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Introduction: The process of cell product changeover poses a high risk of cross-contamination. Hence, it
is essential to minimize cross-contamination while processing cell products. Following its use, the sur-
face of a biosafety cabinet is commonly disinfected by ethanol spray and manual wiping methods.
However, the effectiveness of this protocol and the optimal disinfectant have not yet been evaluated.
Here, we assessed the effect of various disinfectants and manual wiping methods on bacterial removal
during cell processing.
Methods: The hard surface carrier test was performed to evaluate the disinfectant efficacy of benzal-
konium chloride with a corrosion inhibitor (BKC þ I), ethanol (ETH), peracetic acid (PAA), and wiping
against Bacillus subtilis endospores. Distilled water (DW) was used as the control. A pressure sensor was
employed to investigate the differences in loading under dry and wet conditions. The pre-spray for
wiping was monitored by eight operators using a paper that turns black when wet. Chemical properties,
including residual floating proteins, and mechanical properties, such as viscosity and coefficient of
friction, were examined.
Results: In total, 2.02 ± 0.21-Log and 3.00 ± 0.46-Log reductions from 6-Log CFU of B. subtilis endospores
were observed for BKC þ I and PAA, respectively, following treatment for 5 min. Meanwhile, wiping
resulted in a 0.70 ± 0.12-Log reduction under dry conditions. Under wet conditions, DW and BKC þ I
showed 3.20 ± 0.17-Log and 3.92 ± 0.46-Log reductions, whereas ETH caused a 1.59 ± 0.26-Log reduction.
Analysis of the pressure sensor suggested that the force was not transmitted under dry conditions.
Evaluation of the amount of spray by eight operators showed differences and bias in the spraying area.
While ETH had the lowest ratio in the protein floating and collection assays, it exhibited the highest
viscosity. BKC þ I had the highest friction coefficient under 4.0e6.3 mm/s; however, that of BKC þ I
decreased and became similar to the friction coefficient of ETH under 39.8e63.1 mm/s.
Conclusions: DW and BKC þ I are effective for inducing a 3-Log reduction in bacterial abundance.
Moreover, the combination of optimal wet conditions and disinfectants is essential for effective wiping in
specific environments containing high-protein human sera and tissues. Given that some raw materials
processed in cell products contain high protein levels, our findings suggest that a complete changeover of
biosafety cabinets is necessary in terms of both cleaning and disinfection.
© 2023, 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

While processing cell products that cannot be sterilized, is
important to ensure sterility of the working space. In fact, the cell
products must be protected against environmental bacteria present
in cell processing facilities [1e4] and bacteria and fungi in raw
materials [5,6]. These microorganisms may remain in biosafety
cabinetsdfor example, in culture media dropletsdpotentially
contributing to the risk of cell product contamination [7,8]. Hence,
minimizing the risk of contamination during cell processing may
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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ensure a higher degree of cell sterility. For this purpose, it is
necessary to carry out an appropriate changeover process to ensure
a sterile cell processing environment. Commonly used cleaning
methods like fogging with hydrogen peroxide have raised concerns
over their effects on cells due to their leftover residues after treat-
ment [9]. Additionally, ethanol spray followed by wiping and UV
irradiation is commonly applied as another standard biosafety
cabinet cleaning method after sampling environmental bacteria.
However, these protocols can require more time to confirm sterility
prior to initializing subsequent cell processing. In fact, the effec-
tiveness of this standard cleaning method has not been fully eval-
uated, and in particular, the effectiveness of wiping remains unclear.

The current study sought to assess the efficacy of wiping in
eliminating bacteria during cell processing, and to establish an
optimal disinfectant protocol for biosafety cabinets. More specif-
ically, we evaluated the efficacy of disinfectants and wiping of
biosafety cabinets using the hard surface carrier test as per the
guidelines for the evaluation of disinfection methods specified in
the Japanese Pharmacopoeia. We then evaluated the factors that
contribute to the variability in wiping between different operators
by using pressure sensors and fact-finding surveys. Finally, we
investigated the chemical properties of disinfectants using protein
floating and collection assays, as well as the mechanical properties
in terms of viscosity and coefficient of friction.

