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Background: This study evaluated occupational exposure levels of doxorubicin in healthcare workers
performing rotational intraperitoneal pressurized aerosol chemotherapy (PIPAC) procedures.
Methods: All samples were collected during PIPAC procedures applying doxorubicin to an experimental
animal model (pigs). All procedures were applied to seven pigs, each for approximately 44 min. Surface
samples (n = 51) were obtained from substances contaminating the PIPAC devices, surrounding objects,
and protective equipment. Airborne samples were also collected around the operating table (n = 39). All
samples were analyzed using ultra-high performance liquid chromatography-mass spectrometry.
Results: Among the surface samples, doxorubicin was detected in only five samples (9.8%) that were
directly exposed to antineoplastic drug aerosols in the abdominal cavity originating from PIPAC devices.
The telescopes showed concentrations of 0.48—5.44 ng/cm? and the trocar showed 0.98 ng/cm? in the
region where the spraying nozzles were inserted. The syringe line connector showed a maximum con-
centration of 181.07 ng/cm?, following a leakage. Contamination was not detected on the surgeons’
gloves or shoes. Objects surrounding the operating table, including tables, operating lights, entrance
doors, and trocar holders, were found to be uncontaminated. All air samples collected at locations where
healthcare workers performed procedures were found to be uncontaminated.
Conclusions: Most air and surface samples were uncontaminated or showed very low doxorubicin
concentrations during PIPAC procedures. However, there remains a potential for leakage, in which case
dermal exposure may occur. Safety protocols related to leakage accidents, selection of appropriate
protective equipment, and the use of disposable devices are necessary to prevent occupational exposure.
© 2023 Occupational Safety and Health Research Institute, Published by Elsevier Korea LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

cytoreductive surgery has led to the application of hyperthermic
intraperitoneal chemotherapy as a multimodal therapy to eliminate

Peritoneal metastasis from solid tumors is associated with a
poor prognosis and quality of life. The current treatment strategies
are limited to systematic chemotherapy and palliative care. How-
ever, innovative chemotherapy technologies have been shown to be
effective and have clinical advantages. The recent advent of

residual cancer cells within the abdominal cavity [1]. However,
cytoreductive surgery and hyperthermic intraperitoneal chemo-
therapy are associated with low drug penetration, side effects,
and occupational exposure to healthcare workers [2,3]. To address
these limitations, a novel pressurized intraperitoneal aerosol
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chemotherapy (PIPAC) technology has been proposed [4], which
improved the feasibility, safety, and cell penetration depth of the
drug [5].

The risk of occupational exposure via air or surface contami-
nation during PIPAC procedures remains controversial. This form of
chemotherapy involves inflation of the peritoneum with carbon
dioxide (CO;), followed by the aerosolization of liquid-phase
pharmaceutical substances such as antineoplastic drugs under
high pressure. During this process, aerosolized drugs could diffuse
into the air, contaminate surfaces, or leak from PIPAC devices [6,7].
Insufficient assessments of healthcare worker exposure to
dangerous drugs during PIPAC procedures have been conducted. To
date, there are few studies that have examined doxorubicin levels
in air and surface samples.

Doxorubicin is among the most frequently used drugs in PIPAC
procedures; it has been known as a substance that was reported the
evidence of carcinogenicity in animal, but the evidence for humans
is insufficient (Group 2A) by the International Agency for Research
on Cancer [8]. Especially, the carcinogenicity of doxorubicin for
human was reported when they were used with some other agents.
The other antineoplastic drugs could have serious health effects
such as carcinogenicity, teratogenicity, reproductive toxicity, and
other organ toxicity at low doses [9,10]; similarly, doxorubicin in-
duces DNA mutations. Doxorubicin has also been reported to cause
mucosal inflammation, leukopenia, and dilative cardiomyopathy
[2]. Thus, doxorubicin exposure may represent a serious occupa-
tional hazard for healthcare workers.

Although several studies have evaluated occupational antineo-
plastic drug exposure levels during PIPAC procedures, they have
mainly focused on platinum compound drug types (e.g., cisplatin or
oxaliplatin). In some studies, platinum compounds and doxorubicin
were mixed for PIPAC application; however, exposure levels were
evaluated only for platinum [11,12]. The only recent study that
evaluated doxorubicin detected low concentrations of surface
contamination on the floor [13]. Therefore, it is necessary to
monitor air and surface contamination levels during PIPAC pro-
cedures to obtain comprehensive doxorubicin exposure data,
including contamination levels following leakage, device insertion
into the abdominal cavity, and air exposure.

