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B Introduction

HVAC (Heating, Ventilating and Air Con-
ditioning) systems are designed to create
the comfort climate conditions of indoor
air, i.e. optimum temperature, humidity
and a low number of microorganisms.
The outdoor air pollution and insufficient
hygiene of an HVAC installation often re-
sults in the low quality of indoor air. The
units of the HVAC system most suscep-
tible to microbial colonisation are those
where moisture and nutrients are present
i.e. cooling towers, cooling coils, air fil-
ters and duct works. The WHO estimated
that 50% of the biological contamination
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present in indoor air comes from the air-
handling system. Hugenholtz and Fuerst
found out that even in an installation that
was kept clean, the amount of bacteria
even reached 107 cfu/ml (in drain pan
water) [1]. The sump water of an evapo-
rative condenser contained 105 cfu/ml de-
spite biocide treatment. There are many
studies that confirm the presence of liv-
ing bacteria and fungi in air filters [1 - 6].
Apart from harmless microorganisms,
there are many pathogenic species found
in filters, the most dangerous bacterial
species among which are Pseudomonas
aeruginosa and Legionella pneumophila.
The fungal pathogens isolated from air
filters are as follows: Alternaria spp., As-
pergillus spp., Aureobasidium pullulans,
Chaetomium spp., Cladosporium spp.,
Fusarium spp., Mucor spp., Penicillium
spp., Phoma spp., Rhizopus spp., Scopu-
lariopsis spp., and Ulocladium spp. [4].
Most of them produce mycotoxins which
are dangerous to human health. Certain
strains are even able to produce 8 types
of mycotoxins, which are usually located
inside or on the surface of spores [7]. In-
haled mycotoxins damage the immune
system and, in consequence, increase the
risk of cancerous diseases. They are also
harmful to the lungs and cause irritation
of the skin and eyes. Other compounds
produced by fungi that have an immuno-
toxic effect are glucans and VOC. Bacte-
rial cells or their fragments present in in-
haled air may also cause health problems.
This concerns living cells of pathogenic
bacteria, for example Staphylococcus
aureus, S. haemolyticus, Mycobacte-
rium tuberculosis, and L. pneumophila.
Pathogenic bacteria present in the air
mostly cause lung or skin diseases. The
presence of gram-negative bacteria is es-
pecially dangerous as they are known to
produce endotoxins, which occur in the
outer membrane of certain gram-nega-
tive bacteria. They are lipopolisaccharide
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complexes which are an integral part of
the bacterial cell wall. Endotoxins are
released into the surrounding environ-
ment during active cell growth or after its
breakdown. When entering the airways,
they cause acute and toxic inflammation
of the lungs [8].

To reduce bacterial growth in air filters,
not only special care and HVAC instal-
lation unit maintenance in a clean state
is needed. It seems that it is necessary
to introduce antimicrobial agents which
prevent bacterial growth in filtering ma-
terial, thereby reducing the level of bio-
contamination in the treated air.

The aim of the this study was to deter-
mine the influence of the antimicrobial
agent selected - silver nitrate (AgNO3)
on bacterial survival in polypropylene air
filters under favourable temperature, hu-
midity and nutrient availability.

I Materials and methods

P1 woven filters, which are hydrophobic
and made of polypropylene, both unused
and used, were the test material. The
Maximal Allowable Concentration for
the P1 filters was no lower than 2 mg/m3.
The maximum filtration rate with NaCl
as the test aerosol was 20%, and the max-
imum resistance of flow equalled 210 Pa
when the air stream equalled 95 dm3/min.
Under laboratory conditions the filters
received antimicrobial finishing after
the production process. Three chemi-
cals were chosen to verify their activity
against bacteria: silver nitrate, potassium
jodate and hydrated sodium tetraborate.
The agar diffusion method was applied
to determine their impact on bacterial
growth. Five bacterial strains were used
in this study: Micrococcus luteus, M.
roseus, Bacillus subtilis, Pseudomonas
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Figure 1. Experimental setup used in the nutrient broth aerosol and bioaerosol application

on air filters.

Figure 2. Experimental setup applied to test the effectiveness of the air filter treatment

against bacterial development.
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Figure 3. Elements of the incubation column: a) top plate, b) plates placed between the top

and bottom plates, c) bottom plate.

luteola and P. putida. Bacterial suspen-
sion in sterile water was spread out on an
agar plates. After that, paper disks were
placed on and moistened with solutions
of the three antimicrobials. The chemi-
cal compounds diffused radially from the
paper disks into the agar. The inhibition
capacity of each solution was estimated
after 48 h incubation at 26 °C. The circu-
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lar inhibition zone (no bacterial growth
observed) indicated the antimicrobial
activity of the chemical. It was observed
that only silver nitrate inhibited bacterial
growth within the range of the concentra-
tion from 0.01 to 0.0001 M. Based on the
results of the experiment, silver nitrate
was chosen for further experiments.