2. Materials and methods

2.1. Hard surface carrier test for spraying and wiping

Bacteria that are highly resistant to disinfectants and frequently
detected in cell-processing facilities were used [8]. More specif-
ically, 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 in
physiological saline (Otsuka Pharmaceutical Co. Ltd., Tokushima,
Japan) containing 10% fetal bovine serum (FBS; Thermo Fisher
Scientific, MA, USA). To simulate spraying, 100 mL of the bacterial
dilutions were added dropwise onto a SUS304 stainless steel plate
(5 � 5 cm; AS ONE Co., Osaka, Japan) using a micropipette and
subsequently air-dried.

Disinfectant treatment included distilled water (DW, Otsuka
Pharmaceutical Co. Ltd.) as a control group, benzalkonium chloride
with corrosion inhibitor (BKC þ I, Zalkonin N solution; 0.1% w/v
benzalkonium chloride containing 0.5% w/v dicyclohexylamine
nitrite as an anticorrosive and 8% w/v ethanol as a preservative,
Kenei Pharmaceutical Co., Ltd., Osaka, Japan), disinfectant ethanol
(ETH, ethanol for disinfection; 76.9e81.4% w/v ethanol and 3.7% w/
v isopropyl alcohol, Yamazen Pharm Co., Osaka, Japan), and per-
acetic acid (PAA, Acecide; 0.3% w/v peracetic acid, Saraya Co., Ltd,
Osaka, Japan) for 1 or 5 min of static treatment. Wiping treatment
was performed using a 7 � 7 cm cutting BEMCOT (Asahi Kasei Co.,
Tokyo, Japan) with or without the relevant solution immediately
after applying 1.5 kg of one-way force at 50 mm/s.

After disinfectant or wiping treatment, bacteria were collected
by the swab method using 300 mL physiological saline and appro-
priate amounts of neutralizer (Saraya Co.) during the PAA collec-
tion. The collected solution was diluted, seeded in soybean-casein
digest agar medium (Nissui-seiyaku Ltd., Tokyo, Japan), and incu-
bated at 37 �C. The bacterial collection and seeding were performed
in triplicates.

2.2. Wiping pressure and contact area

A pressure sensor (Tekscan, Inc., MA, USA) was used to record
the peak contact load distribution, contact load, contact area, and
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maximum contact pressure. The data were analyzed using MATLAB
(MathWorks, Inc., MA, USA). To simulate wiping, the wiper was
dipped in 3 mL of ETH, and wrapped around a 20-mm diameter
stainless steel tube to ensure application of even force, followed by
manual wiping with a 3 � 3 cm sensor at 5 mm/s using 1.5 kg of
force. This simulation was performed six times under dry and wet
conditions.

2.3. Survey on pre-spraying for wiping

To determine the amount of spray applied following the regular
use of a biosafety cabinet, a study on pre-spraying for wiping was
performed by eight operators using distilled water on paper
(60 cm � 90 cm; Mizukakigoo, Tokyo, Japan) that becomes black
when wet. The amount of water was measured before and after
spraying, and each spray weighed approximately 1 mg. Blackened
papers were photographed using a digital camera (EOS 60D; Canon,
Tokyo, Japan), and specific central regions (50 cm � 40 cm) in the
imagewere extracted and quantified using ImageJ software version
1.53a (National Institutes of Health, MD, USA). The area of the image
was divided in themiddle to denote left and right panel differences.
The difference between the coverage areas were presented as an
absolute value.

2.4. Protein floating and collection assay for analyzing chemical
properties

A total of 100 mL of FBS with a known protein concentration was
air-dried on an SUS plate and collected in 300 mL of each solution.
The protein concentration was measured at 280 nm using a
NanoDrop spectrophotometer (Thermo Scientific).

