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Knowing the normal cleanroom microbiota is the basis for ensuring microbiological quality; assess
changes and the introduction of new sampling methods. During our study, we prepared a catalogue of
cleanroom microorganisms located in four different cleanrooms in University Clinical Centre Ljubljana
Pharmacy. Catalogue is prepared as a basis for assessing the suitability of the new rapid microbiological
method and subsequent correlation of the results of both methods. The results of our study showed that

gfyw"rds" 78% of isolated bacteria are Gram-positive. However, in more than 70% isolated bacteria were the part of
canroom - the normal human microbiota, 10-15% of the microorganisms originated from the air, mainly spore-

Environmental monitoring . . . . o . . .

Microbiota forming bacteria of the genus Bacillus and fungi, and 5-10% of the Gram-negative microorganisms that

Microorganisms

Colony forming unit
Bioluminescence
Adenosine triphosphate

originated from the water and represent the potential endotoxins (pyrogens).
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pharmaceutical manufacturing, both nonsterile and in particu-
lar sterile processing, requires development and manufacturing
in areas which minimize the potential for contamination through
the control of environmental cleanliness and in minimizing the
possibility of personnel introducing contamination into the pro-
cess (Sandle, 2015a). In manufacturing facilities, i.e. cleanrooms
(CR), the key aspect is that the level of cleanliness is controlled.
CR are typically classified according to their use and are assured
by the cleanliness of the air by the measurement of particles
(Whyte, 2001).

The regulatory requirements for cleanrooms are detailed by EU
GMP (European Commission, 2009) or cGMP in USA FDA and other
guidelines. The way in which cleanrooms are qualified and
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assessed is assured by a series of ISO standards, where the ISO
14644 Part 1 sets the general standard for the classification of air
cleanliness and Part 2 sets out the specifications for testing. In
addition, ISO 14698 describes some of the standards and testing
requirements for bio contamination control (Sandle, 2015a).

The routine environmental monitoring program is a critical
aspect of documenting the state of control of the cleanroom facility
(European Commission, 2009; Sutton, 2010b). It is a program,
which evaluates the cleanliness of the manufacturing environ-
ment; the effectiveness of cleaning and disinfection programs
and the operational performance of environmental controls
(Cundell, 2004; Dixon, 2007; Sandle, 2011; 2015a).

The monitoring program should be prepared on the base of
qualification tests carried out in accordance with the relevant
guidelines and standards, risk assessment and good knowledge of
critical points of the controlled process. Critical points are the sites
that represent the greatest microbiological risk for the aseptic pro-
cess. Surface samples and air samples must therefore be taken at
that phase and in the place where the product is mostly exposed
and the risk is therefore the greatest. It is reasonable to prescribe
a standard operating procedure (SOP) which defines frequency of
sampling, sample quantities, equipment and sampling technique,
warning and action limits and actions in case of deviations from
the specified limits (European Commission, 2009; Sandle, 2015b).
Such review should be carried out over an enough long period
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and so the complete picture can be revealed. This is important in
order to understand if certain species which are recovered pose a
product or environmental risk and to check if the cleaning and san-
itization practices are effective (Sandle, 2011). The emphasis
should always be upon environmental control rather than simply
environmental monitoring. That is, where a risk is identified, the
risk should be minimized as a part of the strategy of bringing the
clean area into tighter control (Jimenez, 2007; Sandle, 2015a;
Trsan and Pecar, 2010). In this way, we ensure that all the quality
parameters are achieved and all necessary tests prescribed for the
release of quality products are performed.

There are many sources of contamination and the types of
microorganisms can indicate the origin of contamination.
Microbiota in the environment and in the finished pharmaceutical
product as well can originate from raw materials, including water,
used equipment, facility air, personnel and production processes,
and/ or from the primary packaging of the product (Resnik and
Ker¢, 2010; Sandle, 2011; 2015a).

Microbiological monitoring program can be carried out in sev-
eral ways. Visual assessment itself is not sufficient and classical
microbiological methods require cultivation and isolation of
microorganisms and as such are therefore not suitable for an
immediate assessment. Nowadays, new alternative methods for
measuring cellular components can be used as an alternative ones
(D. Hussong and Mello, 2006).

