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Sensitivity of Candida albicans to negative air ion streams
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Negative air ions (NAIs) are known to kill C. albicans; however, their precise mechanism of
action is uncertain. Elucidation of this has been hampered by a lack of reproducibility
between results obtained by different investigators. The aim of this study was to determine
the influence of variation in experimental parameters on the sensitivity of C. albicans

to negative air ions and the role of ozone in this process. Ten strains of C. albicans

were exposed to NAIs generated at different emitter distances, exposure times, relative
humidities and under aerobic and oxygen-free conditions. In further experiments, ozone
levels were measured under the same conditions. The effect of NAIs on C. albicans

growth was assessed by measuring the area of the zone of inhibition generated around the
electrode of the ionizer. There was a significant reduction in area of zone of inhibition

with increasing emitter distance (P < 0-05), relative humidity(P < 0-05) or under oxygen-
free conditions(P < 0-05). Increases in exposure time resulted in a significant increase

in growth inhibition (P < 0-05). Ozone levels increased with increasing exposure times

(P < 0-01) but were significantly reduced as emitter distance increased (P < 0-01).

When utilized in a nonventilated room, levels of ozone produced did not exceed

recognized safety limits. These results (a) demonstrate the importance of careful control

of experimental parameters if reproducibility of studies involving NAlSs is to be achieved,
and (b) highlight the possible role of ozone in the microbicidal effects of NAIs.

INTRODUCTION

Negative air ions (NAIs) have been shown to have a lethal
effect on various micro-organisms (Krueger and Reed 1976).
This field of research was initiated by Tchijevski (1933, cited
by Krueger and Reed 1976), who demonstrated inhibition of
growth of Staphylococcus aureus, Vibrio cholerae and Sal-
moncella sp. following exposure to NAls, and subsequently
developed by Krueger and Smith (1957, 1958) and Krueger
etal. (1959). The latter demonstrated that air ions have a
significant and reproducible effect on the viability of micro-
bial cells, findings which are supported by the work of King-
don (1960) with respect to Escherichia coli. More recently,
Marin ez al. (1989) have demonstrated inhibition of growth
of both E. coli and Staph. aureus on exposure to NAls.
However, little attention has been paid to the effect of NAIs
on C. albicans (Cousins et al. 1991).
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The action of NAIs on micro-organisms cultured on an
agar surface has been variously attributed to the physical
displacement of cells (Rosenthal et al. 1979), to cell aggluti-
nation (Rosenthal 1981), to accelerated desiccation of the agar
gel (Kroling 1985), or to an effect associated with the ion
discharge itself (Pethig 1984). The latter is initially composed
of free electrons which react with oxygen to generate oxygen
radicals. These radicals interact with oxygen and carbon di-
oxide to yield O;~, O, and CO;~ anions (Pethig 1984), the
generation of which, by corona discharge, has been confirmed
using mass spectrometry (Shahin 1969). The bactericidal
effects of NAls have been attributed to both CO,~ (Rosenthal
1981) and O~ ions (Kellog ez al. 1979). Moreover, the gen-
eration of ozone, nitric oxide and nitrous oxide is also feasible
(Pethig 1984).

Conducting a properly controlled laboratory study of the
effects of NAls on micro~organisms has presented practical
difficulties. The control and measurement. of temperature
and humidity are essential (Phillips erzal. 1964). Krueger
and Reed (1976) have attributed the ‘uneven quality’ of the
published research on negative air ion streams to faulty
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experiment design. In particular they highlighted the failure
of investigators (a) to take into account the production of
ozone and nitrous oxides, (b) to monitor and control ion
densities, temperature, humidity, and (c) to hold the experi-
ment at ground potential. Rosenthal et /. (1979) have sug-
gested that inadequate results were a consequence of the poor
technical design of ion generators, complicated by incomplete
and inaccurate descriptions of experimental conditions.
These factors have made reproducibility of experiments dif-
ficult to achieve.

