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Introduction: To ensure the sterility of cell products that cannot undergo conventional sterilization
processes, it is imperative to establish and maintain a clean room environment, regulated through
environmental monitoring, including particle counts. Nevertheless, the impact of particles generated by
operators as potential contaminants remains uncertain. Thus, in this study, we conducted an accelerated
test to assess the correlation between particles generated by operators and airborne bacteria, utilizing
biosafety cabinets within a typical laboratory setting. These biosafety cabinets create a controlled
environment with air conditioning and high-efficiency particulate air (HEPA) filters, offering funda-
mental data relevant to cell production.
Materials and methods: We conducted a simulation followed by real-time experiments involving human
operations to explore the quantity of particles, particle sizes, and the percentage of bacteria within these
particles. This investigation focused on conditions with heightened particle generation from operators
within a biosafety cabinet. The experiment was conducted on operators wearing textile and non-woven
dustless clothing within biosafety cabinets. It entailed tapping the upper arms for a duration of 2 min.
Results: Observations under biosafety cabinet-off conditions revealed the presence of various particles
and falling bacteria in textile clothing. In contrast, no particles or falling bacteria were detected in op-
erators wearing dustless clothing within biosafety cabinets. Notably, a correlation between 5 mm particles
and colony-forming units in textile clothing was identified through this analysis. The ratio of falling
bacteria to the total number of particles within the biosafety cabinet was 0.8 ± 0.5 % for textile clothing,
while it was significantly lower at 0.04 ± 0.2 % for dustless clothing.
Conclusion: This study demonstrated that the number of particles and falling bacteria varied depending
on the type of clothing and that quantitative data could be used to identify risks and provide basic data
for operator education and evidence-based control methods in aseptic manufacturing areas. Although,
this study aims to serve as an accelerated test operating under worst-case conditions, the results need to
make sure the study range in general research.
© 2024, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

To ensure sterility, it is important to process cell products that
cannot be sterilized by conventional means. Therefore, cell prod-
ucts must be protected from numerous risks, including environ-
mental bacteria present in cell-processing facilities [1e4] and
bacteria and fungi in raw materials [5,6]. In addition, there may be
residual contaminants in the biosafety cabinet, such as droplets of
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culture medium [7e9], which may be introduced into the cell
products. To protect cell products from such diverse risks, a clean
room environment, including a sterile production area, must be
established, properly maintained, and controlled. As the use of
excessive disinfectants to protect cell products places a physical
burden on operators [10,11], it is important to quantify the risks and
develop a strategy for maintaining and managing cell-processing
facilities.

To maintain and control the clean room environment, envi-
ronmental monitoring for risk management is conducted, and
particle counts are measured daily. The measurement of particle
counts has been operationalized as a method for environmental
trend analysis [12e14]. Operators are considered to be the most
significant sources of these particles. The particles include non-
living and microbial particles that can contaminate cell products
[14,15]. However, it is unclear to what extent these operator-
generated particles are contaminants in biosafety cabinets used in
aseptic manufacturing areas, and to what extent there is a risk of
contamination of cell products. By quantifying and properly un-
derstanding these risks, it is possible to educate operators effec-
tively and implement appropriate operations.

Particles measured in clean rooms exhibit diameters ranging
from 0.5 to 20 mm. While these particles display various diameters,
bacteria typically have diameters around 1 mm [16]. In clean rooms
and open air, airborne bacteria often adhere to particles within the
0.5e10 mmrange,which are suspended byairflow [17,18]. The aim of
this studywas to elucidate trends in particles, particle sizes, and the
percentage of bacteria contained within these particles. However,
cell processing facilities incorporate high-efficiency particulate air
(HEPA) filters and stringent air conditioning controls to prevent
particle generation. Analyzing the correlation between operator-
generated particles and falling bacteria in such high-clean envi-
ronments proves significantly challenging in statistical, as even if
particles are present, they are typically in extremely small quanti-
ties. Hence, in this study, we conducted an accelerated test using
biosafety cabinets in a standard laboratory environment. These
biosafety cabinets, featuringHEPAfilters andair conditioning, offer a
controlled setting expected to yield fundamental data relevant to
cell production. It is important to note that the number of culturable
bacteria in particles is reported to be considerably small [14].
Therefore, simulations and experiments in this study assumed
conditions involving excessive particle generation from operators,
which deviates from the norm in regular manufacturing processes.