There are different sampling methods, which are used for clas-
sical viable monitoring. These can be grouped into air and surface
methods and into primary and secondary methods based on their
theoretical efficiencies to recover microorganisms (Sandle,
2015a) (Table 1).

For air monitoring, this is undertaken using agar settle plates
placed in the locations of greatest risk or alternative active (volu-
metric) air-samplers to provide a quantitative assessment of the
number of microorganisms in the air per volume of air sampled
(Dixon, 2007; David Hussong and Madsen, 2004; Sandle, 2014;
2015a; Sutton, 2010a, 2010b). A settle plate is an agar plate, placed
in a defined location. For consistency of sampling, for aseptic fill-
ing, the EU GMP Guide recommends a 4 h exposure time. Active
or volumetric air samplers are slightly different measurement of
microorganisms in the air. Settle plates indicate the number of
microorganisms that may deposit onto a surface; whereas, the
active air-samplers indicate the number of microorganisms pre-
sent in a given volume of air within the range of the air-sampler
(Sandle, 2015a, 2015b; Whyte, 1996).

Surface contact plates (RODAC - Replicate Organism Detection
and Counting) are common sample type for surface contamination.
Contact plate filled with microbiological agar is a quantifiable
method, because after the contact between the plate and the man-
ufacturing surface provides information relating to the number of
microbial colonies and their relative position. The quantification
is derived from the recording the number of colony forming units
(CFU) per square centimetre (Sandle, 2015a).

Swabbing is performed by rubbing a surface while rotating the
swab so that all parts of the tip are exposed through a number of

Table 1
Microbiological viable monitoring methods.
Air Surface
method 1 Active air Contact
sampler plate
(CFU/m3) (CFU/25 cm?)
method 2 Settle plate Swab

(CFU/90 mm over “x” time) (CFU/surface)

CFU - colony forming unit.

strokes. Swabs are typically made up of sterile cotton tips, although
swabs vary in the materials used for the applicator stick and the
materials of the tip Some types of swabs require prewetting with
diluent before use, other types of swabs are contained with a trans-
port medium and there are either contained within a transport
medium or require prewetting with a suitable recovery medium
(Sandle, 2015a).

There are, however, some alternative rapid microbiological
methods (Duguid et al., 2011; Easter, 2003) and as an example is
the method for measuring the cellular components is the biolumi-
nescent measurement of adenosine triphosphate (ATP). The essen-
tial benefit of this approach is that the results can be obtained
within a few minutes (Sandle, 2015a). ATP can be in three forms;
microbial inside living microorganisms, somatic or non-microbial
within animals and plants and free ATP from cellular disorders or
dead microorganisms. Its presence can be an indication of the over-
all contamination of both microbial and those derived from pro-
duction raw materials, personnel and body fluids, which can also
stimulate the growth of microorganisms. The method is based on
the measurement of yellow-green visible light (550-570 nm)
released in a specific enzyme reaction. The proportion of released
light is proportional to the amount of intracellular ATP in the sam-
ple, and so we can roughly say, that the result, expressed in relative
light units, is proportional to the number of microorganisms in the
sample (Venkateswaran et al., 2003). The basic principle of the
method is the oxidation of the organic compound of luciferin in
the presence of the luciferase enzyme and ATP, which means that
it is an enzyme-catalysed reaction of energy conversion to the
light. High ATP values after cleaning and disinfection indicate inef-
ficient cleaning and a high risk of contamination (Willis et al.,
2007). The technique includes the sample collection, the imple-
mentation of the enzyme reaction and the detection of the light
released during reaction by using a hand luminometer.

In addition to the rapid results, which are undoubtedly a signif-
icant advantage over the classical microbiological method, it is also
advantageous that the implementation is not limited to trained
laboratory personnel and can be carried out at the very place of
sampling (Griffith et al., 2000). In the case of found defects in
cleaning, quick accessibility of the results makes it possible to
implement corrective measures immediately.

