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Abstract 

Airborne singlet oxygen derived from photosensitization of triplet dioxygen is shown to 

react with an alkene surfactant (8-methylnon-7-ene-1 sulfonate) leading to ‘ene’ hydroperoxides 

that in the dark inactivate planktonic E. coli. The ‘ene’ hydroperoxide photoproducts are not 

toxic on their own, but they become toxic after the bacteria are pretreated with singlet oxygen. 

The total quenching rate constant (kT) of singlet oxygen of the alkene surfactant was measured to 

be 1.1 × 10
6
 M

−1
 s

−1
 at the air/liquid interface. Through a new mechanism called singlet oxygen 

priming (SOP), the singlet oxygen toxin leads to the hydroperoxides then to peroxyl radicals, 

tetraoxide and decomposition products, which also disinfect, and therefore offer a “one two” 

punch. This offers a strong secondary toxic effect in an otherwise indiscernable dark reaction. 

The results provide insight to assisted killing by an exogenous alkene with dark toxicity effects 

following exposure from singlet oxygen. 

 

 

 

 

Introduction 

We present a study of a photooxidation reaction that generates downstream (dark) 

peroxide species to inactivate bacteria. Previous reports have demonstrated that singlet oxygen 

(
1
O2) can inactivate bacteria.

1-4
 But a detailed study of 

1
O2 inactivation of bacteria and latent dark 

toxicity of peroxide reaction products has not yet appeared. In this report, airborne 
1
O2 is shown 

to not only be toxic itself, but also prime E. coli killing. The priming is due to a surfactant 1 
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forming hydroperoxides 2 and 3 that lead to a dark toxicity based on a 
1
O2-pretreatment (Figure 

1). What we uncover is an important secondary process, where propagation of oxidative species 

in the dark leads to better bacterial disinfection. Other researchers have demonstrated important 

possibilities of dual acting compounds,
5-8

 but provide little information about tandem light and 

dark toxic processes as they are not easily untangled. 

 

 

 

Figure 1. Our photoreactor is a triphasic system which segregates a phthalocyanine sensitizer 

from the generated airborne 
1
O2. The sensitizer remains on the upper solid layer and is not in 

contact with the lower layer of water. Airborne 
1
O2 was formed and traveled a ~0.5 mm distance 

to a solution of surfactant 1 and E. coli. The photoreaction kills E. coli and primes other E. coli, 

where otherwise harmless hydroperoxides 2 and 3 cause additional E. coli death in the dark.   

 

 

Figure 2 shows a schematic of our reaction system. Reactive oxygen species (ROS) are 

formed photochemically in nanoseconds to microseconds by type I (oxygen radicals and radical 
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ions) and type II (singlet oxygen) sensitized oxidation processes.
9,10

 The ‘ene’ hydroperoxide 

products serve as fingerprints for the existence of 
1
O2 and have dark stabilities in the 

milliseconds to minutes time range. Thus, we hypothesized that light/dark toxicity processes can 

be disentangled, with properly designed experiments. This premise of this paper is that the field 

of aerobic photochemistry can benefit from tools able to decipher downstream dark reactions that 

follow initial photooxidative events.  

 

 

 

Figure 2. Schematic showing that complementary light and dark reactions arise in separable 

processes. We focus on light-dependent reaction of airborne 
1
O2, and light-independent reaction 

of hydroperoxides (ROOH), but gloss over chemiluminescence and secondary excited-state 

processes. 

 

 

We believe this premise has merit based on preliminary reports of damaging secondary 

dark reactions following photodynamic treatment.
11,12

 Previous work has shown the existence of 

oxidation products bearing toxicity competitive to their photogenerated ROS precursors. The 

process is illustrated in Figure 3. The first, light-dependent step (Figure 3a) produces cholesterol 
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hydroperoxides from type I and type II processes.
11

 These cholesterol hydroperoxides can be 

stable for minutes. In Figure 3b, the second step is cytotoxic and light-independent. Other reports 

have also pointed to dark events in photochemical
13-16

 and photobiological processes.
17

 Thus, the 

light/dark intersecting line is in further need of probing, and is the subject of this paper.  

 

Figure 3. Secondary dark reactions following photodynamic treatment are damaging.
11

 The 

product cholesterol hydroperoxides are important in the dark cytotoxicity. 

