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a b s t r a c t

Introduction: During changeover in cell-product processing, it is essential to minimize cross-
contamination risks. These risks differ depending on the patient from whom the cells were derived.
Human error during manual cell-product processing increases the contamination risk in biosafety cab-
inets. Here, we evaluate the risk of cross-contamination during manual cell-processing to develop an
evidence-based changeover method for biosafety cabinets.
Methods: Contaminant coverage was analyzed during simulated medium preparation, cell seeding, and
waste liquid decanting by seven operators, classified by skill. Environmental bacteria were surveyed at
four participating facilities. Finally, we assessed the effect of conventional UV irradiation in biosafety
cabinets on bacteria and fungi that pose a cross-contamination risk.
Results: Under simulated conditions, scattered contamination occurred via droplets falling onto the
surface from heights of 30 cm, and from bubbles rupturing at this height. Visible traces of contaminants
were distributed up to 50 cm from the point of droplet impact, or from the location of the pipette tip
when the bubble ruptured. In several facilities, we detected Bacillus subtilis, of which the associated
endospores are highly resistant to disinfection. Irradiation at 50 mJ/cm2 effectively eliminated Bacillus
subtilis vegetative cells and Aspergillus brasiliensis, which is highly resistant to UV. Bacillus subtilis en-
dospores were eliminated at 100 mJ/cm2.
Conclusions: Under these simulated optimal conditions, UV irradiation successfully prevents cross-
contamination. Therefore, following cell-product processing, monitoring the UV dose in the biosafety
cabinet during cell changeover represents a promising method for reducing cross-contamination.
© 2022, 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/

4.0/).
1. Introduction

Cell-processing facilities are known to harbor risks, including
environmental bacteria [1], which may contaminate biosafety
cabinets during processing [2]. During autologous cell-product
processing, cross-contamination can occur during changeover. In
particular, the use of high-viscosity fetal bovine or human serum as
culture media is often associated with droplet scattering and
bubble rupture. The droplets generated by such processes may
o).
se Society for Regenerative

ative Medicine. Production and ho
remain on the walls and floor of the aseptic operation area and
contaminate the products in subsequent processes. However, no
analysis has been conducted to determine the risk of contamination
due to these human manual operations, nor the extent to which
contamination from droplets and bursting bubbles becomes scat-
tered. During changeover, it is necessary to determine whether the
risk is acceptable or unacceptable. For example, human tissues,
such as digestive epithelial tissues or blood, may be contaminated
with bacteria or fungi [3,4], which may remain as microparticles
after cell-product processing, posing an ongoing contamination
risk. Thus, the risks posed by cross-contamination differ depending
on the patient fromwhom the cells are derived, and on the type of
processing task. Given that human tissue-derivedmaterials and cell
products cannot be sterilized, the risk of cross-contamination
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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during cell-processing must be minimized. Biosafety cabinet
decontamination can minimize these risks.

Currently, each cell-processing facility must establish its own
changeover methods, as no international guidelines exist for
changeover. The most promising changeover decontamination
methods, as alternatives to formaldehyde, include fogging with
hydrogen peroxide or peracetic acid. However, fogging after each
processing task is labor-intensive and requires residual gas mea-
surement after each application. Furthermore, residual hydrogen
peroxide adversely affects cell proliferation [5]. Hence, decontam-
ination by disinfectant fogging is not ideal. Biosafety cabinet
decontamination is generally achieved using UV irradiation, the
most common technique for surface sterilization [6], and is
confirmed by sampling environmental bacteria after processing
each product. UV irradiation eliminates microorganisms by causing
the formation of dimers in nucleic acids [7,8]. However, the effec-
tiveness of UV during cell-processing changeover has not been
previously reported, and no standard protocols are available.
Furthermore, although the times required for cell-processing tasks
in human-cell cultures have been reported [9], the contamination
risks have not been adequately examined.

