 cm lengths of 18 gauge Cu wire + 1% Lemon Juice (E],
M) were plotted. Open symbols represent irradiated conditions, while closed symbols
correspond to dark controls. In 1 la, gray symbols represent E. coli non-detects for
irradiated bottles.
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Mechanistic Studies: Preliminary data

12. FCRW + ROS Scavengers
The effects on the rate of E. coli photoinactivation of a singlet oxygen quencher

(histidine, 0), a hydroxyl radical trap (DMSO, V), a hydrogen peroxide scavenger

(pyruvate, 0), and superoxide dismutase (SOD, 0), an enzyme capable of scavenging

superoxide, were studied (Figure 12a). While it is apparent that E. coli were inactivated

most slowly in the presence of pyruvate (0), the lack of a control tube with no

scavengers added renders data interpretation difficult. An extrapolated line representing

a kill rate of 0.87/hr drops slightly more slowly than all but the pyruvate data, which is

significantly less steep at the 95% confidence level, with a k of 0.76 hr-1, while there is no

statistically significant difference between the extrapolated line and the DMSO (V) or

SOD (K) conditions at this confidence level. Histidine (0), by contrast, appears to

promote a slightly faster kill rate. It should also be noted that the histidine tube exposed

to light displayed a significantly higher final H202 concentration than any of the other

seven tubes (Figure 12b).
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Figures 12a,b. Effects of ROS scavengers on irradiated E. coli in FCRW. Figure 12a
shows inactivation curves for irradiated samples (open symbols) and dark controls
(closed symbols) with either 100 mM histidine (0, 0), 25 mM DMSO (V, V), 0.05%
pyruvate (13, U), or 15 U/mL SOD (>, *). A line with the mean inactivation rate
coefficient for E. coli in pure FCRW (0.87 hr-1) is also plotted. Figure 12b shows the
final concentration of H2 0 2 measured in pM at 5.6 hours for same light tubes (open bars)
and dark controls (closed bars) described in 12a.

13. H20 2 + ROS Scavengers
A plot of log E. coli vs. time for solutions of E. coli irradiated in the presence of 1000

pM H202 (initial) and in the presence of ROS scavengers shows protection from

pyruvate (unsurprisingly), and also from DMSO and SOD (Figure 13a). Histidine

appears to provide little or no protection from inactivation. Pyruvate effectively removes

over 95% of the added H 20 2, both in the light and the dark, by 8.75 hours (Figure 13b).

It is notable that in the histidine tube, H2O2 is lower in the light than in the dark control,

whereas the reverse is generally true (e.g. in the SOD condition). In the DMSO condition

they are roughly equal. The SOD light tube exhibits the highest residual H 20 2 level. It

should be noted that while both DMSO and SOD appear to have protective effects, these

effects are not capable of reducing k to the no additives value of 0.87 hr- or lower. This
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suggests that at the concentrations added, these scavengers are not able to quantitatively

outcompete intracellular targets, and helps explain their inability to significantly reduce k

in Figure 12a.
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Figures 13a,b. Effect of ROS scavengers on the inactivation rate of E. coli in FCRW
with 1000 ptM H2 0 2 added. Figure 13a shows inactivation curves for tubes containing
1000 tM H2 0 2 with 100mM histidine (0, 0), 25mM DMSO, (V, V), 0.05% (wt)
pyuvate (0, 0), or 15 U/mL SOD (K, *). Irradiated conditions are shown (open
symbols). Dark controls were plated improperly, and are not shown. The dark control
inactivation curve for the 25C 1000 jiM experiment from figure 3a is plotted instead
(dashed line). The light inactivation curve from this figure is also plotted (solid line),
along with an extrapolated inactivation curve for 1000 jM H 20 2 based on the trend
observed in figure 2a (dotted line). Figure 13b shows the measured final H20 2
concentrations for light (open bars) and dark (closed bars) tubes, measured at 3.43 hours.

14. CuSO 4 + Ascorbate + ROS Scavengers
A plot of log E. coli vs. time for solutions of E. coli irradiated in the presence of 2.5 pM

CuSO 4, 25 pM ascorbate, and in the presence of ROS scavengers shows significant

protection from DMSO (V), pyruvate (0), and SOD (K) at the 95% confidence level, as

compared to the same conditions with no added scavenger (0) (Figure 14). H202 data

were not recorded. As in Figure 13a, while the scavengers investigated were able to
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reduce inactivation rate, they did not reduce it so much as to render the curves

comparable to the no additives condition.

Figure 14
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Figure 14. Inactivation of E. coli in FCRW in the presence of 2.5 pM CuSO 4, 25 pM
ascorbate, and various scavengers. Inactivation curves for tubes containing Cu + Asc
with nothing added (0, 0), 25 mM dimethyl sulfoxide (V, V), 0.05% (WT) pyruvate
(0, M), or 15 U/mL superoxide dismutase (0, *). Irradiated tubes are displayed as
open symbols, with plate count non-detects displayed as gray symbols. Dark controls are
shown as closed, black symbols.