2. Materials and methods

2.1. Simulations of particle generation

For simulations of particle generation, FlowDesigner (Advanced
Knowledge Laboratory Inc., Tokyo, Japan) was used to simulate 5
and 20 mm particles in a biosafety cabinet for 15 s. The simulation
conditions of the biosafety cabinet were defined by inflow and
outflow air velocities that met the JIS K-3800 standard. The detailed
conditions of the biosafety cabinet, such as the aperture and
airflow, are listed in Table 1.

2.2. Investigation for particle count and falling bacteria

In the biosafety cabinet (SCV-1301ECIIA, HITACHI, Tokyo, Japan)
located in a standard laboratory without grade control, each upper
arm underwent alternating taps for 2 min. This was done wearing
particle-intensive textile clothing (a button-down shirt without
gloves) and particle-less, non-woven dustless clothing (IsoClean;
DuPont de Nemours, Inc., DE, USA) and surgical gloves (Toray
Medical, Tokyo, Japan). The biosafety cabinet's integrity was
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validated using an anemometer (VELOCICALC Model 9515, TSI Inc.,
MN, USA) to ensure that inflow and outflow air velocities adhered
to the JIS K-3800 standard. The tapping procedure was repeated
five times for three operators wearing textile clothing and three
times for operators in dustless clothing. Prior to each experiment,
the biosafety cabinet was operated for at least 1 min to ensure that
the particle counter was reset to zero, as indicated in Fig. S1. Data
regarding the number of particles and falling bacteria, with the
biosafety cabinet (BSC) off and in an unoperated state, are pre-
sented in Fig. S1A and S1B. Each experiment was performed with
the BSC turned on and off. Four particle counters were installed in
the BSC. On the left side, an instrument (ZN-PD03-S; OMRON
Corporation, Kyoto, Japan) measuring 0.5 and 1 mm particles was
installed, and on the right side, an instrument (ZN-PD50-S:
OMRON) measuring 5 and 20 mm particles was installed. Soybean-
casein digest (SCD) medium (Nissui-Seiyaku, Tokyo, Japan) was
placed on each of the three plates adjacent to the 5 mm particle
counter (Fig. 1A). The supplemental information displays temporal
data, expressed in values per cubic meter. These values are derived
from count data by using suction volume per minute values of 3.5 L
for 0.5 mm particles and 7.0 L for 5 mm particles.

2.3. Method to calculate the ratio of the presence of bacteria in
particles

Fallen bacteria were quantified by the number of colony-
forming units (CFU) in the SCD medium. The obtained results are
shown in a heat map as average values according to the number of
tests performed under each condition. The total number of CFUs in
the three agar medias adjacent to each particle counter located in
the front and back, divided by the total number of particles during
the 2 min tapping of clothes, was calculated as the bacterial pres-
ence ratio in the particles.

2.4. Statistical analysis

Statistical analyses of the collected data were performed using
GraphPad Prism version 9 (GraphPad Software, CA, USA). Spear-
man's correlation analysis was performed between the particle size
and total particle and CFU counts.

3. Results

3.1. Simulations of particle generation

In the simulations of particle generation, many particles
behaved under biosafety cabinet-on or -off conditions (Fig. 1A and
B). Under biosafety cabinet-off conditions, both particle types
continued to remain in the workspace (Supplemental Videos 1 and
2). One difference was that the 5 mm particles were still floating
after 15 s, whereas the 20 mm particles began to settle after 10 s. In
the BSC, when both types of particles were generated, they were
immediately discharged through the exhaust located at the front
and rear ends, respectively. All the particles were completely
exhausted within 15 s after ceasing particle generation (Fig. 1C;
Supplemental Videos 3 and 4).