The purpose of this study was to prepare a catalogue of clean-
room microorganisms located in four different cleanrooms at the
UKCL (University Clinical Centre Ljubljana) Pharmacy, a cleanroom
microbiota, as a basis for assessing the suitability of the new rapid
bioluminescent method and subsequent correlation its results with
the results of classical microbiological (viable count) methods. It is
the aim to investigate and establish whether this new method is
aligned with the existing bioburden in raw materials, environment
and finished products.

2. Experimental

For the present study samples were taken from four cleanrooms
in UKCL Pharmacy in the period from 2011 to 2016. Three clean-
rooms: a cleanroom 1 for the aseptic preparation, mostly for oph-
thalmic products (PA), cleanroom 2 for the preparation of a total
parenteral nutrition (PPP) and cleanroom 3 for the preparations
for cytostatic therapy (PCT) are used for aseptic preparation of
individual therapy. The cleanroom 4 (PI) is used for the serial man-
ufacturing of different parenterals and other sterile solutions with
terminal sterilization.

All rooms are classified as ISO 14,644 class 7; EU GMP Grade C
and laminar air flow chambers are classified as ISO 14,664 class 5;
EU GMP Grade A).
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Our cleanroom personal protective equipment was the same
during the whole study. It consisted of disposable coat from syn-
thetic particle-free materials, a sterile cap and a facemask covering
hair and beard, sterilized footwear and double sterile gloves on
hands without jewellery. During work, if necessary, but at least
every hour, the upper pair of gloves is replaced. In the case of asep-
tic production, sterile coat is used and in the PI rooms the coverall.

2.1. Materials

Passive air sampling was performed by sedimentation method,
by exposing settle plates with blood agar (90 mm diameter Petri
dishes). Volumetric air sampling was conducted with RODAC
plates with 3 different media: blood agar for bacteria, Sabouraud
and DG18 (Dichloran glycerol agar) for fungi. For capture of 1 m?
of air for volumetric analysis, the air sampler has been used (SAS
dual air sampler, VWR International S.r.l, Milan, Italy). Immedi-
ately prior to the swabbing surfaces and hands, swabs were put
into the tubes with 5 ml of sterile physiological saline solution.
When the surface to be controlled had previously been cleaned
with a disinfectant, liquid transport medium contained the appro-
priate inactivator (Tween 80). All media used have been prepared
and all the samples have been analysed at the Institute of Microbi-
ology and Immunology, Faculty of Medicine in Ljubljana (IMI). For
the disinfection of the used material, it was used a “spray and
wipe” technique with a sterile 70% ethanol (Klerwipe 70/30®, Eco-
lab, Maribor, Slovenia).

2.2. Procedure

2.2.1. Swabbing

Swabbing was conducted with a sterile plastic template, which
had a cut-out window with an area of 20 cm?. We carefully opened
the test tube and with a slight pressure extracted excess liquid on
the wall. The surface inside the template was wiped at least 3
times in a zigzag line vertically and at least 2 times horizontally.
For hand sampling, we swabbed palms and tips of the fingers,
especially around the nails, each hand separately. The swabs were
returned back into the test tube and labelled it with the sample
number and the date and time of collection (IMI, 2016). The sam-
ples were immediately submitted to the test laboratory and stored
in an upright position, so that the liquid did not spill over the tube
and the stopper. All swab samples were inoculated into Thioglycol-
late broth, Andrade Lactose Peptone water and on blood agar. Sam-
ples in Thioglycollate broth were incubated for 7 days at 35°
C+1 °C, samples in the Lactose Medium were incubated for 3 days
at 35° C+1°C. All liquid media with observed growth were sub-
cultured to solid media.

In order to be able to calculate the number of bacteria on the
sampled surface, the volume of the liquid should remain constant
5 ml. Before transport samples were stored in the refrigerator, and
not longer than 2 h (IMI, 2016).