Since PIPAC has not been introduced in Republic of Korea, the
Korean Rotational Intraperitoneal pressurized Aerosol chemo-
therapy (KoRIA) Trial Group has developed PIPAC, and rotational
intraperitoneal pressurized aerosol chemotherapy (RIPAC) to
improve drug delivery [14—16]. Thus, we evaluated potential
occupational exposure to doxorubicin during PIPAC procedures by
analyzing air and surface samples collected following PIPAC pro-
cedures involving doxorubicin.

2. Materials and methods
2.1. PIPAC and RIPAC using doxorubicin

The Institutional Animal Care and Use Committee of Seoul Na-
tional University Hospital approved this study in advance (No. 18-
0051-S1A0). PIPAC and RIPAC are applied in three steps: prepara-
tion, spraying and waiting, and a finishing step. During the pro-
cedures observed in this study, the treatment consisted of 3.5 mg of
powdered doxorubicin dissolved in 50 mL of 0.9% sodium chloride
(NaCl). PIPAC and RIPAC were applied to three or four female pigs,
which were performed by seven healthcare workers (two surgeons,
four nurses, and one veterinarian). In the first step, a doxorubicin
solution was prepared in the operating room and injected into
PIPAC and RIPAC syringe. In the second step, healthcare workers left
the room, and remote spraying was conducted at a flow rate of
30 mL/min for 3 min. After waiting for 30 min for the drug to be

absorbed in the abdominal cavity, healthcare workers returned to
the room and finished the procedure in the final step. The total
procedure time was approximately 50 min.

Two 12-mm trocars (Transport-TR12F; Dalimsurg NET Inc.,
Seoul, Republic of Korea) were used to inject the drug into the pig
abdominal cavity, and CO, insufflation of the abdominal cavity was
maintained at 12 mmHg. Doxorubicin solution was sprayed from
the syringe through DreamPen® (Dreampac Corp., Wonju, Republic
of Korea), a nebulizer for aerosolization. During PIPAC and RIPAC
procedures, a telescope was used to identify the inside of the
abdominal cavity. The internal CO, and residual aerosol antineo-
plastic drug were discharged through an air waste system equipped
with a glass microfiber impregnated with a carbon layer (Laparo
Clear Smoke Filtration Kit; pore size, 0.027 pm; diameter, 50 mm;
GVS Life Science, Bologna, Italy).

The volume of the operating room was approximately 98.1 m>.
The operating room contained two air supply vents in the ceiling
and one air exhaust vent in each of the four corners. The flow rate
(m3/min) of the air supply and exhaust, measured using a direct-
reading balometer (Alnor EBT-731, TSI Inc., Shoreview, MN, USA),
was 30.2 m>/min and 15.1 m3/min, respectively.

2.2. Surface and air sampling

Surface samples were collected mainly from PIPAC and RIPAC
devices such as trocars, nebulizers, telescopes, lines, and connec-
tors, as well as from surfaces around the operating table (Fig. 1).
Surface sampling was conducted by wiping with ashless filter paper
(Whatman 42; diameter, 55 mm; GE Healthcare Life Science,
Marlborough, MA, USA) wetted with a wiping solution consisting of
10% acetonitrile, 25% methanol, and 65% Milli-Q water buffered to
pH 6.0 [17—19]. The samples were folded and placed in 50-mL vials,
which were transported to the laboratory at approximately —4°C to
prevent sample loss.

Air samples were collected using a nitrocellulose membrane
filter (diameter, 47 mm; pore size, 0.45 pm; GVS Life Science) with a
high-flow pump sampler (SARA-5100; KEMIK Corp., Seoul, Republic
of Korea) at a flow rate of approximately 20 L/min, calibrated by an
airflow calibrator (Bios Drycal, Mesa Laboratories, Lakewood, CO,
USA) before and after measurement [20]. Air sampling was con-
ducted at the height of 1.5 m from the floor where healthcare
workers were stationed around the operating table; the sampling
time was 50 + 5 min, including during drug preparation, syringe
injection, and air waste management.

