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Abstract: The high toxicity of antineoplastic drugs (ADs) makes them dangerous not only for 

patients, but also for exposed workers. Therefore, the aim of this review was to provide an updated 

overview of the biological monitoring of occupational AD exposure in order to extrapolate 

information useful to improve risk assessment and management strategies in workplaces. Several 

studies demonstrated that remarkable portions of healthcare workers may have traces of these 

substances or their metabolites in biological fluids, although with some conflicting results. Nurses, 

directly engaged in AD handling, werethe occupational category at higher risk of contamination, 

although, in some cases, personnel not involved in AD-related tasks also showed quantifiable 

internal doses. Overall, further research carried out on greater sample sizes appears necessary to 

gain deeper insight into the variability retrieved in the reported results. This may be important to 

understand the impact of the extent of ADs use, different handling, procedures, and cleaning 

practices, spill occurrence, training of the workforce, as well as the adoption of adequate collective 

and personal protective equipment in affecting the occupational exposure levels. This may support 

the achievement of the greatest clinical efficiency of such therapies while assuring the health and 

safety of involved workers. 

Keywords:cytotoxic drugs; antiblastic drugs; job exposure; healthcare workers; exposure 

evaluation; biomarkers; internal dose; human biomonitoring; risk assessment; risk management 

 

1. Introduction 

Antineoplastic drugs (ADs), also known as chemotherapy or cytotoxic drugs, 

include compounds with various mechanisms of action that are used to fight the global 

burden of cancer, preventing or disrupting cell division of neoplastic cells [1]. However, 

their action on malignant cells is only partially selective and normal ones may also be 

affected, leading to significant toxic side effects [2]. For more than three decades, 

researchers have documented AD toxicity [3,4] and, in 2004, the National Institute for 

Occupational Safety and Health (NIOSH) issued an alert summarizing their health 

effects, including skin rushes, adverse reproductive outcomes, hematopoietic and other 

cancers [5]. In fact, most ADs are classified as carcinogenic (group 1) by the International 

Agency for Research on Cancer (IARC) and many of them have been recognized as 

probably (group 2A) or possibly carcinogenic (group 2B) for humans [6]. 

Their high toxicity makes ADs dangerous not only for patients, but also for all the 

workers that are, to different extents, involved in their handling. Workplace exposure 

may occur in manufacturing, distribution, receipt, storage, transport, compounding, and 
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administration, as well as during waste handling and care of treated patients [7]. 

Therefore, pharmacists and pharmacy assistants, nurses, physicians, environmental 

service workers (e.g., janitors and caretakers), shippers and receivers, industrial laundry 

workers, and pharmaceutical manufacturing workerscan all be exposed to such 

dangerous drugs [8]. These workers may be exposed primarily through dermal contact, 

but also via ingestion, inhalation, and accidental injection, to small doses of a broad range 

of cytotoxic drugs over decades, in some cases every workday, year after year [9]. 

This has inevitably raised occupational health concerns considering the high total 

number of licensed anticancer drugs (270), of which 90% (243) were approved by the US 

Food and Drug Administration (FDA), 62% (168) by the European Medicines Agency and 

19% (50) by different European national approvals; over 18 million chemotherapy doses 

are administered annually in the US alone [10]. Moreover, an increasing number of 

preparations and administrations of cytotoxic drugs has been reported worldwide, and 

an increasingvariety of healthcare workers are expected to be potentially exposed due to 

the rapidly expanding use of these agents in non-oncology practices for treating 

non-malignant diseases [8]. 

For all these reasons, several efforts have been made to reduce or eliminate ADs 

environmental contamination and, consequently, occupational exposure, through 

advanced engineering support such as robotic systems, closed system drug transfer 

devices, and compounding aseptic containment isolators [11–17], and by improving safe 

drug handling practices and personal protective equipment (PPE) among workers 

[5,18,19]. Nevertheless, it is evident that the potential exposure to ADs cannot be 

completely eliminated. In the last four decades, several studies have reported detectable 

and/or quantifiable concentrations of such hazardous drugs both in workplaces and in 

biological matrices of engaged employees despite the development of suitable strategies 

to assess risks for healthcare workers and the adoption of preventive and protective 

measures [20–24]. However, the current lack of globally harmonized standards for the 

prevention of AD exposure makes such an ever-worrisome problem far from being 

solved and a still present occupational health priority [13,25]. 

Therefore, the primary aim of our review was to provide an updated overview of 

currently available data on the occupational AD exposure assessed through the biological 

monitoring of engaged workers. This will provide the opportunity to assess the 

effectiveness of the currently adopted measures to control exposure and collect data that 

may be helpful for their improvement. Additionally, secondary purposes will be focused 

on identifyingthose tasks and job procedures at increased risk of exposure in order to 

define updated as well as tailored risk assessmentand management procedures in 

occupational settings, including the implementation of biological monitoring programs, 

and to increaseawarenessin the workforce, in orderto specifically assure the safety and 

health of involved workers. 

2. Materials and Methods 

The systematic literature search was performed following the Preferred Reporting 

Items for Systematic Reviews and Meta-Analyses Statement (PRISMA) criteria [26] 

(Supplementary material Figure S1). Research articles, published in English language 

and exploring AD exposure through biological monitoring in occupational settings were 

considered suitable for review. Therefore, we considered as eligible studies those 

enrolling workers involved in AD handling, along all the possible drug use processes 

(i.e., manufacture, receipt, transport, preparation, administration, cleaning, laundering, 

waste management, etc.). We excluded reviews, notes, book chapters, letters, editorials, 

conference papers, as well as articles published in languages other than English and, 

more generally, any study that did not provide biological monitoring data on exposure to 

ADs in workers. 

PubMed, Scopus, ISI Web of Knowledge, as principal databases, and forward and 

backward citations were searched for studies published between 1 January 2015 and 31 
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December 2021. We developed database-specific search strategies including a 

combination of keywords. The following key search terms were used in strategies 

specific to each database: “Antineoplastic drug*”“Chemotherap*” OR “Antiblastic 

drug*” OR “Hazardous drug*” combined through the Boolean operator “AND” with the 

terms “occupational exposure”. 

The first step of the search strategy, consisting of identifying the articles of interest 

for review, retrieved 200, 183 and 235 records on PubMed, Scopus, and ISI Web of Science 

databases, respectively. After removal of duplicates, 2 researchers, C.S., F.R., 

independently reviewed titles and abstracts of all identified articles (318) and discussed 

inconsistencies until a consensus was obtained. A total of 298 articles were excluded as 

they were off topic for title and abstract analysis (266), because they were review articles, 

letters to the Editor, conference abstracts and book chapters (30), or because they were 

published in languages other than English (2). Then, the full text of the remaining 20 

articles were screened for inclusion by these two researchers independently. In case of 

disagreement, in this phase, consensus on inclusion and exclusion was reached by 

discussion and, if necessary, a third researcher, I.I., was consulted. The citation pool of 

relevant publications identified in the literature search was further enlarged by assessing 

the reference list accompanying the selected articles; this allowed the inclusion of 6 

additional eligible papers. Overall, our search retrieved a total of 26 articles suitable for 

review. 