2.2.2. Settle plates

Petri dishes filled with blood agar were exposed for a certain
period of time (1-3 h) in a given area. The exposure time depended
on whether the space was at that time operational or not in use.
We recorded the exact time of exposure and the data was used
for a 4-hour exposure calculation. After the exposure, agars were
transported to the laboratory and were kept at room temperature.
Plates were incubated for 18-24 h at 35° C = 1° C and then for addi-
tional 18-24 h at room temperature.

2.2.3. Volumetric sampling
1 m? of air in the room was actively collected with the sampler
in three different media; blood agar for bacteria, Sabouraud and

Table 2
Sampling sites and frequency of sampling.

Samples Frequency

Swabs from working surfaces and hands

Obligatory sampling sites:
Sampling device, working surface in LAF chamber, operators
hands, assistents hands

Additional sampling sites:
Other working surfaces (outside LAF), trays, syringe, bottles
and vials, floors, walls, material airlock system, devices, filling
needles, filters. ..

monthly

monthly

Air samples
Settle plates: inside the LAF chamber daily
Active — RODAC plates: in the middle of cleanroom monthly

DG18 for fungi. Bacteriological air control samples on blood agar
were incubated 18-24 h at 35°C+ 1 °C and for a further 18-24 h
at room temperature. The selective media for yeasts and moulds;
DG18 were incubated 5-7 days at 30°C and Sabouraud for 5-
7 days at 37 °C. In parallel, a negative control from the machine
and quality control personnel has been taken as well.

2.3. Sites and sampling frequency

Selection of surface sampling sites was conducted for each facil-
ity, considering the specificity of processes taking place in them.
Based on a risk assessment approach we defined the sites, at which
the microbial contamination would most likely have a negative
effect on the product quality: places where the highest contamina-
tion is expected, or where the drug product was exposed to the
potential contamination for the longest time. In other words, we
wanted to establish the worst conditions. In sampling plane, the
obligatory sampling sites were determined, where the sampling
was performed always and additional places that were intended
for more general review of the state of cleanliness of the cleanroom
(Table 2).

All collected and accordingly labelled samples were sent for
analysis to IMI. Samples collected with swabbing were split into
appropriate media and incubated for up to seven days. In the lab
the presence of growth on the media was read daily, counted the
growing colonies and identified them up to the species. The result
for each swab had information on the total number of CFU/dm?
and the type and number of bacteria or fungi individual species
(Svent-Kucina et al., 2013). The results obtained from air control
were presented as a total number of CFU/m? or CFU/1 of air. In addi-
tion, the species and number of bacteria and fungi were identified
(Svent-Kucina et al., 2013).

3. Results and discussion

From 2011 to 2016, a total of 9.519 different samples were col-
lected according to the environmental monitoring program in four
cleanrooms. Number of samples and samples types taken from
individual cleanroom are shown in Fig. 1. Of these, there were
1.717 swabs of working surfaces and hands, 7.257 settle plates
and 545 RODAC plates, which were used for active air sampling.
Surface control with swabs and air control by volumetric method
was carried out once a month in all cleanrooms, while sedimenta-
tion plates were exposed daily from 2012 in all operating rooms
including laminar air flow chambers. On the average, there were
between six to eight samples per day.

During the first year, 10.2% samples were positive. As soon we
started with daily exposures of settle plates, the number of positive
samples decreased and remained stable at 4.0%. The number of
positive samples, where microbial growth was detected, were
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Fig. 1. All types and numbers of microbiological samples in the years between 2011
and 2016 and from different cleanrooms (CR). PI: for parenteral preparations, PA:
for ophthalmics, PCT: for cytostatic therapy, PPP: for parenteral nutrition.

somewhat different depending on used method and cleanroom
where the samples were taken. It is shown in Table 3.