 

 

But first, we note that the challenges in deducing the role of photogenerated ROS from 

downstream toxic species may be alleviated by the use of interfacial techniques. Figure 4 shows 

that interfacial techniques can enable some “control” over reactive oxygen intermediates. ROS in 

homogeneous media are formed in a mixture where downstream species are often difficult to 

discern (Figure 4a).
18

 In contrast, 
1
O2 can be generated as a pure airborne species without the 

other ROS so that its toxicity can be tested with no ambiguity to the analysis. There are also 

reports of the arrival of other gaseous ROS to solid and liquid surfaces such as hydroxyl radicals 
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(Figure 4b)
19,20

 and emergence of species in porous and 2-phase media to help control oxidative 

reactivity and selectivity (Figure 4c).
21-24

 

 

 

                  a     b         c 

Figure 4. Scheme of homogeneous and interfacial techniques. (a) ROS in homogeneous 

solution, (b) arrival of ROS to a surface, and (c) emergence of ROS from a surface. 

 

The methodology that we use is an offshoot of the interfacial technique in Figure 4b. 

Here, we report on generating airborne 
1
O2 (

1
∆g) in a pure form and capturing it on a second 

(liquid) surface. Our reactor enables for airborne 
1
O2 delivery to a water surface bearing a 

monolayer of prenylsurfactant [(CH3)2C=CH(CH2)6SO3
−
 Na

+
] (adjuvant) molecules, which 

initially form ‘ene’ hydroperoxides. The formation of airborne 
1
O2 from a solid surface and 

subsequent interaction with the prenylsurfactant is shown in Figure 5. One objective was also to 

determine how efficiently prenylsurfactant 1 removes airborne 
1
O2 at the air-liquid interface. 

What is key is that the sensitizer is physically separated from the water phase so that effects from 

direct sensitizer interactions and type I sensitized formation of oxygen radicals and radical ions 

can be discerned easily.  
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Figure 5. Scheme showing the formation of 
1
O2 at the solid sensitizer and its physical quenching 

(eq 1), diffusion through air and physical quenching in air (eq 2) and by the liquid (eq 3), and 

chemical reaction with prenylsurfactant 1 to form hydroperoxides 2 and 3 (eq 4). 

 

 

Thus, our reactor design in Figures 1 and 5 is similar to previous reports
25,26

 and 

reminiscent of 3-phase apparatuses to study airborne or interfacial 
1
O2

27-29 
and ROS

30-33
 and 

examine surfactant effects in disinfection,
34,35

 but now it enables us to sort out the light/dark 

killing operations and the direct interaction of 
1
O2 with the prenylsurfactant. Our hypothesis was 

that the formed hydroperoxides will be key to a dark killing process that temporarily lags behind 

the photochemical process. The stepwise delivery, with the first step being airborne 
1
O2 and the 

second step hydroperoxides 2 and 3 with 
1
O2-pretreated microbe cells is found to be more 

effective at inactivating bacteria than each individually. 
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Results and Discussion 

The reactor generates 
1
O2, which is delivered as a gas from a solid upper sensitizer plate 

to a water layer. An air space between the sensitizer plate and the water layer is bridged before 

1
O2 reaches the liquid for surfactant oxidation. This prenylsurfactant 1 provided us with the first 

opportunity to measure the interfacial effect on the total quenching rate constant (kT) of 
1
O2. Two 

decay components were observed in the 1270 nm phosphorescence, a slow decay component 

attributed to 
1
O2 in the air gap and a fast decay component attributed to 

1
O2 at the air/D2O 

interface. The fast component for the lifetime of singlet oxygen (∆) at the air/D2O interface 

decreased on going from 48.0 µs (absence of 1) to 36.9 µs (with 5 mM 1). Addition of SDS (5 

mM) led to a ∆ of ~48 µs as a result of the displacement of 1 (1 mM) at the interface. The 

measured ∆ is lower than the literature value of ∆ solvated in D2O (66 µs)
36

 and implies a 

contribution of humidity. Thus, the surfactant quenching of the phosphorescence of 
1
O2 at the 

air/D2O interface led to a kT of 1.1 × 10
6
 M

−1
 s

−1
 (Figure S1, Supporting Information), and is in-

line with kT values of trisubstituted alkenes in homogeneous organic solvents.
37,38