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.reth.2024.01.001

3.2. Distribution of falling bacteria caused by excessive particle
generation

The number of falling bacteria was quantitatively evaluated
under textile clothing and dustless clothing conditions and under
excessive particle generation conditions wherein the clothing was

https://doi.org/10.1016/j.reth.2024.01.001


Table 1
Conditions for particle generation simulation.

Design Locations Flow speed (m/s) Size (cm) Calculated flowrate (m3/min) Total (m3/min)

Airflow Roof 0.5 160 (W) � 80 (D) 38.40 38.40
Suction Rear 1.5 160 (W) � 6 (D) 8.64 37.44
Suction Front 3 160 (W) � 10 (D) 28.8
Aperture Front 160 (W) � 11(D) 0.96

Fig. 1. Simulation of particle generation in biosafety cabinets. (A) Simulation model of biosafety cabinet. (B) Trends of generated particles in simulation. (C) Time-lapse images of
simulations for 5, 10, and 15 s of particle generation. Particle behavior when the biosafety cabinet is turned on (top) and turned off (bottom). Left: 5 mm and right: 20 mm.
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tapped for 2 min (Fig. 2A). Numerous falling bacteriawere observed
on the textile clothing in the biosafety cabinet-off condition for
operators a, b, and c. The highest number of bacteria was observed
directly under the tapping area at the front position (Fig. 2B). In the
textile clothing and BSC, falling bacteria were detected only at the
front of operator a (Fig. 2B). In the dustless clothing and biosafety
cabinet-off conditions, falling bacteria were detected only at the
front of operator a (Fig. 2B). In the dustless clothing and BSCs, no
falling bacteria were detected by any of the operators (Fig. 2B).

3.3. Differences in particle generation by operators and clothing

The total number of particles generated by the tapping of
clothes of operators a, b, and c is shown in Fig. 3. Particles were
detected under biosafety cabinet-off conditions (Fig. 3A). The
number of 0.5 mm particles in textile clothing were 11,061 ± 580,
7432 ± 369, and 5265 ± 436 for operator a, b, and c, respectively.
The 0.5 mm particle counts in dustless clothing were 1816 ± 402,
1840 ± 345, and 1186 ± 337 for operators a, b, and c, respectively.
The 1 mm particle counts for textile clothing were 537 ± 47,
460 ± 49, and 1233 ± 147 for operators a, b, and c, respectively. The
1 mm particle counts for dustless clothing were 1339 ± 36,
398 ± 156, and 64 ± 23 for operators a, b, and c, respectively. The
5 mm particle counts for textile clothing were 462 ± 178, 339 ± 69,
and 1310 ± 193 for operators a, b, c, respectively. The 5 mm particle
counts for dustless clothing were 79 ± 38, 577 ± 245, and 37 ± 23
for operators a, b, and c, respectively. The 20 mm particle counts for
textile clothing were 33 ± 18, 33 ± 13, and 112 ± 63 for operators a,
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b, and c, respectively. The 20 mm particle counts for dustless
clothing were 3 ± 3, 16 ± 10, and 3 ± 3 for operator a, b, and c,
respectively. Figure S2 illustrates the generation of 0.5 mmand 5 mm
particles by each operator during a 2 min tapping session in the
absence of BSC activation. By contrast, no particles were detected
when the BSC was operational (Fig. 3B). Figure S3 presents the
generation of 0.5 mm and 5 mm particles by each operator during a
2 min tapping session with the BSC in an activated state.