Most positive samples were established with the volumetric air
sampling as shown in Table 3. This is explainable as this method is
actively collecting larger (air) samples and thus provides results
that are more representative. This method enables determination
of the number of microorganisms in a cubic meter of air (free
and that bound to particles in the air). With sedimentation method,
on the other hand, we can identify any microorganism that falls on
the medium due to the free fall only. Although most of the “whole”
particles (microbe with a carrier) are usually greater than 12 pm,
the time during which the particles remain suspended in the air
is highly dependent on the air turbulence in a room. This may
affect the reliability of these results, because the greater the turbu-
lence of air in the room and the smaller the particles are, the longer
is time for the particles to fall on the test medium (Sandle, 2015b).
This claim can be confirmed by particle size data in the annual val-
idation report.

It is shown on the Table 3 that the highest and almost doubled
number samples with microbial growth were determined in PI. The
possible reason lies in the room volume, which is much bigger than
in others and that there is a need for more samples for the overall
assessment. The results are, however, not as critical as many sam-
ples were taken at sites and at times when the product was no
longer in direct contact with the air. In the PI, unlike in other clean-
rooms, all the products are manufactured serially and terminally
sterilized and analysed for bacterial endotoxines.

The very low number of positive samples in the sedimentation
method over all six years monitoring time, as shown in Table 3, is
due to the fact that the sedimentation plates were exposed in

Table 3

working places with highest grade of cleanliness - Class A (Lami-
nar Air Flow Chambers).

The advantage of the passive method is the possibility of con-
tinuous exposure of the medium to up to four hours (European
Commission, 2009), however, the time of the maximum allowed
exposure of the medium must be validated with appropriate tests
(Sutton, 2010b), otherwise the problem with drying of the medium
and hence, its “cultivation” properties may become questionable.
Since the microorganisms respond differently to the stress they
are experienced during sampling, their numbers may be inaccu-
rately assessed due to the reduced cultivation capacity of the med-
ium (Fakruddin et al., 2013; Stewart et al., 1995). The type and
amount of grown microbes are also affected by the type of growing
culture media and the conditions of cultivation. We can expose
only one, for bacteria and fungi universal growth medium, which
is then, incubated under two different conditions or we can expose
two selective media (Sandle, 2014). Because passive sampling does
not intervene in the immediate environment, the media can be
exposed in close proximity to critical control points, which is use-
ful primarily for chambers with laminar air flow (Sandle, 2015b;
Whyte, 1996). The results obtained are expressed in the number
of colonies after 4 h exposure. However, when interpreting the
results obtained from sedimentation plates, one colony may mean
one microorganism, one pair of microorganisms, a chain, or a
whole cluster of microorganisms transmitted on a sedimentary
particle (Sandle, 2015b).

The classical methods have certain disadvantages; especially
with regard to the ability of the organisms to grow on the microbi-
ological medium and be identified. Most of the techniques pre-
scribe the use of a sterile brush consisting of a more or less
flexible holder with fibrous tip, wetted with a suitable wetting
solution. Sample is collected by rubbing the sterile brush over
the sampling point (Moore and Griffith, 2002a, 2007). The bacteria
are thus removed and transferred to the solid medium directly or
via liquid medium. Only these can support the survival or recovery
of microorganisms with their properties, or neutralize any used
cleansers and disinfectants (Moore and Griffith, 2007). It is impor-
tant, however, that the solution used during the sampling and
counting period neither qualitatively nor quantitatively changes
the population of microorganisms (Moore and Griffith, 2007).

Efficacy of sample collection technique and the proportion of
microorganisms captured can be reduced in all three main stages
of testing, namely, sampling the surface, release of microorganisms
from swabs and subsequent cultivation (Moore and Griffith, 2007).
Since the technique itself and also the force used with sampling is
very difficult to standardize, the sampling phase is critical, that is,
the successful capture of the microorganism from the working sur-
face. It has been found, that the fraction of the bacteria captured by
the swab is strongly dependent on the type of material of the swab,
wetness and the type of liquid medium, wetness/dryness of the
sampled area, previous use of disinfectants etc. The proportion of
microorganisms that is later released into the microbiological

Percentage of positive samples with different sampling method; PI: for parenteral preparations, PA: for ophthalmics, PCT: for cytostatic therapy, PPP: for parenteral nutrition.