 The kinetic 

derivation for this interfacial kT measurement is located in the Supporting Information. We find 

that the prenylsurfactant 1 reacts with 
1
O2 to give two ‘ene’ products 7-hydroperoxy-8-

methylnon-8-ene-1-sulfonate 2 and (E)-8-hydroperoxy-8-methylnon-6-ene-1-sulfonate 3 in a 4:1 

mixture of 2:3. Contribution of physical and chemical quenching of 
1
O2 by 1 and hydroperoxides 

2 and 3 at the air/water interface were not determined. Similar to reports of 
1
O2 ‘ene’ 

reactions,
10,18,39

 hydroperoxides 2 and 3 were detected in solution, but not products suggesting 

tandem 
1
O2 reactions, although the presence of iron and copper reductants found in bacteria are 

likely key to hydroperoxide decomposition, as we discuss in the Mechanism section later. Next, 
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our analysis shows the stepwise light and dark effects in E. coli killing that were previously 

unidentified. Similar to the time-resolved result, when SDS is added, the reactivity of 1 with 
1
O2 

appears to vanish with no detection of 2 and 3, which is consistent with  displacement of 1  by 

the SDS at the interface.  

Next, we focus on control experiments. We show that E. coli killing is minimal by light 

alone, surfactant 1 alone, or by hydroperoxides 2 and 3 alone in the dark. For example, when 50 

µg/mL and 15 µg/mL E. coli was exposed to 669 nm light alone, killing of 4% and 8% was 

observed, respectively. When 15 µg/mL E. coli was exposed to surfactant 1 (1 mM) alone in the 

dark, only 2% killing was observed. When 15 µg/mL E. coli was exposed to a 4:1 mixture of 2 

(0.144 M) and 3 (0.036 M) in the dark, 6% killing was observed. When simply left in the dark, 

1.5% killing of E. coli was observed. The above control reactions demonstrate that there is low 

percent E. coli killing (2%) with light alone, or surfactant alone or hydroperoxides 2 and 3 alone 

in the dark. 

In contrast to the control reactions, we have now identified dark contributions are 

significant following 
1
O2 priming. The percent killing by airborne 

1
O2 alone (Figure 6A, red bars) 

and the percent killing by subsequent exposure to hydroperoxides 2 and 3 in the dark (Figure 6A, 

grey bars) are plotted as a function of time. Exposure of E. coli (50 µg/mL) to airborne 
1
O2 alone 

led to killing of 10±2%, 16±3%, 21±2%, 26±3%, 27±5% after reaction times of 10 min (red bar, 

1
st
 column), 20 min (red bar, 2

nd
 column), 30 min (red bar, 3

rd
 column), 45 min (red bar, 4

th
 

column), and 60 min (red bar, 5
th

 column), respectively.  
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Figure 6. Percent E. coli killed by airborne 
1
O2 alone (red bars) and the additional percent E. coli 

killed upon adding hydroperoxides in the dark as a follow-up treatment (grey bars). Exposure of 

E. coli to airborne 
1
O2 alone for 10 min (red bar, 1

st
 column), 20 min (red bar, 2

nd
 column), 30 

min (red bar, 3
rd

 column), 45 min (red bar, 4
th

 column), and 60 min (red bar, 5
th

 column), 

respectively. Hydroperoxides 2 and 3 were added in the dark in 4:1 ratios to airborne 
1
O2 pre-

treated E. coli in concentrations of 0.01 mM after 10 min (grey bar, 1
st
 column), 0.03 mM after 

20 min (grey bar, 2
nd

 column), 0.08 mM after 30 min (grey bar, 3
rd

 column), 0.12 mM after 45 

min (grey bar, 4
th

 column), and 0.15 mM after 60 min (grey bar, 5
th

 column), where additional 

killing was observed. Three separate locations on the plate were used for the bacterial colony 

counting and the error was ±2%. (B) This plots displays the steady generation of hydroperoxides 

2 and 3 over time due to the reaction of airborne 
1
O2 with surfactant 1 (1.0 mM).  
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The grey bars in Figure 6 show the share of the killing from the hydroperoxides 

following the airborne 
1
O2 reaction. When these airborne 

1
O2-treated E. coli were subsequently 

exposed to hydroperoxides 2 and 3 in the dark (in concentrations of 0.01, 0.03, 0.08, 0.12, and 

0.15 mM), an additional 5±2% (grey bar, 1
st
 column), 11±3% (grey bar, 2

nd
 column), 9±3% (grey 

bar, 3
rd

 column), 16±2% (grey bar, 4
th

 column), and 19±3% (grey bar, 5
th

 column) killing was 

observed, respectively. By comparison, when airborne 
1
O2–treated E. coli were subsequently 

exposed to surfactant 1 (1 mM) in the dark, no additional killing was observed. Thus, we show 

that the E. coli killing relates to both airborne 
1
O2 and to hydroperoxides 2 and 3 with 

1
O2-

pretreated cells.  