Antimicrobial post production
finishing

With this end in view, the following mix-
ture was prepared: ethanol 95% - 95 ml,
glycerin — 3 ml, and an antimicrobial
component: silver nitrate — 2 ml. Three
solutions of silver nitrate were tested:
0.01 M, 0.005 M and 0.007 M. Disc-
shape samples (58 cm?2) were cut from
the filters and sterilised in UV light.
After that, 10 ml of the mixture was ap-
plied on the surface of each filter, which
were left to dry at room temperature.
The final concentration of the silver
nitrate on each filter was 2.0x10-6 M
(0.132mgAg), 1.4x10-6M (0.066 mg Ag)
and 1.0x10-6 M (0.047 mg Ag), respec-
tively. Afterwards, in order to simulate
filter wear, the samples were aspirated
with a nutrient broth. The experimental
setup is presented in Figure 1. The main
element was a filtration column (6) where
air filters (7) were placed. Compressed air
was pre-filtered (1) and divided into two
streams, one of which passed through a
pressure reductor (2) and rotameter (3),
and the second one - through an air flow
regulator (4) to an aerosol generator — a
Collison nebuliser (5). The air flow rate
was adjusted to 360 1/min. Aerosolised
particles of the nutrient broth or bacterial
cells (bioaerosol) entered the filtration
column together with the air stream pass-
ing through the rotameter. The micro-
bial suspension or nutrient broth entered
the collison nebuliser at a flow rate of
30 ml/h. The aerosol was dried in a cylin-
drical vessel, diluted, and finally dosed to
the filtration column.

Microbial growth on air filters

Bacterial aerosol was dosed to filter
samples in the same set up used in the
case of the nutrient broth application
(Figure 1). After that, the filters were
placed in the incubation column (9),
which was the principal element of the
second experimental setup (Figure 2).
Filtered (1) compressed air passed the
regulation valve (2) and rotameter (3).
The column contained five test filters
at the same time. To support bacterial
growth on the filtering material, the rela-
tive humidity of air passing through the
incubation column (9) ranged between
70 - 80% (unused and untreated filters)
and 80% - 86% (treated and used filters).
To regulate the air humidity, a dessicator
(5) and scrubber (7) were installed par-
allel to each other. A termohigrometer
(8) was installed to control the air tem-
perature and humidity. The air flow rate
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through both elements was adjusted by
means of two valves — 4, 6.

Then the air stream was directed to the
incubation column, where disc samples
of the filters were placed. The test filters
were interspersed with filters made of
glass fibres to prevent bacterial migration
in the column from a higher placed filter
to other ones. Elements of the column
were made of plexiglass. There were sin-
gle square plates with a central circular
hole of 84 mm diameter. The filters and
plexiglass plates were placed alternately
and joined by means of four screws. The
top plate was equipped with a small cen-
tral hole which was an inlet for humid
air, and the bottom plate had a hole in
the side wall which was an outlet for air
(Figure 3). Under the bottom plate there
was an additional element with only 4
holes for screws.

Five bacterial strains were used in the
study: Micrococcus luteus, M. roseus,
Bacillus subtilis, Pseudomonas luteola,
P putida. M. luteus, M. roseus and B.
subtilis are gram-positive bacteria, other
strains — gram-negative. One of the test
strains, Bacillus subtilis, was of the spore
forming type. The different morphol-
ogy of the bacterial colonies belonging
to each strain enabled to estimate the
amount of bacteria by means of the cul-
ture method.

The samples of unused and untreated fil-
ters were inoculated either by the bacteri-
al aerosol containing M. roseus, P. putida
and B. subtilis or by M. luteus exclusive-
ly. The samples of used and AgNOj treat-
ed filters were inoculated either by the
mixed bioaerosol containing M. roseus,
P. luteola and B. subtilis or by M. luteus.
After that the filters were placed in the

Table 1. Parameters of the incubation of unused and untreated filters.

Parameters/Experiment

Experiment 1

Experiment 2

Test strains M. luteus M. roseus, P. putida, B. subtilis
Relative humidity, % 70 80

Temperature, °C 20.9-21.8 17.0-21.2
Incubation time, days 11 34

Table 2. Parameters of the incubation of used and treated filters.

Parameters/Experiment

Experiment 1

Experiment 2

Test strains M. luteus M. roseus, P. luteola, B. subtilis
Relative humidity, % 80 - 86 80 -85
Temperature, °C 20.4-22.0 18.6 —21.1
Incubation time, days 14 9

incubation column. The incubation con-
ditions are presented in Tables 1 and 2.