Swabs Settle plates Active air samples

Pl PCT PPP PA Pl PCT PPP PA Pl PCT PPP PA
2011 7.27% 3.08% 0.00% 5.26% 7.69% 0.00% 0.00% 9.09% 48.15% 41.67% 33.33% 38.46%
2012 13.75% 14.89% 8.64% 0.00% 0.29% 0.00% 0.00% 1.45% 60.42% 56.52% 50.00% 33.33%
2013 8.22% 7.79% 6.94% 10.00% 0.00% 0.00% 0.00% 0.83% 50.00% 26.32% 30.00% 35.00%
2014 17.02% 6.38% 5.36% 7.41% 0.00% 0.00% 0.00% 0.71% 44.44% 81.25% 33.33% 20.00%
2015 11.40% 0.00% 1.52% 10.96% 0.00% 0.00% 0.00% 0.98% 78.05% 57.89% 35.00% 22.22%
2016 11.93% 4.35% 9.09% 15.94% 0.00% 0.00% 0.00% 0.87% 75.00% 62.50% 37.50% 50.00%
(2011-2016) 11.51% 6.64% 4.50% 8.35% 0.14% 0.00% 0.00% 1.05% 59.82% 54.29% 37.27% 33.02%
n (2011-2016) 55 28 19 33 3 0 0 16 134 57 41 35
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medium from the swab depends on the same factors. The speed of
the transport, the transport itself and sample storage conditions
before adjusting the growing conditions are also important. It
was previously proven, that despite the fact that all the optimal
parameters were provided, the effectiveness of the sample collect-
ing can be achieved from a minimum of 0.5 to up to a maximum of
25%, where the main limiting factor was defined as the release
phase of the bacteria from the swabs to the medium (Davidson
et al.,, 1999; Moore and Griffith, 2002b).

The highest diversity was observed in PI. Production process as
it is in PI cleanroom and the equipment itself can have a strong
impact on microbiota and microbiological quality of the products.
The data are shown in Figs. 2 and 3. Generally speaking, more
phases the production process has, the greater the number of
equipment and personnel, the greater is the number of microor-
ganism identified. Because of this reason, the equipment must be
designed from stainless materials with as much flat surfaces as
possible, with as few dead spots as possible and with the possibil-
ity of continuous cleaning and disinfection. Due to difficult clean-
ing, microbial contamination is the most problematic with
scrubbers, pumps, valves and various connecting pipes. A great
possibility for contamination is also the state of wet equipment
(Trsan and Pecar, 2010).

In PA Staphylococcus spp were the most frequent — 72.7% among
88 isolates. 17% were Micrococcus bacteria, which was also
expected because they are an integral part of normal human flora,
especially skin and the upper respiratory tract, and are the main
source of contamination of cleanrooms (Trsan and Pecar, 2010).
They together represent 89.7% of the isolated population, while
the remaining 10.3% consist of bacteria Acinetobacter spp, moulds
from the air and some other individual species.

The distribution of bacterial species/genus was similar in all
cleanrooms. The most commonly isolated microorganisms in PI
were from genus Staphylococcus, Micrococcus and Acinetobacter.
Some microbes, including Gram-negative bacteria and fungi,
appear only once. This is undoubtedly a consequence of the pres-
ence of a larger number of personnel in the preparation process
and the increased number of cleaning personnel, while the staffs
in PA are relatively small and constant.

The situation is similar in the PCT room, although the number of
staff and fluctuation is even greater. Due to the specifics of the pre-
pared products in both rooms, the quantity of the medical equip-
ment and consumables used in short period of time is also
inappropriately higher. Unfortunately, a lot of this material is not

Number
of different species

Number
of isolates

uPl mPCT =PPP mPA

Fig. 2. Number of isolates in individual CRs and the number of different isolated
species. PI: for parenteral preparations, PA: for ophthalmics, PCT: for cytostatic
therapy, PPP: for parenteral nutrition.

designed and properly packaged in a double dust-free package that
would be suitable for cleanrooms. The presence of other microbes
is much smaller, in less than 0.5% of cases and because of that they
are not shown in the figure. Due to space limitations, both
cleanrooms are located nearby transport corridor, which addition-
ally contribute to the number and diversity of detected
microorganisms.

