
�/���#�#���������(�����.���7���&���
���
���&�������'���)�0�0���������)�&�������������0�)�&���"�����'�����&�����)��
�����������	�
�
�3�3�3�����)�&���'���&�#�
�&�����0���(�
�)�0���
���&�
�5�������&�)�#�%�&�'�����(�)���
���&�9�5�������&�)�#�7�������:�
�����
����

�������������	�
�	�����
���	����������������������������������������������������

�����������������������������������������	����� ���������������������	�
�����	�����������
�����!�!�"�"�"�#���������$�����������	�#�������!�������!���������%�&

�'�$�$�	�����������$�������$�$�	���	�������������������������	���������	���������������	������������
�(���������
�	�������������)��������������

���	�����	�$���*�	�����	�����+��� �	���������������	�$�	���+���,�������	���������-�#���.�	���/���0���1�������/���'�#���2�����/�	��

�3�����������	�������������������������	���������������	���
���������
�����������
���������������	���������������
�������������������������������������
���������������
��������� �!�"�!�#�$
���	�	�������������	���%���	�	�������
�������������������
�&�������������������
�����������
�������'���(���
�����)�������������
�*�������������������������&�������+�������)�'���
�������
�%
�,�
�%�����������������-�������'�����.�����/�0�1�#�"�����#�2�/�3���#�2�4�4�������5�,�1���#�"���#�"�6�"�7�"�3�2�3�8�"�/�4���!�"�!�!���!�"�/�3�3�4�!

�3�����������/�������������������������������	�����������������	�
�
�����
���������
���������������
������������������������������������������

�� ������������������������������������� �����!���"�#�
�����������"�$���%�&�'�����(�)
�*�+���,�
�(�
�������-�������)���
�&�����)�������)�$�#�������.���/���)�&�0�
��
�1����������

�2�
���3�����������#���(���&���)���$���(�)�������
�)�#��

�!���"�#�
�������������&�#�
�&���	��������������������������

�4���"�(�
�����$���������)�����
�0�#���������������
�����5�������&�)�#��

�������
�0�#�����6�
���3���	��������

�2�
���3�������#�)���������)�����
�0�#������

�2�
���3���7���������(�)���8�����)���)

https://www.tandfonline.com/action/journalInformation?journalCode=iddi20
https://www.tandfonline.com/loi/iddi20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/03639045.2022.2043352
https://doi.org/10.1080/03639045.2022.2043352
https://www.tandfonline.com/doi/suppl/10.1080/03639045.2022.2043352
https://www.tandfonline.com/doi/suppl/10.1080/03639045.2022.2043352
https://www.tandfonline.com/action/authorSubmission?journalCode=iddi20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=iddi20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/03639045.2022.2043352
https://www.tandfonline.com/doi/mlt/10.1080/03639045.2022.2043352
http://crossmark.crossref.org/dialog/?doi=10.1080/03639045.2022.2043352&domain=pdf&date_stamp=2022-04-20
http://crossmark.crossref.org/dialog/?doi=10.1080/03639045.2022.2043352&domain=pdf&date_stamp=2022-04-20


RESEARCH ARTICLE

Effects of different air change rates on cleanroom ‘in operation ’ status

Detlef Behrensa,b , Jens Schaeferc, Cornelia M. Keckc and Frank E. Runkela,c

aTechnische Hochschule Mittelhessen, Giessen, Germany;bBehrens Projektmanagement GmbH, Marburg, Germany;cPhilipps-Universit€at,
Marburg, Germany

ABSTRACT
The objective of this experimental study is to analyze non-viable and viable particle loads in a pharma-
ceutical cleanroom under ‘in operation’ conditions using different air change rates (ACRs). Regulatory
guidelines give limit values for particles/m3 and colony forming units (CFUs)/m3. A widely used ACR is
20 h� 1 as this value is recommended by the Food and Drug Administration (FDA) in its guidance for
industry on sterile drug products. However, this value may be too high, resulting in increased costs for
energy. A typical pharmaceutical cleanroom was used for this study, and operations were simulated with
a process unit and two operators in the room. The experiments were conducted twice with four different
ACRs and four different types of operator garments, resulting in 32 trials in total. Particle load and CFUs
were measured by calibrated particle counters and microbial air samplers. The results give evidence that
an ACR of 20 h� 1 is not required. ACR 10 h� 1 is sufficient without compromising the demanded air quality.
Furthermore, it was found that regulatory agencies should reevaluate the expected limits as these cur-
rently give a high buffer between the required and actual values, which potentially cover up problems in
aseptic manufacturing.
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Introduction

