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Abstract

Antimicrobial photocatalysis involves the UVA excitation of titanium dioxide (TiO,) nanoparticles
(particularly the anatase form) to produce reactive oxygen species (ROS) that kill microbial cells.
For the first time we report that the addition of sodium bromide to photoactivated TiO, (P25)
potentiates the killing of Gram-positive, Gram-negative bacteria and fungi by up to three logs. The
potentiation increased with increasing bromide concentration in the range of 0-10 mM. The
mechanism of potentiation is probably due to generation of both short and long-lived oxidized
bromine species including hypobromite as shown by the following observations. There is some
antimicrobial activity remaining in solution after switching off the light, that lasts for 30 min but
not 2 hours, and oxidizes 3,3,5,5"-tetramethylbenzidine. N-acetyl tyrosine ethyl ester was
brominated in a light dose-dependent manner, however no bromine or tribromide ion could be
detected by spectrophotometry or LC-MS. The mechanism appears to have elements in common
with the antimicrobial system (myeloperoxidase + hydrogen peroxide + bromide).
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Introduction

Photocatalysis is a rapidly growing technology that is being investigated for applications in
solar energy conversion [1], and for environmental remediation and disinfection [2, 3].
Antimicrobial photocatalysis describes a process in which semiconductor nanoparticles such
as titanium dioxide (TiOy) are irradiated with UVA light to generate reactive oxygen species
(ROS) in order to kill various types of microorganisms [4-8]. The procedure of
antimicrobial photocatalysis has most often been suggested to be used in water purification
[9], but other applications in medical science (orthopedics [10], dentistry [11] and surgery
[12]) have also been proposed. Photoactivated TiO, is also beginning to be studied as a
possible photodynamic treatment for cancer [13], and could also be used for precise sub-
cellular inactivation at a molecular level [14]. The energy needed to excite an electron from
the valence band to the conduction band in TiO, is 3.35 eV, which is equivalent to the
energy of a photon with a wavelength of 360 nm. The released electrons in the conduction
band can reduce oxygen to superoxide anion, while the positive holes left in the valence
band can capture electrons from water, and oxidize water to hydroxyl radicals [15].
Hydrogen peroxide [16] and singlet oxygen [17] are also produced during photocatalysis.
Together these oxidants can damage many biomolecules, and efficiently kill all the different
classes of microorganisms, such as Gram-positive and Gram-negative bacteria, fungi, viruses
and parasites, etc [18].

The advantages of antimicrobial photocatalysis (as compared to other kinds of
photodynamic inactivation) are that: (1) it is a heterogeneous system so the solid TiO, could
be removed from the reaction after use; (2) the TiO, is not easily photobleached in the same
way that organic photosensitizers are photobleached by light delivery; and (3) TiO, can be
activated by UVA wavelengths present in natural sunlight making the process suitable for
remediation of contaminated wastes in outdoor settings. However there is still a lot of room
to improve the efficiency of TiO, antimicrobial catalysis. Researchers are attempting to dope
the TiO, with platinum or nitrogen or other materials in order to shift the activation
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wavelength way from the UV to the visible range [19], and to fabricate different types of
titania nanostructures such as TiO, nanotubes [20]. Our approach is to potentiate
antimicrobial photocatalysis by the addition of simple non-toxic inorganic salts. In the
present study we used P25 TiO, nanoparticles for our studies as they were commercially
available and have been reported to be efficient at mediating photocatalysis. P25 has been
reported to be composed of about 75% of the anatase crystalline isoform [21].

We recently discovered that antimicrobial photodynamic inactivation mediated by the
phenothiazinium dye, methylene blue [22], and also by cationic functionalized fullerenes
[23, 24] could be significantly potentiated by addition of the non-toxic salt, potassium
iodide. We then went on to show that antimicrobial TiO, photocatalysis could be potentiated
by addition of iodide anion (manuscript in preparation). We now report for the first time that
antimicrobial TiO, photocatalysis can be significantly potentiated by addition of the non-
toxic salt, sodium bromide.