The total number of samples taken was 9519. There were 421
positive samples. A total of 629 isolates were identified from the
positives representing 45 different microbial species. It is evident
from Fig. 4 that working staff is the source for more than 70% iso-
lates. There were 78.8% of Gram-positive bacteria, 11.2% Gram-
negative and the rest 10.0% were fungi.

The presence of Gram-positive cocci is an indication of person-
nel cleanroom contamination. The personnel are by far the biggest
threat for the contamination, since many microbes are part of a
human microbiota, and many of them are facultative pathogens.
On 1 cm? of the skin on the human hand, there is about 32 000 bac-
teria; therefore, when sitting, a person releases 10,000 particles
into the environment and even 1,000,000 when moving. The
source of contamination can be skin, which constantly regenerates
and loses dead epidermal cells, as about 10% of these cells carry
with them microbes. These skin particles represent a source of food
and moisture for these microorganisms, so they can be further
reproduced. Due to all these reasons it is very important that the
skin surface is protected by protective clothing, caps, footwear,
mask and gloves (Tr3an and Pecar, 2010).

The most commonly isolated species of the genus Staphylococ-
cus were coagulase negative Staphylococci which are usually non-
pathogenic, however, in immune compromised subjects they can
cause serious, especially catheter-related infections (Becker et al.,
2014). In 50% of cases, S. hominis, S. epidermidis and S. haemolyticus
were identified (Fig. 4).

The presence of gram negative bacteria may be connected with
water or moisture. The vast majority of bacteria found in the phar-
maceutical water systems, where they enter with drinking water,
are Gram-negative no fermentative rods (Resnik and Ker¢, 2010;
Trsan and Pecar, 2010). Their multilayer cell wall, which is also a
source of endotoxines, protects them from an extremely hypotonic
environment that is characteristic for pharmaceutical waters
(Trsan and Srci¢, 2016). Another surviving mechanism in the case
of unsuitable living conditions for the bacteria is their ability to
be attached to the surface, where they form a biofilm, a very resis-
tant form of microbial growth, which is hardly destroyed even with
disinfection (Resnik and Ker¢, 2010). Gram-positive microorgan-
isms are extremely rarely identified in pharmaceutical waters,
because, in contrast to Gram-negative, they require larger concen-
tration of organic matter.

We are usually mainly concerned with the presence of Enter-
obacteriacae, because they are the main indicator of faecal contam-
ination (Trsan and Pecar, 2010). In our cases there were detected
Enterobacter, Erwinia spp., Escherichia coli and Klebsiella oxytoca.
Among Gram-negative bacteria Pseudomonas and pathogenic spe-
cies of the genus Acinetobacter have been detected too.

Air is not a normal living environment for the microorganisms
and is primarily used only as a transfer medium. Most microorgan-
isms are associated with physical particles in air and represent
mainly endospore-forming microorganisms: Bacillus and Clostrid-
ium. Others are Staphylococcus spp., Streptococcus spp. Corynebac-
terium and fungi Aspergillus and Penicillium (Resnik and Kerc,
2010). The recovery of endospore-forming bacteria and fungi, for
example, could indicate a problem with HEPA filters or insufficient
pressure difference between a clean and less clean area.

After examining all the positive results, it was established that in
the most cases and in all cleanrooms the results were on average
between 23 and 109 colonies per unit (CFU/dm?) (Fig. 5). The
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Fig. 3. The frequency of isolation of individual species (more than 0.5%) in the various CRs. PI: for parenteral preparations, PA: for ophthalmics, PCT: for cytostatic therapy,
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Fig. 5. Median number of total colony count. PI: for parenteral preparations, PA: for
ophthalmics, PCT: for cytostatic therapy, PPP: for parenteral nutrition.

lowest values obtained were measured in the aseptic product prepa-
ration area (PA). Two values, namely 2012 in PCT and 2016 in PI,
stand out from the average. In both cases, the samples from the addi-
tional sampling point were collected and non-pathogenic Staphylo-
coccus spp. and Microbacterium spp. have been isolated Additional
sampling points are usually not critical sites for the product, how-
ever, they are very important for cleaning efficacy assessment.

