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ABSTRACT

Earlier studies suggested that copper enhances the antimicrobial activity of
some formaldehyde (FA)-condensate biocides in metalworking fluids as well
as FA in laboratory media. The possible synergistic interaction between FA
and Cu-* in combination were tested against Pseudomonas aeruginosa in
trypic soy broth. mineral salt base-glucose medium, and 0-9% NaCl solution.
In all cases. Cu’* enhanced the FA bactericidal activity. A sequential
treatment of bacterial cultures was employed to study the increased
effectiveness of the Cu’* and FA combination. The cells were exposed to FA or
Cu’* and subsequently exposed to the alternate compound with centrifugation
and washing between exposures. Results varied depending on the medium.
Synergistic activity of FA and Cu’* was established based on the
interpretation of the results.

INTRODUCTION

There are a large number of antimicrobial agents which are synthesized
with formaldehyde (FA). Many of those are partially or totally active by
donation of FA. This area has been recently reviewed (Rossmoore &
Sondossi, 1988). The avidity of FA for environmental nucleophiles
reduces the effectiveness of biocides based on FA. The use of other agents
with FA biocides to extend their activity has already been successful
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(Rossmoore, 1987) (Table 1) with mixed populations of bacteria.
Formaldehyde adducts, when used to control mixed populations, show
differential effects (Rossmoore e al., 1971; Rossmoore & Holtzman,
1974), with fungi being more resistant than bacteria. A combination of
1.3.5-tris (2-hydroxyethyl)-hexahydro-triazine (HEAT) and pyridinethiol-
l-oxide was found to be successful in the control of both populations,
exhibiting a broader spectrum and enhanced activity toward bacterial
populations (Rossmoore et al., 1979). Another example of mixed
population control in metalworking fluid (MWF) is a mixture of
hydroxyethyl triazine, tributyltin oxide, and ethylenediaminetetraacetic
acid (EDTA) (Rossmoore, 1977).

Mixtures of HEAT and EDTA have also been reported to be
synergistic in water-based MWF (Izzat & Bennett, 1979; Rossmoore
et al., 1979). Synergistic activities of another FA adduct, with inidazolidinyl
urea and parahydroxy benzoic acid esters, have been successfully
exploited in the cosmetic industry for some time (Jacobs et al., 1975).
Recently, FA adducts have also been used to minimize chemical
incompatibilities of some biocides where FA nucleophilic reactivity is
used to protect primary biocides. For example, dimethylolurea and
ethylene glycol/FA adducts have been used to protect a susceptible
chlorinated isothiazolin-3-one biocide (Hahn, 1979).

Combinations and/or complexes of copper with some compounds
have also proved to be useful antimicrobials (Albert. 1973; Sterritt &
Lester. 1980). Recently. evidence was presented that Cu?* enhanced the
antimicrobial activity of FA itself, and it was suggested that the
interaction of copper with glutathione. the co-factor in NAD*-linked
glutathion-dependent FA dehydrogenase (Sondossi er al.. 1986a). may be
important (Wireman er al.. 1986).

In this study, enhanced activities of FA were investigated under
various conditions, and several approaches were taken to define more
clearly the interactive nature of Cu*, FA. and FA adducts. Definitive
experiments were carried out with FA itself to minimize the quantitative
differences resulting from variation in FA yields from FA adducts. This
provides more consistency in the interpretation of the results. Extra-
polation of the findings to field conditions is discussed.

MATERIALS AND METHODS

Organism, media, and culture conditions

A strain of Pseudomonas aeruginosa previously isolated from contaminated
MWF was used throughout the experiments unless stated otherwise. The
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TABLE 1
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Antimicrobial Activities of Some FA?-based Biocide and MCC? Mixtures on Different
Microbial Populations in a Soluble Oil Metalworking Fluid (Rossmoore, 1987)