Materials and methods

Chemicals

Titanium(1V) oxide (TiO2) anatase P25, sodium bromide (NaBr), myeloperoxidase from
human leukocytes (MPO), 3,3’,5,5’-tetramethylbenzidine (TMB), 30% hydrogen peroxide
(H205), and all other reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise indicated. Hydroxypheny! fluorescein (HPF) and Singlet Oxygen Sensor Green
(SOSG) were purchased from (Molecular Probes, Invitrogen, Bedford, MA). TiO, and NaBr
stock solutions were prepared in distilled H20 (dH20) prior to use. We have presented the
concentration of TiO, as mM (10mM = 800 pg/mL) to allow comparison with NaBr
although the material is actually nanoparticles. We used two different buffers that were
composed of 50 mM sodium phosphate at pH 7.4 and pH 5.5. All the photocatalysis
experiments were carried out in 24-well plate under magnetic stirring except ROS-specific
probe experiments.

Light source

We used a 360 nm UVA light-emitting diode (LED) light source (Larson Electronics LLC,
Kemp, TX). The emission spectrum is shown in supplementary figure S1. The irradiance for
all experiments was fixed at 16 mW/cm? (I J/cm? delivered in 1 min), measured by a model
IL-1700 research radiometer-photometer (International Light, Inc., Newburyport, MA). The
emission spectrum was measured by a spectroradiometer (SPR-01; Luzchem Research, Inc.,
Ottawa, ON, Canada) and showed a peak emission at 3655 nm.

Fluorescence probe assay for generation of specific reactive oxygen species (ROS)

96-well clear-bottom black plates were used for fluorescence probe experiments. SOSG or
HPF (final concentration of 5 uM) was added to 10 mM TiO, with and without addition of
10 mM NaBr in a final volume of 200 puL PBS per well. The fluorescence was detected after
each aliquot of 0.5-1 J/cm? (dose of light), using a fluorescence spectrometer (SpectraMax
M5 plate reader, Molecular Devices, Sunnyvale, CA) The excitation and emission settings
were used as recommended by the manufacturer of the probes: excitation 504 nm and
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emission 525 nm for SOSG and excitation 490 nm and emission 515 nm for HPF,
respectively.

3,3’,5,5"-Tetramethylbenzidine (TMB) test for hypobromite

Stock solutions of TMB were prepared in DMSO at 1 mg/ml and kept at —20°C. Working
solutions of TMB were freshly prepared by diluting 1 mL of stock solution in 9 mL 50 mM
sodium acetate buffer, pH 5.5. A suspension of 20mM TiO, containing 10mM NaBr was
exposed with stirring to different fluences of UVA light (0, 5, 10 and 40 J/cm?) and after
each fluence a 50 L aliquot was withdrawn and added into 1 mL 0.1mg/ml TMB solution.
After 180 minutes incubation time, 200 uL of the TMB reaction mixture was transferred to
96-well plate and absorbance at 655 nm was measured using a spectrometer (SpectraMax
M5 plate reader, Molecular Devices, Sunnyvale, CA).

Bromination of N-acetyl tyrosine ethyl ester

Sample solutions (total volume 400 pL) contained TiO2 (10mM), KI (100mM) and N-
acetyl-L-tyrosine ethyl ester (10 mM) in PB buffer (pH 7.4, containing 10% methanol) were
irradiated by UVA LED light (360nm) with magnetic stirring. An aliquot of solution (50 uL)
was removed at different time point (30mins, 60mins, 120mins and 240 mins) and
centrifuged at 4000 rpm. The supernatants were collected for the LCMS analysis. The
LCMS analyses were performed on an Agilent 1260 LC system equipped with a triple-quad
mass spectrometer. The LC conditions were: column: C18, 2.1 x 50 mm, 1.8 um; elution
gradient: solution A = acetonitrile, solution B = 10 mM ammonium acetate in water, 2% ->
100% of A over 6 min with a flow rate of 0.2 mL/min; ionization mode: negative; injection
volume: 5 uL.