Numerical limits for microbiological tests are questionable
because levels have to be reasonable in terms of the capability of
the method (Sutton, 2012). Questionable are linear range of plate
counts and a lower limit of quantification, which are approxi-
mately 25 colonies per plate. This is opposed to the limit of detec-
tion of one colony per plate. Alert and action levels in the 1-10 CFU
range are therefore also of questionable accuracy.

For that reason a new CRR (Contamination Recovery Rate)
approach is more convenient. In a given data set of samples a
certain percentage of those samples can be expected to exhibit
non-zero recoveries of contamination. The percentage of samples
presenting contamination is then defined as the CRR. United States
Pharmacopoeia (USP) considers that CFU counts in excess of 15
from a single ISO 5 environmental sample generally indicate that
a significant change has occurred in that environment, as the
occurrence of counts of that magnitude should generally be infre-
quent. USP stresses that the number of colonies, is not so impor-
tant, but rather environmental changes (Sutton, 2012).

However, in our case, the mean total colony count data might
be of importance, as the amount of ATP that can be expected in a
given environment or a given cleanroom. Median total colony
count per square dm calculated from all recoveries from all 9519
collected samples during last 6 years of environmental monitoring
program is shown in Fig. 5.

The average value of ATP in Gram-negative bacteria, Gram-
positive bacteria and fungi (Candida albicans) is 1.43, 12.28 and
212.81 femtogram (fg)/cell (Kodaka et al., 1996). This means that
the level of ATP in the fungi is approximately 100 times greater
than in the Gram-negative bacteria and the 10 times greater than
amount of ATP in the Gram-positive bacteria, both the bacillus
and the coccus. The amount of ATP in spores is very low due to
lower metabolic activity.

However, taking into account the new CRR approach and as a
certain degree of microbiota stability for a particular working envi-
ronment has been confirmed, than the knowledge of the actual
amount of microorganisms or present number of colonies would
be not so important to assess the suitability of working environ-
ment anymore. In many cases, the magnitude of an individual

deviation over the limit is less informative than the frequency with
which contamination occurs.

4. Conclusion

Knowing the cleanrooms’ microbiota is of the greatest impor-
tance for the quality control, for detecting changes and for analys-
ing the trends. The results we have obtained provide information
about facility performance, personnel cleanliness, gowning prac-
tices, the equipment and cleaning procedures. The main purpose
of our study was to establish the microbiota catalogue that will
be the foundations for introducing an alternative and fast method
based on the measurement of the ATP presence. Although we used
various techniques, sampling points, disinfection neutralizers, var-
ious types of media that were incubated in different conditions for
a different periods of time and however, also various identification
methods, we have actually came up with results that support and
confirm the previous literature results. The microbiota in all clean-
rooms was more or less constant and the results confirmed that it
is closely related to the human, whose skin is the main source of
the contaminants, i.e. Gram-positive bacteria of the genus Staphy-
lococcus and Micrococcus. As the third major contaminant, a Gram-
negative bacteria Acinetobacter was determined, and is originating
from the air. Just in a few percent Gram-negative bacteria from
water, fungi and others were confirmed. The isolated number of
microorganisms varied in the individual samples, and is due to
the known limitations and weaknesses of the methods used in
the individual cleanrooms. However, on the average it was stable.
Taking into account that with classical microbiological methods
only about 10% of the microorganisms is detected and that
Gram-positive bacteria are relatively large, with a high content of
ATP in their cell; the average value of ATP 10-15 fg/cell (Kodaka
et al., 1996), it is expected that a new bioluminescence method
might be successfully implemented and would thus contribute to
the fast and effective quality assurance system. Although the
method will not meet the expectations of recognizing the
trends of microorganisms by identity or characteristics, it will,
however, be able to identify changes in trends and levels exceeding
alert and action levels as part of the environmental monitoring
program.
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