As we will see next, hydroperoxides 2 and 3 are formed by a reaction of airborne 
1
O2 

with surfactant 1 and have a similar priming effect. We also show that the toxicity to airborne 

1
O2 led to enhanced killing with the generation of the hydroperoxides in situ. As we noted above, 

the reaction of airborne 
1
O2 with surfactant 1 leads to hydroperoxides 2 and 3, which amplify E. 

coli killing by 1.7 to 2-fold by comparison to airborne 
1
O2 in the absence of 1. Figure 6B shows 

that over the photolysis time of 10 min to 60 min, a H2O solution of 1.0 mM surfactant 1 formed 

0.02 mM up to 0.18 mM of hydroperoxides 2 and 3. The surfactant 1 conversion to 

hydroperoxides 2 and 3 was increased over time, which enhanced the E. coli killing by 
1
O2. 

Airborne 
1
O2 with surfactant 1 forming 2 and 3 yielded 50% killing, which is higher than that by 

1 alone (2.6%) or by airborne 
1
O2 alone (25%) (Figure 6A, red bar, 5

th
 column); the latter two 

add up to only 27.6%, not the 46%. 

Thus, whether the hydroperoxides are generated in situ or added after the treatment of 

airborne 
1
O2, our data show that the hydroperoxides cause a heightened E. coli killing by 

1
O2. 

Namely, adding hydroperoxides 2 and 3 (0.15 mM) in the dark after treatment with airborne 
1
O2 
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for 1 h led to a similar inactivation of 50 µg/mL E. coli (46%) when compared to airborne 
1
O2 

with surfactant 1 (50%). Furthermore, we probed the stabilities of hydroperoxides 2 and 3 in 

terms of their decomposition rates in DMSO. We found that 2 is more stable than 3 under 

various conditions. Hydroperoxide 2 is less stable since it decomposes after 1 h at 100 °C in 

DMSO, whereas hydroperoxide 3 required heating at 185 °C for 2 h. In contrast, the presence of 

E. coli decreased the stability of both hydroperoxides to several minutes suggesting that they 

reacted with the bacteria. Although NMR analysis did not discern whether 3 was presevered for a 

longer period than 2 in the presence of the bacteria, their degradation was shown likely after 

reaction with Fe
2+

 has occurred, and not observed under normal iron free conditions in DMSO. 

We find a relationship between killing increase and added hydroperoxides 2 and 3 after 

the bacteria were exposed to airborne 
1
O2 (Figure 7A). The figure shows a near linear killing. 

There was a steady increase but no clear induction required for the buildup of hydroperoxides 2 

and 3. The dark contribution leads to additional killing, in which the enhancement to the dark 

toxicity comes after 
1
O2 “priming” via H-abstraction and radical chain processes as a separate 

stressing route than only peroxidation from airborne 
1
O2 (Figure 7B), as we elaborate on below. 

Namely, how do the hydroperoxides enhance the E. coli killing from 
1
O2-primed microbe cells? 

There is a seemingly important potentiation of the bacterial killing in the dark process following 

the light process. By itself, this dark process is not effective in the killing. Why? A mechanistic 

analysis that is shown below provides possible answers. 
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Figure 7. The dark process at work. (A) This is the difference between the percent killing by 

airborne 
1
O2 alone and with added hydroperoxides after the bacteria were exposed to airborne 

1
O2. (B) This proposed mechanism accounts for how the hydroperoxides do more work, where 

the airborne 
1
O2 and the hydroperoxides are not solo acts. The E. coli killing takes place by pre-

exposure to airborne 
1
O2 (peroxidation), in which a postreaction with hydroperoxides 2 and 3 

provokes more killing by H-abstraction and radical chain processes. 