3.4. Correlations between particle size and general or dustless
clothing under BSC-Off conditions

The correlation between each particle type under biosafety
cabinet-off conditions was then analyzed (Fig. 4). Correlations were
found between 1 mm/20 mm (r ¼ 0.625, p < 0.05) and 5 mm/20 mm
(r ¼ 0.664, p < 0.01) particles in textile clothing, along with a high
correlation between 1 mm/5 mm (r ¼ 0.859, p < 0.001) particles
(Fig. 4A). In dustless clothing, correlations were observed between
0.5 mm/1 mm (r ¼ 0.612, p < 0.01) and 1 mm/20 mm (r ¼ 0.674,
p < 0.01) particles, with higher correlations between 1 mm/5 mm
(r ¼ 0.930, p < 0.001) and 5 mm/20 mm (r ¼ 0.815, p < 0.001) par-
ticles (Fig. 4B).

3.5. Correlations between particle size and colony-forming unit for
general or dustless clothing under BSC-Off

The correlation between each particle and the total number of
CFUs on the SCD agar medium under biosafety cabinet-off



M. Mizuno, K. Abe, T. Kakimoto et al. Regenerative Therapy 25 (2024) 264e272
conditions was analyzed (Fig. 5). The results showed a correlation
between 5 mm particles and CFU for textile clothing (r ¼ 0.614,
p < 0.001) (Fig. 5A). No valid results were obtained for dustless
clothing because the number of falling bacteria was exceedingly
low (Fig. 5B). In the calculation of the percentage of bacteria present
in the total particle count, the correlated results for 5 mm particles
in textile clothing were valid: 1.0 ± 0.5 % for operator a, 0.8 ± 0.5 %
for operator b, and 0.6 ± 0.3 % for operator c. The mean for all op-
erators was 0.8 ± 0.5 % for textile clothing and 0.04 ± 0.2 % for
dustless clothing (Fig. 5C).

4. Discussion

4.1. Discussion

The processing of cell products, which cannot undergo sterili-
zation, necessitates the careful maintenance of cleanliness in the
manufacturing environment to ensure crucial sterility during the
process. While many manufacturing operations are currently per-
formed manually [10], humans are one of the major sources of
generating particles, which causes contamination. However, the
specific risk these human-generated particles pose to cell products
remains unclear. Therefore, in this study, we analyzed the corre-
lation between particles and falling bacteria in BSCs, which has not
yet been quantitatively evaluated. In this investigation, we
analyzed data derived from excessive particles originating from
clothing in general cell cultures conducted under typical laboratory
conditions. This analysis serves as fundamental data with practical
utility for cell production processes.

First, the behavior of the particles in a BSC was analyzed using
an in silico simulation. Although the particles typically measured in
clean rooms are small, such as 0.5 and 5 mm particles, the terminal
Fig. 2. Distribution of falling bacteria caused by excessive particle generation. (A) Experime
counters (Upper). Tapping clothes for 2 min for textile and dustless clothing (Lower). (B) Hea
or Off.
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settling velocity of these small particles is known to be less than
1mm/s. In other words, the gravitational and drag forces due to the
air are balanced and suspended. In an environment without wind,
these particles remain in the air for a long time and become sources
of contamination. Meanwhile, the terminal settling velocity be-
comes 1 mm/s or more when the particles are 10 mm or 20 mm in
size. As particles of these sizes are light, they are exhausted by the
airflow in clean rooms. In this analysis, we confirmed the previ-
ously known behavior of the particles in the simulation. However,
in actual manufacturing sites, multiple factors, such as the turbu-
lence and static electricity associated with the nature of the parti-
cles generated, cannot be assumed. Therefore, it is necessary to
verify what happens during actual human operations.