Active ingredient in commercial product

Commercial biocide (ppm) B ml~'  Fimi~! SRemi~!
Control . 0 ppm biocide + 35108 7-2x 10 105-10°
0 ppm MCC
Monocopper (1I) 0 ppm biocide + 10X 107 60X 10* 10'-102
citrate 1000 ppm MCC
1.3.5-Tris 250 ppm biocide 30X 108 50x10* 10°-10¢
(2-hydroxyethyl) 250 ppm biocide + <10’ 30x 10 <10!
hexahydro-s-triazine 1000 ppm MCC
500 ppm biocide 25%10° 20x10* 10'-10?
500 ppm biocide + <10’ <10? <10!
1000 ppm MCC
Mixture of above 250 ppm biocide 50x 107 3.0 x 10° <10
with sodium s- 250 ppm biocide + 1-6 X 10* <102 <10
pyridinethiol-l-oxide 1000 ppm MCC
500 ppm biocide 3.0 x 10° <10? <10
500 ppm biocide + <10? <10? <10
1000 ppm MCC
N-Methyl-chloro- 250 ppm biocide 45X 108 1.2x10°  10%-10°
acetamide 250 ppm biocide + 12 X 10° <10? <10
1000 ppm MCC
500 ppm biocide 4.0x 108 80x10* 10%-10*
500 ppm biocide + 1-5 x 10° <10? <10
1000 ppm MCC
1-(3-Chloroallyl)-3, 250 ppm biocide 65X 108 11X 105 105-10°
5-triaza-1- 250 ppm biocide + 15X 106 3.2x10° <10
azoniaadamantane 1000 ppm MCC
500 ppm biocide 10X 10°  65x%x10* 105-10°
500 ppm biocide + 1-5 X 10° <10? <10
1000 ppm MCC
1.3.5-Tris(ethyl) 250 ppm biocide 60 X 10* <10? <10
hexahydro-s-triazine 250 ppm biocide + 4.0 X 103 <10? <10

1000 ppm MCC

9Formaldehyde.

bMonocopper (11) citrate.

¢Aerobic bacteria.
4Fungi.

¢Sulfate-reducing bacteria.
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organisms were maintained on tryptic soy agar (TSA) (Difco Laboratories,
Detroit, MI). grown in tryptic soy broth (TSB) (Difco Laboratories,
Detroit, MI) for 12 h, and transferred to fresh medium for 3-5 h prior to
use to ensure that inocula were in the exponential phase. A mineral salt
base-glucose medium (MSB-G) (Palleroni & Duodoroff, 1972) was
prepared using 0-2% glucose as the source of carbon.

Formaldehyde and copper sources

The copper sources were disodium monocopper citrate (MCC) and
CuSO,. The former produces a stable coordination complex up to
pH 9:5, preventing precipitation of copper oxide at neutral and slightly
alkaline pH values (Babich & Stotzky, 1980). The two copper salts were
compared for relative activity in MSB-G and 0-9 NaCl (saline). Copper
sulfate was available as a reagent grade chemical. The FA was available
as a 37% (formalin) solution.

Measurement of enhanced activity of FA by Cu?* against Ps. aeruginosa

In order to minimize interactions between the copper salt and the
components of MSB-G. MCC was used as the copper source. Activities
of Cu?* and FA were determined in TSB. 0:9% NaCl. MSB-G. and 5%
soluble oil. Exponentially growing cultures in TSB or MSB-G were
centrifuged at 5900 g. washed once with saline. and resuspended in saline
or MSB-G prior to the addition of FA and/or copper. All experiments
were carried out in 250-ml flasks with a final volume of 100 ml. Flasks
were incubated with rotary shaking at 30°C. In addition, activities of the
mixture were compared in MSB-G under aerobic or relatively anaerobic
conditions with sterile air or nitrogen bubbled through to create the
appropriate environments.

Sequential treatment

To study the activities of the FA and Cu** in combination and
independently. a sequential treatment was used. Suspensions of Fs.
aeruginosa were prepared as described above. Each of the suspensions
was then exposed for 40 min to FA and/or Cu’?* using the appropriate
controls. The cells were then harvested with centrifugation and
resuspended in the respective medium. The optical density (OD) was
compared to the original OD using a Klett-Summerson colorimeter
(Model No.800-3), and adjustments were made if necessary. The
pretreated suspensions were then exposed to either the alternate
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compound, the same compound, the mixture, or nothing. Antimicrobial
efficacy was determined by estimating survival as cfu ml~' (colony
forming units) in pour plates. Readings were made after five days to
ensure detection of slow growing survivors.

RESULTS AND DISCUSSION

The use of antimicrobial mixtures has been an attractive idea for a long
time for a variety of reasons. These reasons can be summarized as
follows: (1) to broaden the antimicrobial spectrum; (2) to minimize
physical and chemical incompatibilities; (3) to minimize toxicity by
reducing biocide dose; and (4) to produce biochemical synergism
(Rossmoore & Sondossi, 1988). Furthermore, the combined activities of a
biocide mixture could be classified as follows for practical purposes:
addition — when the antimicrobial activity is equal to the sum of the
individual compounds’ activities; antagonism — when the effect is less
than the summation of activities of individual biocides: and synergism —
when the antimicrobial activity is greater than the simple summation of
effects. Obviously. these altered antimicrobial activities could have
different origins. They could include physical and chemical interactions
in the extracellular environment and toxic reactions with the test
organisms. These toxicological interactions, in a broad discussion, have
been reviewed earlier by Murphy (1980). Most of the reports dealing with
the synergistic activities of industrial antimicrobial mixtures do not
clearly define the enhanced activities of the mixtures, and usually the
only criterion used is a greater reduction of contaminating organisms,
regardless of the nature of the interactions.