The cleanroom conditions for sterile drug manufacturing by
means of aseptic processing in a classic or biopharmaceutical facil-
ity are regulated by national and international regulatory guide-
lines [1–3]. Specific requirements are given for the quality of air in
pharmaceutical cleanrooms. The guidelines recommend limit val-
ues for a maximum number of airborne particles with sizes
� 0.5 mm as well as colony-forming units (CFUs) per m3 air within
cleanrooms. Two major differences between both guidelines
regarding limit values are important: first: in addition, the Annex 1
also gives limit values for particles� 5 mm. Second: while the FDA
aseptic guide defines limits only for the‘in operation’ status of
processing rooms [3], the European Annex 1 also describes an‘at
rest’ status [2]. In the draft of the announced revision of this
guideline, an expected duration from the‘in operation’ to the ‘at
rest’ status is given [4]: ‘The particulate limits … for the ‘at rest’
state should be achieved after a‘clean up’ period on completion
of operations. The‘clean up’ period should be determined during
the classification of the rooms (guidance value of 15–20 min)’
[4,p.10]. Annex 1 defines cleanroom classes A–D [2]. Cleanroom
classifications are also given in Deutsches Institut fuer Normung
(German Institute for Norming) (DIN) European Norm (EN)
International Organization for Standardization (ISO) 14644-1 with
ranges from ISO 5 to ISO 8 (relevant for pharmaceutical clean-
rooms), where ISO 8 equal Class C limits‘in operation’, and ISO 7
equal Class C limits‘at rest’ [5].

In Annex 1 Class C, the allowed limits for particulate
and microbial contamination are recommended as shown in
Table 1[2].

These regulatory expectations can only be achieved by a con-
tinuous supply of filtered, clean air, and an extraction of contami-
nated air. Hence, the quality of air in the cleanroom is in a direct
relation to the air change rate (ACR). ACR describes how often in
a given time (typically per hour) the room volume of air is
exchanged [6].

N ¼
v� A
V

¼
_V
V

(1)

In Equation (1), N denotes the number of air changes per hour,
v the air velocity (m/h),A the filter surface (m2), V the total room
volume (m3), and _V the air flow rate (m3/h).

FDA’s aseptic guide states [3]: ‘Air change rate is another
important cleanroom design parameter. For Class 100,000 (ISO 8)
supporting rooms, airflow sufficient to achieve at least 20 air
changes per hour is typically acceptable’ wherein the term
‘typically acceptable’ can be misinterpreted as‘required’ [3,p.11].
In Annex 1, a specific value for a suitable ACR is not given. The
WHO recommends an ACR of 6–20/h� 1 for non-sterile manufactur-
ing facilities, but does not give a guidance value for sterile opera-
tions [7].

For the operation of cleanrooms, large amounts of energy are
consumed compared to non-cleanrooms [8–10]. Heating, ventila-
tion and air conditioning (HVAC) systems for pharmaceutical
cleanrooms can have up to 25 times higher energy demands than
standard rooms [8]. The focus of regulatory requirements in‘Good
Manufacturing Practice’ (GMP)-regulated environment, however, is
always on patient, and product, as well as operator safety, and
not on energy efficient production. The obligation to meet the
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guidance values leads to strict decisions in many pharmaceutical
companies: Cleanrooms are operated 24 h with a constant ACR,
independent from actual use [11]. Furthermore, the defined ACR is
often designed higher than actually needed, which again leads to
an increased energy demand of up to 50–75% of the total facility
energy consumption [12]. The reason for his is an over-interpret-
ation of regulatory guidelines, which are generic and do not
reflect specific cleanroom process conditions [8]. The operating
companies do not always know which ACR is required for a spe-
cific room, and, thus, decide to design the air handling unit (AHU)
on the ‘safe side’, with higher ACRs for the cleanrooms than tech-
nically required [12]. Opportunities for energy saving by a correct
and not overdesigned setting of ACR per individual cleanroom are
thereby missed.

In the pharmaceutical industry, the areas for preparation of
sterile drug products within an ISO 8/Class C environment are typ-
ically much larger than the critical areas for final product filling in
ISO 5-7/Class A-B. These filling areas are typically kept to a min-
imum due to the higher contamination risk for the final product
in (open) filling processes. Restricted access barrier systems
(RABSs) or isolators with ACRs significantly higher than 20 h� 1 are
used in these critical areas. By this, the volume of the ventilated
room becomes much smaller and the energy demand for air con-
ditioning acceptable. RABS and isolators however are not applic-
able in many preparation steps for the product which are
performed in Class C/ISO 8 conditions such as large process ves-
sels, washing machines, and autoclaves. Still, wherever the use of
RABS and isolators is possible also in lower cleanroom classes
their use should be considered in terms of quality management
and energy saving purposes. If this is not possible other ways of
energy saving can be followed.

Demand-controlled filtration (DCF) is such an opportunity to
save energy. The AHU then operates with a reduced capacity dur-
ing the ‘at rest’ status of the cleanroom. Various studies have
shown that DCF has a significant potential for energy saving
[13–15]. However, uncertainties with HVAC control systems lead to
an avoidance of DCF for single rooms, due to the risk of cross-
contamination in case of a reversed pressure cascade to corridors
or neighbor rooms during an up and down phasing of the AHU.
Thus, DCF is used in facilities only for an overnight shutdown of
the complete production area.