IV. Discussion
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The above results have potential applications to speeding up SODIS, and may also have

implications for the mechanisms of disinfection. In exploring either of these possibilities,

however, it is important to first place the above results in context.

A. Comparison to other Studies

1. Experimental Conditions
Our experimental conditions, a 450W Xe arc lamp run at 250W, are in reasonable

agreement with those of McGuigan and Keenan (Table 0.1), both of whom used Xe

lamps at comparable powers (in the case of Keenan, the power was 4-fold higher, but she

also employed a neutral density filter that reduced the transmitted energy by a factor of

three). Wegelin et al. used a medium pressure mercury lamp running at much higher

power, and in light of both the difference in intensity and in the different types of spectra

produced by the two varieties of lamps, the conditions may be somewhat less

comparable. However, to the extent that all groups concerned, including our own, sought

to reproduce midsummer ground-spectrum sunlight at mid-latitudes, the results may be

compared with caution.

2. Results
Our inactivation rate for E. coli K12 in FCRW at conditions approximating mid-summer,

mid-latitude solar radiation (Figure 0.4) was found to be 0.87 hr-1 (Figure la). This

figure is not unreasonable in comparison to the findings of Wegelin et al. (1994, 0.6 hr-1),

McGuigan, and Keenan, although it is higher than all three. More importantly, perhaps,

our results are in agreement with observed inactivation rates for E. coli in the field, with a
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t99.9% of 3.4 hours, compared to 5hrs observed by Wegelin in sunlight, roughly two hours

in our sunlight experiments, and a t99.6% of four hours observed by Keenan (a 99.6%

reduction corresponding to her detection limit). Thus, our laboratory inactivation rates

are within the range of values observed in natural sunlight. However, on the basis of a

single sunlight experiment, it is not possible to confirm that our laboratory results are

representative of E. coli K12 in FCRW under natural sunlight conditions. Moreover, the

assumption that continuous irradiation effectively simulates the intermittent exposure

obtained under partly cloudy field conditions may not be warranted, given the potential

significance of repair processes.

Our work confirmed the findings of Wegelin (1994), Conroy (1998), and others that heat

can enhance SODIS inactivation rate constants, but that these results are not observed

below 45 C in the absence of any additives. However, in contrast to these studies, the

present work demonstrates that thermal effects can occur at temperatures below 450 C,

and (quite surprisingly) as low as 350 C in the presence of added H20 2. Moreover, there

was some indication that elevated temperatures may inhibit in H20 2 scavenging by

bacteria, introducing this possibility as a relevant pathway of SODIS toxicity. However,

such implications will require additional research to verify.

B. Potential Applications
Several of the results in this study may have potential to help make SODIS a faster and

more robust technology, if they can be shown to be safe, affordable, and practical in the

field. Four of the additive systems explored, added hydrogen peroxide, hydrogen
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peroxide at elevated temperatures, copper (solid or dissolved) plus ascorbate, and 1%

lemon juice, significantly increased inactivation rate constants in the light. Moreover,

H20 2 + Temp and Cu + Asc. were also found to have significant toxicity to cells in the

dark.

1. H202

a) Alone
Hydrogen peroxide alone increased inactivation rate in a concentration-dependent

manner in the presence of light, doubling the rate coefficient at concentrations of 500

ptM. These findings advocate the consideration of H20 2 as a SODIS additive. However,

there is not a substantial amount of data available on the maximum safe concentrations of

H20 2 in drinking water. The USEPA does not, to our knowledge, have current standards

for this substance, although it has reportedly been used as a drinking water additive in

Europe (CSTEE, 2001). The use of H20 2 in tooth whitening products at concentrations

of roughly five percent (1.7 M) (Gerlach, 2002) suggests that chronic ingestion of low

levels may not be hazardous, and Pedahzur et al. have proposed its use at levels of up to 1

mM in conjunction with silver ions as a drinking water disinfectant. An EU study found

that no effect was observed in rats and mice exposed to 100 parts per million (ppm) H20 2

(3.3 mM) in their drinking water, which corresponded to roughly 30 mg/kg/day. The

study also estimated background environmental exposure at 0.28 mg/kg/day, largely from

the consumption of leaf crops (CSTEE, 2001). By contrast, a 50 kg adult drinking 2-5 L

of water per day containing 100 ptM H20 2 would have an exposure of 0.12-0.3

mg/kg/day, on the order of environmental exposure, and two orders of magnitude below
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the no observable effect level in rats and mice. Furthermore, Sagripanti et al. (1997)

argue that since, according to their calculations human peripheral blood

polymorphonuclear leukocytes may contain concentrations of H20 2 on the order of 2

mM, concentrations of up to 300 gM inside the human body are not unusual, and should

be safe. Another potential concern is that many commercially available preparations of

hydrogen peroxide contain stabilizers such as acetanilide (CSTEE, 2001), which has a

drinking water goal of 0 (EPA, 2003). Much more detailed information on the long-term

toxicity to humans of H20 2 in drinking water is needed before its use in SODIS can be

proposed.