  

 

Mechanism 

We posit three mechanisms: (1) reactive species formed in the decomposition of the 

hydroperoxides, (2) exogenous alkene molecules assisting in the E. coli oxidative stress, and (3) 

singlet oxygen priming (SOP) as distinct from the known photodynamic priming (PDP).  

(1) Secondary species are produced upon the decomposition of the primary 

photoperoxides 2 and 3 (Figure 8). Path A: For hydroperoxide 2 but not 3, tetraoxide formation 
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and Russell cyclization and decomposition
40-42

 can lead to 3-methyl enone 4 and enol 5, where 

the dark cleavage forms excited-state 4 with energy transfer to 
3
O2 for additional 

1
O2. A rapid 

decomposition of tetraoxide from the 2° hydroperoxide 2 is expected compared to the 3° 

hydroperoxide 3, which is consistent with the greater observed stability of 2 than 3. Path B: For 

hydroperoxide 2 but not 3, tetraoxide formation and decomposition can lead to hydrotrioxide 6 

and 3-methyl enone 4. The formation of 4 and 6 arising from the loss of a hydrogen atom from 2 

via 2(-H•) seems plausible. A previous DFT study
42

 has identified low-energy dimerization 

behavior of peroxy radicals to hydrotrioxide with a 12.3 kcal/mol saddle point. Avzyanova et 

al.
43

 and Plesničar et al.
44,45

 have reported on the synthesis of organic hydrotrioxides, which like 

other peroxide decompositions can be accompanied by 
1
O2 formation.

39,46
 Paths C and E: The 

Hock rearrangement can arise by proton transfer to 2 and 3 leading to water adducts 2(+H
+
) and 

3(+H
+
). The conversion of the 3(+H

+
) to cation 12 and water would lead to the 3° hydroperoxide 

rearrangement, which is easier than the 2° hydroperoxide rearrangement. This is contraty to our 

results due to the observed stability of hydroperoxides 2 and 3  at pH 4.5 for 1 h. This is also 

contrary to the stabilities that we observe for 2 and 3, namely lower stability of a more 

substituted carbocation, although the Hock reaction can lead to toxic aldehydes.
47,48

 Path D: For 

3, the dimerization of 2 moles of 3(-H•) can reach tetraoxide, and decompose to O2 and alkoxy 

radical 10 with subsequent loss of CH3• and formation of enone 11. Lastly, we have evidence 

that once formed, hydroperoxides 2 and 3 are not involved in an interconversion with each other 

by HOO• radical migration (Schenck reaction), thus ruling it out as the origin of dark toxicity.
49-

55
 Two further candidate mechanisms, include a photopriming effect to deplete cellular 

antioxidants, thereby accentuating secondary ROS effects post-
1
O2 exposure. Also, the initial 

1
O2 
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may result in leakage of Fe
2+

, which could persist to facilitate decomposition of the 

hydroperoxides to generate subsequent ROS.   

 

Figure 8. Paths A-E show reactive intermediates that are potentially formed after the initial 

reaction of prenylsurfactant 1 [(CH3)2C=CH(CH2)6SO3
−
 Na

+
] with airborne 

1
O2. In the figure R = 

(CH2)5SO3
−
. 

 

 

 (2) Bacteria pre-exposure to airborne 
1
O2 is shown to enhance the killing of 

hydroperoxides 2 and 3 in the dark, where we consider the prenylsurfactant’s function as an 

exogenous alkene. Prenylsurfactant 1 (1 mM in 0.6 mL H2O, 3.6×10
17 

molecules) is considered 

as an exogenous alkene source supplementing endogenous alkene sites in the bacteria based on 

total unsaturated alkene content. Lipids are the primary source of endogenous alkenes, in which 
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lipid hydroperoxides are readily formed.
56-59

 Biological targets for 
1
O2 also include sites in 

proteins and DNA.
39

 The number of surfactant alkenes and unsaturated fatty acid sites per gram 

of bacterial dry weight in E. coli
60,61

 in our experiments is a ratio of ~400:1 (exogenous-to-

endogenous unsaturated sites). Thus, dissolution of hydroperoxides 2 and 3 into water is 

proposed to take place, where post-
1
O2 (i.e., ROOH) exogenous and endogenous hydroperoxides 

release “oxidative storage” for dark killing with hydroperoxide decomposition and formation of 

toxic byproducts.
10,39

 Next, we elaborate on the issue of exogenous species or adjuvants as the 

origin of the boost in photokilling as a mechanistic subject. 