The potential value of a commercially available, corona-
discharge ion generator designed for use in the oral cavity
has been confirmed, in vitro, with respect to the treatment of
dental caries (Burke ezal. 1995). Similarly, based on their
observations of the lethal effect of NAls #n vitro on a variety
of Gram-positive and Gram-negative bacteria, Cousins et al.
(1991) concluded that the use of such an ion generator could
result in the elimination of bacteria from carious lesions,
periodontal pockets, contaminated surfaces and instruments.
However, to date there are only limited published data on
the effects of the factors highlighted by Krueger and Reed
(1976) on the sensitivity of micro-organisms to NAI streams
and on the effect of NAIs on C. albicans (Cousins et al. 1991).
Thus the aim of this study was to measure the sensitivity
vitro of C. albicans, under various conditions, to NAIs pro-
duced by such a corona-discharge ion generator.

MATERIALS AND METHODS

Culture and preparation of C. albicans

Ten human isolates of C. albicans were used from our lab-
oratory collection. Identification of all isolates of C. albicans
was confirmed using both ID 32C and API20C AUX (Bio
Merieux, Basingstoke, UK). Following preliminary growth
curve experiments, early stationary phase cultures of C.
albicans were used for experiments. These were obtained by
inoculating 49-ml aliquots of Sabouraud’s dextrose broth
(LAB M, Bury, UK) with 1-ml aliquots of overnight, station-
ary phase, broth cultures of C. albicans. A further overnight
incubation was then carried out in a shaking water bath at
37°C.

Inhibition of C. albicans growth by NAls under
aerobic conditions

Stationary phase cultures were diluted 10-fold in 0-01 x phos-
phate buffered saline of pH 7-4 at 25 °C. Aliquots (0-4 ml) of
each suspension were inoculated as a lawn onto Sabouraud’s
Dextrose Agar plates (LAB M) in which a nickel silver wire
had been placed as a ground electrode. Inocula were allowed
to dry, then exposed to a stream of NAIs from a commercially
available generator (Biogun, Dentron Ltd, Ashley, UK).

Three separate quarters of each plate were exposed to NAls
whilst the fourth quarter acted as an unexposed control. The
techniques used were a modification of those employed by
Kingdon (1960).

Plates were subsequently incubated aerobically at 37°C
overnight and the resultant colonies were photographed.
Where zones of inhibition were present, their areas were
measured on the photograph using a planimeter (W.F. Stan-
ley & Co. Ltd, London, UK). Each photograph incorporated
a scale to facilitate measurement.

Influence of relative humidity

Relative humidity was tested for its ability to influence the
inhibition of C. albicans by NAls by performing the above
procedure in a closed chamber (Fig.1) at 37°C using an
emitter distance of 3mm for an exposure time of 2min.
Relative humidities of 0%, 50% and 100% were employed.
In all of the above experiments both current (mA) and voltage
(kV) were recorded.

Influence of emitter distance and exposure time

The influence of emitter distance (the distance between the
surface of the agar plate and the tip of emitter) and exposure
time on the efficacy of NAIs were assessed at 37°C in 0%
humidity. Emitter distances of 2, 6 and 12mm were
employed. For each emitter distance the effects of exposure
times of 2min, 3min and 4min were assessed. In all the
above experiments, both current (mA) and voltage (kV) were
recorded, so that the number of ions emitted per second
could be calculated.

Determination of ozone levels at different exposure
times, humidities and emitter distances

It has been postulated that inhibition of C. albicans growth
by NAIs occurs, at least in part, as a result of the generation
of ozone and nitrogen oxides. The experimental procedure
described above was therefore repeated, at a relative humidity
of 50%, with emitter distances of 2mm, 6 mm and 12 mm,
and at relative humidities of 0%, 50% or 100%, with a fixed
emitter distance of 6 mm. Under each of the above conditions,
ozone levels were determined using an ozone analyser model
8810, designed by the United States Environment Protection
Agency (US-EPA designated). Ozone readings were taken at
one-minute intervals over a period of 10 minutes.