Key information about the included studies was collected in a standardized data 

extraction form independently by three of the authors, C.S., F.R. and V.L., and extracted 

data were then compared in order to exclude any possible inaccuracy during the process. 

Relevant issues analyzed included: the study population (workplace setting; 

occupational categories explored, size of the target population, control groups when 

available); ADs under investigation; studied biomarkers and biological matrices 

explored; sampling strategy (timing of samples collection, i.e., pre- and post-shift 

sampling, spot sampling); applied analytical methods (techniques, limit of detection 

(LOD), limit of quantification (LOQ)); results obtained in terms of percentages of positive 

samples retrieved among the investigated population; portions of positive workers or 

ADs concentration in biological matrices, when available. 

Three of the authors, C.S., F.R. and V.L., independently evaluated the quality of the 

selected studies using the Newcastle–Ottawa quality assessment scale [27]. When these 

three authors disagreed on the evaluation, the remaining authors also reviewed the 

article, and the judgement made by the majority of the reviewers determined the quality 

rating. Based on a maximum of nine points attributable within three different sections 

(Selection, Comparability and Outcome), a range scale was adopted, going from a 

sufficient evaluation with 6 points, a good evaluation for 7–8 points and an excellent 

evaluation for 9 points; the final evaluation was decided via discussion (Table 1). 

  



Int. J. Environ. Res. Public Health 2022, 19, 3737 14 of 26 
 

 

Table 1. Studies assessing occupational exposure to ADs through biological monitoring. 

References Occupational Setting/Number of 

Workers/Time Period of the 

Study 

Analytical Method/Biomarkers Outcome Results Quality 

Rating 

(Numerical 

Score) 

Investigated 

Antineoplastic Drug 

Biomarker of 

Exposure/Matrix/Sampling Time  

Method LOD and 

LOQ 

 

Canal Raffin 

et al. [2] 

Ten centralized chemotherapy 

reconstitution units and eight care 

services from eleven French 

hospitals/116 healthcare workers: 

48 PT, 44 nurses, and 24 other 

employees (i.e.,stretcher bearers, 

patient area cleaners, caregivers, 

and healthcare assistants). 

Time period: NA 

 CPA 

 IP 

 MTX 

CPA, IP and MTX/urine (635 

samples for CPA; 357 for IP and 

MTX)/samples were collected one 

before the shift and one after a 

working day 

ESI-LC-MS/MS with 

liquid/liquid for CPA, 

IP and solid phase 

extraction for MTX 

LOD (pg/ml): 10 for 

CPA, IP, MTX 

LOQ (pg/ml): 20, for 

CPA, IP, MTX 

To develop and 

validate highly 

sensitive, specific and 

reliableanalytical tools 

for CPA, IP, and MTX 

detection in urine 

A total of 28 urine samples 

were positive to at least one 

of the 3 investigated drugs 

(11 workers, 9.5% of the 

population). 

Among the 23 CPA positive 

urine samples, 6 showed 

concentrations at a trace 

non-detectable level (above 

the LOD, but lower than 

LOQ). Median 

concentration for CPA was 

40.7 pg/ml with values 

ranging from 20.1 to 1850 

pg/ml. 

The concentrations 

determined for IP were 25 

and 37 pg/ml. 

Good (7) 
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Saint-Lorant 

et al. [28] 

A comprehensive cancer centre in 

France/A surgeon engaged in 17 

HIPEC procedures in the 

investigated period. 

Time period: September 

2015–April 2018 

IRT and its metabolites 

(SN-38, APC) 

Irinotecan, SN-38, APC, Pt/19 

blood samples collected from the 

surgeon 

UHPLC for irinotecan 

and its metabolites; 

ICP-MS for Pt 

compounds 

LOQ (pg/ml): 

irinotecan 50; Pt 16 

To assess levels of 

Irinotecan and Pt in an 

exposed surgeon  

IRT contamination in 

plasma: 15 out of 19 

samples (79%). Minimum 

(92 pg/ml) and maximum 

(266 pg/ml) quantified 

concentration (13/19 

samples).  

IRT contamination in RBCs: 

12 out 19 samples (63%). It 

was quantified in 4 (21%) 

out of 19 RBC samples with 

a minimum and a 

maximum of 114 and 257 

pg/ml.  

SN-38 contamination: 4 and 

9 out of 19 plasma and RBC 

samples, respectively. No 

APC detected in plasma.  

Pt compound 

contamination: 7 out 19 

samples. 

Unsatisfactory 

(4) 

Béchet et al. 

[29] 

Pharmaceutical unit of a French 

comprehensive cancer centre/7 

PTs (PT), 4 pharmacists and 2 

pharmacy students (sex ratio M/F: 

0.6; median age: 38 years). 

Time period: NA 

 IRT IRT and its metabolites (SN-38; 

APC)/plasma and red 

blood/sampling was performed 

within a time frame of 27 to 31 h 

after a possible IRT manipulation  

UHPLC-MS/MS.  

LOD pg/ml:(2.5) 

LOQ (pg/ml): (50) 

To assess blood 

contamination by IRT 

and its metabolites in 

the pharmaceutical 

staff working inside 

and outside a 

compounding unit. 

A total of 17/78 (21.8%) 

plasma and red blood 

cell-based assays were 

found to be contaminated 

among the investigated 

staff. 

Positive assays were higher 

in the staff members 

working outside the 

compounding unit (5/42; 

11.9%) than for workers 

working inside (12/36; 

33.3%) (p= 0.022). 

Unsatisfactory 

(5) 
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Benoist et al. 

[30] 

French university hospital/8 PTs, 2 

pharmacists and 2 cleaning agents 

(sex ratio M/F: 0.2; median age: 38 

years); the average duration of 

worker exposure was 7 h per day. 

Time period: NA 

 IRT IRT and its metabolites (SN38 

and APC)/plasma and red 

blood/sampling was performed 

within a time frame of 27 to 31 h 

after a possible IRT manipulation 

UHPLC-MS/MS 

LOD pg/ml:(2.5) 

LOQ (pg/ml):(50)  

To assess blood 

contaminationwith IRT 

and its metabolites for 

cytotoxic drug 

preparations 

personnelbefore and 

after equipment 

changes 

A total of 15/36 (41.6%) 

assays were positive 

(>LOD) before equipment 

changes; 16/72 (22.2%) after 

equipment changes, with a 

significant decrease 

between periods (p= 0.035). 

Satisfactory (6) 

Villa et al. 

[31] 

Two French hospitals/nurses (74) 

who worked on average 3.9 ± 1.4 

days prior to the day of the study 

and during this time 79.7% 

declared to be exposed at least 

once to at least one of the 5 ADs 

investigated. 