In view of the public interest to decrease greenhouse gas emis-
sions, as well as to improve energy efficiency, a re-thinking has
started, which is also expressed in guidance documents [16,17].
Until April 2018, the International Society for Pharmaceutical
Engineering (ISPE) also recommended an ACR of 20 h� 1 in its
widely used second edition of the guide for sterile manufacturing
facilities [18]. This second edition is still often referenced in
research papers. In the current third edition, ISPE withdraws this
specific value [17]. The suggestion is now to design the cleanroom
HVAC systems based on the expected particle and microbe-carry-
ing particle (MCP) load of rooms, in combination with other
parameters as, for example, recovery time. For this, ISPE explicitly
refers to Sun et al. who describe a model for cleanroom

engineering [19]. This opens the opportunity to come out with
reduced ACR requirements below the FDA’s recommendation
of 20 h� 1.

For the additional requirement on ‘clean up periods’, recent
studies demonstrated, that even with an ACR of 10 h� 1 the
requirement of 15–20 min for the ‘clean up period’ from ‘in oper-
ation’ to ‘at rest’ can be achieved [20,21].

If this obligation can be achieved with ACR 10, the scientific
follow-up question for this experimental study is: Which ACR pro-
vides the minimum required to meet the regulatory expectations
for the ‘in operation’ status in a pharmaceutical ISO 8/Class C
cleanroom? Consequently, the objective of the test series was to
determine the required minimum ACR to meet regulatory guide-
line limit values with respect to 0.5 and 5mm particles, as well as
CFUs/m3, and on settle plates (SPs).

Methods

Study setup

In an experimental study, 16 different experiments were per-
formed by simulation of ‘in operation’ conditions in a cleanroom
with equipment and personnel, emitting particles and CFUs. This
was simulated with four different garments:

A. Personnel in garment for ISO 8: single use TyvekVR-cleanroom-
overall, overshoes, hairnet, face mask, gloves;

B. Personnel in garment for ISO 9: single use fabric cleanroom-
overall, overshoes, hairnet, face mask, gloves;

C. Personnel in covering street clothes, face mask, gloves;
D. Personnel in T-Shirt and shorts, face mask, gloves;

Please review thesupplementary material for a photo of the
different garments (Figure S1).

Though there are differences in the make of cleanroom cloth-
ing in various countries, the objective and regulatory expectation
remains the same: the gown should provide a barrier between the
operator skin and the cleanroom environment to prevent particles
and MCPs emitted by the operator from product contamination.

Garment A was chosen as a possible gown for Class 100,000/
ISO 8/Class C‘in operation’ cleanrooms. In contrast to that,
Garment B is not recommended for aseptic processing as it con-
sists of a porous fabric which does not provide a full barrier. This
type of gown is for example used in non-sterile operations such
as production of oral solid dosage forms. Garments C and D are
not cleanroom adequate. They were included in this study to
explicitly carve out the need of proper cleanroom clothing.

Face masks are usually not required in environments� ISO 9.
However, for health reasons, due to the SARS-CoV-2 pandemic, it
was decided to continuously wear face masks during the test ser-
ies. Gloves were worn throughout all experiments, even though
they are usually not used in garment situation B–D. This was done
to minimize the risk of unintended (bio-)contamination of the
used microbial air sampling probes. To simulate a potential micro-
bial contamination by typically increased skin surface from hands
in garment B as compared to A, the sleeves of the fabric overall
were pulled up a bit.

Each of the four different garments was tested with four differ-
ent ACR settings:

1. 20 h� 1

2. 15 h� 1

3. 12 h� 1

Table 1.Annex 1 Class C limits.

Parameter
‘In operation’ limit

(ISO 8)
‘At rest’ limit

(ISO 7)

Particles� 0.5mm/m3 3,520,000 352,000
Particles� 5 mm/m3 (Annex 1 Class C only) 29,000 2,900
Air sample CFU/m3 100
Settle plates (diameter 90 mm) CFU/4 h 50
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4. 10 h� 1

With variation of garment and ACR, this study focused on
parameters that might lead to a violation of regulatory limits. No
further investigation of contaminating species was performed in
this experimental study as the mere number of MCPs, regardless
of its kind is relevant for a deviation from guidance limits.
However, in real aseptic production, any deviation should be fol-
lowed by an extensive analysis, including the identification of the
contaminating species, as part of the root cause analysis to define
effective corrective and preventive actions.

Test design

The tests were started with garment A from ACR setting 1–4, fol-
lowed by garment B 1–4, etc., to continuously increase the par-
ticle and CFU contamination in the previously cleaned and
disinfected room. Each test was conducted twice, resulting in total
32 test runs. The test numbering is shown inTable S1of the
Supplementary material.

All experiments for garments A–C and ACR 10, 12, 15, and 20
were performed in the test design as shown inTable 2.

It was expected that at the beginning of the tests, the airborne
particles that remained in the air from test preparation activities,
would be in a steady state or slightly decay by sedimentation, as
no HVAC was actively removing particles. With the entering of
personnel after five minutes, an increase of particles should be
observed (HVAC still off). By starting the HVAC after 10 minutes, a
decay of particles was expected at a different speed, according to
the applied ACR. A typical operation situation was anticipated five
minutes after the HVAC start: operators performed their duties
and emitted particles, while the AHU constantly removed these.
This phase was held for further 10 minutes to monitor airborne
particle levels at different room locations in the real‘in operation’
status. After this phase, the operators left the room. Consequently,
the particle generation by personnel was zero, and the total con-
tamination was expected to decrease.

