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Introduction
Biocides are chemical substances used in the treatment
of damaging biological growth. They are commonly
added as ‘preservatives’ to paint formulations to prevent
biofouling. They are also applied in the control of
organisms responsible for the biodecay of cultural
material.
The demand for sustainable, low-toxic alternatives to
conventional biocide use, requires a more sophisticated
approach to biocidal systems (Denyer & Stewart 1998).
We have investigated how the anti-bacterial properties of
the free-radical molecule nitric oxide (NO•), when used
in combination with commercial biocides, can enhance
their efficacy.

Bacterial reduction of nitrate to nitric oxide

Paradoxically, NO• is also produced by nitrate reducing bacteria
(Figure 1a). The biochemistry of this process is also associated with
increases in cell motility (Van Alst et al., 2007). We investigated how
biofilm development, and the response of treated biofilms were
influenced by the nitric oxide donor (DETA/NO) (Figure 1b) and NO•
generated by bacteria.
We demonstrated that nitrate-reducing species of bacteria were
present, and able to be cultured from samples of stone, canvas and
paper. Assays were performed to compare the treatment response of
a mixed population of organisms, originating from the samples
(CMO), to a known nitrate reducer Pseudomonas aeruginosa PAO1.
Treatment of young established biofilms with nitrate, caused a
reduction in biofilm formation and an increase in non-biofilm
associated (planktonic) cells. The trend is concentration dependant.
The therapeutic range is 5-50 µM for PAO1 and 50-500 µM for CMO.
Similar results were observed for DETA/NO treatments (Graph 1).
This trend is also time dependant. Concentrations of 5-50 µM were
effective, with increases in the duration of treatment producing
biofilm enhancing or cytoxic effects (Graph 1 and accompanying
image)
To test for enhanced susceptibility to biocides, Dowicil 75 (Dow
Chemicals) a paint preservative and Benzalkonium chloride (BAC)
(Sigma-Aldrich) a biocide used in the treatment of stone were
combined with NO• based treatments. Increases in susceptibility
were not observed when DETA/NO or nitrate were added
simultaneously with either biocide. However, increases were
recorded when NO• based treatments were administered 4 hours in
advance of the biocide. The DETA/NO-BAC combination having the
most pronounced effect (Graph 2).
Treatment with a nitric oxide donor or bacterial generation of NO•
can reduce biofilm formation and increase the susceptibility of
planktonic cells to biocide treatment. To optimise combined NO•/
biocide systems, further examination of concentration and treatment
exposure times is underway.

Nitrate reduction
NO3- + 2 e- + 2H+ ⇔ NO2- +H2O
Nitrite reduction
NO2- + 2H+ + e- ⇔ NO + H2O

Therapeutic applications of NO• have led to the synthesis of a range
of nitric oxide donor compounds (Keefer 2005). These can control
the formation of anti-bacterial resistant communities of
microorganisms, known as biofilms (Costerton 1987). When nitric
oxide donors are administered to induce biofilm dispersal, cells
released from biofilms show increased motility and an enhanced
response to biocide treatments (Barraud et al., 2006).
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Figure 1: (a) Bacterial nitrate reduction generates nitric oxide, (b) The nitric oxide donor (Z)-1[N-(2-aminoethyl)-N-2 ammonioethyl)amino] dizen-1-ium1,2-diolate (DETA/NO•)
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Figure 1: At 50 and 50 µM DETA/NO decreases in the ratio of biofilm to planktonic cells are seen for
PAO1. At 500 µM concentration (12 hour treatment) there is an increase in the ratio of biofilm to planktonic
cells as stressed cells form protective biofilms. At 5000 µM a cytotoxic response is observed.
Accompanying image of biofilms treated with 50 and 500 µM DETA/NO stained with crystal violet.

Graph 2: Pre-treatment with DETA/NO 4 hours prior to treatment with 0.5%
BAC enhances the response of planktonic cells to the biocide.
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