To evaluate the cross-contamination risk, we first analyzed
contamination scatter by task type, under worst-case simulated
conditions. Second, we surveyed environmental bacteria in several
participating cell-processing facilities to identify frequently detec-
ted bacteria and to select the target bacteria for decontamination
experiments. Finally, we evaluated the effects of UV irradiation on
the frequently detected and UV-resistant bacteria. Based on these
results, we propose an evidence-based changeover method for
biosafety cabinets.
2. Materials and methods

2.1. Cell-processing analytical procedures

Seven operators, classified as expert or beginner based on their
in-house qualifications (Table 1) participated in the study. Biosafety
cabinets with downflow air (MHE-130AJ and MHE-131AJ: PHC
Corporation, Tokyo, Japan), fitted with a camera, were used. We
simulated the actual operations performed in mass culture (me-
dium preparation, cell seeding, and decanting of waste liquid using
flasks; Fig. 1A), repeated eight times by each operator. For medium
preparation, the operators transferred the maximum volume of
basic medium into a 1000 mL bottle (height: 220 mm, Corning Inc.,
NY, USA), using a 50mL pipette (Sumitomo Bakelite Co., Ltd., Tokyo,
Japan). For cell seeding, all of themedium in the 1000mL bottlewas
then extracted using a 50 mL pipette and seeded into eight culture
flasks (height: 190 mm, Thermo Fisher Scientific Inc., MA, USA). For
this step, the pipettes were used repeatedly, to imitate actual mass
culture production, under the assumption that the same patient's
cells were being handled. The culture medium was then decanted
from the eight culture flasks into a waste liquid bottle (height:
195 mm, Sanplatec Co., Osaka, Japan). The height above the floor of
Table 1
Adherent-cell culture experience within each group.

Category Years of experience In-house qualification

Expert 6.5 þ
4 þ
5 þ

Beginner 3 e

0 e

0 e

0 e
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the biosafety cabinet at which each task was performed (“perfor-
mance height”) was measured; the maximum performance height
reached during each operation was recorded as the height for that
task.

2.2. High-speed camera

Droplet movement and bubble rupture inside the biosafety
cabinets were monitored using a FastcamMini AX camera (Photron
Limited, Tokyo, Japan), at 2000 frames per second. For image
highlighting we used Photron FASTCAM Viewer 4 (Photron).

2.3. Contamination coverage analysis

To measure contamination coverage arising from droplet scat-
tering or bubble-rupture, we used DMEM containing 5 � phenol
red (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and
20% fetal bovine serum (Thermo Fisher Scientific). Using a 50 mL
pipette, this culture medium was dropped onto a SUS304 special-
use stainless steel plate (5 cm � 5 cm; AS ONE Co., Osaka, Japan),
from heights of 10, 20, or 30 cm, over a sheet of graph paper placed
on the floor of the biosafety cabinet. The biosafety cabinet floor was
manufactured from SUS304 stainless steel. The contamination-
scatter on the graph paper was then photographed, and the dis-
tances of particle scatter from the landing point were quantified.
The SUS304 plate, which we used to prevent inhibition of scat-
tering, was placed at the center of the graph paper. Droplet volume
was measured separately from the experiment using a
Practum612-1S balance (Sartorius AG, G€ottingen, Germany). The
size of the bubble before rupturing was quantified using ImageJ
(National Institutes of Health, MD, USA). The scatter patterns were
independently analyzed three times.

2.4. Environmental bacteria survey

At four anonymized and cooperating cell-processing facilities,
we conducted environmental monitoring using agar to sample
bacteria. Bacteria were present in each area of the facilities. The
definition of a clean area was similar to that used in our previous
studies [1]. “General environment” refers to the uncontrolled area.
The controlled areas (grades C and D) were defined according to the
cleanliness definitions in the Consideration on Aseptic Operation in
Cell Culture Processing Facilities protocol, based on the Japanese
Society for Regenerative Medicine Safety Act. Considering that
environmental monitoring is not typically conducted in uncon-
trolled areas, we requested that testing be performed in a small
number of uncontrolled locations. Within the controlled areas,
environmental monitoring was conducted in accordance with each
facility's standard practices. The bacteria extracted from the agar
were identified using a ribosomal RNA-specific primer and probe
set, as previously reported [1]. Species suggested by BLAST analysis,
with an identification rate >99%, were considered candidate
species.