Tribromide generation assays

In order to detect any production of bromine we attempted to detect the presence of
tribromide ion (Br3™) which is quantitatively formed from the reaction between Br, and Br~
[25]. TiO2 (10 mM) plus NaBr (10 mM) was irradiated with fluences as high as 120 J/cm?
of UVA (2 hours) with stirring. The mixture was centrifuged and the UV-vis absorption
spectrum measured. There was no detectable peak at 267 nm (Br3™ has a molar absorption
coefficient of 40,900 at 267 nm) [25]. Moreover we used HPLC to try to identify Br3~ as
described by Weinberg and Yamada [25]. These authors used an anion exchange column
(AS12) eluted by a carbonate/bicarbonate gradient, but we were unable to detect any peak
corresponding to tribromide, while we were able to detect tribromide produced by the
positive control reaction of bromine and bromide.

Bacterial strains and culture conditions

We used a methicillin-resistant Staphylococcus aureus (MRSA), CA-MRSA strain USA300
LAC (Los Angeles County clone), Escherichia coli K12 (ATCC, Manassass VA) and
Candida albicans DAY 286 reference strain (a gift from Aaron Mitchell, Department of
Microbiology, Columbia University, New York, NY). Bacterial cells were grown in brain-
heart infusion (BHI) medium at 37°C and Candida cells were grown in yeast extract peptone
dextrose (YPD) media at 30°C. Cells were grown overnight to stationary phase and
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refreshed for 2 hours for bacteria and 4 hours for Candiaathe next day to mid-log phase.
Cells were collected by centrifugation at 3500 pm for 10 minutes and resuspended in
phosphate buffer at a density of 10(8) cells/mL for bacteria and 10(7) cells/mL for Candida
for further experiments. Cell numbers were estimated by measuring the optical density [OD]
at 600 nm (OD of 0.5=10(8) cells/mL). To enumerate CFU/mL a 10 ul aliquot of cells was
serially diluted 10-fold in PBS to give dilutions of 1071 to 10~ times in addition to the
original concentration, and 10uL aliquots of each dilution were streaked horizontally on
square BHI (bacteria) or YPD (Candida) agar plates. Plates were streaked in triplicate and
incubated for 18 hours at 30°C (Candida) or 37°C in the dark to allow colony formation.

Antimicrobial photocatalysis

A cell suspension consisting of 10(8) cells/mL for bacteria or 10(7) cells/mL for Candida
was mixed with 10mM TiO, in the presence of various different concentrations of NaBr.
Then 500 pL of this mixture was transferred to a 24-well plate and illuminated at room
temperature using UVA light under magnetic stirring The irradiance was fixed at 16
mW/cm2 (1 J/lcm2 delivered in 1 min). No elevation in temperature (< 1°C) was found. Cells
in control group were incubated in the dark for the same time as the treatment groups (30
minutes). After each dose of UVA light had been delivered 10 uL aliquots were withdrawn
and serially diluted and streaked on BHI agar plates according to the method of Jett et al
[26]. CFU were counted after overnight incubation at 37°C or 30°C for Candida.

Addition of bacteria after light activation of TiOy/NaBr

To investigate the killing effect of the solution produced after light activation, we added
aliquots of illuminated TiOy/NaBr solution to the bacterial cells. The bacterial pellet was
collected by centrifuging 400 pL of 10(8) cells/mL MRSA or E.coli cells in BHI at 4000rpm
for 5mins. 500 pL of 10mM TiO, with addition of 10mM NaBr was illuminated with
different doses of UVA light with stirring. At the completion of each illumination, aliquots
(400 pL) of the suspension were added to the bacterial pellet and gently resuspended. After
30 minutes incubation time, 10 uL aliquots were taken from each group to determine
colony-forming units (CFU).