b) H202 + Temperature
The dramatic enhancement of H20 2 on SODIS rates at temperatures of 35 and 45 C has

several potential applications. The 50 C threshold temperature for synergistic

disinfection reported by Sommer (1997) and Wegelin (1994) may be reached rarely, if

ever, in non-tropical climates, at high elevations, or on cloudy days. The addition of

hydrogen peroxide makes similar results possible at lower temperatures, since a

synergistic effect is already apparent at 35 C. Such results suggest that concentrations of

H20 2 well below 500 gM might significantly enhance SODIS under field conditions and

temperatures of 35-45C, which do not enhance conventional SODIS rates. Furthermore,

we may speculate that such residual H20 2 concentrations, though too low to rapidly

disinfect water in the dark, might help to inhibit regrowth of pathogens in SODIS-treated

bottles.
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2. Cu + Ascorbate
Similarly, the spectacularly rapid inactivation observed for solid copper plus 200 PM

ascorbate in the light (Figure 8a), and the more modest but significant enhancements of

light-mediated inactivation in the presence of 2.5 pM CuSO4 and 25 or 37.5 jiM

ascorbate (Figures 4a-c) recommend the consideration of these additives for SODIS.

Studies have already proposed the use of Cu + Asc without sunlight for the treatment of

wastewater and for therapeutic antiviral use in humans. Thus, expanding considered

uses of these substances to SODIS does not seem unreasonable. The concentration of

copper in human blood plasma is approximately 1 mg/L (15 jiM, , and this is also the

relevant secondary drinking water standard (the primary standard being 1.3 mg/L) (EPA,

2003). 15 jiM is well below 7.7 piM, the highest Cu concentration measured in any of our

experiments. However, this concentration was found when solid copper is immersed in

200 jiM ascorbate for two hours (Figure 8b). If longer immersion produced

concentrations in excess of the drinking water action level of 1 ppm (roughly 15 piM),

health effects of Cu exposure might require more serious consideration.

Similarly, ascorbate toxicity begins to occur in humans at doses on the order of 1000

mg/kg day, compared to the highest ascorbate concentration in our experiments of 40

mg/L. Moreover, Sagripanti did not report adverse health effects in mice fed 8 mg/kg Cu

and lOg/kg ascorbate per day , far more than the daily dose corresponding to the highest

concentrations in our study.
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However, it is possible that copper and ascorbate are more toxic to humans in

combination than individually. While the doses of copper and ascorbate proposed here

are less than those in some vitamin pills, such pills have been reported to generate

hydroxyl radicals upon dissolution, as have installations of ascorbate plus copper and iron

in animal guts . However, Halliwell reports that there is little convincing evidence for

metal and ascorbate toxicity to humans in vivo, since body fluids have essentially no free

metals capable of catalyzing reactions with ascorbate. Copper uptake in humans involves

strong chelation by albumen and incorporation into the protein caeruloplasmin in the

liver, in which state copper cannot catalyze Fenton-like chemistry. Thus, it seems likely

that human defenses may protect us from levels of copper and ascorbate that inactivate

bacteria. Although we are not aware of any specific photoproducts of copper-ascorbate

systems, it is possible that the products of Cu-catalyzed ascorbate reaction, such as

dehydroascorbate, oxalate, and threonate, may have important and potentially hazardous

photochemistry, and these processes should, be investigated. It would also be of interest

to observe whether the addition of albumins can protect prokaryotic cells from the

photooxidative effects of copper and ascorbate. However, to the extent that Cu-Asc and

other SODIS additives are toxic via intracellular mechanisms requiring light, humans are

at a distinct advantage over bacteria because light is unlikely to reach the human cells

experiencing the greatest concentrations of these additives.

Nonetheless, a careful examination of potential photoproducts of Cu-Asc SODIS would

be advisable before the use of these additives in drinking water can be considered.
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In addition to enhancing light-mediated inactivation, the Cu-Asc system has been shown

to inactivate a variety of pathogens in the dark. Ragab-Depre (1982) found that 57 jiM

Ascorbate, 7.7 FM copper, and 330 pM H20 2 produced an inactivation rate coefficient of

2 hr 1 in wastewater in the dark, while the same system without added H20 2 led to a 1.15

log reduction of E. coli in one hour. Likewise, Sagripanti (1997) found a more than three

log reduction in Herpes Simplex Virus survival over 30 minutes in the presence of the 16

pM Cu(II) and 57 pM ascorbate. In our studies, copper wire and 200 jM ascorbate

reduced E. coli concentrations in the dark from 105.8 CFU/mL to fewer than 50 CFU/ml

in one hour (Figure 8a), while 2.5 9M CuSO 4 and 37.5 jiM ascorbate reduced

concentrations in the dark by more than three orders of magnitude in 1.6 hours (Figure