 CPA 

 FBAL 

 IP 

 MTX 

 5-FU 

 DXR 

CPA, FBAL, IP, MTX, 5-FU, 

DXR/urine/ samples were 

collected within the 3 h before the 

start of the work, within 2 h from 

the end of the work shift, 

between 7 and 10 h after the end 

of the work shift 

UHPLC-MS/MS 

LOD ng/l: 

1, for CPA, IP and 

MTX; 5 for DXR and 

14 for FBAL.  

Lower LOQ (ng/l): 2.5- 

20 for CPA, IP and 

MTX; 10 for DXR and 

20 for FBAL 

To determine the 

concentration of the 5 

ADs in exposed 

workers at different 

timings 

Internal contamination by 

at least one of the 5 ADs 

was found in 60.8% of 

nurses (45/74). 

Regarding nurses with 

internal contamination, 

42.2% presented internal 

contamination by 

MTX,37.8% by CPA, 33.3% 

by IP, 17.8% by 5-FU 

metabolite and 6.7% by 

DXR. 

The highest median 

concentrations were 

obtained for DXR (232.0 

ng/l) and FBAL (41.5 ng/l). 

For IF, CP and MTX, 

the median concentrations 

were close to the limit of 

quantification(2.5 ng/l) of 

the corresponding 

methods. 

Satisfactory [6] 
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Palamini et 

al. [32] 

Hematology-oncology 

departments of three healthcare 

centers in the region of Montreal, 

Quebec, Canada/18 healthcare 

workers (10 nurses and 8 

technicians, age range 20- 50 years; 

Mean work history: 7.7 ± 9.6 and 

7.8 ± 5.0 years for nurses and PTs, 

respectively) who worked at least 

the two days immediately before 

the 24-h sampling period. 

Time period: 1–30 September 2019 

 CPA 

 IP 

 MTX 

 5-FU 

CPA, IP, MTX, FBAL/urine/24 h 

urine samples 

UHPLC-MS/MS 

LOD (pg/ml):  

CPA (9.0)  

IP (9.7)  

MTX (75)  

FBAL (120) 

To determine the 

concentration of the 

four hazardous drugs 

in workers’ 24-h urine 

samples 

No traces of CPA, IP, MTX 

or FBAL were found in the 

24-h urine samples (128) 

collected from the 18 

healthcare workers 

Good (7) 

Villa et al. 

[33] 

Nine hospitals including 8 French 

hospitals and one non-French 

from an African country/77 

healthcare workers occupationally 

exposed to anthracyclines (29 

nurses, 10 cleaning persons, 18 

assistant nurses, 13 PTs, 2 

pharmacists) 

Time period: NA 

 DXR 

 EPI 

 DNR 

DXR, EPI, DNR/urine/spot 

samples collected 7–10 h after 

shift of one or several working 

days of exposure 

UPLC/MS-MS 

LOD (ng/ml): DNR 

0.001; EPI 0.0025; DXR 

0.005 

LOQ (ng/ml): DNR 

0.010; DXR 0.010; EPI 

0.1 

To develop a suitable 

method to determine 

anthracycline 

concentrations in the 

urine samples of 

healthcare workers 

Two healthcare 

professionals (2.6%) from 

the non-French hospital 

were found to be 

contaminated to DXR 

and/or EPI.  

Urinary concentration 

levels for DXR and EPI 

was, respectively, 218 ng/l 

and 17.7 ng/l. 

Satisfactory (6) 

Santos et al. 

[34] 

One Brazilian 

hospital/pharmacists (25), nurses 

(24), unexposed controls (10) with 

a minimum weekly workload of 20 

h with >4 months of exposure. 

Time period: December 

2017–February 2017. 

 CPA CPA, IP/urine/samples were 

collected on Friday afternoon at 

the end of the week work shift. 

GC/MS 

LOD (ng/ml): 0.03 and 

0.11 for CPA and 

N-trifluoroacetylated 

CP. 

To determine the CPA 

concentrations in urine 

of exposed workers 

compared to controls 

The presence of CPA 

and/or its metabolites was 

6 and 6.5-fold increased in 

pharmacists and nurses, 

respectively  

Unsatisfactory 

(5) 
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Hori et al. 

[35] 

Five departments of the Center 

Hospital of the National Center for 

Global Health and Medicine, 

Tokyo/doctors, nurses and 

pharmacists from the hematology, 

respiratory and gastroenterology 

departments, a diabetes ward and 

pharmacy (13 M and 46 F in 2010, 

age 22–49 years; 24 M and 52 F, age 

23–60 years in 2015). Non medical 

office workers (15) enrolled in 2015 

as controls. 

Time period: July 2010 and April 

2015 

 Pt Pt/hair samples LA-ICP-MS 

LOQ (ng/ml): 0.001411 

in 2010; 0.001272 in 

2015 

To determine the Pt 

concentration in hair 

samples of healthcare 

exposed workers 

Median Pt levels (×10−3ng) 

in hospital workers 

(2010–2015): Pt users (37), 

3.14 (interquartile range 

2.35- 4.42); non users (48), 

2.51 (interquartile range 

1.61–4.74). 

Median Pt levels (×10−3ng) 

in office workers: 2.17 

(interquartile range 

1.62–2.85) 

Median Pt levels (×10−3ng) 

in treated patients (15): 

213.16 (interquartile range 

31.90–627.25).  

Good (8) 

Shu et al. 

[10] 

Twelve cancer centers in the 

USA/participants from the centers 

(378; 64 experienced drug spills) 

 Paclitaxel 

 DXR 

 Etoposide 

 Gemcitabine 

 Bendamustine 

 Docetaxel 

 Irinotecan 

 CPA 

 Other drugs 

Anticancer drugs (18)/plasma 

samples (743)/samples were 

collected at baseline, after the 

educational assessment and 

whenever they experienced a 

drug spill (at 2 and 24 h from the 

spill) 

MRM-IDA-EPI 

LLOD (ng/ml): 

0.10–1.0 

LLOQ (ng/ml): 

0.10–1.0 

To develop a method 

to assess the plasma 

concentration of 18 

antineoplastic agents in 

acute exposures 

All plasma sample 

measurements were below 

the lower LOD at baseline, 

post-intervention, and in 

cases of documented acute 

spills 

Good (7) 

Rezazadeh 

Azari et al. 

[36] 

Two hospitals in Tehran 

(Iran)/Oncology personnel (45) as 

PTs, nurses, and auxiliary workers 

(Mean age: 29.75 years; Mean 

work history: 3.12 years) 

Time period: September 

2015–January 2016 

 CPA CPA/urine/samples collected at 

the end of the work shift 

GC-ECD and GC-MS 

(as confirm) 

Lower LOD (ng/ml): 

(0.2)  

Lower LOQ (ng/ml): 

(0.5) 

To validate a method 

for analysing CPA in 

urine samples 

Urinary CPA 

concentrations were 

between 0.52 and 21.4 g/L 

in the urine of 31% of two 

hospital staff. 