With garment D, one phase was added, as shown inTable 3.
The addition of a 5-min spiking phase after 25 min, was

intended to boost the contamination with particles and MCPs in
order to examine the increase and decay under different ACRs
(Figure 1).

Not to be misunderstood: the involved test personnel was per-
fectly aware that neither the type of clothing, nor the way of
(foolish) movements are adequate for a process operation in a
cleanroom environment. This test was conducted to analyze the
maximum achievable level of particles and CFUs in a cleanroom
with running HVAC by different ACRs.

Cleanroom and equipment

The room used for the trials is a training room atTesto Industrial
Servicesin Kirchzarten, Germany. Its design is a typical cleanroom
as it can be found in many pharmaceutical companies. Floors,
walls, doors, and ceiling are built with cleanroom components.
Two H13 air filters with swirl diffusers are installed in the ceiling
and two exhaust air grids are mounted slightly above floor level
on the wall. The room has a surface area ofA¼38.4 m2 and a vol-
ume of V¼99.8 m3. An air lock (A¼11.8 m2) is connected
upstream. The HVAC system of the room enables variable ACRs
from < 10 to 70 h� 1, which allowed all tests in an ACR range that
is typically used in the pharmaceutical industry.

The floor was cleaned and disinfected with Korsollin FFVR the
evening before test start. All equipment surfaces were treated
with alcoholic wipe disinfection.Figure 2 shows a panoramic view
of the room without process equipment.

To simulate typical operation processes, a process unit was
placed in the middle of the room. It consisted of a tank filled with
water, a circulation pump, pipes, as well as electrical and instru-
mentation equipment. During the test runs, the pump was con-
tinuously running. This caused heat generation and air turbulence
from the motor. With the given size of the room, it was decided
to conduct the experiments with two operators, which is also a
typical occupancy in pharma process rooms of this space.

Figure 3shows the room with the process equipment and allo-
cated measuring instruments.

A Testo 420 volume flow hood for air supply rate measurement
was used to individually adjust the correct ACR for all tests. All
measuring instruments were calibrated prior to the experiments.

The four particle counters: particle counter 1, located high
inside process unit (P1); particle counter 2, located low inside
process unit (P2); particle counter 3, located on middle room

Table 2.Test design for garment A–C/All ACR.

Time (min) Action

0 Test start
HVAC off
Instruments on

5 Two operators enter the room and do slow, cleanroom-adequate
movements

10 HVAC is switched on. Operators continuously move slowly for 15 min;
biomonitoring probes are regularly changed

25 Operators leave the room. HVAC and instruments remain on.
Five minutes recovery time

30 Test end

Table 3.Test design for garment D/All ACR.

Time (min) Action

0 Test start
HVAC off
Instruments on

5 Two operators enter the room and do slow, cleanroom-adequate
movements

10 HVAC is switched on. Operators continuously move slowly for 15 min;
biomonitoring probes are regularly changed

25 Operators move fast (running, jumping, waving) to intentionally
generate a high emission of particles and CFUs

30 Operators leave the room. HVAC and instruments remain on.
Five minutes recovery time

35 Test end Figure 1.Fast movements after 25 min with garment D.

DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY1645

https://doi.org/10.1080/03639045.2022.2043352
https://doi.org/10.1080/03639045.2022.2043352


table (P3); particle counter 4, located high inside process unit
(P4) are common laser-based systems using the effect of light
scattering for particle counting. All four counters were set-up
with an air flow rate of 28.3 L/min, and a one-minute test dur-
ation, resulting in 4000 data points throughout all 32

experiments. Two counters were located in the process unit
close to the vessel at the height of 0.6 m (P2) and 1.0 m (P1).
The other two counters were placed on desks, below an inlet
air swirl diffuser (P3), and on the cleanroom wall close to the
(non-operational) clean bench (P4).

Figure 2.Panoramic view of test cleanroom prior to start without process equipment.

Figure 3.Room layout with process unit and allocated measuring instruments.
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Merck Millipore tryptic soy agar (TSA) plates (90 mm/30 ml) and
test stripes (for RCSVR air sampler) were used for biomonitoring
[22,23]. In addition, 90 mm SPs were laid out at positions settle
plate 1, located on floor (SP1) and settle plate 2, located on table
near air lock (SP2) to monitor the microbial contamination for four
hours, according to EU GMP Annex 1. After sampling, all plates
and stripes were incubated for four days at 32� C. CFUs were
counted on day 2, 3, and 4. No further CFUs could be detected
between day 3 and 4.

The Merck Millipore RCSVR High Flow Touch is a microbial air
sampler, based on impaction by centrifugal force on test strips
with an air flow rate of approximately 100 L/min [24]. The cali-
brated airflow of the used system was 97.6 L/min. The advantage
of this system is the high sampling volume. The test duration and,
thus, the sampling volume, was set-up as follows:

� 7 min/stripe for tests with garments A–C, four stripes total
(28 min/683 L);

� 7 min/stripe for tests with garment D, first four stripes
(28 min/683 L);

� 5 min/stripe for tests with garment D, last stripe
(¼5 min/488 L).