 (3) Airborne 
1
O2 followed secondarily by ROS from hydroperoxide decomposition can 

be regarded as singlet oxygen priming (SOP) (Figure 9A). The enhanced E. coli killing with the 

surfactant hydroperoxides in Figure 6 is a special example of a post 
1
O2-stressing process. If we 

adopt this view, we conclude that SOP (Figure 9A) is now distinguishiable from “photodynamic 

priming” (PDP) (Figure 9B).
62-65

 Mayten and Hasan
62

 pioneered the concept of PDP, which is an 

adjuvant pretreatment in the dark to improve not only fluorescent imaging but also the cells’ 

susceptibility to photosensitized killing. In the case of PDP, adjuvant compounds such as 

irinotecan, methotrexate, 5-fluorouracil, vitamin D and derivatives lead to an amplified effect in 

PDT. The mechanism of PDP includes enhanced conversion of exogenous ALA, and thus 

increased protoporphyrin IX concentrations via exogenous ALA additions to cells, for enhanced 

killing. 
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Figure 9. (A) Singlet oxygen priming (SOP) that enhances microbe inactivation by initial 

exposure to airborne 
1
O2. It is proposed that the exogenous alkene (prenylsurfactant) converts to 

hydroperoxide (with -H• via Fe
2+

) and on the basis of peroxyl radical dimerization is expected to 

form hydrotrioxide, CH3•, and additional 
1
O2 to account for the dark toxicity. (B) Photodynamic 

priming (PDP) in which adjuvants such as calcitriol are used for the enhancement of ALA-based 

photodynamic therapy (PDT). 

 

 

In summary, our data show a significant increase in the bacteria killing by airborne 
1
O2 as 

the concentration of hydroperoxides 2 and 3 is increased. This leads to a new proposed path in 

which the airborne 
1
O2 is toxic to and primes other bacteria. In choosing the most likely 

mechanism to account for the dark killing, peroxyl radical dimerization to tetraoxide is envisaged 

to lead to 
1
O2 (path A), hydrotrioxide 6 (path B), and CH3• radicals (path D). Of note, 

hydrotrioxide 6 is expected to readily decompose and taking advantage of their toxicity due to 
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the oxidation power they carry is yet to be realized in the literature. Our control data are not 

consistent with the Hock rearrangment to carbocations and aldehydes (paths C and E), or the 

Schenck rearrangement of HOO• radical. Furthermore, both exogenous to endogenous alkene 

groups in the E. coli samples contribute to secondary oxidative stress by their peroxide buildup 

in terms of dark killing. 

 

 

Conclusion 

We were surprised to discover how significant the dark process was in terms of E. coli 

killing in the post-photochemical reaction. The analysis shows that E. coli is stable to light alone 

and stable to the hydroperoxides 2 and 3 alone. However, the observed dark killing by the 

hydroperoxides increases only after 
1
O2 priming. 

Until now, the state of the art was to kill cells and microbes via tuning of sensitizer 

structure, which is a common benchmark in this field.
66-68

 Our results help to dissect a key dark 

reaction following an initial 
1
O2 photoreaction. New context is provided where we now 

understand separate processes that are usually studied as blended. We also understand a 

distinction between SOP vs PDP. SOP is envisioned to fit in microbe inactivation, whereas PDP 

increases cell eradication mainly from higher local sensitizer concentrations. The remaining 

challenges are to measure chemiluminescence from thermal peroxide cleavage and to deduce 

relative contributions of reactive species in the secondary dark reaction to enable further 

increases in the dark killing component.  

 

 

Experimental Section 
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General Aspects. Frontier Scientific, Inc. supplied the aluminum (III) phthalocyanine 

chloride tetrasulfonic acid. Sigma-Aldrich supplied the benzoic acid, sodium dodecyl sulfate 

(SDS), DMSO-d6, and D2O. A U.S. Filter Corporation deionization system was used to purify 

H2O. Mutant of E. coli K12 (strain CW 3747) was used. A thin piece of Corning 7930 porous 

Vycor glass (PVG) sized 1.0 mm × 2.25 cm
2
 was used. Surfactant 8-methylnon-7-ene-1 

sulfonate 1 was synthesized as reported in the literature.
26

 7-Hydroperoxy-8-methylnon-8-ene-1-

sulfonate anion 2 and (E)-8-hydroperoxy-8-methylnon-6-ene-1-sulfonate anion 3 were isolated 

from the reaction mixture by evaporating water with flowing nitrogen gas over the sample, and 

the residue was dissolved in DMSO-d6 and analyzed by NMR. Hydroperoxides 2 and 3 are 

difficult to purify due to their lability on silica; we were unable to purify one from the other due 

to similarities in polarities. An instrument was used to collect NMR data at 400 MHz (
1
H) and 

100.6 MHz (
13

C). A Hitachi UV-vis U-2001 instrument was used to collect UV-vis data. A 

digital pyrometer was used to measure water temperatures.  