Mean CPA concentration 

in the two hospitals: 9.53 ± 

7.33 and 11.98 ± 9.75 ng/ml 

Unsatisfactory 

(5) 
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Baniasadi et 

al. [37] 

An oncology teaching hospital in 

Iran/healthcare workers (15): 9 

nurses, 3 nurse assistants, 2 

cleaners, 1 secretor (Mean age: 

31.13 ± 6.45 years; Mean work 

history: 1 year; Male/Female 6/9); 

non exposed personnel as a 

controls (15) (Mean age: 37 ± 6.16 

years; Mean work history: 0 year; 

Male/Female 5/10). 

Time period: NA 

 CPA 

 IP 

CPA and IP/urine/samples were 

collected in pre and post shift 

GC/MS 

LOQ (ng/ml): 

CPA (0.04) 

IP (0.05) 

Determine CPAand IP 

concentrations in urine 

samples of exposed 

workers 

CPA was detected in 

fivepre-shift and nine 

post-shift urine samples. 

One pre-shift and four 

post-shift urine samples 

were positive for IP 

Mean CPA concentration 

in post-shift samples: 0.57 

ng/ml (range 0.22–1.04) 

Mean IP concentration: 

0.26 ng/ml (range: 

0.12–0.35) 

Satisfactory (6) 

Izzo et al. 

[38] 

University Hospital in Salerno 

(Italy)/15 healthcare workers 

involved in the preparation, 

manipulation, distribution, 

transport of chemotherapeutics 

and in the AD lab cleaning 

Time period: NA 

 MTX 

 CPA 

 IP 

 IRT 

 DXR 

 DNR 

 Bendamustine 

(BMA) 

 Paclitaxel (PTX) 

MTX, CPA, IP, IRT, DXR, DNR, 

BMA, PTX/plasma and 24-h 

urine/ samples were collected at 

the end of the working day, 

during the last day of working 

week. 

UHPLC-MS/MS 

Lower LOD (pg/ml) 

range: 2.5–15 and 

2.5–5 in plasma and 

urine, respectively 

Lower LOQ (pg/ml) 

range: 5–15 in both 

matrices (50 pg/ml for 

PTX) 

To develop, optimize 

and validate a novel 

UHPLC-MS/MS 

method for the 

simultaneous 

quasi-quantitative 

analysis of a panel of 

antineoplastic drugs 

Thirteen out of 15 workers 

were negative to the 

biological monitoring. 

Traces of IRT were 

detected in both plasma (68 

pg/ml) and urine (35 

pg/ml) of one 

transporter/cleaner and, at 

a lower level (55 pg/ml), in 

the plasma of one 

preparator. 

Unsatisfactory 

(4) 

Sottani et al. 

[39] 

Eight hospitals/healthcare workers 

(38, urine samples: 20 from 

pharmacists involved in the 

compounding of ADs and 57 from 

workers who administered such 

drugs) 

Time period: NA 

 Cape 

 5-FU 

FBAL/urine/ sampling was 

performe at the pre and post shift 

work (7 h after the beginning of 

the activities) 

rp-UHPLC-MS/MS 

LOQ (ng/ml): 0.5 

To measure the urinary 

(pre and post-shift) 

excretion of FBAL in 

healthcare workers 

involved in the 

compounding of 

antineoplastic drugs 

and operating in 

administering units 

Two urine samples out of 

77 were found positive for 

FBAL (the highest 

concentration for FBAL 

was 1.8 ng/ml) 

Good (7) 

Dugheri et 

al. [40] 

Careggi University Hospital, 

Florence/398 healthcare workers 

(nurses, technicians, and 

pharmacists) who handled ADs at 

the same time as when the wipe 

samples were collected. 

Time period: 2009–2017 

 CPA 

 IP 

 Pt compounds 

(cis-, carbo-, and 

oxali-Pt) 

 5-FU 

CPA, IP, Pt, and FBAL/urine/ 

samples collected before AD 

administration or preparation 

and until the next day 

LC/MS-MS and 

ICP-MS (for Pt) 

LOD (ng/ml): 

CP 8.1; IP 7.7; Pt 15.4; 

FBAL 234. 

LOQ (ng/ml): 

CP 25.3; IP 22.9; Pt 

46.2; FBAL 643. 

To evaluate the 

contamination of work 

areas though 

environmentaland 

biological monitoring 

No urine sample had 

detectable concentrations 

of any of the 4 drugs 

considered (0/398 samples). 

Good (7) 
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Koller et al. 

[41] 

A hospital in Southern 

Germany/15 health care workers 

from the oncology department (13 

female and 1 male nurses and 1 

female physician)  

Average age: 38 years; average 

time of ADs handling experience: 

8.7 years. 

Time period: July 2017 

 5-FU 

 CPA 

 Pt compounds 

(cis-, carbo-, and 

oxali-platin) 

CP, Pt, and FBAL/urine/samples 

collected before and after daily 

shift for an average of 3.5 days 

GC/MSMS 

LOD (ng/lL): 

CP 0.05; FBAL 0.2; Pt 

0.001 

To assess the 

occupational exposure 

of oncology ward 

employees to ADs by a 

combination of 

environmental 

and biological 

monitoring 

No FBAL or CP residues 

were detected in any urine 

sample 

Regarding Pt analysis, 

most urinary Pt 

concentrations (96/98) were 

below the German 

reference value (10 ng/l).  

Two nurses had pre-shift 

urine Pt concentrations of 

10.3 and 16.2 ng/l. 

Unsatisfactory 

(5) 

Ndaw et al. 

[42] 

A French Hospital, department of 

digestive and oncologic 

surgery/medical staff performing 

HIPEC (5) and PIPAC (5) 

procedures, control group 

included unexposed medical 

personnel (5). 

 Cisplatin Pt/urine/24-h urine samples were 

collected from the void in the 

morning before the procedure (32 

and 23 for HIPEC and PIPAC 

procedures); pre-shift and 

post-shift samples (18) were 

collected from controls during 

two consecutive days 

ICP-MS 

LOQ (ng/ml): 10 

To assess occupational 

exposure to Pt during 

HIPEC and PIPAC 

procedures 

Controls: 72% samples 

above the LOQ (range: 

<LOQ-91 ng/l, median 

concentration: 12 ng/l) 

HIPEC procedures: 44% 

samples above the LOQ 

(range: <LOQ-87 ng/l; 

median concentration: 

<LOQ). No significant 

differences with the 

controls 

PIPAC procedures: 48% 

samples above the LOQ 

(range: <LOQ-136 ng/l; 

median concentration: 

<LOQ). No significant 

difference with controls 

and HIP 

Good (7) 

Dhersin et 

al. [43] 

Eight French hospitals including 

one from  the African 

country/Health care professionals 

(73: 48 nurses, 15 cleaning staff, 7 

assistant nurses, 3 PTs) 

 FBAL FBAL/urine/spot samples collect 

from 0 to 10 h after the work 

shift. 

ESI-UHPLC/MS-MS  Seven urine samples from 

73 were positive for 

healthcare professionals 

(9.6%). 

Satisfactory (6) 
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Poupeau et 

al. [44] 

A mother–child university health 

center in Quebec, Canada/92 

workers from the 

hematology–oncology department 

(74 nurses, 5 pharmacists, 6 PTs, 7 

doctors) and 9 participants not 

working in hematology–oncology 

as controls (6 pharmacists, 3 PTs). 