The influence of an oxygen-free atmosphere

The purpose of these experiments was to exclude lethal
effects due to ozone and nitrogen oxides by using an oxygen-
free atmosphere. Eight isolates of C. albicans were cultured
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Fig. 1 The apparatus used to study NAIs

to stationary phase and the previously described experimental
standard conditions were used. The inoculum in one of four
quadrants was exposed to NAIs for 2 min at a 6-mm emitter
distance in the presence of air, as a positive control. Then, in
a second quadrant, the inoculum was exposed to NAIs in the
presence of nitrogen (oxygen-free atmosphere). This was
achieved by flushing out the air present in the chamber with
oxygen-free nitrogen (OFN, white spot, Grade N 4-8, purity
99-999%; supplied by BOC, Guildford, Surrey). This wash-
out of air and its replacement with pure nitrogen was repeated
three times, prior to exposure to NAls. Air replacement was
achieved by the use of active suction. Cultures were incubated
aerobically at 37°C overnight. The resultant zones of inhi-
bition were photographed and measured as described pre-
viously. 5

Nature of the effect of NAls on C. albicans

This experiment determined whether NAIs killed, inhibited
or physically displaced cells of C. albicans. Electrically earthed
plates were lawn-inoculated, allowed to dry and exposed to

NAIs at an emitter distance of 3mm for 2min, prior to
incubation as above. After overnight incubation, an inoculum
of C. albicans was placed over the clear zone of inhibition; this
was again followed by overnight incubation. Any subsequent
growth in the previous clear zone area was recorded.

Influence of pre-exposure of culture medium to NAls

To determine whether NAIs rendered Sabouraud’s Dextrose
Agar toxic, or lacking an essential nutrient, additional ‘experi-
ments were conducted. Plates were exposed to NAls using
an emitter distance of 3mm for 15 min prior to inoculation
with C. albicans. After overnight incubation aerobically at
37°C, they were examined for zones of inhibition. In
addition, the number of colony-forming units was recorded
for both control and NAl-exposed Sabouraud’s Dextrose
Agar plates.

Determination of ozone dispersion in the room
atmosphere

To measure ozone dispersion in an open room atmosphere,
experiments were carried out in a draught-free laboratory.

© 1999 The Society for Applied Microbiology, Jounal of Applied Microbiology 87, 889-897
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Readings were recorded only when a steady state had been
reached, after 2-3 min, and this was confirmed by multiple
area measurements. The multiple sampling positions (46)
used were defined on 3 axes around the emitter. The emitter
distance was set at 2mm to ensure maximum ozone
production. At this setting, a 5-cm distance was set between
each reading position. The tip of the tube of the ozone
analyser, which collected the air sample, was fixed at each
position using a holder.

Statistical analysis

Statistical analysis of results used the Friedmen test for sev-
eral related samples and Wilcoxon test for two related
samples. The SPSS/PC statistical package (SPSS Inc.) was
used to analyse results.

RESULTS

Influence of relative humidity

Relative humidity was found to have a significant influence
(P < 0-05) on inhibition of C. albicans growth by NAIs. The
zone of inhibition increased from 47-26 mm’ at a relative
humidity 0% to 7299 mm’ at 50% and to 113-71 mm? at
100%.

Influence of emitter distance and exposure time

Results shown in Fig.2 demonstrate the influence of both
emitter distance and exposure time on the inhibition of C,
albicans growth by NAIs. These influences are statistically
significant (P < 0-05) when comparisons are made between
results obtained at minimum and maximum emitter distance
for all three exposure times and between minimum and
maximum exposure times for all three emitter distances. The
number of ions per second reaching the target area was gre-
atest at an emitter distance of 2mm (10-1 x 10 ions per
second) compared with 64 x 10'* ions per second at 6 mm
and 40 x 10" ions per second at 12 mm.