6a). These findings suggest that in addition to potentially enhancing SODIS rates, Cu +

Asc could function as a residual disinfectant in treated SODIS water, capable of

inactivating bacteria and viruses. Furthermore, at higher concentrations than those

proposed for SODIS, and/or with either longer exposure times or the addition of

hydrogen peroxide, or both, this system might serve as a cloudy-day alternative to solar

disinfection. The ability of the more practical solid form of the copper to inactivate E.

coli in the light and dark in the presence of ascorbate may perhaps bring copper-assisted

SODIS one step closer to a field-practical application.

Finally, the finding by Rainey (2003) in her Siddhipur, Nepal study, that 95% of

households surveyed used copper or brass water vessels for their putative purifying

qualities, is extremely encouraging. At least in the area studied, it suggests that copper
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might be readily available and affordable, and that its use may be acceptable to some

SODIS users, perhaps even intuitive.

However, obtaining adequate concentrations of ascorbate under field conditions may be

more difficult. While 200 pM is perhaps a higher concentration of ascorbate than users

might find practical, it is not enormous, corresponding to roughly 40 mg/L. 40 mg is the

current US RDA for ascorbic acid (vitamin C), and is roughly the amount of that vitamin

present in the juice of one orange, 2.5 grams of acerola fruit or juice, 22 grams of guava

fruit, or 40 grams of kiwifruit . Moreover, our experiments with copper sulfate suggest

the possibility that concentrations of ascorbate as low as 25 pM may still be effective. To

our knowledge, no experiments to date have demonstrated the ability of ascorbate from

fruit or fruit juices to disinfect drinking water in the presence of metals, nor have we

studied the availability of different fruits in various regions of developing countries.

Nevertheless, it is worth noting that for the ascorbate concentrations of interest in this

work (25-200 pM), several natural sources could potentially be suitable. If such natural

sources of ascorbate can be shown to be effective and safe in the presence of solid

copper, a field-practical application of copper-assisted SODIS might be within reach.

This potential application was the motivation behind our investigations employing lemon

juice, whose use as an antiscorbutic (scurvy-preventative) in 1747 marked the first

controlled clinical trial, as well as demonstrating that lemons were an excellent source of

the eponymous ascorbic acid. -The inability of lemon juice to react synergistically with

copper in SODIS reactions is puzzling. However, it may be related to the fact that at
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neutral pH, ascorbate can enter mammalian cells as univalent anion, bound to sodium

(Halliwell). If ascorbate acts as both a reductant and ligand, promoting Cu(I) uptake into

cells in the same way, then the ability of the acid in lemon juice (roughly pH 2) to fully

protonate ascorbate (pKai = 4.1), might make it an ineffective ligand, explaining the

reduced cytotoxicity in our copper + lemon juice experiments. However, the observation

that 1% lemon juice in the presence of solid copper appears to have some toxicity in the

dark in our sunlight experiment (Figure 1 Ia, ), but not in other trials (Figure 10a) is not

readily explained. The detection of roughly 8 ptM Cu in the dark control of our sunlight

experiment (Figure 11 a) at 4.75 hours, while not strictly reliable due to interferences with

the bathocuproine method, suggests that dissolved copper concentrations in this study

may have been higher than in other dark experiments.

3. Lemon Juice
The ability of 1% lemon juice to accelerate SODIS, both in the presence and absence of

copper, is perhaps the most readily applicable result of our studies. At the risk of being

flippant, we can justify very little concern that a twist of lemon in drinking water should

present any unknown health hazards when exposed to sunlight. Moreover, to the extent

that it is affordable and acceptable to SODIS users, adding lemon juice might provide an

immediately apparent method of distinguishing between SODIS treated water and

untreated water in the household. It is not known whether other acidic fruits and

additives can produce similar effects.
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Caveats
While the results presented above are encouraging, they represent inactivation of a single,

non-pathogenic strain of one bacterial indicator species in relatively transparent water

from a single source. Moreover, with the exception of one sunlight study, all of our

experiments were performed in a laboratory environment that may not be entirely

representative of field conditions. Thus, additional research will be required before it is

known to what extent the above findings can be generalized to the inactivation of a

variety of pathogens under diverse field conditions. However, the proven effectiveness

of conventional SODIS against a broad spectrum of pathogens offers some

encouragement that factors able to accelerate it against one organism may likewise prove

effective against others.

Indeed, SODIS has been shown across three continents to be exceedingly effective and

beneficial without the use of any additives. However, the potential of simple and

inexpensive additives such as hydrogen peroxide, copper plus ascorbate, and lemon juice

to enhance the rate of SODIS might help proponents to address several of the

technology's challenges. These include ensuring adequate disinfection within a

reasonable amount of time, and promoting disinfection in cloudy or cold weather.