2.5. UV irradiation

Each biosafety cabinet was equipped with a 15 W UV-C germi-
cidal lamp (Sankyo Denki Co., Kanagawa, Japan). The irradiation
dose was measured using a UV intensity meter (UVC-254SD;
SATOTECH, Kanagawa, Japan) at 254 nm (range: 220e280 nm).

2.6. Bacteria and fungi

Using a micropipette, 100 mL drops of the bacterial and fungal
dilutions were added to SUS304 plates (5 cm � 5 cm), which were



Fig. 1. Contamination during cell processing. (A) Performance height by processing task. (B) Data are presented as mean and range. **p < 0.01 (Welch's t-test). (C) Learning-curve
analysis. The data are the means for three experts (in red) and four beginners (in blue), based on eight repetitions of the tasks.
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subsequently irradiated with UV. Bacteria that are highly resistant
to UV radiation, as well as those frequently detected in the cell-
processing facilities, were used. Vegetative cells of Bacillus subtilis
(NBRC 3134; National Institute of Technology and Evaluation
[NBRC], Chiba, Japan) were diluted to 1 � 106 CFU in physiological
32
saline (Otsuka Pharmaceutical Co. Ltd., Tokushima, Japan). Bacillus
subtilis endospores (1 � 108 CFU, NBRC 13722, Bioball Multishot
10E8; bioM�erieux, Marcy l’Etoile, France) dissolved in rehydration
fluid (bioM�erieux) were diluted to 1 � 106 CFU with physiological
saline. After irradiation, bacteria were seeded in soybean-casein



Fig. 2. Contamination from falling droplets. (A) Particle scattering by double droplets: high-speed photography (left) and highlighted image (right). Scale bar, 1 cm. Yellow
arrowheads indicate the scattered particles. (B) Contamination from a single droplet. (C) Contamination from a double droplet. Distance from the point of impact is shown as the
mean and range (left). The number of scattered particles is shown by mean ± SD (right). (D) Locations of contamination from double droplets. The scatter plots were evaluated
independently three times.
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digest agar medium (Nissui-seiyaku Ltd., Tokyo, Japan) and incu-
bated at 37 �C. Bacterial seeding with or without UV irradiationwas
triplicated independently.

The fungus Aspergillus brasiliensis (NCPF 2275) was obtained
from Bioball Multishot 10E8 (1� 108 CFU; bioM�erieux) dissolved in
rehydration fluid, and subsequently diluted to 1 � 106 CFU with
physiological saline. After irradiation, the fungi were seeded on
Sabouraud agar medium (Nissui-seiyaku) and incubated at 30 �C.
Fungus seeding with or without UV irradiation was triplicated
independently.

2.7. Statistical analysis

GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) was
employed for all statistical analyses. Results are presented as the
mean ± SD, or with a range. Two-group analysis was performed
33
using Welch's t-test, and correlation analysis was performed using
Pearson's correlation. P < 0.05 was considered significant (two-
tailed tests).

3. Results

3.1. Contamination from manual processing

To simulate worst-case scenarios for manual operation, we
focused on performance height. Following eight replicates of the
three simulatedmass-culture operations (medium preparation, cell
seeding, and waste liquid decanting), the maximum performance
heights were evaluated for the seven operators (three experts and
four beginners).

The maximum performance heights for each task were signifi-
cantly lower for experts (27.9 ± 1.5 cm) than beginners