Mean age of experience: 6.5 ± 2.1, 

8.3 ± 10.1, 13.3 ± 11.8 and 16.0 ± 

13.3 years for nurses, pharmacists, 

PTs, and doctors, respectively.  

Time period: 15–29 January 2015 

 CPA  

 IP 

 MTX 

 5-FU 

CPA, IP, MTX, FBAL/urine/one 

spot urine sample was collected 

at the end of the work shift 

UPLC/MS-MS 

LOD (pg/ml): 

CPA 9.0; IP 9.7;MTX 

75; FBAL 120 

LOQ (ng/ml): CPA 30; 

IP 32; MTX 250; FBAL 

400 

To determine the 

concentration of four 

ADs in urine samples 

of healthcare workers 

No urine sample had 

detectable concentrations 

of any of the fourdrugs 

evaluated 

Good (7) 

Fabrizi et al. 

[45] 

An Italian hospital/nine healthcare 

workers (nurses, a health care 

assistant, a pharmacist, a head 

nurse and a front desk officer) 

Time period: NA 

 CPA 

 EPI 

 VP-16 

 5-FU 

 GCA 

 TAX 

CPA, EPI, VP-16, 5-FU, GCA and 

TAX/urine/single urine sample 

collected at the end of shift 

UPLC/MS-MS 

LOD (ng/ml): CPA 

0.33; EPI 0.03; VP-16 

0.17; 5-FU 33.33; GCA 

0.67; TAX 0.33.  

LOQ ng/ml: CPA 1.00; 

EPI 0.10; VP-16 0.50; 

5-FU 100.00; GCA 2.00; 

TAX 1.00  

To develop a fast and 

easy tailored dispersive 

solid-phase extraction 

procedure for 

determination of 13 

cytostatic drugs 

Two samples 

demonstrated a taxol and 

VP-16 concentration 

between LOD and LOQ. 

Unsatisfactory 

(5) 

Greversen et 

al. [46] 

Two surgeons after 50 PIPAC 

procedures 

 Cisplatinum Pt/blood samples Not provided To assess Pt 

contamination in 

PIPAC exposed 

subjects 

Blood samples showed no 

traces of Pt 

Unsatisfactory 

(3) 
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Friese et al. 

[4] 

One academic medical 

center/ambulatory oncology 

department/nurses, medical 

assistants, pharmacists, and PTs 

present during a drug spill (9) or 

working in a cancer center 

without experiencing spills (8) 

 VP- 16 

 Docetaxel 

 Pemetrexed 

VP-16, Docetaxel and 

pemetrexed/urine/8 h urine 

samples collected when a spill of 

ADs occurred or in the period 4 h 

before and 4 h after the end of the 

shift 

LC-MS/MS 

LOQ (ng/ml): 

VP-16 0.02; Docetaxel 

0.025; Pemetrexed 

0.109 

Evaluate the internal 

dose of ADs after spills 

and in ordinary 

conditions of a cancer 

center activity 

Workers with VP-16 

exposure: 1/6 urine 

samples >LOD, but not the 

LOQ. No detectable levels 

in samples from workers 

without drug spill 

exposure. 

Workers with docetaxel, 

pemetrexed and cisplatin 

exposure: 3/3 samples from 

workers > LOD for 

docetaxel, no samples > 

LOD for pemetrexed. All 

these samples were >LOQ 

(drug levels: 0.58 and 0.10 

ng/ml). Four samples from 

workers who did not 

report a drug spill were 

>LOD for docetaxel, but 

not >LOQ. 

Satisfactory (6) 

Hon et al. 

[47] 

Five acute care sites and one 

cancer treatment centre of 

Canada/healthcare workers (103) 

as pharmacists, pharmacy 

receiver, PT, nurse, transport staff, 

unit clerks, and others working in 

drug administration units. 

Male/female: 21%/82%. 

Time period:June 2010–February 

2011. 

 CPA Unmetabolized CPA/urine UHPLC-MS/MS 

LOD (ng/ml):0.05  

To quantify the urine 

concentration of 

non-metabolized CPA, 

among potentially 

exposed Canadian 

healthcare workers  

111 of the 201 urine 

collected samples (55%) 

had levels greater than the 

LOD of 0.05 ng/ml. 

Maximum reported CPA 

concentration: 2.37 ng/ml; 

mean urinary CPA 

concentration: 0.156 ng/ml 

Satisfactory (6) 

Ramphal et 

al. [48] 

A single pediatric hospital, 

Ottawa, Canada/personnel in the 

oncology pharmacy (7 who 

handled CPA on the day of the 

study participation), and 

non-oncology pharmacy 

personnel not exposed to CPA 

(5as controls).  

 CPA CPA/urine/24 h urine samples GC/MS To assess levels of CPA 

in exposed and not 

exposed pharmacy 

personnel 

All participants in both 

groups tested positive for 

CPA, with a higher mean 

concentration in the urine 

of controls (mean range: 

30–108.3 ng/ml) compared 

to the exposed personnel 

(mean range: 5–66.5 

ng/ml).  

Satisfactory (6) 



Int. J. Environ. Res. Public Health 2022, 19, 3737 23 of 26 
 

 

Villa et al. 

[49] 

Two hospitals performing HIPEC 

in France, Paris/exposed members 

of the surgical staff (senior and 

junior surgeons, anesthesiologist, 

operating room nurse, nurse 

anesthesist), the operating room 

cleaner and the staff member who 

transported drugs from the 

pharmacy to the opearting room 

(29 workers, 14 F and 15 M; aged 

27–59 years). Healthcare workers 

(7 workers, 4 F and 3 M; aged 

21–53 years) from the same 

hospitals were enrolled as 

unexposed controls. 

 Oxaliplatinum Pt/urine/ samples collected from 

the first void in the morning after 

the procedure 

ICP-MS 

LOD (ng/ml):0.05 

LOQ (ng/ml): 0.016 

To assess levels of Pt in 

exposed and not 

exposed healthcare 

workers 

Pt was undetectable (<0.05 

ng/ml) in all workers.  

The Pt concentration was 

between the LOD and the 

LOQ in on eof the 42 

samples collected before 

HIPEC; the worker 

concerned had participated 

in another HIPEC 

procedure one month 

previously. 

In controls, Pt 

concentration was <LOD. 

Satisfactory (6) 

Sessink et 

al. [13] 

A University Hospital in Brussels, 

Belgium/PTs (2) handling a 

robotic system for a part of the 

intravenous AD preparation. 

Time period:20 to 22 February 

2022 

 CPA CPA/urine/24 h urine samples 

(10) 

Analytical technique: 

not specified 

LOD (ng/ml):0.01 

To assess levels of CPA 

in workers handling a 

robotic system for a 

part of the intravenous 

antineoplastic drug 

preparation 

CPA was not detected in 

the 14 urine samples of the 

two technicians indicating 

no measurable exposure. 