Furthermore, additives that increase SODIS rates might allow effective disinfection to

occur in larger containers, addressing the concern of obtaining enough containers and

finding the time to fill and expose them all. Finally, copper + ascorbate appears to offer

some residual disinfection power, addressing yet another concern of SODIS critics.
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C. Mechanistic Implications
In addition to having potential applications, our findings can be analyzed for implications

regarding SODIS mechanisms. As noted in the introduction, a wealth of data on SODIS

and related systems suggests that no single, simple mechanism causes the toxicity of light

and oxygen among prokaryotes, eukaryotes, and viruses in aerobic systems. Rather,

SODIS may be a convenient way of producing conditions under which the defenses of

pathogens against the effects of light, oxygen, and other stresses most rapidly break

down.

1. Conceptual Model of SODIS
That said, our findings, in combination with the considerable literature already published

on SODIS, oxidative stress, and related subjects, may offer a few additional insights into

these processes. Reaching beyond what has been adequately demonstrated in this study,

and drawing upon several different mechanisms presented in the literature, our

preliminary mechanistic data lead us to formulate several speculative hypotheses

comprising a partial model for SODIS in E. coli (Figure 16). We refer the reader to the

Introduction for citations of the numerous contributions integrated into this model, but it

should be noted here that much of the inspiration for this model and associated graphics

derives from related models proposed by Dr. James Imlay .

Figure 15. Speculative SODIS Conceptual Model

113



Conceptual SODIS Model

We propose a model of SODIS in which photoFenton chemistry critically damages DNA

and/or membranes, inactivating cells by generating hydroxyl radicals. The reaction may

proceed as shown,

5) L-MC") + R + L-M"n1

6) L-M "-11+ H20 2 4 L-M") + 'OH + OH

7) 'OH + T - P

where M is either iron or copper, L is any ligand, R is a reductant, T is an intracellular

target (probably the same as L), and P is the products of hydroxyl radical attack on T. Of

most potential biological significance are the cases in which L corresponds to DNA,

although the importance of possible membrane damage should not be discounted. The
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role of light in this process may be to accelerate the reaction by increasing the

concentration of the reactants in reaction 2, MC"-1 and H20 2-

a) Basic SODIS Model
We first discuss the case in which M is iron. Light may reduce available Fe(III) via

direct excitation of bound molecules, resulting in ligand-to-metal charge transfer (Figure

15, a). It may also photochemically increasing the concentration of superoxide, which

can reduce Fe(III) (Figure 15, a-hereafter in the conceptual model, all letters refer to

figure 15). This can take place both when light photo-oxidizes cellular chromophores to

generate 02*- (b), and when superoxide dismutases are photochemically inactivated,

probably by singlet oxygen from photosensitizers (c). Superoxide may also increase the

total concentration of available iron by releasing it from Fe-S clusters (d), while

additional iron might be released from porphyrins as a result of direct or 102 mediated

photoinactivation (not shown).

In the cell and membranes, hydrogen peroxide may be produced via the dismutation of

photochemically generated superoxide (above, e), and may increase the steady state

[H 20 2] by inactivating catalase (f) and (potentially) peroxidase (g). These inactivations

could occur either through direct (type 1) photobleaching reactions of the photoactive

hemes and flavins bound to catalase and peroxidase, respectively, or through a type 2

mechanism, probably involving singlet oxygen. Hydrogen peroxide is also produced

extracellularly by the excitation of humic substances, releasing superoxide which

undergoes dismutation to H20 2 (h), but at rates that are unlikely to be significant
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compared with intracellular production (< 1 [M/hr). The hydrogen peroxide that is

produced may react with critically localized Fe(II) (i) to generate hydroxyl radicals (j),

which may damaging DNA (k) and other essential cell structures. Finally, light may play

a role in inactivating cellular repair mechanisms (1), although this role is largely

speculative.

b) Involvement of copper and ascorbate (not shown)
We further propose that damage produced by copper, ascorbate, and light, may follow a

mechanism similar to that described for iron above, in which photoFenton-like reactions

between critically localized Cu(I) and H20 2 inactivates cells. This mechanism would

depend upon the role of ascorbate as both a reductant and a ligand. By reducing and then

binding copper, ascorbate could facilitate its uptake by cells, perhaps as a Cu(I)-

ascorbate complex, similar to the sodium ascorbate chelate known to cross membranes

(Halliwell, 1999).

Regardless of how copper and ascorbate enter cells, once inside they can react via a

Fenton-like mechanism, in which Cu(I) can reduce H20 2 , producing hydroxyl radicals.

Ascorbate may be able to recycle Cu(I). Light could participate in this reaction by

photoreducing Cu(II), increasing intracellular [H 20 2], and also potentially inactivating

repair mechanisms, all as described above.
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c) Involvement of Temperature and other variables
(not shown)

The ability of temperature to increase SODIS rates may be the result of a number of

effects, as noted in Introduction. However, we consider several likely modes of action.