Fig. 3. Contamination following bubble rupture. (A) Bubble rupture: high-speed photography (top), and highlighted image (bottom). Scale bar, 1 cm. (B) Contamination following
bubble rupture. Distance from the bubble rupture location is indicated as the mean and range (left). The number of scattered water particles is shown as mean ± SD (right). (C)
Pearson's correlation between bubble size and the number of scattered particles. (D) Contamination scatter following bubble rupture. The scatter plots were evaluated inde-
pendently three times.
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(29.7 ± 2.8 cm) for medium preparation (CoVs: 5.5% and 9.5%), as
well as for cell seeding (25.2 ± 1.7 cm and 29.6 ± 4.8 cm; CoVs: 6.8%
and 16.2%, respectively), and waste liquid decanting (24.0 ± 2.4 cm
and 26.2 ± 2.2 cm; CoVs: 9.8% and 8.4%, respectively; Fig. 1B).
Learning-curve analysis revealed that variability was particularly
high among beginners (Fig. 1C). Based on these results, we defined
30 cm as the maximumworst-case scenario performance height.
3.2. Contamination area from single droplets and ruptured bubbles

We next examined the droplet-scattering contamination risk,
focusing on droplets and bubble rupture.

Based on high-speed photography and image-highlighting,
minute droplets were scattered when second droplets landed
from a height of 20 cm (Fig. 2A; Supplemental Videos 1 and 2).
Droplet volume, measured separately from the experiment, was
83.3 ± 15.1 mL. Single droplets contaminated a limited area, and
did not scatter on landing (Fig. 2B). Double droplets falling from
performance heights of 10, 20, and 30 cm scattered particles to
distances of 5.0 ± 4.6 cm, 30 ± 11.8 cm, and 47.7 ± 4.9 cm (Fig. 2C),
and generated 1.3 ± 1.2, 25.7 ± 6.7, and 48 ± 8.0 particles,
respectively. These findings indicate that the scattering area and
number of scattered particles increased with performance height
(Fig. 2C and D).

Supplementary video related to this article can be found at
https://doi:10.1016/j.reth.2022.12.003.

Bubble rupture generated multiple scattered water particles
(Fig. 3A, Supplemental Videos 3 and 4), with scatter distances of
9.1 ± 4.7 cm, 17.7 ± 9.0 cm, and 17.9 ± 9.1 cm for performance
heights of 10, 20, and 30 cm (Fig. 3B), generating 18.3 ± 3.5,
11.7 ± 6.5, and 16.3 ± 7.2 particles, respectively. The mean size ±SD
of the bubble before rupturing was 35.3 ± 5.8 mm. The mean
number of scattered particles and the mean bubble size prior to
rupture were correlated (Fig. 3C). Substantial scattering of particles
from higher performance heights was observed, although the
number of particles generated did not vary with performance
height (Fig. 3D). These results indicate that scattering can cause
contamination at distances up to 50 cm. Scattered contamination
may also involve environmental bacteria.

Supplementary video related to this article can be found at
https://doi:10.1016/j.reth.2022.12.003
3.3. Environmental bacteria survey

To identify bacteria that are highly resistant to decontamination,
we surveyed the environmental bacteria in the cell-processing fa-
cilities: Micrococcus sp., Staphylococcus sp., and Bacillus sp. were
Table 2
Cell-processing facility environmental bacteria survey.

Facility General environmental bacteria

A Micrococcus sp.

B Staphylococcus sp.

C No examinations

D Bacillus sp.
Micrococcus sp.

Grades were defined according to cleanliness definitions in the Consideration on Asept
the Japanese Society for Regenerative Medicine.
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detected in the controlled areas at most of the facilities (Table 2).
The endospore-forming Bacillus sp., which is highly resistant to
decontamination, was selected as the candidate species.
3.4. Decontamination effects of UV irradiation

Assuming that environmental bacteria are presentwhen there is
the residual scattered contamination in biosafety cabinets contains
environmental bacteria, we analyzed the effects of UV irradiation
on contamination (Fig. 4A). We evaluated UV decontamination of
the vegetative cells and endospores of Bacillus subtilis and of
Aspergillus brasiliensis, which are highly UV-resistant.