2.5. Mechanical properties of disinfectants

A dynamic viscoelasticity apparatus (MCR302, AntonPaar, Graz,
Austria) was used to measure the viscosity. In brief, a cone-plate
sensor (diameter, 75 mm; cone angle, 1�) was used as the mea-
surement sensor under the following conditions: temperature of
25 �C, and shear rate of 10 s�1 to 1000 s�1. After adding approxi-
mately 2.5 mL of the sample to the lower Peltier temperature-
controlled plate, the measurement was initiated when the sensor
reached the measuring gap. Values of 51.8 and 72 s�1 were selected
from three independent measurements.

A ball-on-3-pin type tribological cell, included in the dynamic
viscoelasticity apparatus, was used to measure the friction coeffi-
cient. The ball was made of glass with a diameter of 12.7 mm, and
the pin, with a diameter of 6 mm and length of 6 mm, was made of
dimethylpolysiloxane. Measurement conditions were, a tempera-
ture of 25 �C, slip velocity of 0.01e100 mm/s, and load of 1 N. After
adding approximately 0.5 mL sample to the lower holder, the
measurement was initiated when the measuring sensor reached
the set load. From three independent measurements, values of 4.0
and 6.3 mm/s, which were considered practical condition, and of
39.8 and 63.1 mm/s, which were used for analysis condition, were
compared, respectively.

2.6. Statistical analysis

GraphPad Prism version 9.0.0 (GraphPad Software, La Jolla, CA,
USA) was employed for all statistical analyses. Data were presented
as the mean ± standard deviation (SD). Two-group analysis was
performed by the ManneWhitney test. Multiple comparisons were
performed by the KruskaleWallis test, followed by Dunn's multiple
comparison test and correlation analysis by Spearman's correlation.
Statistical significance was set at P < 0.05.
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3. Results

3.1. Hard surface carrier test for spraying and wiping

We evaluated the effect of disinfectant spraying and manual
wiping against 6-Log CFU of B. subtilis endospores using a hard
surface carrier test (Fig. 1A). No disinfectant showed more than a 1-
Log reduction effect after 1 min of treatment (Fig. 1B). In total,
2.02 ± 0.21-Log reduction and 3.00 ± 0.46-Log reduction were
observed for BKC þ I and PAA, respectively, after 5 min treatment.
Meanwhile, ETH induced a 1.18 ± 0.52-Log reduction after 5 min,
with no significant difference from the 0.56 ± 0.08-Log reduction
observed after 1 min of treatment. Wiping did not result in a more
than 0.70 ± 0.12-Log reduction under dry conditions (Fig. 1C).
Additionally, under wet conditions, DW and BKC þ I induced a
3.20 ± 0.17-Log and 3.92 ± 0.46-Log reduction, respectively,
whereas ETH showed 1.59 ± 0.26-Log reduction, and PAA resulted
in a 3.04 ± 0.86-Log reduction with large dispersion (Fig. 1C).
Fig. 1. Hard surface carrier test with wiping. (A) Experimental design of hard surface tes
distilled water. BKC þ I: benzalkonium chloride with corrosion inhibitor. ETH: ethanol. PAA: p
CFU from 1.0 � 106 CFU B. subtilis in the collection solution after disinfectant treatment of S
followed by Dunn's multiple comparison test. (C) Reduction effect of wiping. Log reduction of
the disinfectant treatment of SUS plates.
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3.2. Wiping pressure between dry and wet

To investigate the differences between wiping methods, we
performed evaluations using a pressure sensor (Fig. 2A). Under
these examinations, the wiping contact load was 1.30 ± 0.19 kg for
dry and 1.55 ± 0.25 kg for wet, with no significant differences
(Fig. 2B and C), indicating that the experimental conditions were
comparable. However, the contact area for the wiping differed
between dry and wet condition, with 114.0 ± 3.56 mm2 for dry and
89.57 ± 4.23 mm2 for wet (Fig. 2D and E). Therefore, the maximum
load applied was 0.26 ± 0.06 MPa in wet, which was significantly
higher than the 0.18 ± 0.03 MPa in dry (Fig. 2F and G).
3.3. Survey on pre-spraying for wiping