Myeloperoxidase (MPO/H,0,) Antimicrobial Studies

Statistics

A stock solution (0.25U/mL) of MPO was prepared by adding 5U of MPO in 10mL 50/50
glycerol/H,0 and kept at —20°C. Suspensions of bacteria (10(8) CFU/mL) were incubated at
room temperature with MPO 10 mU/mL and H,0, 100uM with and without added NaBr
(ranging from 10 nM to 100 mM) in either 50 mM phosphate buffer pH 5.5 or pH 7.4 for 60
minutes (final volume 1 mL). At the completion of the incubation, aliquots, (100 uL) were
taken from each tube to determine CFU as described above.

Data are presented as mean + SD. We used one-way ANOVA for comparisons and the Tukey
post-hoc test was used for pairwise comparisons. Significance was defined as p<0.05. SPSS
statistics V17.0 (IBM, Armonk, NY) was used for analysis.
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Results

Addition of sodium bromide potentiates TiO, antimicrobial photocatalysis

When MRSA cells (10(8) CFU/mL; Gram-positive bacteria) were irradiated with UVA light
in the presence of TiO, (10 mM) there was a light dose-dependent loss of viability reaching
almost 2 logs of killing at 30 J/cm2, However when 10 mM NaBr was added to the mixture
the antimicrobial effect was potentiated by 1-3 logs of extra killing (Figure 1A). When the
experiment was repeated with £. co/i (10(8) CFU/mL; Gram-negative bacteria) there was a
light dose-dependent killing, with TiO, and UVA light alone giving over 4 logs of killing at
30 J/cm?2. However when 10 mM NaBr was added, there was an extra 1-3 logs of bacterial
killing on top of that seen with photocatalysis alone (Figure 1B). When the experiment was
repeated with 10(7) CFU/mL of C. albicans (fungal yeast) we found similar results. With
TiO, and UVA light alone there was up to 4 logs of killing, but this was increased by 1-2
logs of additional killing by the addition of 10 mM NaBr to the mixture.

Because of comparisons with the antimicrobial effects of the myeloperoxidase + H202 +
bromide system (see later) we investigated the effects of reducing the pH to 5.5 on the
efficiency of the antimicrobial photocatalysis. There were no significant differences between
the killing of MRSA and E. coli with UVA irradiated TiO, (with and without NaBr) when
carried out in phosphate buffer at pH 7.4 and at pH 5.5 (data not shown)

Bromide concentration response

In order to find the most effective concentration of bromide for potentiating the killing we
carried out an experiment where we used a series of light doses delivered to bacteria stirred
with TiO5 (10 mM) and increasing concentrations of bromide. Figure 2A shows that for
MRSA 1.5 mM bromide was sufficient to give 2-3 logs of extra killing, while for £. coli 10
mM bromide gave an impressive 4 logs of extra killing (Figure 2B), and for C. albicans 10
mM bromide also gave 4 logs of extra killing (Figure 2C),

Killing after light

We wished to investigate how much of the synergistic killing was due to production of a
relatively long-lived stable antimicrobial species, so we added microbial cells at different
times after completion of light delivery. Figure 3A shows that when MRSA cells were added
to a suspension of TiO2 that had been treated with 40 J/cm2 of UVA light in the presence of
10 mM or 100 mM bromide there was about 1.5 logs of killing, but no killing at all without
bromide. When the bacteria were added to the irradiated suspension 30 min after the end of
the illumination period there was the same degree of killing, but when 2 hours was allowed
to elapse after the light there was no killing at all. Very similar results were obtained when
the experiment was repeated with E. coli (Figure 3B).