The UV irradiation levels were 46 ± 9.6, 100.5 ± 21.2, and
162.5 ± 16.2 mW/cm2, at the front, middle, and back of the cabinets,
respectively (Fig. 4B). The effects of this UV irradiation on Bacillus
subtilis were examined: colony formation was not observed for
vegetative cells at 50mJ/cm2 or endospores at 100mJ/cm2, whereas
endospore colony formation was observed at 50 mJ/cm2 (Fig. 4C).
For Aspergillus brasiliensis, no colony formation was observed at
50 mJ/cm2 (Fig. 4D). Therefore, under proper operations, UV irra-
diation successfully eliminated the risk of residual cross-
contamination.
4. Discussion

Manual cell-product processing using culture media in
biosafety cabinets carries the risk of contamination from droplet
scattering and bubble rupture [10,11]. We estimated contamina-
tion scatter and evaluated the effects of UV irradiation on visible
contamination, focusing on Bacillus subtilis, which was detected in
several cell-processing facilities, and Aspergillus Brasiliensis, both
highly resistant to UV. UV irradiation prevented colony formation,
even by endospores, which are highly resistant to disinfection,
suggesting that appropriate UV irradiation can avoid cross-
contamination during changeover. Furthermore, our findings
indicate that appropriate education and training in cell-processing
can reduce both the height at which tasks are performed and the
amount of variation in how they are performed, thereby reducing
contamination.

Experiments evaluating human manual operations revealed
that education and training improve performance height stability
during cell culturing. Mean performance height was lower for the
experts than beginners, although this does not necessarily mean
that lower performance heights significantly reduce contamination
risk. In fact, a low performance height may increase the contami-
nation risk, for example, by increasing the incidence of bumping
into the culture bottles. In cell processing, regardless of experience,
Grade D Grade C

Cutibacterium sp.
Staphylococcus sp.
Micrococcus sp.

Kocuria sp.
Bacillus sp.
Micrococcus sp.

Kyotococcus sp.
Cutibacterium sp.
Staphylococcus sp.

Micrococcus sp.

Bacillus sp.
Corynebacterium sp.

Micrococcus sp.
Staphylococcus sp.

Staphylococcus sp.
Bacillus sp.

Kocuria sp.
Staphylococcus sp.
Lysinibacillus sp.
Roseomonas sp.

ic Operation in Cell Culture Processing Facilities protocol based on the Safety Act of

https://doi:10.1016/j.reth.2022.12.003
https://doi:10.1016/j.reth.2022.12.003


Fig. 4. Effects of UV irradiation on contamination risk. (A) Schema illustrating UV irradiationwithin biosafety cabinets. (B) UV-C dose in biosafety cabinets (mW/cm2). Means ± SD
for four different biosafety cabinets, with UV lamps replaced within the preceding two years. (C) Effects of UV irradiation on vegetative cells and endospores of Bacillus subtilis, a
frequently detected environmental bacterium. (D) Effects of UV irradiation on Aspergillus brasiliensis, a fungus that is highly resistant to UV irradiation. In both cases, samples were
adjusted to 1 � 106 CFU per 100 mL of physiological saline.
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the operator's focus should be on ensuring traceability for each
action. For example, if droplets or bubble ruptures occur, it is
important to note each one. To establish a safe processing envi-
ronment for cell products, future studies should analyze the effects
of movement speed, stability, and sway on manual operation cell
contamination risks.

However, even with optimized education and training, human
error is inevitable. To evaluate this risk, we analyzed contamination
under simulated conditions. Double droplets falling from 30 cm
scattered particles up to 50 cm from the point of impact. Although
wiping could remove such contamination, it would be difficult
during cell-processing to trace droplets scattered up to 50 cm.
Therefore, a larger area should be wiped, assuming that particles
are scattered up to 50 cm. When scattered contamination is visible,
it can be readily cleaned. Nonetheless, it is difficult to guarantee
decontamination by wiping, which is also not a reproducible
method [12e15]. Studies on wiping to remove anticancer-agent
residues from biosafety cabinets have focused on the removal
agents, such as isopropyl alcohol or sodium dodecyl sulfate [16,17].
Here, we assumed that wiping is ineffective and, therefore, evalu-
ated the effectiveness of UV lamps, which are commonly fitted in
biosafety cabinets.