2.3. Sample analysis

Analytical methods for substance quantification were applied
depending on the filter type. A stock solution of doxorubicin was
dissolved in 50% high-performance liquid chromatography (HPLC)-
grade methanol (purity >99.9%; Burdick and Jackson, Muskegon,
MI, USA) to a concentration of 1 mg/mL and then diluted with 100%
methanol to prepare a standard solution. The prepared standard
solution was diluted to 5, 10, 20, 50, and 100 ng/mL to construct a
linear calibration curve (R> = 0.9984—0.9996). Each sample
collected for doxorubicin analysis, including used nitrocellulose
filters and Whatman filter paper, was placed in a 50-mL tube,
extracted with 10 mL and 20 mL of methanol, respectively, and then
subjected to sonication for 1 h [21,22]. Centrifugation was
performed at 12,000 rpm for 5 min to collect the supernatant. Then,
2-uL aliquots of each sample were injected into the ultra-high-
performance liquid chromatograph-tandem mass spectrometer
(UPLC-MS/MS; Nexera X2, Shimadzu Scientific Corp., Kyoto, Japan)
following the analytical protocols. An Acquity BEH C18 column
(1.7 pm; 50 x 2.1 mm; Agilent Technologies Inc., Santa Clara, CA,
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Rotational
device

Fig. 1. Surface sampling locations.

USA) was used for UPLC-MS/MS, and quantification was performed
using the multiple reaction monitoring modes. The limit of detec-
tion (LOD) was calculated by multiplying the standard deviation of
the intercept of the calibration curve by 3.3 and dividing by the
mean slope, which was nitrocellulose filter 12.8 ng/sample and
filter paper 25.6 ng/sample, respectively. The LOD of the air sample
was 14.4 ng/m° by dividing 12.8 ng/sample by the average amount
of air collected. In the case of surface samples, the LOD was 0.16 ng/
cm? by dividing 25.6 ng/sample by the average of wiped surface
area. Here, not detected (ND) was defined as no peak appearing on
the chromatograph of the analytical instrument. The mass spec-
trometer was set to positive ion detection mode. All samples were
analyzed at least three times, and the average was calculated. The
recovery test was conducted three times at concentrations of 10, 50,
and 100 ng/mL using each filter, and the average recovery was
calculated by repeating the analysis three times at each concen-
tration. The nitrocellulose filters (air samples) had a recovery range
of 86.3—99.7%, and that of the filter papers (surface samples) was
65.1-79.3%.

2.4. Statistical analysis

All concentration data are expressed as arithmetic means with
the standard deviation (SD). Descriptive statistics were calculated
using the SPSS software (version 25, IBM Corp., Armonk, NY, USA).

3. Results
3.1. Surface contamination levels

A total of 51 surface samples were collected from PIPAC and
RIPAC devices (n = 25), surrounding objects (n = 19), and personal
protective equipment (n = 7). Among these, five samples were
contaminated with doxorubicin, whereas the other samples were
not contaminated (Table 1). Among the contaminated PIPAC and
RIPAC devices, the syringe line connectors, which connect the sy-
ringe to the drug flow line, had the highest concentration of
doxorubicin (181.07 ng/cm?). This result was caused by an anti-
neoplastic drug leak due to incomplete connection. Samples
collected from telescopes inserted into the abdominal cavity, which
were directly exposed to aerosols, reached doxorubicin concen-
trations of 0.48—5.44 ng/cm?. One trocar sample, collected where
the spraying nozzle was inserted, was below the doxorubicin
detection limit (0.16 ng/cm?), and another, collected at the tele-
scope insertion site, was 0.98 ng/cm? No contamination was
detected on surrounding objects or personal protective equipment.

Most samples were collected around the operating table; these
included tables, operating table lighting, trocar holders, a preces-
sional motion device, and entrance doors. No contamination was
detected on the gloves or shoes of the surgeons who performed
PIPAC and RIPAC.

3.2. Airborne contamination levels

During PIPAC and RIPAC, doxorubicin was not detected in any of
the samples (n = 39), regardless of the procedure conditions
(Table 2). Doxorubicin was also not detected in samples collected
around the operating table (near surgeons, nurses, or anesthesiol-
ogists), entrance doors, or the outer corridor.