A survey on pre-spraying for wiping was conducted to analyze
the differences in wiping between operators (Fig. 3A). A survey of
eight operators revealed significant differences (Fig. 3B). The
ts to evaluate the effects of disinfectants and wiping. CFU: colony forming unit. DW:
eracetic acid. SUS: stainless steel. (B) Reduction effect of disinfectants. Log reduction of

US plates. *P < 0.05, and **P < 0.01. P values were calculated using KruskaleWallis test
CFU from 1.0 � 106 CFU B. subtilis in the collection solution immediately after wiping as



Fig. 2. Wiping pressure between dry and wet. (A) Experimental design of wiping between dry and wet using a pressure sensor. The pressure was evaluated independently six
times. (B) The representative peak contact load distribution of each sensor cell recorded by an indenter moving in one direction. (C) Wiping contact load per sensor. P value was
calculated using ManneWhitney test. (D) The representative pressure of a section between dry and wet. (E) Contact area for the wiping to pressure sensor. (F) The representative
quantified pressure of a section. (G) Average of maximum contact pressure per cell of the sensor. Data are presented as mean ± SD. *P < 0.05, and **P < 0.01. Data are presented as
mean ± SD. P values were calculated using ManneWhitney test.
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average amount of spray was 6.56 ± 2.36 g (Fig. 3C). The average
coverage area during the use of these sprays was 76.59 ± 17.46
(Fig. 3D). Spray usage and coverage area were correlated (R ¼ 0.79,
P ¼ 0.02; Fig. 3E). Lefteright differences in coverage area were
observed in some cases, exceeding 25 (Fig. 3F).

3.4. Wiping force, chemical and mechanical properties of
disinfectant

Analysis of differences caused by mechanical loading of wiping
showed 2.03 ± 0.19-Log reduction for 50 g loading and 3.02 ± 0.12-
Log reduction for 1.5 kg loading (Fig. 4A and B).
Fig. 3. Survey on pre-spraying for wiping. (A) Experimental design of pre-spraying simula
bar: 10 cm. (C) Amount of spray used in the BSC by each operator. (D) Spray coverage in the B
coverage area. R and P values were calculated using Spearman's correlation analysis. (F) Lef
coverage areas were presented as an absolute value. Abs.: absolute.
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The chemical properties of the disinfectant were assessed using
a floating protein collection assay, which reproduced contamina-
tion by a cell culture with serum, revealed that the protein collec-
tion rate was 54.63 ± 5.09%, 74.55 ± 8.66%, 7.22 ± 7.25%, and
45.3 ± 6.66% for DW, BKC þ I, ETH, and PAA, respectively (Fig. 4C
and D). ETH had a significantly lower collection rate than DW and
BKC þ I.

The mechanical properties of the disinfectants were analyzed in
terms of their viscosity and friction coefficient. ETH exhibited the
highest viscosity, i.e., 1.90 ± 0.02 mPa s (Fig. 4E), and it was sug-
gested to have the poorest diffusion when sprayed into the
biosafety cabinet. The friction coefficient, which indicates the ease
tion for wiping. BSC: biosafety cabinet. (B) Results of a survey of eight operators. Scale
SC was evaluated for each operator. (E) Correlation analysis between usage volume and
t-right difference of spray coverage area for each operator. The difference between the