Unsatisfactory 

(4) 

5-FU, 5-fluorouracil;AD, antineoplastic drug; CPA, cyclophosphamide; DNR, daunorubicin; DXR, doxorubicin; EPI, epirubicin; ESI-LC-MS, liquid 

chromatography electrospray ionization tandem mass spectrometric; ESI- UHPLC, negative electrospray ionization- ultra high performance liquid 

chromatography; FBAL, alpha-fluoro-beta-alanine; GCA, gemcitabine; GC-ECD, capillary gas chromatography with electron capture detection; GC-MS, gas 

chromatography-mass spectrometry; HIPEC, hyperthermic intraperitoneal chemotherapy; IP, ifosfamide; IRT, irinotecan; LA-ICP-MS, laser ablation inductively 

coupled plasma mass spectrometry; MRM-IDA-EPI, multiple reaction monitoring-information dependent acquisition enhanced production ion; MTX, metho-

trexate; PIPAC, Pressurized intraperitoneal aerosol chemotherapy; PT, pharmacy technicians; RBC, red blood cell; TAX, paclitaxel; UHPLC, ultra high perfor-

mance liquid chromatography; VP-16, etoposide. 
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3. Results 

The following paragraphs attempt to summarize currently available data concerning 

occupational exposure to specific categories of ADs (Figure 1)obtained through moni-

toring internal doses in different biological matrices (Table 1). 

 

Figure 1. Chemical structures of the main ADs investigated by the studies object of this systematic 

review. The 2D structure images of the ADs in this figure were obtained from PubChem as follows: 

Cyclophosphamide: PubChem Identifier CID 2907 

(https://pubchem.ncbi.nlm.nih.gov/compound/2907#section=2D-Structure (accessed on 17 March 

2022); Iphosphamide: PubChem Identifier CID 3690 

(https://pubchem.ncbi.nlm.nih.gov/compound/3690#section=2D-Structure (accessed on 17 March 

2022)); Bendamustine: PubChem Identifier CID 65,628 

(https://pubchem.ncbi.nlm.nih.gov/compound/65628#section=2D-Structure (accessed on 17 March 

2022)); 5-Fluorouracil: PubChem Identifier CID 3385 

(https://pubchem.ncbi.nlm.nih.gov/compound/3385#section=2D-Structure (accessed on 17 March 

2022)); Cisplatin: PubChem Identifier CID 5,702,198 

(https://pubchem.ncbi.nlm.nih.gov/compound/5702198#section=2D-Structure (accessed on 17 

March 2022)); Carboplatin: PubChem Identifier CID 426,756 

(https://pubchem.ncbi.nlm.nih.gov/compound/426756#section=2D-Structure (accessed on 17 March 

2022)); Oxaliplatinum: PubChem Identifier CID 43,805 

(https://pubchem.ncbi.nlm.nih.gov/substance/135005397#section=2D-Structure (accessed on 17 

March 2022)); Methotrexate: PubChem Identifier CID 126,941 

(https://pubchem.ncbi.nlm.nih.gov/compound/126941#section=2D-Structure (accessed on 17 March 

2022)); Irinotecan: PubChem Identifier CID 60,838 

(https://pubchem.ncbi.nlm.nih.gov/compound/60838#section=2D-Structure (accessed on 17 March 

2022)); Daunorubicin: PubChem Identifier CID 30,323 

(https://pubchem.ncbi.nlm.nih.gov/compound/30323#section=2D-Structure (accessed on 17 March 

2022)); Doxorubicin: PubChem Identifier CID 31,703 
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(https://pubchem.ncbi.nlm.nih.gov/compound/31703#section=2D-Structure (accessed on 17 March 

2022)); Epirubicin: PubChem Identifier CID 41,867 

(https://pubchem.ncbi.nlm.nih.gov/compound/41867#section=2D-Structure (accessed on 17 March 

2022)). 

3.1. Alkylating Drugs 

3.1.1. Cyclophosphamide, Ifosfamide, Bendamustine 

Cyclophosphamide (CPA) is one of the most dangerous ADs, widely used for the 

treatment of leukemias and lymphomas, and many types of bladder, ovarian, breast, 

lung, endometrium, neuroblastoma, and retinoblastoma cancers [50]. Ifosfamide (IP) is 

an alkylating agent similar to CPA, used in the treatment of several forms of lymphomas, 

sarcomas, and advanced forms of solid organ tumors [51]. Different studies have found 

traces of these ADs in biological matrices, primarily in urine of healthcare workers, and 

some of these reported proportions of workers or samples with biological contamination 

[2,36,37,47,48]. 

An investigation carried out by Canal Raffin et al. [2] on French hospital profes-

sionals employed in chemotherapy reconstitution units and care services demonstrated 

that 23 out of 635 (3.6%) and 2 out of 357 urine samples (0.6%) werepositive for CPA and 

IP contamination, respectively. Nurses werethe most frequently contaminated category 

(18.2%), two pharmacy technicians were found positive to CPA, in one case following an 

accidental exposure, while none of the other enrolled workers showed any contamina-

tion. In oncology healthcare Iranian workers, among 60 total urine samples, 46.7% and 

16.7% were positive for CPA and IP, respectively [37]. The samples of the unexposed 

controls had no detectable concentrations of such drugs. Interestingly, concerning the 

results of pre-shift and post-shift urinary monitoring, the presence of CPA and IP in 

33.3% and 6.7% of pre-shift samples, respectively, suggested the possibility for an expo-

sure occurring during the previous working day, with a possible release through the re-

nal systemin the subsequent days. Additionally,the large amount of CPA and IP in 

post-shift samples, 0.57 and 0.26 ng/ml, respectively, revealed unexpected exposure to 

the drugs during the work shift. 

Compared to these investigations, a greater percentage of CPA-positive 24-h urine 

samples was reported in a previous study performed on healthcare workers from six 

British Columbia hospitals [47]. In fact, 55% of the 201 samples had detectable CPA con-

centrations, with a mean level of 0.156 ng/ml. No correlation between the urinary levels 

and known contact with CPA during the workshift could be demonstrated. In fact, unit 

clerks had the highest average level, and also workers engaged in the drug administra-

tion unit, but who were not responsible for administering the drugs to patients, such as 

volunteers, oncologists, ward aides, and dieticians, had the largest portion of samples 

with detectable CPA.This finding may be related to the fact that workers who did not 

receive training had higher levels of urinary CP concentration, thus supporting the idea 

that training is an important administrative control to reduce the level of occupational 

exposure to ADs [47]. 