Enhanced activities of FA-adduct biocides with copper have recently
been established where synergism was concluded to be the mechanism
of increased activities (Rossmoore, 1987). Since it was reported that many
FA adducts exhibit their antimicrobial activity as FA equivalents
(Sondossi et al., 1985a; 1986a. b), especially in the case of N-methylol
compounds, FA was used in this study to further investigate synergism
and other interactions that may produce enhanced activities.

Treatment of Ps. aeruginosa in TSB with a mixture of FA and CuSO,
demonstrates the greater effectiveness of the combination (Fig. 1). It was
reported earlier that FA-adduct biocides react with TSB components
which results in reduced biocide activity (Sondossi et al., 1985b). This is
due to the reaction of released FA with nucleophiles of TSB. Therefore,
competitive reaction of copper with nucleophiles could also enhance the
FA-Cu?* mixture activity by blocking FA inactivation. To rule out this
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Fig. 1. Pseudomonas aeruginosa grown in TSB and treated with 2 mM CuSQ,, 3 mM FA,
and CuSQ, + FA. O. CuSQ, + FA: B, CuSO, 2 mM; O, FA 3 mMm.

possibility, cells were exposed to the FA-Cu?* combination in MSB-G
and saline. However, components of the minimal media and conditions
of the pH would also result in precipitation of copper (Zevenhuizen ez al.,
1979: Babich & Stotzky, 1980), so that the more stable MCC was used in
parallel to or in place of CuSO,.

In a control experiment, as little as 0-05 mM CuSQO, in saline
completely inhibited colony formation in a 10’ ml~! population, whereas
MCC had no detectable effect at 20 times the concentration. This is in
agreement with other reports that Cu**-organic complexes are less toxic
(Jardim & Pearson, 1985. Schutte et al., 1976). In addition, 0-:015 mM
CuSQO, and 1 mM MCC in combination with 1-1-5 mM FA resulted in
enhanced lethal activities in saline. Treatment of cultures in MSB-G
medium with 2 mM MCC and 1-5 mM FA produced the same effects
(Fig. 2). Similar results were obtained in a 5% soluble oil emulsion with
1 mM MCC and 1-5 mM FA.

Furthermore. cultures treated under aerobic and relatively anaerobic
conditions showed greater effectiveness under the latter condition.
Although both aerobic and anaerobic incubation with the mixture
ultimately resulted in non-viable suspensions, the same doses of FA
alone allowed grow-back in 48 h. There have been earlier reports
suggesting that Cu?* is more toxic under anaerobic conditions (Schreiber
et al., 1985; Evans et al., 1986), which is in agreement with our
observations.

The results so far clearly do not differentiate the interactions by which
enhanced bactericidal activity is produced, although the effect appears
more than additive. The extracellular interactions of Cu’* are minimal
in saline and MSB-G; thus, greater activity of the mixture under those



Potentiation of industrial biocide activity with Cu’*. I 57

T o
S =
i R\
(&} el -.O\‘
o o
- .
- \j\\m/{]
0 3 £ \
. ~
° \o\o
Q 12 24 36 a8

TIME (HOURS)

Fig. 2. Pseudomonas aeruginosa grown in MSB-G and treated with MCC, FA. and a
combination of both. O. FA + MCC: B. MCC (2 mM Cu): 0. FA 1I'5 mMm.

conditions suggests synergism at the level of the cell. To further
investigate this conclusion, sequential treatment with copper and FA was
examined. Synergism was first observed with the mixture and copper-to-
FA treatment in saline. using CuSO, and MCC as copper sources.
Results obtained with MCC are shown in Fig. 3A. Sequential treatment
in MSB-G (Fig. 3B) and 5% soluble oil also indicates synergism. To
emphasize the importance of environmental factors in assessing
toxicant interactions (Babich & Stotzky, 1980; Jardim & Pearson, 1985),
the same sequences were carried out in a nucleophilic rich medium, TSB.
Unexpectedly., the Cu’* pretreatment reduced the subsequent effect of
FA (Fig. 4).