Experimental conditions for actual human operations are
necessary for verification. Because the number of culturable
airborne bacteria contained in particles is speculated to be very
small [14], in the current study, we conducted experiments under
the condition of excessive particle generation, which does not occur
in normal manufacturing processes. The experiment was con-
ducted under the condition that the three operators tap their
clothes for 2 min. The experimental results were generally stable
among the operators, despite the difference in the force applied by
each operator. In addition, falling bacteria were observed even on
agar plates placed just below the fall point under conditions of no
downward flow, suggesting that falling bacteriawere suspended by
the airflow generated by arm tapping. In concordance with the
simulation, a greater number of 5-mm particles were registered in
the particle counter situated at the front of the biosafety cab-
inetddirectly below the tapping zonedcompared to the counter
located at the back of the cabinet. Notably, the detection of these
particles ceased when the BSC was operational, implying that the
clean environment may be compromised during periods of
ntal conditions for excessive particle generation. Position of agar mediums and particle
tmap of colony-forming units (CFU) of fallen bacteria in operators a, b, and c on BSC On



Fig. 3. Differences in particle generation by operators and clothing. (A) Total number of particles at each particle size during 2 min of particle generation under BSC-Off conditions.
(B) Total number of particles at each particle size during 2 min of particle generation under BSC-On conditions.
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abnormal airflow or when airflow is impeded by an abundance of
culture materials. Therefore, routine airflow assessments coupled
with adherence to proper culture protocols by operators stand as a
straightforward and dependable approach for ensuring the secure
production of cell products.

Textile clothing with excessive particle generation under
biosafety cabinet-off conditions exhibited numerous particles,
along with a significant presence of falling bacteria. This observa-
tion may be attributed not only to the clothing quality but also to
the release of indigenous skin bacteria from the cuffs [19]. Inter-
estingly, in the case of operator A, who experienced a substantial
occurrence of falling bacteria in textile clothing, these bacteriawere
detected even under biosafety cabinet-on conditions, though no
particles could be measured. This suggests that particle measure-
ment may not consistently be effective in detecting falling bacteria.
Conversely, even in the dustless clothing under the generation of
excess particles on the biosafety cabinet-off conditions, equal or
more particles were observed in operator b than in the textile
clothing, but no falling bacteria were detected in operator b with
dustless clothing.

These data are consistent with previous reports that suggested
that sterilized clothing releases fewer microbiological contami-
nants than non-sterilized clothing [20]. Most importantly, when
the BSC was on, no particles or falling bacteriawere observed in the
dustless clothing. This suggests that a clean environment can be
maintained during the manufacturing of cell products if proper
facility maintenance and operation are managed, followed by
proper clothing and operational practices.
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The measurement of particles is not used to infer a relationship
with microorganisms but rather to evaluate whether cleanliness in
the environment is maintained, such as whether the HEPA filters
are functioning. The HEPA filters are defined in ISO 29463-1 or JIS Z-
8122 as filters with a particle collection efficiency of 99.97 % or
higher for 0.3 mm particles [21]. Therefore, the significance of
measuring 0.5 mm particles is that it is a real-time means of con-
firming that there are no leaks in the HEPA and that cleanliness is
maintained. Furthermore, the data are supported by the fact that
0.5 mm particle size is smaller than the typical bacterial diameter
and is the smallest reliable particle size that can be measured
[16,22]. In our analysis, 0.5 mm particles in textile clothing showed
no correlation with other particle diameters, while in dustless
clothing, 0.5 mm particles showed a correlationwith 1 mm particles.
This suggests that the tendency of particles to be emitted differs
depending on the clothing material. In addition, ISO 14644-1 and
JIS B-9920 specify correlative reference values for 0.5 and 5 mm
particles for each class [22]; however, no correlation was observed
in this study. In other words, it was suggested that each measure-
ment of 0.5 and 5 mm particle size has a certain significance. By
contrast, unlike industrial clean rooms where semiconductors are
manufactured, biological clean rooms where cell products are
manufactured are made of biological materials, and the raw ma-
terials themselves may be contaminatedwithmicroorganisms such
as bacteria [5,6,23]. Therefore, managing clean rooms using the
same standards can be challenging. Furthermore, 5 mmparticles are
immediately captured under biosafety cabinets-on conditions; at
the same time, antibiotics are often used in cell culture media



Fig. 4. Correlations between particle size during general or dustless clothing and BSC-Off conditions. (A) Correlations between particle size under BSC-Off with textile clothing
conditions. (B) Correlations between particle size under BSC-Off with dustless clothing conditions.
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[24,25]. Thus, whether 5 mm control is necessary would still need to
be debated. Scientific validation of the relationship between anti-
biotics, contamination risk, and the risk of microbial contamination
of cell products is essential to advance this debate.