Photoreactor and Airborne Singlet Oxygenations. A quartz cuvette sized 1.0 cm
2
 × 0.7 

cm containing surfactant 1 in the presence or absence of E. coli in 0.60 mL H2O or D2O was 

used, where the PVG lid [square (2.25 cm
2
 × 1.0 mm)] was placed on top. The lid’s bottom face 

was coated with 1.1 × 10
–5

 mol aluminum (III) phthalocyanine chloride tetrasulfonic acid per 

gram PVG. This lid was not in contact with the water. From the sensitizer plate to the water 

surface, airborne 
1
O2 traversed a distance of 0.4 mm near the walls of the cuvette up to 1.5 mm in 

the middle of the meniscus. Careful analysis showed that no phthalocyanine became separated 

from the sensitizing glass or was relocated in the water. Time-resolved experiments were carried 

out. Namely, the total quenching rate constant (kT) for the reaction of airborne 
1
O2 with 1 was 

determined at room temperature by irradiating the sensitizer plate with 355-nm light from a 
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Surelite Minilite
TM

 pulsed Nd:YAG laser (Continuum©) and monitoring the 1270 nm 

phosphorescence of 
1
O2 with a photomultiplier tube (H10330A-45, Hamamatsu Corp.). The 1270 

nm light from 
1
O2 was filtered through a 1250 nm long-pass and a 1270 nm band-pass filter 

before reaching the photomultiplier tube. The amount of 1 used ranged from 5- to 20-fold less 

(for the time-resolved experiments) and 10-fold less (for the bacterial experiments) than its 

reported critical micellar concentration (CMC) of 9.7 mM.
26

 Planktonic bacteria were 

illuminated by a diode laser (model 7404, Intense, Inc.) of 669-nm light (383 mW), passing first 

through an FT-400-EMT optical fiber (Thorlabs, Newton NJ), and second through the PVG 

sensitizer plate generating airborne 
1
O2 on its bottom side, which diffused through air and 

reaching the aqueous solution containing the bacteria. The end of the fiber tip was located 3.0 cm 

above the PVG lid. The sensitizer plate contained a strong absorption in the 355-nm region and 

in the 669-nm region to overlap well with the YAG and diode lasers. The incident photons 

arrived in a Gaussian distribution to the sensitizer plate. The temperature of the water in the 

apparatus was found to increase by ~3.5 °C over an irradiation period of 1 h with the 669-nm 

laser light. Airborne 
1
O2 emerged from the phthalocyanine plate and descended downward 

through an air gap to the water later. 

E. coli Inactivation. Inactivation data were collected with the photoreactor, in which E. 

coli was used in amounts of 15 µg/mL and 50 µg/mL from quantitation with UV-VIS. The 3-

phase apparatus in Figure 1 was used to react airborne 
1
O2 with E. coli. After the reaction, a 

portion of the solution (0.1 mL) was placed onto agar plates, and was incubated at 37 °C for 24 h 

to quantitate the number of colonies. To assess the dark toxicity, we exposed E. coli to 1 at a 

concentration of 1 mM as well as hydroperoxides 2 and 3 at concentrations of 0.01 up to 0.2 mM 

in 4:1 ratios. A commercial BacLight viability kit was used for LIVE/DEAD assays, which 
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contained SYTO-9 and propidium iodide. After centrifuging, E. coli samples were exposed to the 

SYTO-9 and propidium iodide for 15 min at 37 °C, and then analyzed with a fluorescence 

microscope. 

 

Supporting Information 

The Supporting Information is available free of charge: Estimation of endogenous alkene in 

bacteria, kinetic derivagtioon, plot of kobs (s
−1

) vs [prenylsurfactant 1] (M). 
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