Fig. 4. Wiping force, chemical, and mechanical properties of disinfectant. (A) Experimental design of wiping between force difference. FBS: fetal bovine serum. (B) Log reduction
effect of wiping between force difference. (C) Experimental design of residual protein floating and collection assay. (D) Protein collection ratios were used to determine the chemical
properties of the disinfectants. (E) Viscosity. (F) Friction coefficient by sliding velocity condition under 4.0e6.3 mm/s. (G) Friction coefficient by sliding velocity condition under
39.8e63.1 mm/s. (E) Viscosity and (F) Friction coefficient were used to determine the mechanical properties of the disinfectants. Data are presented as mean ± SD. *P < 0.05, and
**P < 0.01. P values were calculated by KruskaleWallis test followed with Dunn's multiple comparison test.
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of wiping off, under 4.0e6.3 mm/s and 39.8e63.1 mm/s showed
that the ETH had the lowest value, i.e., 0.07 ± 0.01 and 0.04 ± 0.01
(Fig. 4F and G). BKC þ I had the highest friction coefficient,
0.28 ± 0.03 under 4.0e6.3 mm/s, while BKC þ I decreased to
0.06 ± 0.01 and became similar to the value of ETH under
39.8e63.1 mm/s (Fig. 4F and G).

4. Discussion

Manual cell product processing in biosafety cabinets poses a
serious risk of cross-contamination from culture media. Therefore,
cleanup should be performed by disinfectant spraying and wiping
for the cell product changeover. Here, we evaluated the effect of
disinfectant spraying and wiping using a hard surface carrier test
and subsequently analyzed the pressure sensor, operator survey,
and properties of disinfectants to investigate the differences in
wiping methods. Disinfectants are frequently utilized in the med-
ical field, and their effectiveness on their own is well established;
however, their combination with wiping can enhance the disin-
fection process. This effect may depend on the chemical and me-
chanical properties of the disinfectant, such as its ability to float
proteins and its coefficient of friction. The selection of these dis-
infectants may be an important factor in cell processing for
regenerative therapy, where serum and human tissues are handled
with care due to various contamination factors.

In our study, disinfectant spraying and wiping were evaluated
using the hard surface carrier test, which is listed as an evaluation
method for disinfection in the Japanese Pharmacopoeia. Although
there is some disagreement over the efficacy of the hard surface
carrier test due to its manual procedure, it is deemed beneficial for
determining the log 10 reduction in the number of active bacteria
[10e12]. The analysis of the effect of disinfectants on Bacillus
subtilis endospores in this study did not differ from the known
effect of disinfectants alone [13e15]. Although a 5-min treatment
with PAA showed a high reduction effect, its practical imple-
mentation is low owing to its toxicity and odor. Indeed, the odor of
disinfectants is a source of stress to operators [16], and a simple
and less burdensome method that allows treatment within a short
time must be established. Wiping is one of the candidate methods
for operators; however, its effectiveness in cleaning biosafety
cabinets remains unclear. A quantitative evaluation of the reduc-
tion effect of wiping showed that wiping with DW also had a
reduction effect of 10�3. The results obtained in the current study
indicated that conventional simple wiping was effective in elimi-
nating bacteria.

Although wiping after ethanol spraying is a standard environ-
mental initialization approach, wiping in dry conditions may be the
results if spraying is not performed properly. However, wiping
under dry conditions exerts only a 1-Log reduction effect, which
lower than the 3-Log reduction effect achieved under wet condi-
tions when using DW. Analysis of the pressure sensor suggested
that a sufficient force was not transmitted under dry conditions. In
addition, considering that wiping in dry conditions does not float
dirt, it may not be completely effective. Hence, such dry conditions
may not achieve the objective of environmental initialization. In
similar cases of manual operation, mechanical removal by manual
endoscope cleaning enhances the effectiveness of subsequent
mechanical cleaning; however, this step is most prone to human
error [17,18]. Thus, the usefulness and limitations of manual oper-
ation in various situations have been discussed and it is necessary
to establish a method to maximize the effect of firm wiping and
improve reproducibility.