Chemical assays

In order to gain some information on the identity of the long-lived antimicrobial chemical
species that was produced in an irradiated suspension of TiO, and bromide, we added 3,3/,
5,5’-tetramethylbenzidine (TMB) to the suspension after the end of the illumination. TMB is
a widely used chromogenic substrate for detecting oxidizing species, which is oxidized by
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hypobromite and hypoiodite [27]. Figure 4A shows that when 10 mM bromide was added to
irradiated TiO, there was a light dose-dependent increase in oxidized TMB with as little as
5J/cm? not seen in the absence of bromide. As we wished to determine how stable this
TMB-oxidizing species was (considering the loss of the antimicrobial activity over 2 hours)
we added TMB at different times after the end of the illumination period. Figure 4B shows
that after 5 min over 50% of the TMB oxidizing species had decayed, with over 80% gone
after 30 min and 100% gone after 2 hours.

We carried out bromination of N-acetyl tyrosine ethyl ester to provide chemical proof of the
formation of a reactive bromine species that was produced in the presence of TiO, NaBr,
and UVA. By analogy with studies that have been carried out to demonstrate nitration of
tyrosine derivatives [28], we employed N-acetyl tyrosine ethyl ester as the substrate for the
reaction, and this substrate was brominated to produce the product N-acetyl-3-
bromotyrosine ethyl ester. We used LC-MS to identify the product (C13H15NBrO4~ m/z =
328.02 and 330.02) and were able to construct a linear light-dose response curve shown in
Figure 5.

In principle the long-lived antimicrobial reactive species could have been bromine or
hypobromite or a mixture of both. In order to try and distinguish between hypobromite and
bromine (which would be present as tribromide anion in the presence of a high
concentration of bromide) we used spectrophotometry at 267 nm (Brs™ has a molar
absorption coefficient of 40,900 at 267 nm) [25] and HPLC using an anion exchange column
[25]. Despite numerous attempts we were unable to detect any formation of tribromide by
spectrophotometry or by HPLC.

ROS-specific fluorescence probes

In order to gain some information on whether a specific reactive oxygen species (ROS)
produced by the illuminated TiO, was responsible for oxidizing the bromide, we used two
fluorescence probes for specific ROS that we had previously used in photodynamic therapy
studies [29, 30] and asked whether their activation would be quenched by addition of
bromide. SOSG is relatively specific for singlet oxygen and HPF is relatively specific for
detecting hydroxyl radicals. Figure 6A shows that there was modest but significant
quenching of light-activated SOSG fluorescence by addition of 10 mM bromide. Figure 6B
shows that in contrast there was no significant quenching of the photoactivation of the HPF
probe.

Comparison with myeloperoxidase/H,O./bromide system

The closest comparison to bromide potentiation of TiO, antimicrobial photocatalysis,
appeared to be the antimicrobial peroxidase/H,O,/bromide system [31]. Although several
different peroxidase enzymes will mediate this antimicrobial system (some with different
specificities for bromide compared to chloride and iodide), we chose to test
myeloperoxidase (MPO) as this has been widely studied. The antimicrobial effects of the
MPO/H,0,/Br~ system have been reported to be sensitive to pH, so we tested it in
phosphate buffer at pH 7.4 and at pH 5.5. Figure 7A shows the killing of MRSA incubated
with 10 mU of MPO and 100 uM H,0,, for one hour in the presence of a wide range of
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bromide concentrations ranging from 10 nM to 100 mM (8 orders of magnitude) in the 2
different pH buffers. It can be seen that the killing was dramatically better at pH 5.5 where
as low a bromide concentration as 100 nM showed some bacterial killing, while at pH 7.4 it
was necessary to increase the bromide concentration to 10 mM to get any killing. Figure 7B
shows the situation was even more pronounced with £. coli with killing at pH 5.5 starting at
100 nM bromide and with eradication (zero CFU remaining) at 100 uM, while 10 mM
bromide was needed for killing at pH 7.4.