Ramphal et al. [48] also noted a high rate of urinary CPA contamination among 

pharmacy staff (100% of the 7 exposed workers). However, the same percentage of posi-

tivity was detected in unexposed controls, who did not handle chemotherapy drugs (5/5), 

maybe due to a possible contact in the oncology pharmacy while training to use the 

urine-collection kit on the day of sampling. In line with this possible source of exposure, 

the environmental monitoring results demonstrated a widespread CPA contamination in 

the oncology pharmacy where chemotherapy doses were stored and prepared. Fur-

thermore, in the second repeated series of samples, only the control subject that briefly 

visited such workplace area during the 24-h study period tested positive for urinary 

CPA. Rezazadeh Azari et al. [36], measuring the urinary CPA concentrations in the on-

cology personnel in two hospitals in Tehran, found that 10 out of 32 urine samples (31%) 

had detectable concentrations and nurses werethe category with the most positive sam-
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ples. Santos et al. [34] found higher levels of CPA in pharmacists and nurses with respect 

to unexposed controls from the hospital staff. Among the 74 French nurses investigated 

by Villa et al. [31], 45 reported an internal AD contamination. Among those, 37.8% and 

33.3% presented internal contamination with CPA and IP, respectively, with the highest 

median concentration close to the LOQ of the analytical methods.Conversely to the 

above-mentioned results, other studies failed to detect any concentration of CPA and IP 

in exposed healthcare workers [10,13,32,38,40,41,44,45]. When biological monitoring was 

performed on two Belgian pharmacy technicians engaged in CPA preparation with the 

aid of a robotic system and without appreciable occupational exposure, undetectable 

levels of CPA could be retrieved in the 24-h urine samples [13]. In Koller et al. [41], en-

vironmental results from the oncology department of a Swedish hospital showed 50% of 

sampling sites with positive results for CPA, while no trace could be determined in 98 

urine samples collected from 15 workers before and after their shift. Dugheri et al. [40] 

made the same observation. In fact, while 3.9% of samples collected from the work sur-

faces of the cytostatic preparation and administration units of an Italian hospital had 

positive results, among 398 healthcare workers with 24-h urine collection, no traces of 

ADs, including CPA and IP, could be detected. Comparably, Palamini et al. [32] showed 

no traces of CPA and IP in the 24 h-urine of 18 nurses and pharmacy technicians assigned 

to the hematology-oncology departments of three Canadian healthcare centers. These 

results corroborate those previously obtained from 101 workers at the same departments, 

where no detectable urinary CPA levels could be determined [44]. Concerning PPE, 

nurses reported wearing all the recommended protection for technical activities (86.2%), 

but rarely for non-technical ones (14.9%), while pharmacists and pharmacy technicians 

used protection for all their job tasks (100.0%). Comparably, a group of 15 Italian 

healthcare workers involved in the preparation, manipulation, distribution, and 

transport of chemotherapeutic drugs, but also cleaning of the antiblastic preparation lab, 

blood, and urine samples werenegative inthe biological monitoring for CPA, IP and 

Bendamustine [38], confirming the findings previously retrieved by Fabrizi et al. [45]. 

Furthermore, in the case of a possible acute exposure due to anticancer drug spills, no 

detectable levels of CPA and Bendamustine, as well as those of other ADs, could be de-

termined in plasma samples of US healthcare workers, both after 2 and 24 h from contact 

[10]. 

3.1.2. Platinum Compounds 

Platinum (Pt) complexes are used to treat approximately half of all patients receiving 

cancer chemotherapy [52]. Cisplatin was the first Pt compound discovered to have anti-

cancer activity. Following its introduction into the clinical management of cancer, two 

other Pt drugs received widespread regulatory approval, Carboplatin and Oxaliplatin. 

These compounds exert their antitumor effects by forming DNA adducts and subsequent 

inhibition of DNA replication and transcription. 

A French investigation assessed the internal contamination of healthcare workers, 

surgeons and nurses during open abdomen heated intraperitoneal perioperative chem-

otherapy (HIPEC) procedures using Oxaliplatinum to treat peritoneal carcinomatosis 

[49]. The main drawback of this technique is the risk for leakage and contamination of 

healthcare workers through inhalation, as well as direct or indirect skin and eye contact. 

In all workers involved in the procedure, urinary Pt was undetectable. Interestingly, also 

no significant atmospheric contamination could be determined in this study, maybe due 

to the poor volatility of the Pt-containing cytostatic drugs. Conversely, a heavy contam-

ination of the operating table, the floor at the surgeon’s feet and his overshoes could be 

determined during the operation, probably as the result of the drug spillage during 

manual supervisions of the intra-abdominal Oxaliplatinum perfusion. Similarly, when 

blood analysis was performed in two Danish surgeons engaged in pressurized intraper-

itoneal aerosol chemotherapy (PIPAC) procedures, Graversen et al. [46] could not find 

any contamination. The Pt analysis performed by Ndaw et al. [42] on urine samples col-
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lected from 10 volunteers of the medical staff and 5 from a control group engaged in 

HIPEC and PIPAC activities demonstrated levels under the LOQ for more than 50% 

workers’ samples, with no significant differences compared to controls. Nevertheless, 

environmental contamination could be detected in various locations inthe operating 

rooms, including gloves, hands, devices, and floor. In a more recent study, Saint-Lorant 

et al. [28] demonstrated a Pt contamination in 36% (7 out of 19) of plasma samples col-

lected from a French surgeon engaged in 17 HIPEC procedures for a period of 3 years. 

No traces of Pt-based drugs were detected in the 24-h urine samples collected from 

398 Italian healthcare workers by Dugheri et al. [40]. In Koller et al. [41], despite the con-

siderable contamination levels determined on various surfaces on the oncology ward, the 

biomonitoring results of the screened staff (14 nurses, 1 doctor) were for 98% of cases in 

the range of the non-exposed population. In fact, most urinary Pt concentrations (96/98) 

were below the German reference value (10 ng/l), ranging from 0.2 to 7.3 ng/l. Interest-

ingly, the only two nurses who had pre-shift urinary Pt concentrations of 10.3 and 16.2 

ng/l reported not wearing gloves during all patient care activities, including washing 

patients and changing bed linen, or during unpacking and preparing the AD infusions. 

Overall, these results can exclude heavy or moderate internal Pt contamination in ex-

posed healthcare workers, but cannot preclude very slight contamination. 

Apart from blood and urine, hair samples have also been explored as a suitable 

matrix to investigate the Pt internal contamination in exposed healthcare workers [35]. In 

fact, Pt concentrations in hair from personnel handling Pt compounds were significantly 

higher than those found in workers non handling such compounds. However, caution 

should be paid in interpreting Pt biomonitoring data, as other sources of exposure, such 

as dental appliances, metallic Pt dust, and catalysts in car exhaust systems may be re-

sponsible for the detected levels, particularly for the comparable concentrations found in 

office workers and non-Pt users in the hospital. 

3.2. Topoisomerase Inhibitors 

3.2.1. Irinotecan 

Irinotecan (IRT) is a potent inhibitor of topoisomerase and has been used as a first- 

or second-line AD in several malignancies, especially for colorectal cancer [53]. Irinotecan 

is a good marker for the assessment of healthcare occupational exposure, as it is absent 

from the environment aside from healthcare settings, and has a longer half-life, which is 

compatible with easy biomonitoring [54]. 