In the participating cell-processing facilities, we detected envi-
ronmental bacteria, including Bacillus, that are indigenous to the
human epidermis [18], and that are commonly found in cleanrooms
[1,19]. These may have been introduced from adjacent environ-
ments, possibly by operators. The endospores of Bacillus, a soil
bacterium, are resistant to disinfection [20]. Bacillus contamination
within a biosafety cabinet must therefore be appropriately and
effectively decontaminated. We applied UV irradiation to eliminate
Bacillus subtilis and Aspergillus brasiliensis, both of which are
resistant to UV irradiation [21]. With 50e100 mJ/cm2 irradiation
(equivalent to 10e20 min of irradiation in the middle of the
biosafety cabinet), no bacterial or fungal colonies were formed,
regardless of their high initial concentration of 1.0 � 106 CFU. In
prior studies, UV irradiation after seeding on agar medium has not
achieved significant decontamination [22,23]. Our findings indicate
that cross-contamination during changeover can be avoided
without the need to introduce additional equipment into the
biosafety cabinet.

In Japan, new clinical trials of cell products are underway
[24,25], cell products are being approved, and there are increasing
expectations for new medical technology [26,27]. Of the 16 cell
products approved in Japan up to November 2022, 14 are autolo-
gous tissue- or cell-derived products. However, a maximum of 200
units of autologous tissue- or cell-derived products are sold each
year in Japan, based on the market size; hence, mechanization-
based automation is not yet feasible from a cost perspective.

UV irradiation must reach the target to have a decontaminating
effect. Although UV light has a strong decontamination effect, it has
low effective depth and does not effectively pass through opaque
materials: for instance, little UV-C light penetrates through the
filter-tip cases left in biosafety cabinets (data not shown). Taking
advantage of these characteristics, UV irradiation is used to inac-
tivate viruses in plasma [28,29]. In biosafety cabinets, the presence
of high protein content on surfaces or layers of dry residue left for
long periods may reduce the irradiation dose reaching the target,
thereby diminishing its decontamination effect. Furthermore, the
effectiveness of UV sterilization of biofilms is expected to be limited
[30e32]. However, under optimal operating conditions, i.e., with
proper wipe-cleaning whenever visible contamination occurs, UV
radiation will retain its optimal levels of effectiveness. The devel-
opment of equipment that facilitates proper wipe-cleaning of
biosafety cabinets will further reduce cross-contamination during
changeover.
37
5. Limitations

This study has two main limitations. First, we did not address
the effectiveness of UV irradiation on disinfection-resistant non-
enveloped viruses, like the B19 parvovirus, in raw humanmaterials.
Parvovirus B19 nucleic acid was detected in >15% of human syno-
vial tissue and bone marrow samples from over 100 patients [33].
Therefore, its residual contamination risk after cell production
should be assessed. Although parvovirus B19 reportedly remains
active after irradiation at 30 mJ/cm2 [22], it is inactivated at 100 mJ/
cm2 [34], suggesting that it can be inactivated by longer periods of
irradiation.

Second, precise measurement of UV irradiation requires chem-
ical dosimetry based on the potassium iodide reaction [35,36],
which we did not use. Relative to precise chemical dosimetry UV
readings, our UV measurements have an error of ±10%. We expect
excess UV irradiation to achieve sufficient inactivation. In addition,
since there is no international standard for UVC dosimetry equip-
ment, the results presented in this study cannot be directly
appropriated at other facilities. As such, the findings of this study
should be verified at each facility.

6. Conclusions

We evaluated the risks of cross-contamination in the processing
of human-cell products, considering medium preparation, cell
seeding, and waste liquid decanting. Contamination occurred from
droplets and ruptured bubbles when tasks were performed at
heights of ca. 30 cm. Particles scattered by droplets falling from
30 cm travelled up to 50 cm from the point of impact, making them
difficult to accurately trace. To improve decontamination, we
evaluated the effectiveness of UV irradiation, which effectively
decontaminated Bacillus subtilis, whichwas detected in several cell-
processing facilities, and Aspergillus brasiliensis, both of which are
highly resistant to UV irradiation. These findings will be useful for
improving biosafety cabinet decontamination during changeover of
products from different patients.
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