Discussion

We have shown for the first time, that addition of the simple non-toxic inorganic salt, sodium
bromide to the antimicrobial TiO, photocatalysis system potentiates killing of a broad-
spectrum of microorganisms by up to 3 logs. The mechanism appears to be based on a 2-
electron oxidation of bromide to hypobromite. The order of susceptibility of the different
classes of microbial cells was somewhat surprising. We found that Gram-negative £. coli
was most susceptible, C. albicanswas intermediate, and Gram-positive MRSA was least
susceptible. It is well known in the field of antimicrobial photodynamic inactivation (aPDI)
that Gram-positive bacteria are most susceptible, fungal yeasts such as C. albicans are
intermediate, while Gram-negative bacteria are least susceptible [32]. The pronounced
susceptibility difference in the case of aPDI is attributed to differences in permeability of the
cell wall, that restricts penetration of the photosensitizer into sensitive parts of the cell
especially in Gram-negative bacteria [33, 34].

Many other laboratories have investigated in detail many innovative approaches to
improving antimicrobial TiO, photocatalysis. Many of these approaches have been directed
towards shifting the wavelength of the activating light away from the UVA range required by
P25, and towards the visible range (blue, green, red, or even NIR). There have been a wide
range of “doping” procedures using various impurities reported [35] with elements such as
nitrogen [36], platinum [19], molybdenum [37], iron and aluminum [38], various organic
compounds [17] etc.

We demonstrated the existence of a reactive brominating species, by brominating the
tyrosine derivative, N-acetyl tyrosine ethyl ester, to form the product, N-acetyl 3-
bromotyrosine ethyl ester, detected by LC-MS. This method was chosen as a similar reaction
scheme had been used to detect the nitration of tyrosine produced by a photocontrollable
peroxynitrite generator based on N-methyl-N-nitrosoaminophenol [28].

To study the mechanism we first asked whether the oxidation of bromide could be caused by
one of the reactive oxygen species formed during TiO, photocalysis, namely hydroxyl
radicals or singlet oxygen [17]. We used the fluorescent ROS probes HPF (detects HOe) and
SOSG (detects 10,). The data (Figure 5) showed no quenching of HPF and only minor
quenching of SOSG. Although hydroxyl radical has a redox potential (+ 2.31V) that is more
than enough to oxidize bromide (—-0.78V), singlet oxygen does not (+ 0.64V) [18]. The
minor inhibition of the TiOy.mediated photoactivation of SOSG by bromide is probably
caused by the physical quenching of 10, caused by its collision with bromide ions in a
similar manner to that shown for iodide ions [39]. Therefore we assumed that bromide

Free Radic Biol Med. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wu et al.

Page 9

oxidation was caused by a direct oxidation arising from the photoactivated TiO, rather than
oxidation by an intermediate oxygen-containing oxidizing species.

When TiO; is irradiated by UVA light it acts as an oxidizing agent, due to the positive holes
generated in the valence band by excitation of electrons into the valence band. Water can be
oxidized to oxygen

2H,0(I) — Oy(g)+4HT (aq)+4e” E°ux=—1.23V (1)

showing that the oxidizing potential is at least +1.23V. The redox potential of bromide to
hypobromite is lower (-0.76V) than the redox potential for bromide to bromine (-1.07V)
showing that bromide may be preferentially oxidized to hypobromite rather than bromine.

Hy0+Br~ — 2e”+2HT+BrO~  E°=—0.76V (2

2Br~ — 2" +Bry E°x=—1.07V (3)

However there is another difference. The oxidation to hypobromite is a true 2-electron
oxidation, while the oxidation to bromine is two separate 1-electron oxidations that proceed
via the short-lived intermediate bromine radical

Br~ — Br*+e” (¥

By contrast the first step in the 2-electron oxidation to hypobromite is

Br~ — Brf+2~ ()

Bromide initially reacts to form the bromonium cation that subsequently reacts with water to
form hypobromite

Brt+H,0 — HOBr+H" (6)

The additional microbial killing in our studies could not be completely explained by
generation of hypobromite. Only about 1 log of killing could be obtained when the microbial
cells were added immediately after the light (see Figure 3) while up to 3 additional logs of
killing could be obtained when the microbial cells were present during the illumination. The
additional killing could be attributed to a short-lived reactive intermediate formed during the
photoexcitation. The proposed intermediate in the oxidation of bromide to hypobromite, is
bromonium cation, which is a highly reactive brominating electrophile [40] and may be
responsible for the short-lived antimicrobial species that is only present during the
illumination period.
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It is not immediately apparent why photoactivated TiO, should preferentially carry out 2-
electron oxidations rather than 1-electron oxidations. In reality it may be the case that the
lower redox potential of the hypobromite reaction is the prinicipal determining factor