Elevated temperatures may partially inhibit catalase (Ghadermarzi, 1996), increasing

intracellular [H20 2]. In addition, temperatures may place metabolic stresses on cells,

causing them to expend more of their energy reserves on homeostasis, thereby

diminishing their capacity for antioxidant defense and repair. To the extent that the latter

mechanism occurs, it may partially explain the observed synergistic effects between

photoinactivation and the wide variety of environmental stresses investigated (thermal,

pH, osmotic).

D. Data Analysis and Interpretation

1. H 20 2

Several inferences can be drawn from the roughly linear correlation between hydrogen

peroxide concentration and inactivation rate constants observed in this study (Figure 2b).

First, such data are consistent with a disinfection mechanism involving the Fenton

reaction, which is first order in H20 2, as well as Fe(II) . Implicit in this assertion is the

assumption that under the conditions of our experiment, intracellular [H 202]ss, in is

roughly proportional to extracellular [H202]out, an assumption that appears to be

validated, when exogenous [H 20 2] exceeds 10 gM, by the work of Costa Seaver and

Imlay (2001 a, b). We may thus propose a model of intracellular Fenton chemistry, as

shown above, in which some concentration of H20 2 reacts via second-order kinetics with
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some concentration of critically- (i.e. DNA- and/or membrane-) localized reactive Fe(I)

to generate hydroxyl radicals.

Second, since inactivation rate appears to be first-order in H20 2, our results suggest that if

Fenton chemistry is essential for cytotoxicity, then enough reduced iron must be present

in irradiated cells to react with [H 20 2]ss, in without being depleted, most likely because

catalase and peroxidase keep [H 2O2]ss, h, low enough that at extracellular concentrations

of 500 iiM, it is still the limiting reagent at the sites of damage. This is reasonable

considering the values determined by Imlay (2003) for intracellular [Fe(II)]ss and [H 2O2]ss

in E. coli growing in the dark under normal oxic conditions. These values were found to

be on the order of 20 ptM and 20 nm, respectively, suggesting that even if light and added

H20 2 were to increase intracellular [H20 2 ss by two orders of magnitude in our

experiments, we might still expect Fe(II) to be nonlimiting. Moreover, since Hoerter

(1996) and Touati (2000) suggest that light releases additional Fe(II) in vivo, it is

reasonable that pseudofirst order kinetics may be observed at even higher [H 20 2]ss, in.

However, at sufficiently high concentrations of hydrogen peroxide, we might expect to

observe saturation kinetics.

Moreover, while it is evident that there are ample sources of reactive iron in vivo, it is

most unlikely that Fe(II) could exist at significant concentrations under oxic conditions

without continuous reduction. As noted above, this is probably provided by

photochemical reduction involving ligand-to-metal charge transfer. However, in vitro

studies by Woodmansee and Imlay (2002) have shown that FADH 2 can increase the rate
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of damage to DNA, by recycling iron in the dark, and have suggested the possibility that

this mechanism may potentiate damage in vivo as well .

We might expect departure from linearity in Figure 2b at very low H20 2 if alkyl

hydroperoxide reductase (Ahp) retains significant activity in these experiments and is

able to efficiently scavenge H20 2 concentrations on the order of its saturation level, 10

pM (extracellular H20 2), but is overwhelmed as concentrations exceed this value. .

However, without additional points or replicates it is not possible to distinguish such

slight trends in the data from Figure 2b from noise in order to determine whether such

effects are, in fact, occurring. An increased understanding of the effects of light on Ahp

and of the effects of [H 20 2] <10pM on inactivation rate coefficients would facilitate a

more informative discussion of these possibilities.

Regardless of the specifics, our observations in Figure 2a that concentrations of hydrogen

peroxide which prove ineffective in the dark can significantly enhance the inactivation of

cells in the light lead us to conclude that, if Fenton chemistry is central to SODIS,

([H 202]ss, in x [Fe(II)reactivelss, in)light must be greater than ([H202]ss, in x [Fe(II)reactive]ss,

in)dark. Possible mechanisms for increasing [Fe(II)] and [H 20 2 ] in the light are described

in the conceptual model above. While the work of other groups has specifically

confirmed the release of intracellular iron in irradiated cells and the ability of reductants

to accelerate Fenton damage in vitro, the photoinactivation of H20 2 scavengers is largely

inferred. In the case of catalase, these inferences are based on observations of

photobleaching in other porphyrins (add cite to porphyrins section of intro**) and the
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observations that many porphyrins can photosensitize singlet oxygen production, while

catalase has been found to be susceptible to singlet oxygen damage. In the case of Ahp,

the speculation is based on Jacobson's observation that Ahp contains a flavin prosthetic

group with a broad absorption peak at 380nm, combined with a general inference that

flavoproteins may participate in photochemistry in vivo. This inference is motivated

(albeit quite weakly) by Tuveson's findings that riboflavin supplementation can increase

phototoxicity in mutants deficient in its synthesis, coupled with the observation by Webb

that prior irradiation at 365 nm sensitizes cells to 405nm light. However, regardless of

the mechanistic subtleties, with respect to SODIS our hypothesis predicts that any

intervention which can increase the intracellular concentration of hydrogen peroxide (i.e.

either by increasing extracellular or intracellular production, or by decreasing

intracellular scavenging) may be able to enhance kill rates.