The ImpactAirVR Iso-Con Slit-to-Agar microbial air sampler works
with 90 mm TSA petri dishes, which slowly rotate below very nar-
row inlet slit [25]. The air flow is 15 L/min. The test duration and,
by this, the sampling volume, was set-up with 7 min/plate for tests
with the garments A–C, and 8 min/plate for tests with garment D,
resulting in a sampling volume of 105 L (A–C) and 120 L (D). Due
to the rotation of the petri dish, results are, to a certain extent,
time-correlated by the position of the CFU on the plate.

An allowance of 40 s for the change-over of probes was calcu-
lated for the three required changes per test. With the addition of
these total two minutes, the tests could be completed in 30 min.

To document all test runs, a HD-camera (Canon EOS 5D Mark
IV, Tokyo, Japan) with a wide-angle lens filmed all activities during
the tests.

Particle results

Test phases

In Figures 4and 5, the 0.5 mm particle load during the tests with
ACR 20, wearing garment A and garment D, is shown as mean
values of both test runs. During the start phase with no air flow
and no operators in the room, the particle load decreased by sedi-
mentation. After five minutes, an increase becomes visible, caused
by the entering of two operators. At t ¼10 min, the HVAC was
switched on, which led to a significant decay of particles. A nearly
steady state level is reached after five minutes of HVAC operation.
During the ‘in operation’ phase between 15 and 25 min, the par-
ticle count could be kept below 50,000/m3. In all tests with gar-
ments A–C, the operators left the room after 25 min and, by this,
initialized the ‘clean up’ period with a further decay of particles.

In the experiments with garment D, the test personnel started
running, waving, jumping, ruffling hair, tapping clothes, and simi-
lar movements after 25 min to intentionally generate a high par-
ticle and MCP load, the effects of which are visible inFigure 5.

Please review thesupplementary material (Figures S2–S4) for
details on differences between the two test runs and differences
on particle counter location.

Results for different ACRs

Results shown in this section focus on the‘in operation’, ‘spiking’,
and ‘clean up’ phase.

0.5 mm particle measurements
Figure 6presents the 0.5mm particle measurement data for a typ-
ical pharma operation situation: A vented cleanroom with two
operators in cleanroom garment using TyvekVR overalls. The differ-
ences in curves are caused by different ACRs. Nearly, all measured
0.5 mm particle counts are at, or below, 50,000/m3. The values
vary slightly due to operator activities, but with the beginning of
the ‘clean up’ period, the order of ACRs becomes visible: ACR 20
has the lowest value, followed by ACR 15, etc.

Figure 4.Phases for tests A–C.
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A most interesting result is the comparison with regulatory
limits. The measured maximum value even with ACR 10 is
approximately seven times lower than the ISO 7/Class C‘at rest’
or Class B ‘in operation’ limits. Accordingly, the allowed ‘in
operation’ level for this simulation of ISO 8/Class C‘in oper-
ation’ is 70 times higher than the maximum values measured
in these trials!

In the last test series D, the potential (bio-)contamination
induced by operators was further increased by means of short
clothes with T-shirt and short trousers. In addition, a five-minute
spiking period with fast movements was added after the previ-
ous ‘in-operation’ period. The effects are shown inFigure 7.

While the 0.5 mm particle loads are at a comparable level with
that of the test with long clothes, they boost up at the begin-
ning of fast movements. Peak levels reach or exceed the‘at
rest’ limit of regulatory requirements and are, at ACR 20, up to
10.5 times higher than the average value during‘the in oper-
ation’ phase. With ACR 10, the increase factor is 8.6 between
the ‘in operation’ mean value and the peak of the spiking
phase. Again,‘in operation’ levels are not exceeded.

An overview of results for garments A–D during the ‘in oper-
ation’ period of 15–25 min is given inFigure 8. The particle gener-
ation with garments C and D is approximately 2–3 times higher
than the particle generation with cleanroom garments.

Figure 5.Phases for tests D– note the different scale on they-axis.

Figure 6.Results 0.5mm particles in test series A– ‘in operation’ and ‘clean up’ period. Note the double splity-axis to enable the marking of regulatory limits and
the different scale of thex-axis.
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See the review of theSupplementary material (Figures S5–S9)
for detailed results on all garments and ACRs.

5 mm particle measurements
The second parameter of regulatory requirements is the limits
given for 5 mm particles ‘in operation’ and ‘at rest’. All particle
counters were set up to analyze this particle size as well.

Figure 9 shows the ‘in operation’ and ‘clean up’ period with
garment A. During the measurement with ACR 15, two peaks
occurred in one trial due to operator activity. For the other ACRs,
the measured values were below the‘at rest’ limits, but with a sig-
nificantly smaller offset to the‘in operation’ limits than the 0.5 mm
measurements (approximately 15-fold vs. 70-fold).