Hypobromite is an unstable species and disproportionates to form bromate and bromide

3BrO™ — BrO3™ +2Br™ ()

This reaction is probably responsible for the observed time-dependent loss of the
antimicrobial activity of the irradiated TiO, suspension containing added bromide.

There has been a report of the use organic molecules to study the interaction of of
photoactivated TiO, with bromide anion [41]. Using cyclohexene as a probe they proposed a
mechanism in which the photoexcited TiO2 carried out a one-electron oxidation of adsorbed
bromide, producing surface-bound bromine atoms. These potentially could abstract
hydrogen from cyclohexene to initiate autoxidation or could migrate along the
semiconductor surface, producing bromine. The difference in the results could be explained
by the fact that their experiments were conducted in an organic solvent (anhydrous
acetonitrile) while we used water. Another study looked at the effect of chloride on TiO,
photocatalysis (measuring dye decolorization) [42]. They found that in aqueous solution a
low concentration of Cl- (< 0.01 M) showed little influence but a high concentration of CI
(> 0.1 M) had a very different influence on the decolorization of dyes: a significant
inhibition for methylene blue but a great promotion for orange 11.

Peroxidases are a class of enzyme that use a peroxide (most often hydrogen peroxide) to
oxidize an organic or inorganic substrate. Many peroxidase enzymes (including a class
known as “haloperoxidases”) oxidize a halide ion to the respective hypohalite ion. Heme
peroxidases operate by a well-established mechanism involving an intermediate (called
“compound I”") (formed by a 2-electron oxidation) that has oxygen attached to the heme-iron
(Fe(IV) and a radical cation present on the porphyrin ring [43]. Myeloperoxidase, which
occurs in the granules of neutrophils [44], is a good example of a peroxidase with a
pronounced antimicrobial activity. MPO can oxidize chloride to hypochlorite and this
species is believed to be a major weapon in the arsenal of neutrophils to kill bacteria and
other pathogenic microorganisms [45]. MPO plus hydrogen peroxide also forms hypoiodite
from iodide and hypobromite from bromide [31]. In agreement with previous studies using
MPO/H,0,/I- [46], we found that the antimicrobial activity of MPO/H,0,/Br- system was
strongly dependent on the pH. The antibacterial activity against bacteria (and especially the
Gram-negative E. coli) was several orders of magnitude more pronounced at pH 5.5
compared to pH 7.4. We have been unable to find a convincing explanation of this
pronounced difference between pH values. Interestingly we did not find a difference
between the antimicrobial activity of the TiO,/UVA/Br- system at pH 5.5 and 7.4. Moreover
at pH 5.5 the MPO/H,0,/Br- system was active with bromide concentrations that were very
low in comparison with the TiO,/UVA/Br- system.

A recent publication suggested that hypobromite was the “most powerful endogenous
electrophile” [47]. Although hypobromite is a less powerful oxidizing agent than
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hypochlorite, it is a more powerful halogenating agent. It is at present uncertain how much
of the microbicidal effects of hypohalites are due to their oxidizing ability and how much is
due to their halogenating ability. There is an enzyme that is widely distributed in marine life-
forms called vanadium bromoperoxidase (non heme-containing) whose purpose is to
introduce bromine atoms into a variety of brominated secondary metabolites that are
common in marine organisms [40]. It is at present uncertain how effective vanadium
bromoperoxidase/H,0,/Br— would be in killing microorganisms.