2. H20 2 and Temperature
The added effects of temperature on H202-enhanced SODIS offer further insights into the

role of hydrogen peroxide in phototoxicity. Ghadermarzi (1996) has reported that the

enzyme catalase scavenges hydrogen peroxide less efficiently at 370 C and 420 C than at

room temperature . This is consistent with our observation that hydrogen peroxide

disappears more slowly, both in the light and the dark, at 450 C than at 250 or 350 C

(Figures 3g,h,i). These findings also reduce the likelihood that an increased rate constant

for Fenton reactions due to increased T is responsible for the thermal effects of SODIS.

However, the facts that cells appear to experience greater toxicity from light combined

with H20 2 at 350 C, and that catalase may be less effective at this temperature than at 25*
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C are puzzling, since E. coli should be better adapted to 350 C, since this is closer to its

optimal growth temperature.

Moreover, the rate of disappearance of H20 2 in solution is not observably diminished

at35 C.

While light, H20 2, and elevated temperature all appear to act synergistically at 350 C,

attribution of any synergistic effects of light at 450 C becomes difficult because of the

high dark inactivation rate constants observed at this temperature. While it can be

concluded that the disinfecting properties of light and hydrogen peroxide are dramatically

enhanced at higher temperatures, it is not possible, on the basis of this study, to attribute

that enhancement to a single mechanism. Moreover, if our supposition that H20 2-

scavenging activities are low or nonexistent under these conditions is correct, we might

expect intracellular concentrations on the order of 1 mM, which would almost certainly

be quite toxic in the absence of light, outweighing any effects of synergistic photo-Fenton

reactions on the inactivation rate.

3. Copper and ascorbate
The ability of copper and ascorbate to inactivate microorganisms in the dark has been

previously documented. Ragab-Depre (1982) found that 7.7 jiM CuSO 4 and 57 pLM

ascorbic acid reduced culturable E. coli concentrations by 2 log units in one hour of dark

exposure. By contrast, while the present work observed less than 1 log/hr inactivation in

the dark for 2.5 jiM CuSO4 and 37.5 jiM ascorbate, nearly 5 log/hr inactivation occurred

under the same conditions in the light. Thus, it seems that while copper and ascorbate
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may prove cytotoxic together in the dark, levels that are sublethal can still produce

strongly synergistic inactivation in the light.

As noted in the introduction, the ability of copper ions to intercalate with and promote

damage to specific sequences in DNA via a hydroxyl radical-mediated reaction with

hydrogen peroxide have been documented previously . Furthermore, the findings by

Ragab-Depre (1982) and Sagripanti (1997), that cytotoxic and virucidal effects,

respectively, occur in the dark when the ascorbate in a Cu-Asc-H 20 2 system is replaced

by another reductant, strongly suggest that reducing Cu(II) is one of the key roles of

ascorbate. Thus, an Udenfriend-like system involving copper, ascorbate, and H20 2,

either generated in situ via ascorbate decomposition, or added exogenously, seems likely.

In such a system, ascorbate could complex copper to facilitate uptake, generate hydrogen

peroxide intra- or extracellularly through autooxidation, and/or function as a reductant,

helping to recycle Cu(II) to Cu(I). Indeed, the observation that inactivation rate

coefficients appear to be first-order in both copper and ascorbate (Figures 4b,d) is

consistent with either the participation of a Cu-ascorbate complex in cellular uptake of

Cu, or with the role of ascorbate as the major intracellular reductant of Cu in our

experiments.

The synergistic effect of hydrogen peroxide in combination with copper and ascorbate

offers further evidence for an Udenfriend-type mechanism. Moreover, the findings of

Ragab-Depre that catalase and hydroxyl radical scavengers reduce cell inactivation rates

from copper and ascorbate in the dark, are in agreement with our findings in the light.
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However, her discovery that SOD also decreases dark inactivation rates in this system is

puzzling, and suggests that dark production of 02' by Cu/Asc/H 20 2 is a major part of the

toxic mechanism. Superoxide may function as an important copper reductant in the

Udenfriend-like mechanism.

Whatever the mechanisms of copper-catalyzed SODIS, it seems likely that they are

unchanged in the experiments utilizing solid copper wire and ascorbate. This strategy

presumably takes advantage of the ability of ascorbate to act as an acid and a ligand,

promoting solubilization of the passive film of oxidized Cu on the wire surface.