Unfortunately, wiping is not reproducible and has been chal-
lenging in various medical situations [19e22]. The examination of
this study showed differences in the amount of spray by operators
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and left-right differences in the spraying area. These differences
lead to wiping due to dry conditions, resulting in low wiping
effectiveness. Since a large area may be covered by spraying many
times, the repeatability of operator training and standard operating
procedures (SOPs) might be enhanced by mandating spraying over
a larger area, for instance, by recording pre- and post-weights. It
would be desirable to further develop quantitative evaluation
techniques for wiping coverage and automate thewiping process to
achieve more precise and reproducible methods.

While studying wiping strength, a 2-log reductionwas observed
even at a strength of 50 g. The most crucial factor may be ensuring
that the wiping process is performed accurately in a contaminated
area. Further technological development may be required for
techniques that utilize the recording of wiping operations.

The differences in the effects of different types of disinfectants
on wiping were examined in this study. A low bacterial reduction
effect of ethanol, with a low protein collection rate, may be
attributed to its protein-fixing action. Indeed, ethanol has been
shown to increase the difficulty of cleaning reused surgical in-
struments owing to the presence of binding proteins such as blood
on stainless steel [23,24], the same material as the floor surface of
the biosafety cabinet. In the present analysis, BKC þ I with a high
reduction effect on bacteria showed an increased protein collection
rate and a lower friction coefficient under sliding speed conditions
that approximated the experimental wiping conditions. This in-
dicates that BKC þ I floats a speck of dirt containing proteins in a
biosafety cabinet, which is slippery and easy to wipe. Despite the
poor disinfection strength, these characteristics suggest the
improved efficacy of BKC þ I due to its high detergency. Although
ethanol is commonly used to clean biosafety cabinets, other com-
binations should be considered for cell processing while employing
serum and human tissue. For example, ethanol is volatile and res-
idues are not a problem; however, BKC þ I is nonvolatile and res-
idues in a biosafety cabinet may be a problem. Therefore, a reliable
method for the removal of the disinfectant should be considered. A
more thorough examination of the changeover of biosafety cabinets
will be required, not only from the aspect of disinfection but also
from the standpoint of cleaning.

In Japan, new clinical trials on cell products are underway
[25e27], and various new cell products are also being approved. Of
the 16 cell products approved in Japan as of December 2022, 14 are
autologous tissue- or cell-derived products. The processing
methods of each cell product vary widely from type to type, and the
risks associated with each cell product also differ. As the number of
processing steps increases, challenges related to changeover will
become more apparent. It will be necessary to dispel these con-
cerns by taking a scientific approach and aiming to develop new
technologies from the current stage.

4.1. Limitations

This study had three main limitations. First, we did not evaluate
the effects of the different risks. The raw materials used in regen-
erative medicine may contain residual bacteria and viruses [28].
However, other risks have been adequately considered in the pre-
sent analysis, as we have verified the use of proteins that are
considered most likely to remain and the Bacillus subtilis endo-
spores, which are highly resistant to disinfection.

Second, we were unable to investigate the reproducibility of
wiping. In our experimental design, the visible dirt was manually
wiped. In actual cell processing, there is no visible dirt. Therefore, it
is necessary to establish a technique for accurately wiping from one
end to another and a technique for their evaluation. For instance, it
is necessary to develop new procedures, such as image analysis,
and design robots that can track the precise wiping process.
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Third, although we demonstrated the usefulness of wiping, the
actual operational issues require further discussion. For example,
soaked wipers have the risk of microbial transmission due to bac-
terial contamination and storage problems [29,30]. Further
research is required to establish how to manage the system to
achieve effective wiping.

5. Conclusions

The effect of wiping on bacterial removal during cell processing
was examined and DW and BKC þ I were found to be effective at
reducing the bacterial cell count by 3-Log. Moreover, the combi-
nation of adequate wet conditions and appropriate disinfectant
selection are necessary for proper wiping in specific environments
where high-protein human serum and tissues are processed. The
establishment of highly reliable wiping methods requires the
development of quantitative evaluation methods for wiping
coverage and robotization of the process to achieve more accurate
and reproducible methods.
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