Table 1
Surface contamination levels of doxorubicin
Type Sampling location N Doxorubicin
concentration (ng/cm?)
PIPAC and Telescope 5 ND*
RIPAC device ND
5.44
0.48
1.76
Trocar 2 5 ND
ND
ND
ND
0.98
Trocar 1 2 ND
< LO'
Syringe line connector 2 181.07
ND
CO,, line 2 ND
Syringe line 3 ND
Telescope line 1 ND
Telescope controller 4 ND
Telescope line 1 ND
Surrounding  Table to the right of operating table 1 ND
objects Table to the left of operating table 6 ND
Operating table lighting 5 ND
Entrance door 3 ND
Trocar 1 holder 3 ND
Precessional motion device 1 ND
PPE Surgeons’ gloves 4 ND
Surgeons’ shoes 3 ND

Abbreviations: LOD, limit of detection; ND, not detected; PIPAC, pressurized intra-
peritoneal aerosol chemotherapy; PPE, personal protective equipment; RIPAC,
rotational intraperitoneal pressurized aerosol chemotherapy.
*The limit of detection of doxorubicin was 0.16 ng/cm?; the average recovery rate
was approximately 0.71.

« The limit of deection of doxorubicin was 0.16 ng/cm?; the average recovery rate
was approximately 0.71.

 ND (Not detected) means that doxorubicin was not identified in chromatograph.
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Table 2

Airborne doxorubicin concentration detected following pressurized intraperitoneal
aerosol chemotherapy (PIPAC) and rotational intraperitoneal pressurized aerosol
chemotherapy (RIPAC)

Procedure Swine N° Treatment Sampling Air volume Concentration

type' types time (min) (L) (ng/m>)
AM =+ SD AM =+ SD

1 Large 6  PIPAC 58.3 +4.2 1166.7 + 83.6 ND!/

2 Large 6 RIPAC 43.8 + 3.7 876.7 +74.2 ND

3 Small 6 RIPAC 392+ 45 7833+ 8938 ND
Large 5 PIPAC 39.6 £ 09 792.0+ 179 ND
Large 5 RIPAC 396+09 7920+17.9 ND

4 Large 6 RIPAC 43.0 £ 6.5 860.0 + 129.6 ND
Large 5 PIPAC 456 + 1.3 9122 +6.8 ND

Total? 39 444+ 74 8872+ 1473 ND

Abbreviations: AM, arithmetic mean; ND, not detected; SD, standard deviation.

! Swine size was classified as large (>40 kg) or small (<40 kg).

¥ Includes all samples collected around the operating tables, entrance doors, and
outer corridors.

% Air volume (L) was calculated by multiplying the average flow rate (20 L/min) by
the sampling time (min).

1 Total showed the number of samples (N) was the sum, and sampling time (min)
or air volume (L) was arithmetic mean and standard deviation.

I Total showed the number of samples (N) was the sum, and sampling time (min)
or air volume (L) was arithmetic mean and standard deviation.

4. Discussion

In this study, we assessed air and surface contamination
following PIPAC and RIPAC procedures applied to a pig model. As a
result, we detected surface contamination with doxorubicin in 5 of
51 surface samples obtained by wiping, and these were mainly
collected from relevant devices directly exposed to aerosols in the
abdominal cavity. Even though the risk of drug leakage might be
greater in RIPAC than in PIPAC due to the conical pendulum motion,
the air in the operating room was not contaminated during the
procedures, and doxorubicin was not detected in the air following
the two procedures.

Certain equipment, including the telescope, trocar, and syringe
line connector, was contaminated following PIPAC and RIPAC pro-
cedures. Since the telescope and the trocar were inserted into the
abdominal cavity, they bear a greater risk of surface contamination
through exposure to the aerosolized antineoplastic drug. A drug
leak occurred via droplet outflow due to incomplete coupling of the
syringe containing doxorubicin to the spraying nozzle; the level of
contamination was 181.07 ng/cm?. Prior to the experiment, we
assumed that there would be some correlation between airborne
and surface samples, but this was not the case. That is, even when
the concentration of the surface sample was high (181.07 ng/cm?),
it was not detected in the air sample. The reason seems to be that
during the PIPAC procedure, the leak was in the liquid state of
droplets, and it was difficult to volatilize into the air due to its low
volatility (molar mass 543.5 g/mol), and also because the ventila-
tion was continuous as described in the method.

To date, few studies have attempted to evaluate occupational
exposure of healthcare workers during PIPAC procedures. Some
such studies have applied doxorubicin with cisplatin or oxaliplatin
as platinum compounds for PIPAC chemotherapy [2,11—-13]. How-
ever, only one recent study examined surface contamination with
doxorubicin; they reported a doxorubicin concentration level of
0.29 pg/cm? on the floor around the operating table and a
maximum doxorubicin contamination level of 0.03 ng/cm? in the
nozzle head [13]. Although we did not collect samples from the
nozzles used in this study, we detected a maximum contamination
level of 5.44 ng/cm? on the telescope, which has similar exposure

characteristics to the nozzle, as both are inserted directly into the
abdominal cavity. Surface contamination was also reported on
healthcare workers’ protective equipment [13], but this was not
detected in the present study.