4. Lemon Juice
The fact that 1% lemon juice is cytotoxic is most likely due to its citric acid content, since

1 mM citric acid was also found to significantly increase SODIS inactivation rate

constants (Figure 9a). The observation that at higher pH, even 100 mM citric acid has

little or no effect (Figure 9b) suggests that the toxicity of citrate may be due to its role as

an acid, or that it has some intracellular activity when pH is low enough that it may

diffuse across membranes as a neutral species. However, the fact that this effect occurs

in the light to a greater degree than in the dark is surprising. It may be that the

mechanisms whereby E. coli maintains intracellular proton homeostasis are inhibited or

inactivated by light. Alternatively, we may speculate that an acidic stress feeds into the

metabolic overload hypothesis discussed in the conceptual model.

123



Alternatively, Davies-Colley attributed his findings that SODIS rates were enhanced by

high pH to membrane damage. Specifically, he asserted that light produced membrane

damage, disrupted homeostasis in high pH or high ionic strength environments. This

hypothesis seems reasonable, especially since our proposed photoFenton mechanism

would almost certainly attack membranes as well as DNA. However, it is also

conceivable that a metabolic overload mechanism could apply at high pH as well.

Whatever the source of toxicity from lemon juice, however, it shows promise as a

potentially inexpensive SODIS enhancer.

5. Scavenger experiments: Preliminary data
As noted above, the preliminary results of scavenger experiments performed in this work

are far from conclusive. However, the general rule of thumb that a scavenger may fail to

protect a cell from damage for any number of reasons, is probably applicable to our

inconclusive results for conventional SODIS. Thus, the inability of histidine, DMSO,

pyruvate, and SOD to protect E. coli in pure FCRW from light does not disprove the

involvement of singlet oxygen, hydroxyl radical, hydrogen peroxide, or superoxide.

By contrast, DMSO, pyruvate, and SOD did appear to protect E. coli from light in both

the H20 2 and the Cu + Asc experiments (Figures 13, 14), suggesting that these species

may be involved in the mechanisms of toxicity. Moreover, the failure of histidine to

significantly protect cells from the effects of H20 2 in the light should not be taken as

evidence that singlet oxygen is not involved in SODIS, since water is also a singlet

oxygen quencher, and may outcompete histidine intracellularly.
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In this work, we have shown that added H20 2, H20 2 + temperature, copper + ascorbate

(+H20 2), and lemon juice all have the potential to dramatically increase SODIS kill rates.

Copper + ascorbate has the added advantage of some dark toxicity, giving this system

potential to serve as a source of residual disinfectant (Cu plus some H20 2 formed from

ascorbate auto-oxidation not sure what the parenthetical comment adds), as well as

potential as a backup method of disinfection (presumably at higher ascorbate

concentrations) on days when weather conditions do not facilitate SODIS. While it is not

known whether plant sources of ascorbate can effectively combine with Cu to enhance

SODIS, many sources do appear to contain adequate concentrations of vitamin C.

Finally, it has been shown that lemon juice alone enhances SODIS at reasonable

concentrations, although it remains to be shown whether the effect is attributable solely to

its acidity, its citrate content, or some other factor.

V. Conclusion

The global burden of preventable diseases is not an exclusively technical problem, and

requires more than a simple technical solution. Sanitation and hygiene are at least as

important as clean water, and dramatic health benefits can only be realized when all are

addressed together. Moreover, the social, economic, and bureaucratic barriers to global

water and sanitation are immense, and far beyond the expertise of a chemist. Thus, it

would be inaccurate to imagine that the use of any form of SODIS is alone sufficient to
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significantly alleviate disease in developing countries. What is certain, however, is that

safe water is a sin qua non for enjoying optimal health, and is a basic human right. In the

absence of infrastructure for water treatment and delivery, millions of people will be

relying on vendors and their own ingenuity to obtain safe water for the foreseeable future.

Like chlorination, boiling, colloidal silver, and others, SODIS is a technology that works.

Its many advantages include simplicity, affordability, and reliance on locally available

materials and expertise. Its chief detractions may include inconvenience, scarcity of

bottles, a lack of cloudy day alternatives, lack of a residual disinfectant, and, perhaps

most importantly, verifiability. The additives proposed in this study may offer a few

additional options where SODIS is used. Several of these additive systems have been

found to increase kill rate, and might thus reduce critical exposure time from days to

hours, or even less. However, little is known about the practicality of implementing these

additive systems, or their potential health effects, particularly in the case of hydrogen

peroxide. In addition to verifying that the proposed concentrations of H20 2 and Cu - Asc

are free of acute toxicity, the effects of long-term exposure to these substances must be

carefully considered in evaluating their potential as SODIS additives. Moreover, much

work is still needed on issues of convenience and verifiability in SODIS. That said, solar

disinfection remains a remarkable and elegant way of protecting health and basic human

rights.
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