Figure 10 presents the only exceedance of‘in operation’ limit
values in all conducted experiments. It could only be achieved in
test series D during the spiking phase wearing short clothes. The
increase of 5mm particles is expectedly higher during this phase
than with 0.5 mm particles. As the particles generated by person-
nel are generally larger than 0.5mm, it was clear that the spiking
phase would create more of the larger particles and, thus, more
MCPs. Actually, compared to 0.5mm particles, the increase of
5 mm particles in the spiking phase was on average 25% higher in
all experiments. Though this is no surprise, it underlines the valid-
ity of the test setup.

Looking at the ‘in operation’ phase of this test, the measured
5 mm particle values are well below the limit values for all ACRs.
With respect to the inadequate garment D, this is an astonish-
ing result.

Figure 7.Results 0.5mm particles in test series D– ‘in operation’ and ‘clean up’ period. Note the different scale on both axes.

Figure 8.Garments A–D at ACR 10’in operation’. Note the double splity-axis to enable the marking of regulatory limits and differentx-axis.
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Viable particle results

The third parameter of Annex 1 and the FDA Aseptic Guide limits
is the number of CFU/m3 [2,3]. During the experiments, 90 mm
TSA sampling plates as well as TSA test stripes for the RCSVR air
sampler for ‘in operation’ biomonitoring at two different locations
were used.

Air samplers (V1/V2)

An example for the time correlation of the‘slit to agar’ air sampler
is shown in Figure 11. This petri dish was the fourth in the test
D.3.1, placed in the air sampler prior to the spiking phase, and
rotating for eight minutes. A build-up of CFUs during the first five
minutes, and a reduction after the operators had left the room,

can clearly be observed. Other trials with the garments A–C
showed much less microbial contamination.

In Figure 12, the photograph of the four TSA plates and RCSVR

stripes from test A.3.1 after incubation is shown. A.3.1-1 represents
the first seven minutes, in which the HVAC was off, and the oper-
ators were outside of the room for five minutes.

A.3.1-2 includes a 2–3 min particle loading phase (HVAC off),
and a decay phase starting after 10 min (HVAC on). A.3.1-3 covers
the ‘in-operation’ phase of the experiment. Five out of seven
minutes with A.3.1-4 cover the‘clean up’ period without person-
nel in the room.

For the ‘in operation’ period of this trial (A.3.1-3), one CFU was
found on the 90 mm TSA plate, and three CFU were found on the
RCS stripe. This converts to 1 CFU/105 L� 1000 L¼9.5 CFU/m3 for
the 90 mm TSA plate and 3 CFU/683 L� 1000 L¼4.4 CFU/m3 for

Figure 9.Results 5mm particles in test series A– ‘in operation’ and ‘clean up’ period. Note the different scale ony-axis.

Figure 10.Results 5mm particles in test series D (mean values)– ‘in operation’ and ‘clean up’ period.
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the RCSVR stripe. With the recommended limit of 100 CFU/m3, a
total count of 10 CFU/plate or 68 CFU/stripe would be within the
regulatory expectation.

The results of total CFU count during the‘in operation’ phase
of all tests at viable particle counter 1, located low inside process
unit (V1) and viable particle counter 2, located high inside process
unit (V2) are given inTable 4. In comparison with V1, the CFU
counts at V2 were often lower. Series A and B are at the same
level, whereas a significant increase is observed for C and D. Only
two results at V1 (D.2 and D.4) exceeded the allowed limit.

See the review of theSupplementary material (Tables S3 and
S4)for all ‘in operation’ microbial count results.

Settle plates (SP1/SP2)

Settle plates were laid out at SP1 (floor) and SP2 (table) for four
hours each during the complete test period. It was expected that
an increase of CFU could be observed from test series A to D. In
fact, this expectation was confirmed, as presented inTable 5.

The intentional generation of CF�Us during the spiking phase of
series D shows its success in the high values on the morning of
the third test day. The sampling plate on the table at SP2 could
not be analyzed due to its huge number of MCPs that settled on
that plate (see picture inTable 5). The SPs of the 3rd day morning
were the only ones which exceeded the allowed limit on
50 CFU/4 h.

Discussion

Particles

Two general observations are made from the results of the par-
ticle measurement:

1. The Annex 1 Class C‘in operation’/ISO 8 limits for 0.5mm par-
ticles were not exceeded in any of the executed tests. In fact,
all measured values for this particle size were even below
Class B‘in operation’/ISO 7 limits.

2. For 5mm particles, the limits were only exceeded due to fast
and heavy, thus, inadequate movements of the operators.

During the ‘in operation’ phase of the tests with garment A at
ACR 10, the offset between regulatory limit values and measured
particles/m3 was 83-fold for 0.5mm particles, and 18-fold for the
5 mm particles. The study design stipulated two operators in the
cleanroom of 38.4 m2, which is a typical man load for an oper-
ational room of this size in the pharmaceutical industry. Loomans
et al. studied the influence of the number of operators in a clean-
room and found that the first three persons have the biggest
effect on the particle load [14]. The increase of particle generation

Figure 11.90 mm TSA sampling plate during spiking phase of D.3.1 at V1.