Filters were removed from the column
every 2 - 3 days or 6 - 7 days, depend-
ing on the variant of experiment. The
number of living cells was estimated
by the culture method. Each filter was
placed in 100 ml of 0.08% sterile sodium
pyrophosphate solution with the addition
of 0.0005% polyoxyethylenesorbitan
monooleate (Tween 80). Bacteria were
washed out within 40 minutes, placed on
nutrient agar and incubated at 26 °C for
2 days. The amount of bacteria was given
as cfu/cm2. The same procedure was ap-
plied to estimate the amount of bacteria
at the beginning of the experiment (ty).

Silver nitrate assay

The concentration of silver ions emit-
ted from the incubation column (within
a radius of about 30 cm) within the first
30 minutes after the air flow began and
that of silver dissolved in the sodium
pyrophosphate solution during the bac-
teria washing-out process was estimated
by Graphite Furnace Atomic Absorption
Spectrometry (GF AAS). Air samples

were taken by impingement into liquid
(sterile demineralised water).

I Results

Microbial growth on air filters

The unused and untreated filters showed
growth for all four bacterial strains tested.

Theresults of the experiments are present-
ed in Figures 4 and 5. In the case of gram-
positive bacteria M. luteus, the number of
cells decreased 25x at the beginning of
the experiment. Afterwards their amount
increased, reaching the initial value (Fig-
ure 4). Within 34 days of the incubation
of the 3 other bacterial strains (M. ro-
seus, B. subtilis, P. putida), their amount
fluctuated. During the first 13 days,
it decreased, after which the amount
of B subtilis stabilised at the level of
103 cfu/cm? and P, putida at 102 cfu/cm?2.
The amount of M. roseus gradually de-
creased (Figure 5). The used filters
treated with AgNOs3 at a concentration
0f 2.0x10-6 M inhibited M. luteus growth
by 100%.The two other concentrations:
1.4x10-6 M and 1.0x10-6 M caused a
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Figure 4. Changes in the amount of M. luteus in unused and un-

treated filters within an 11-day incubation.
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Figure 5. Changes in the number of three bacterial strains: M. ro-

seus, B. subtilis, P. putida in unused and untreated filters within a

34-day incubation.
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Figure 6. Changes in the amount of M. luteus in used and AgNO3
treated filters at a concentration of 1x10-6 M, and 1.4x10-6 M.

permanent decrease in the number of
bacterial cells after 11 days of incubation
(Figure 6). In the case of M. roseus, B.
subtilis & P. luteola in the filters treated
with 1.4x10-6 M AgNOs3, a total decline
of all bacterial strains was found within 7
days (Figure 7).

Silver nitrate assay

The results of the chemical analysis indi-
cated that silver was emitted from the in-
cubation column with a concentration of
0.00017 mg/dm3. During the washingout
process in the sodium pyrophosphate so-
lution, 0.66 mg of silver got into the solu-
tion, which was 47% of silver applied on
the filter during the antimicrobial treat-
ment.

@ Disscussion

The results of recent research work have
demonstrated that bacteria are able to
survive in polypropylene filters. This
phenomenon was observed both in filters
incubated in air of high relative humidity
RH (80%, 70%) and in those working in
humidity typical HVAC system (RH 40%
-45%). The results of the present research
work indicated that gram-positive, non
sporulating bacteria, M. [uteus, survived
in the air filters and retained the abil-
ity to multiply (Figure 4). The number
of viable cells was at the stable level of
105 cfu/cm?2 throughout the whole time
of the experiment (11 days). In the case
of the other three strains, both sporu-
lating (B. subtilis) and non sporulat-
ing (M. roseus, P. putida), the number
of viable cells in the time of incubation
(34 days) decreased and stabilised at the
level 101 cfu/cm2 (P, putida) - 103 cfu/cm?2
(B. subtilis) — Figure 5. The number of
viable cells of M. roseus tended to de-
crease constantly, reaching 102 cfu/cm?
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on the last day of the experiment. The
largest decrease was noticed in the case
of M. roseus cells (99.9%), and the low-
est for B. subtilis (86.9%). Maus et al.
(1997) demonstrated that the viability
of gram-negative rods, Escherichia coli,
after 1 h incubation in RH 30 - 60%
decreased to 20%. In the case of gram-
positive M. luteus, the viability remained
very high, 95 — 100%. The authors em-
phasised that the differences in viability
between E. coli and M. luteus are related
to their morphology. Gram-positive bac-
teria are more resistant to environmen-
tal stresses like dehydration or the toxic
effect of oxygen. Similar results were
obtained by Maus et al. [9]. They no-
ticed that after 5 days of incubation the
number of B. subtilis spores remained
stable in filters exposed to air flow when
RH =20 - 98%.