Among the reasons for synergistic activities of chemical mixtures is
potentiation or activation of one compound by the other. However, it is
unlikely that FA and copper alter each other’s chemical properties by
reacting to produce an altered or enhanced activity. Competition for
targets, vital and non-vital, is likely to be the important factor. These and
other toxicological considerations have been reviewed extensively by
Veldstra (1956) and Murphy (1980).

Generally, it is thought that heavy metals bind to thiols and other
groups on protein molecules and may replace metals naturally occurring
in enzyme prosthetic groups (Sterritt & Lester, 1980). In addition, there
have also been reports suggesting that the cupric ion can directly oxidize
the thiol groups of membrane proteins (Salhany et al., 1978) and induce
damage by perioxidation of membrane lipids (Christie & Costa, 1984).
Furthermore, FA has also been considered to be a membrane active
agent (Hamilton, 1971), and it reacts with many components of the cell
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Fig. 3. A Pseudomonas aeruginosa was grown in TSB. resuspended in saline. and treated

sequentially with 15 mM FA. 2 mM MCC. and a combination of both compounds. See

‘Materials and Methods’ for details. A, toFA: A.to Cu: @.to CuFA; O, CuFA to CuFA: I,
FA to Cu; O, Cu to FA.
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Fig. 3. B Pseudomonas aeruginosa grown in MSB-G and treated sequentially as detailed
in Fig. 3A caption. A, 10 FA: A.10 Cu: @, 10 CuFA: O. CuFA to CuFA: B, FAto Cu: 0. Cu
to FA.

envelope, including thiol groups. Considering the nucleophilic nature of
the thiol groups and their reactivity with FA and Cu?*. it could be
suggested that they are important targets for both compounds as part of
their ‘sites of action” and ‘sites of loss’ (Murphy. 1980). The toxic effects of
a compound will be influenced by a series of factors. Firstly. the quantity
of the active compound available to react with either class of site will be
affected by extracellular reactions that will in turn alter the pattern of
toxicity. It is well known that organic ligands reduce Cu?* toxicity by
reducing its availability (Ramamoorthy & Kushner, 1975; Schreiber
et al., 1985). Secondly, when extracellular reactions are minimized (TSB
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Fig. 4. Pseudomonas aeruginosa was grown in TSB and treated sequentially with S mm

CuSO,. 3 mM FA. and a combination of both compounds. All possible orders of

sequential treatment were tested. For simplicity of figure, a selected group is shown. See

‘Materials and Methods’ for details. 0, FA to FA: A. to FA: A, to Cu: @. to CuFA: O,
CuFA to CuFA; B. FA to Cu: 0. Cu to FA.

versus MSB-G or saline), the available quantity of active chemicals is
influenced by affinity of the compounds for their respective vital and
non-vital binding sites. Most certainly, these targets are not entirely the
same for FA and Cu®*, although it is possible that they react
competitively with many of the non-vital targets. Moreover, these ‘sites of
loss’ for both compounds may include detoxifying system(s) for one of -
them. For example, some of the FA dehydrogenase enzymes are known
to be inactivated with Cu?* (Schutte ef al., 1976). When compared, this
may greatly change the outcome of the treatments with mixtures, Cu-to-
FA and FA-to-Cu.

The pattern of results obtained here are in agreement with these
assumptions. Finally, the cell could be altered by one compound in such
a way that the overall response to the toxicity of the second compound is
also altered even if the first compound is no longer present (sequential
treatment). A combination of these factors could ultimately manifest
itself as overall altered, decreased or increased capacity of the cell to
survive the toxic effects.

When findings of this study are compared to synergistic activities of
Cu?* with 5-chloro-2-methyl-4-isothiazolin-3-one (IT) mixture (Riha
et al, 1990), some points are worth noting. Isothiazoline shows
considerable activity at very low concentrations (25 uM) in saline and
other media, which suggests that ‘sites of loss’ for this compound are very
limited and that it has more specific ‘sites of action’. Much higher
concentrations of FA (several mM. depending on the media) are required
to achieve comparable antimicrobial activities. Since FA adducts and IT
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mixtures are available commercially, it would be interesting to investigate
this concept using FA and IT in sequential treatment.

Practical applications of FA adducts and copper mixtures (Rossmoore,
1987) in the field require a closer look at some characteristics of the
mixture. Advantages include greater effect on mixed populations
(bacteria and fungi) and enhanced activity (synergism, mainly at the
cellular level). It would appear that the sequence of addition, as well as
time between additions, would be an important factor in predictability of
successful interaction.
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