Doxorubicin was not detected in air samples collected within
the operating room during PIPAC procedures. Considering that the
limit of detection for doxorubicin was 1.28 ng/mL (10 mL of extract
solution), 12.28 ng of doxorubicin per air sample (14.4 ng/m°>)
would be required for detection. Exposure assessment studies of
PIPAC using other antineoplastic drugs (e.g., oxaliplatin or
cisplatin) have reported no air contamination; thus, respiratory
exposure appears to be unlikely during PIPAC procedures. How-
ever, caution should be exercised at the risk of aerosol leakage
from the abdominal cavity while high pressure is maintained. The
results of the present study suggest that healthcare workers
operating PIPAC procedures are not at risk of inhaling doxorubicin
aerosols.

Antineoplastic drugs have varying toxicity [23]; doxorubicin
has been reported to be associated with carcinogenicity and
mutagenicity in animals [2]. The oral half-lethal dose (LDsg) of
doxorubicin has been reported as 570 mg/kg in mice, and it may
be associated with harmful acute toxicity, dilative cardiomyopa-
thy, and mucosa inflammation [2]. However, toxic doses have not
been established for inhalation. Among the antineoplastic drugs
used in PIPAC, an exposure limit has been established only for
platinum compounds (0.002 mg/m3; Occupational Safety and
Health Administration [OSHA], National Institute for Occupational
Safety and Health [NIOSH], and American Conference of Govern-
mental Industrial Hygienists [ACGIH]) [24]. According to the re-
sults of this study, it was considered that the possibility of
exposure was low unless it was an event such as leakage. How-
ever, all possible exposures must be prepared for precautionary
prevention because toxicity information (i.e., exposure limit) for
doxorubicin was insufficient.

It is necessary to use precautions in operating room settings
throughout PIPAC and RIPAC to prevent aerosolized drugs from
leaking from the abdominal cavity. A previous study reported that a
self-checklist should be required for all aerosol chemotherapy
procedures to avoid contamination from high-pressure injectors, as
well as during the preparation, dilution, and handling of the drugs
and devices involved in treatment [7]. Even with these checklists,
risks may persist, even with the application of controlled operating
room technologies, including laminar flow, ventilation, and remote
controlling systems [6]. As observed with the leak described in this
study, surface contamination can occur due to incomplete coupling
of the devices and connector lines through which antineoplastic
drugs flow.

Our study has a few limitations. First, we did not assess exposure
levels on a task-by-task. For example, tasks such as diluting anti-
neoplastic drugs for inject them into a syringe may present risks.
Thus, we sampled many locations within the operating room that
have not been sampled in other studies, such as operating table
lightning and entrance doors, and we were able to quantify the
level of contamination due to a leak during the procedure. More-
over, we evaluated the overall contamination levels at various lo-
cations associated with tasks for PIPAC procedures. The second
might be about sampling and analysis. As with many antineoplastic
drugs, there is no standardized sampling and analysis method for
doxorubicin, such as the NIOSH or ISO method. Doxorubicin is also
not a commonly encountered material in the field of industrial
hygiene. Therefore, the most appropriate method was selected in
this study by referring to the existing literature (17-19). In order to
ensure the accuracy of the analysis, the linearity of the standard
solution (R? = 0.99), recovery rate (air sample; 0.95, surface sam-
ple: 0.71), and detection limit (air sample: 14.4 ng/m>, surface
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sample: 0.16 ng/cm?) were measured. Although it was obtained,
additional research is needed to ensure the accuracy of sampling
and analysis overall.

In this study, we assessed the doxorubicin contamination levels
following PIPAC and RIPAC applied to an animal model. Although
we detected no air contamination, doxorubicin was detected on the
surfaces of relevant devices. We also confirmed the leakage of
doxorubicin droplets from connector devices during the prepara-
tion, handling, or disposal steps of the procedures, with contami-
nation reaching 181.07 ng/cm?. Thus, it is important to prevent
risks during PIPAC and RIPAC by minimizing human error to the
extent possible through the establishment of self-checklists and
safety guidelines.
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