The presence of an antimicrobial com-
pound (AgNO3) in the air filters caused
a decrease in the amount of bacteria
(Figure 7), which was observed in the
case of both gram-negative and gram-
positive strains. The addition of AgNOj3
at a concentration of 1.4x10-6 M resulted
in a reduction in the amount of bacte-
ria from 42.1% (M. roseus) and 94.7%
(B. subtilis) to 98.7% (P. luteola) within
2 days. After 7 days the three test strains
were not detectable in the filter media.
M. luteus survived in the filters dur-
ing the whole time of the experiment,
(11 days) although its amount significant-
ly decreased (Figure 6). In the unused
and untreated filters, a very high reduc-
tion in the amount of bacteria was ob-
served but not before the 34th day. Simi-
lar results were presented by Matsumura
et al [10], in which they highlighted the
antimicrobial activity of AgNOj3 at a
concentration of 1.0 x 10-6 M against

100 1000 10000

number of bacteria, cfu/cm2

Figure 7. Changes in the amount of three bacterial strains:
M. roseus, B. subtilis, P. luteola in used and AgNOj3 treated fil-

E. coli — gram-negative rods. Feng et al.
[11] proved the inhibiting influence of
AgNOj on both E coli and gram-positive
bacteria — S. aureus [12]. The results of
their experiments confirmed that gram-
positive bacteria, thanks to the thick pep-
tidoglycan layer in the cell wall, are less
susceptible to silver ion penetration in
the cytoplasm.

Verdenelli et al [13] and Cecchini et al
[14] studied bacterial growth in High Ef-
ficiency Particulate Air Filters (HEPA,
class H13 and H14) treated with antimi-
crobial factors. They used phosphated
quaternary amine complexes incorporat-
ed in filter media during the production
cycle. It was found out that the chemi-
cals inhibited microbial growth within
14 days of incubation, while untreated
filters were colonised by both bacteria
and fungi within 7 days [14]. The study
by Verdenelli et al. [13] resulted in a find-
ing that antimicrobial filter treatment not
only inhibits microbial growth but also,
as a consequence, preserves the filter’s
integrity, thereby reducing bacterial emis-
sion into treated air. They also found that
the longer the working time of the filters,
the weaker the activity of the antimicro-
bial compound. Moreover, Cecchini et al
[14] observed that the antimicrobial ac-
tivity of the agents may change after their
incorporation in the filter media.

In the present research work, silver emis-
sion from filtering material was estab-
lished. The silver concentration in the
air surrounding the incubation column
reached 0.00034 mg/(I'-h). The problem
is probably caused by the agglomeration
of silver nitrate particles on the surface of
the filter and, in consequence, their blow-
out into the surrounding air. For this rea-
son the more effective seems to be the
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addition of an antimicrobial agent during
the production cycle or the application of
silver nanoparticles, which were proved
not to be emitted into air, have low vola-
tility, high thermal stability and low tox-
icity to human cells [12]. Such technol-
ogy is being introduced by leading air
filter and HVAC system producers. There
have also been attempts, which met with
success, to use silver nonopatricles as an
antibacterial agent incorporated into tex-
tile fabrics or even polyurethane foam
[12, 15]. Unlike silver ions, silver na-
noparticles are proved to be 1.4 to 1.9%
stronger than silver ions and inhibit the
growth of such pathogenic microorgan-
isms as S. aureus, Vibrio cholerae and
Salmonella typhi [12]. However, the
application of antimicrobial agents con-
taining silver ions in medicine (Ag") has
led to silver-resistant bacteria evolution.
This phenomenon was described in the
case of E. coli and Enterococcus hirae.
Interestingly, the transport of Ag* in E.
hirae cells was possible thanks to cop-
per-effluxing ATP-ase CopB, which is
responsible for copper ion, Cu™ removal.
The K,,, of both substrates (Ag* and Cu*)
turned out to be identical [16]. Consid-
ering the fact that silver resistance may
not require special enzyme production
and that the plasmids with genes deter-
mining the resistance may be transferred
in the bacterial population, the ability to
survive in the presence of silver particles
may become widespread.

B Summary

This study shows that the addition of
antibacterial agents to filters is effective
in preventing bacteria from colonising
filters. The clear reduction in living bac-
terial cells in silver treated filters makes
the technology of antimicrobial filter
treatment really necessary for the future.
However, it is apparent that the ability of
microbial adaptation is a challenge for
scientists and manufacturers.
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