Figure 12.Microbial air sampling results on 90 mm TSA plates and RCSVR stripes for test A.3.1.
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from two to three operators has a factor of approximately 2.
Applying this to the given experiments, even the addition of
another person would still not put a risk on the cleanroom cleanli-
ness status from a regulatory point of view.

In single experiments, some peak loads of particles at certain
points occurred. With the help of a video evaluation, these peaks
could be traced back to one of the following events:

� The disinfection of hands prior to the biomonitoring probe
changeover using an aerosol spray bottle: though this was
mostly done at the table close to the outlet air grid in the
back of the process unit, the effect was observed from the
operators on the particle counter displays. This is, however, a
good indication of the homogenous air distribution caused by
the swirl diffusers which was also shown by Whyte et al. [26]
and Lenegan [27]. Given the airflow direction from the inlet to
the outlet air grids, an aerosol particle movement against the
general air flow direction to one of the particle counters would
else not be possible. Yet, to avoid this unwanted effect on par-
ticle counters, the practice of hand disinfection was changed
to a fluid immediately after this observation.

� The changeover of biomonitoring plates and stripes: the RCSVR

air sampler (V2) was located on the process unit vessel at eye
height, while the particle counters P1 and P2 were below that
level in the same unit. It could be observed that the particle
loads increased regularly every 7–8 minutes, which was exactly
the time of biomonitoring change (Figures 6and 9). The man-
ual handling on the air sampler obviously caused the particle
generation that was afterwards detected by the par-
ticle counters.

� Differences in test results may also have been caused by the
operators themselves. Three persons conducted the

experiments with always two in the room, while the third
paused. Thus, no subsequent experiments were performed
with the same combination of operators. Different garment
fabric of the individual persons’ clothes, for example, cotton
vs. linen shirt, could then lead to a different particle generation
with garments C and D, especially during the spiking phase.

The analysis of mean values from the‘in operation’ period
(15–25 min), as given inTable 6, confirms the expectation that a
higher airflow leads to lower particle counts in a cleanroom.
However, as mentioned before, the absolute level of contamin-
ation compared to the allowed limits is very low and makes differ-
ences between ACR 10 and ACR 20 neglectable. The achieved
values in garment A at ACR 10 would still enable the room to
operate even under Class B/ISO 7 conditions.

Comparing the best case scenario of garment A/ACR 20 with
the worst case garment D/ACR 10 in a bar chart, makes the huge
offset between measured values and regulatory limits for ISO 8/
Class C visible (Figure 13).

Viables

The expectations of this study with regard to viable particles have
generally been fulfilled. It is shown that a better garment and a
higher airflow lead to less biocontamination. A surprise is the
good result of the porous garment B when compared to the tight
garment A.

Furthermore, a correlation of 5mm particle values and MCPs
can be observed for example in experiment A.2. This is in line
with the study results of Parat, who also found correlations
between bacterial and particle counts [28,p.951].

Table 4.Results for microbial air sampling during‘in operation’ (limit value: 100 CFU/m3).

CFU/m3 ‘in operation‘ at positions V1þ V2

Garment

Test series
ACR

1 2 3 4
20 h–1 15 h–1 12 h–1 10 h–1

Mean V1 Mean V2 Mean V1 Mean V2 Mean V1 Mean V2 Mean V1 Mean V2

A
ISO 8 Cleanroom Overall

5 2 19 2 5 3 0 3

B
ISO 9 Fabric Overall

5 1 0 2 5 1 10 6

C
Street Clothes

33 27 57 15 53 18 38 39

D
Short Clothes

58 54 113 73 96 87 129 59

Table 5.CFUs on 4 h settle plates at position SP1 and SP2 (limit value 50 CFU/4 h).
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In test series C and D, the number of CFUs was sometimes
below the value that was found in the previous experiment with a
higher ACR. This is surprising, as a higher airflow is expected to
be more efficient in MCP removal. It is assumed that this effect is
caused by the chosen test sequence. As the operators wore the
same clothes during all experiments at one day, the number of
airborne particles and MCP was expectably higher in the first test,
and then continuously decreased as the number of loose particles
on the operators clothes declined throughout several tests. The
same principle applies to surface bacteria on the skin.

The position of the air samplers also influences the results. As
MCPs have a size of> 1 mm, they are also more affected by sedi-
mentation, as studied by Whyte and Agricola [29]. The low pos-
ition of V1 supports the ability to detect these sedimenting viable
particles. In contrast, the high position of V2 might not collect a
representative sample of all airborne viable particles, as heavier
MCPs might not find their way into the RCSVR probe head.

In terms of measurement accuracy, a disadvantage of the rela-
tively short sampling time, resulting in low air sampling volume of
the ImpactAirVR Iso-Con Slit-to-Agar Microbial Air Sampler, became
visible. For example, in test A.2.1, only two CFUs were found on

the sample plate. Calculating the equivalent value for CFU/m3

based on the sampling volume of 15 L/min, the result is 19 CFU/
m3. This is a big lever of 1:9.5 when applied to the study setup.
Usually, this type of air sampler is used for longer sampling peri-
ods and, thus, higher sampling volumes.