The number of CFUs found on the agar medium had the highest
correlation with 5 mm particles. These data are important, as they
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directly demonstrate the significance of 5-mm particle measure-
ments in environmental monitoring. However, among the 5 mm
particles, extremely small amounts of bacteria were present,
approximately 0.8 % in textile clothing and 0.04 % in dustless
clothing. In other words, particles are trapped by the airflow during
normal BSC operation, and the possibility of bacteria affecting cell



Fig. 5. Correlations between particle size and colony-forming unit (CFU) during general or dustless clothing and BSC-Off conditions. (A) Correlations between particle size and CFU
with textile clothing under BSC-Off conditions. (B) Correlations between particle size and CFU with dustless clothing under BSC-Off conditions. (C) Number of CFU per particles at
each particle size.
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products in the culture is considered extremely low. The cell
products fabricated in properly controlled facilities are often
contaminated by raw human tissue, contamination during har-
vesting from humans, and contamination from aseptic testing
environment [4e6,26e28]. The data from our study suggest that
the risk of environmental contamination is low. However, this does
not imply that the 5-mm measurement is not significant. For
example, autologous and allogeneic cell products have different
risks of contamination. Autologous cell products are at a 1:1 risk,
whereas allogeneic cell products can be at a 1:100e1000 risk. This
implies that unique control methods should be considered through
risk assessment based on the characteristics of each individual
product.
270
In the current situation, where various costs, such as electricity
bills, are increasing, it is necessary to consider appropriate man-
agement methods based on the characteristics of cell products for
facility-related costs, which dominate 30%e50 % of the cost struc-
ture of cell products [29,30]. To adopt new management practices,
it is necessary to dispel concerns by adopting a scientific approach
and developing new technologies from the current stage.

In our current study, we identified a limitation in the method
employed for calculating the percentage of bacteria, which did not
involve simultaneous particle measurements. Certain systems, for
instance, irradiate airborne particulates with a laser and utilize
scattered light to identify microorganisms [14]. However, it is not
certain whether such systems pose a risk to actual cell products



M. Mizuno, K. Abe, T. Kakimoto et al. Regenerative Therapy 25 (2024) 264e272
because some bacteria cannot be cultured in an agar medium.
Additionally, there might be bacteria that do not thrive on the SCD
agar medium utilized in this study but flourish in a liquid medium
containing fetal bovine serum or various growth factors used in cell
product production. Consequently, future verification of results
with non-cultured microorganisms using alternative analytical
methods is imperative. Another limitation is ensuring that the re-
sults obtained in this study range are applicable more broadly.
While this research aims to present novel, previously unreported
data, the experiments deliberately took place in a general labora-
tory environment to quantify a worst-case scenario for cell product
contamination. The objective is to extrapolate from these
maximum risk factors to assess risk levels within a clean room
setting. For example, our study estimated the risk of environmental
bacterial contamination from dust-free clothing during biosafety
cabinet (BSC) operation to be 0.04 ± 0.2 %. If extrapolated to a clean
room setting, this risk logically decreases further. However, it is
crucial not to entirely dismiss the potential for contamination in
actual manufacturing facilities. Thus, this study serves as an
accelerated test under worst-case conditions. The quantified risks
identified in this study are expected to provide foundational data
for risk assessments across various facilities.
5. Conclusion

Our study revealed that the number of particles and falling
bacteria under conditions of excessive particle generation varied
greatly depending on the type of clothing. Furthermore, we were
able to quantitatively show the ratio of falling bacteria to the
number of particles in the BSC. Such quantitative data can be used
to correctly identify risks and provide basic information for the
education of operators manufacturing cell products, which can
facilitate the development of evidence-based control methods for
aseptic manufacturing.
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