Determination of ozone leveis at different exposure
times, humidities and emitter distances

Results shown in Fig. 3 demonstrate the influence of emitter
distance and exposure time on ozone levels. Differences in
emitter distance had highly significant effects on ozone pro-
duction (P =0-004). An inverse relationship was dem-
onstrated between emitter distance and ozone levels; the latter
were greatest at an emitter distance of 2mm (P = 0-004).
The results of the measurements of ozone formation inside
the chamber at different r.h. and exposure times are shown
in Fig. 4. Ozone levels were significantly higher at 50% r.h.
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Fig.2 The influence of emitter distance and exposure time on
inhibition of C. albicans growth by NAIs

compared with those achieved at 0% and 100% r.h.
(P = 0-003). Under all experimental conditions, ozone levels
increased with exposure time, so that maximum levels were
achieved by 7 min.

The influence of an oxygen-free atmosphere

Results for each of 8 strains of C. albicans, are shown in Fig.5.
Comparisons made between the areas of zones of inhibition in
air and in nitrogen demonstrated that NAIs were significantly
more effective in inhibiting the growth of C. albicans under
aerobic conditions (P = 0-012).

The influence of exposure of culture medium or C.
albicans cultures to NAls

Zones of inhibition were not observed in those areas of the -
plates which had been exposed to NAlIs prior to inoculstion %
with C. albicans. In addition, there was no significant diffes !
ence, in terms of the number of colony-forming units of C,
albicans, when comparisons were made between Saboursud’s '
Dextrose Agar plates which had been exposed to NAIs for
15min prior to inoculation (60 + 48 cfu) and nonexposed
control plates (84 + 78 cfu). Following exposure to NAIs of
plates which had been lawn-inoculated with C. slbicans, and
subsequent re-inoculation, no growth of C. albicans was 3
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Fig.3 The influence of emitter distance and exposure time on ozone levels

observed within the zones of inhibition up to 48h after re-
inoculation of these areas.

Determination of ozone dispersion in an open room
atmosphere

The measurement of ozone in an open room atmosphere

showed that the highest recorded levels were at the emitter
tip (2-05 p.p.m.) and the lowest were 25 cm from emitter tip
(0-002-0-08 p.p.m.) (Fig. 6).

DISCUSSION

This study measured the effectiveness of NAIs in inhibition
of C. albicans in vitro under specified conditions designed to
avoid the pitfalls (vide supra) described by Krueger and Reed
(1976). Relative humidity has been shown in our experiments
to have a significant influence on the efficacy of NAls in
inhibiting the growth of C. albicans and could therefore affect
the outcome of experiments, even when these are carried out

in the same laboratory. Dolezalek (1985) observed that an
increase in r.h. resulted in both a reduction in air electrical
conductivity and a decrease in the field of exposure when
the same current density was used. This might explain the
significant reduction in size of the zone of inhibition observed
in our experiments at higher r.h. values. Clearly this par-
ameter must be controlled to achieve reproducible results.
Both emitter distance and exposure time significantly affected
the lethality of NAIs with respect to C. albicans. In agreement
with Pethig (1984), we demonstrated that the number of ions
generated by corona discharge reduced as distance from the
emitter increased. Thus it is not valid to make comparisons
between the outcomes of studies in which dissimilar exposure
times and/or emitter distances have been employed.

The mechanisms by which NAlIs affect C. albicans are a
matter of debate. In this study the growth of C. albicans was
not affected when the agar surface had been pre-exposed to
NAIs. Viable counts did not differ significantly between con-
trol plates and plates exposed to NAls prior to inoculation
with C. albicans. This indicates that NAIs do not exert their

© 1999 The Soclety for Applied Microbiology, Journal of Applied Microbiology 87, 889897
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Fig.4 The influence of relative humidity and exposure time on ozone levels

effect on C. albicans growth by bringing about a change in
the culture medium itself and contradicts the hypothesis of
Schley (1972) ‘that the reduction in germs on agar gel is due
to air currents caused by ions which lead to an accelerated
dessication of the agar’. In our experiments, growth was not
increased at the edge of the zones of inhibition, therefore
migration was probably not involved in the production of
these clear zones, as some have suggested (Rosenthal et al.
1979). In addition, no growth was achieved when the clear
zones were re-inoculated with C. albicans. This inhibition of
growth may be the result of accumulation of toxic compounds
released from C. albicans killed previously by NAls; an effect
upon the medium can be excluded (vide supra).