It is at present uncertain whether our discovery will have any practical applications in the
real world. The requirement for millimolar concentrations of bromide for significant
potentiation of the antimicrobial activity may prove a limiting factor. Could TiO, be doped
with an immobilized form of bromide anion to form an improved photoactivated
antimicrobial surface? If so would it still be effective? Are there any situations when it
would be realistic to add a solution of bromide to an aqueous solution that was required to
be photodisinfected? Clearly further research would be needed to answer these provocative
questions.
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Highlights

Antimicrobial killing mediated by photocatalysis using titanium dioxide and UVA
light is potentiated by addition of sodium bromide.

Broad-spectrum effect active against Gram-positive and Gram-negative bacteria and
fungi.

Mechanism involves oxidation of bromide to produce a brominating agent likely to
be hypobromite.

Has elements in common with the antimicrobial system (myeloperoxidase +
hydrogen peroxide + bromide)
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Figure 1. Antimicrobial TiO, photocatalysis of microbial cells is potentiated by addition of NaBr
Cells were stirred in the presence of TiO, (0 or 10 mM) and NaBr (0 or 10 mM) while being

exposed to increasing fluences of UVA light. (A) MRSA (10(8) cells/mL); (B) £. coli (10(8)
cells/mL); (C) C. albicans (10(7) cells/mL). Values are means of 3 repetitions and bars are
SD. * p <0.05; ** p < 0.01; *** p <0.001 for TiO, + NaBr vs TiO, alone.
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Figure 2. Effect of bromide concentration on antimicrobial TiO, photocatalysis
Cells were stirred in the presence of 10 mM TiO, with addition of a range of concentrations

of NaBr while being exposed to increasing fluences of UVA light. (A) MRSA (0-1.5 mM
NaBr); (B) E. coli (0-10 mM NaBr); (C) C. albicans (0-10 mM NaBr). Values are means of
3 repetitions and bars are SD.
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Figure 3. Killing of bacteria added to photoactivated TiO5 after light
TiO, (10 mM) was stirred with NaBr (0, 10, or 100 mM) under UVA light (40 J/cm?).

MRSA (A) or E. coli (B) cells (10(8) cells/mL) were then added at 0, 30 or 120 minutes
after the end of the illumination and incubated for 1 hour. Values are means of 3 repetitions

and bars are SD.
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Figure 4. Oxidation of TMB by photoactivated TiO» after light
(A) TiO, (10 mM) was stirred with NaBr (0 or 10 mM) under UVA light (1-5 J/cm?). A

solution of TMB (0.1 mg/mL) was then added and incubated for 3 hours. (B) TiO, (10 mM)
was stirred with NaBr (10 mM) under UVA light (0-5 J/cm?). At different times after the

end of the illumination, 50 pl aliquots of the mixture was added to 1 mL TMB (0.1 mg/mL).
Values are means of 6 wells and bars are SD.
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Figure 5. Light-dose dependent bromination of N-acetyl tyrosine ethyl ester by TiO2 + NaBr
irradiated with UVA

3-bromo N-acetyltyrosine ethyl ester was quantified after increasing fluences of UVA light
had been delivered to a mixture of TiO, NaBr and N-acetyltyrosine ethyl ester using LC-
MS.
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Figure 6. Activation of ROS-specific fluorescence probes by photoactivated TiO»
Probe was illuminated with UVA light (TiO, (10 mM) was illuminated with UVA light (0-3

J/lem2) in the presence of NaBr (10 mM), TiO, (10 mM) or both (10 mM NaBr + 10 mM
TiO,). Fluorescence was measured in plate reader after each aliquot of light. (A) SOSG; (B)
HPF. Values are means of 6 wells and bars are SD.
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Figure 7. Antimicrobial effects of MPO/H»Oy/bromide system
Bacteria (10(8) cells/mL) were incubated for 1 hour with MPO (10 mU), H202 (100 pM)

and a large range of bromide concentrations (10 nM to 100 mM) in two different 50 mM
phosphate buffers (pH 5.5 and pH 7.4). (A) MRSA; (B) £. coli. Values are means of 3
repetitions and bars are SD.
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