Study limitations

This experimental study was designed to be as close as possible
to real pharmaceutical operations. However, some limitations still
apply: in real pharmaceutical operations, a room of similar size the
rooms might be equipped with more or bigger machines than the
study room. The number of interior items in the test room was
probably less than in real operational rooms with more cup-
boards, desks, and equipment. Depending on the type of add-
itional equipment (particle generating or not), this could have a
positive or negative effect on the overall particle and MCP load.
During the engineering of a room, the ACR demand is calculated
according to the total volume of the room, without equipment.
Any additional non-particle generating equipment placed in that
room will reduce the free volume of the room and thereby
increase the ACR. Instead, additional particle-generating equip-
ment could increase the demand of air flow to remove particles
or heat.

Some real process equipment will have a higher heat gener-
ation than the process unit used for this experimental study.
During the experiments, the temperature difference from begin-
ning to end in the room was approximately 3 K. Other (heated)
process equipment might have a bigger influence on room tem-
perature, which then requires a higher ACR to remove thermal
energy, if other cooling sources are not available.

A combination with DCF strategies was not analyzed in this
study. The (unintentional) deactivation of the HVAC system after
room preparation prior to the start of the experiments led to
higher particle values on the first day, rather than comparable
measurements on the second day with an overnight low-level
HVAC operation. This, on one hand, indicates the need for a con-
tinuous HVAC operation, on the other hand it supports the results

Table 6. ‘In operation’ phase 0.5mm particle load.

Average 0.5mm particle concentration at P1–P4 during‘in operation‘
phase (15–25 min)

(Mean values� 103 particles/m3)

Garment

Test series
ACR

1 2 3 4
20 h–1 15 h–1 12 h–1 10 h–1

A 13.3 23.8 32 42.2
ISO 8 Cleanroom Overall
B 29 15.3 26.7 18.8
ISO 9 Fabric Overall
C 32.9 35 33.8 95
Street Clothes
D 34 111.5 56.9 96.3
Short Clothes

Figure 13.Offset between measured values and regulatory limits.
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of other scientists who found that DCF is a very good possibility
for the reduction of energy demand [11,15,30,31].

Two of the four particle counters were placed within the pro-
cess unit. As this is the critical area of sterile operations, these
positions were chosen on purpose. As in much other process
equipment, a pump with an attached motor operated within that
unit. The motor fan generated a disturbance of the air flow origin-
ally initiated by the HVAC system. This might have interfered with
the measured values of the particle counters located close to the
motor. Yet, with the observed differences between all four particle
counters, this effect, if at all, was obviously very small.

Conclusion

Based on these study results, the given research question‘Which
minimum value of an ACR is required to meet the regulatory
expectations for the “in operation” status in a pharmaceutical ISO
8/Class C cleanroom?’ can clearly be answered with ACR 10.
Higher ACRs may apply for other process conditions, e.g. equip-
ment heat generation. This study, in combination with other sci-
entific work, provides evidence that the FDA’s recommendation of
ACR 20 for Class 100,000 (ISO 8) supporting rooms can be
regarded as being outdated [8,19–21,32].

Moreover, the given limit values for Class C‘in operation’/ISO 8
conditions should be reviewed by all regulatory agencies. The
results of this study revealed a tremendous difference between
regulatory limits and actually measured values– even in a non-
cleanroom appropriate garment. The high offset between meas-
ured and required values creates a huge safety buffer, which may
cover up other cleanroom operation problems. This is similar to
the ‘sea of inventory’ principle in operations management as
described by Slack et al. [33]: a higher storage inventory might
avoid potential delivery problems, but it also masks the problems
itself. This impedes actual problem detection and problem solving.
A better way would be to lower the limit values to enable prob-
lem surfacing. As a result of this study, a re-definition of require-
ments for Class C limit values should be considered by regulatory
agencies with the following parameters:

1. No requirement or recommendation for minimum ACRs.
2. Reduction of Class C limit values for 0.5mm ‘in operation’ par-

ticles from 3,5200,000 to 352,000 (factor 10).
3. Reduction of Class C limit values for 5mm ‘in operation’ par-

ticles from 29,000 to 14,500 (factor 2).
4. Reduction of Class C air sample limit values from 100 CFU/m3

to 50 CFU/m3 (factor 2).

With these measures, the current good manufacturing proc-
esses within the sterile manufacturing industry would not be
affected significantly. Hidden problems would surface and could
then be effectively treated.

Provided appropriate GMP control, the proposed limits could
easily be achieved with an ACR of 10, which would meet the
demands for the particle and MCP load, as well as for the required
clean-up period time of a maximum of 20 min.

A 50% reduction of the ACR could save 25–30% energy due to
reduced air fan power, heating, cooling, and humidification [8].
Bisecting the widely used ACR of 20 h� 1 to an actual scientifically
based value of 10 h� 1 would therefore significantly reduce the
energy demand of HVAC systems in the pharmaceutical industry.
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