The current study showed that the anticandidal effects of
negative air ions were significantly greater under aerobic
conditions than in a nitrogen (oxygen-free) atmosphere.
Rosenthal ez 4l. (1979) have stated that molecular oxygen is
the only constituent of air that can scavenge the free electrons
and that the electron configuration of molecular nitrogen
prevents the formation of air ions. Therefore, in an oxygen-

© 1999 The Society for Applied Microbiology, Joumal of Applied Microbiology 87, 889-807

free atmosphere, NAIs cannnot be generated. However, the
lethal effect of NAIs on C. albicans, although significantly
reduced, was not completely abolished in the oxygen-free
atmosphere. Possibly a very low percentage of molecular '
oxygen remained. Alternatively, it is possible, as suggested
by Rosenthal ef a/. (1979), that the residual zones of inhibitien -
observed under such conditions could be explained by the 3
direct action of the electric field (produced by the ion gen-
erator) on C. albicans. The significant difference between
inhibition zone sizes in air and oxygen-free atmospheres
(P = 0-012) supports the proposed major role of oxidants
and/or superoxide radical anions produced during air ion-
ization in the microbicidal action of negative air ionizers.
The amount of gaseous jons generated by artificial ai-
ionization depends on the construction of the ionizer (Reitey
1978). Corona discharge ionizers deliver, as a by-product, -
relatively large amounts of ozone (Kroling 1985), which is
always present in the vicinity of the instrument at levels
that exceed the olfactory threshold (about 0-01 p.p.m.). In"
addition, small amounts of nitric oxide are formed (Reiter .
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Fig.5 The influence of an oxygen-free atmosphere on inhibition of C. albicans growth by NAIs

. 1978). However, levels of ozone generated by ionizers are
- rarely measured or estimated in experiments studying the
. microbicidal actions of NAIs, despite the fact that the pres-
" ence of ozone could account for some of their toxic actions
{ (Charry 1984; Dominique efal. 1988). The levels of ozone
I production in this study, in a closed chamber, were found to
‘ © be directly related to exposure time and inversely related to
f emitter distance, so that NAI concentration does affect ozone
{ ‘production. These results parallel the relationship of

- exposure time and emitter distance to size of zone of inhi-

&iom The maximum level of ozone (11 p.p.m.) was achieved

ﬁer 5 min exposure at 2 mm distance and 50% r.h. , although
h result was limited by the maximum value that the ozone
I er could measure. In the current study, the US Natlonal
,Anbnent Air Quality Standard for ozone (0-12p.p.m.) was
g exoeeded after one minute, even by the lowest levels produced
e lme emitter distance) when measurements were per-
ffrmed in a closed chamber. Inhalation of ozone at such
i concentrations has been demonstrated to cause extensive
changes in rats, including epithelial injury (Barry
Lo al. 1985) and fibrosis (Boorman et al. 1980; Hesterberg and

Last 1981), and to have an adverse effect on respiratory
function in humans (Tosteson eral. 1992). However, in a
draught-free room atmosphere, ozone levels were demon~
strated to be considerably lower, approaching zero at 25 cm
from the emitter tip (in all directions) and 2 p.p.m. at the
emitter tip. This indicates that there is a rapid diffusion of
ozone into the atmosphere when corona-discharge ionizers
are used in well ventilated surroundings. However, for the
patient, a hazard may remain if such devices are used in the
oral cavity without regard for safety, which might require
good ventilation, proper protection for eyes and ensuring
ozone (and other gases) do not enter the lungs by mouth or
nose breathing by using powerful suction around the emitter
and a mask over the nose.

The results of the above study demonstrate the in vitro
sensitivity of C. albicans to NAIs produced by a corona-
discharge ion generator designed for use in the oral cavity.
Such a generator may thus be of value not only in the removal
of bacteria from carious lesions and periodontal pockets
(Cousins et al. 1991; Burke ez al. 1995) but also in the treat-
ment of oral candidosis.

“’ 1909 The Society for Applied Microbiology, Journal of Applisd Microbiology 87, 889-897
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