A French study conducted by Benoist et al. [30] performed the first evaluation of 

blood contamination by IRT and its metabolites, 7-ethyl-10-hydroxycamptothecin 

(SN-38) and 

7-ethyl-[4-N-(5-aminopentanoic-acid)-1-piperidino]carbonyloxycamptothecin (APC), in a 

centralized AD pharmaceutical unit before and after protective equipment changes. A 

total of 15/36 (41.6%) assays were positive before and 16/72 (22.2%) after changing col-

lective and PPE, with the reduction in the percentages supporting the effectiveness of 

such measures in controlling the exposure. In a subsequent investigation, Bechet et al. 

[29] demonstrated that 17 out of 78 workers (21.8%) in a pharmaceutical unit of a French 

cancer center had detectable levels of IRT or its metabolites in plasma and red blood cells. 

The number of positive assays was found to be significantly higher in the staff members 

working outside the compounding unit compared to those operating inside, and also 

with respect to caregivers directly involved in AD handling. 

Izzo et al. [38] monitored a group of Italian healthcare workers engaged in the 

preparation of antiblastic therapies. They found traces of IRT in both plasma (68 pg/ml) 

and urine (35 pg/ml) of one transporter/cleaner and in the plasma of one preparator (55 

pg/ml). Although a quite long plasmatic half-life has been reported for this compound 

[55], the detection of IRT in plasma suggested that the uptake of this AD by the two 

workers occurred a few hours before the sample collection. However, as traces of IRT 
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were also detected in the urine sample of one of the analyzed subjects, chronic or pro-

longed exposure cannot be ruled out. 

When the IRT contamination was investigated in a surgeon exposed during HIPEC 

procedures [28], despite collective and PPE, 79% and 63% of plasma and red blood cell 

samples werecontaminated, both soon after HIPEC procedures, as well as following a 

period of inactivity. 

3.2.2. Anthracycline ADs 

Daunorubicin (DNR), doxorubicin (DXR) and epirubicin (EPI) are anthracycline 

ADs which can intercalate between DNA bases or generate free radicals and can also in-

teract with cellular membranes and inhibit the nuclear enzyme topoisomerase II [56]. 

Doxorubicin and EPI are prescribed in the treatment of various cancers, including breast, 

digestive, hematological, bronchopulmonary, and ovarian cancers. Daunorubicin is used 

in the treatment of hematological cancers [33]. Villa et al. [33] monitored more than 77 

workers for anthracycline AD exposure. Two healthcare professionals were found to be 

contaminated by anthracycline drugs which represents the 2.6% of the monitored popu-

lation. Specifically focusing on the collected samples, one from a nurse and one from an 

assistant nurse were found positive to DXR or EPI with a urinary concentration level of 

218 ng/l and 17.7 ng/l, respectively. Both workers reported to irregularly wear gloves. 

Two other studies failed to demonstrate any case of contamination by EPI in urine [45] 

and by DXR and DNR in blood of healthcare workers [38]. 

3.3. Folic Acid Antagonists 

Methotrexate (MTX), a structural analogue of folic acid, is one of the most effective 

and extensively used drugs for treating many kinds of cancer or severe and resistant 

forms of autoimmune diseases [57]. Among the 116 subjects engaged in handling ADs 

investigated by Canal Raffin et al. [2], 1 caregiver was found contaminated with MTX. 

Among the 357 urine samples analyzed, 3 were positive with a median concentration of 

36.3 pg/ml. In Villa et al. [31], 42.2% of 45 nurses with AD internal contamination were 

positive for MTX, with the highest median level close to the LOQ of 2.5 ng/l. 

Palamini et al. [32] demonstrated the absence of MTX in the 24-h urine samples of 18 

healthcare workers exposed to four ADs (CPA, IP, MTX and 5-Fluorouracil (5-FU). Sim-

ilarly, in 101 workers exposed to these four drugs, no urine sample had detectable con-

centrations of any of the compounds evaluated [44]. Negative biological monitoring re-

sults were determined for MTX in the group of 15 healthcare workers investigated by 

Izzo et al. [38]. Fabrizi et al. [45] monitored nine workers from an Italian hospital exposed 

to different chemotherapies including CPA, EPI, etoposide, 5-FU, Gemcitabine and Taxol 

in variable amounts and not at the same time. Unexpectedly, among the urine samples 

collected at the end of their shift, one urine sample demonstrated a high concentration of 

MTX (0.22 ng/ml, about 5 LOQ). The outcome seemed surprising, but was possibly due to 

an omission in the declaration of substances to which workers were exposed. 

3.4. Pyrimidine Antimetabolites 

The antimetabolite, 5-FU, continues to be used in the treatment of breast, gastroin-

testinal, head and neck, and ovarian cancers two decades after its synthesis [58]. Fol-

lowing a catabolic pathway, 5-FU generates alfa-fluoro-beta-alanine (FBAL) that repre-

sents its major metabolite in urine [59]. Sottani et al. [39] investigated healthcare occupa-

tional exposure to 5-FU, analyzing the concentration of its FBAL metabolite in the urine. 

They showed that 2out of 77 samples, collected from pharmacists involved in the com-

pounding of ADs and workers engaged in their administration, were found positive for 

FBAL, with the highest concentration of 1.8 ng/ml. The authors suggested a possible en-

vironmental contamination, as 5-FU was detected in many workplace surfaces and on the 

gloves of a technician involved in the compounding of this drug. Among the 45 nurses 
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with an internal AD contamination investigated by Villa et al. [31], 17.8% presented pos-

itive results for FBAL, with the highest median concentration of 41.5 ng/l. When 73 

French and African healthcare professionals were examined for 5-FU contamination 

through the analysis of the FBAL urinary content, 9.6% presented results above the LOQ 

[43]. Regarding the job categories, 5 nurses, 1 assistant nurse and 1 cleaning person were 

positive from the biological monitoring investigation. The highest measured FBAL con-

centration (301 pg/ml) was retrieved from a nurse working in a developing country. The 

three French contaminated healthcare professionals had urinary levels ranging from 25 to 

35 pg/ml, values close to the analytical LOQ employed in this study. 

Koller et al. [41] observed the absence of any trace of 5-FU in workers’ urine samples 

collected before and after their shift, although 100% of the examined surfaces of the on-

cology ward, including areas dedicated to the pre-administration, administra-

tion/patients’ care and handling of patients’ excreta, werecontaminated by 5-FU. 

Poupeau et al. [44] and Palamini et al. [32], in two different studies conducted at the same 

hospital, showed the absence of traces of hazardous drugs in the urine of 101 and 18 

healthcare workers exposed to four ADs including 5-FU, respectively. Dugheri et al. [40] 

made the same observation: among 398 healthcare workers with 24-h urine collection, no 

traces of FBAL were detected in the urine samples, even though3.9% of work surfaces 

examined during the same period had positive results. Similarly, Fabrizi et al. [45] failed 

to demonstrate 5-FU contamination in a single urine sample collected at the end of the 

shift of nine workers engaged in the manipulation of the drug in an Italian hospital. 

3.5. Other ADs 

In order to understand the role of AD spills in affecting biological monitoring re-

sults, Friese et al. [4] have demonstrated low, but quantifiable, levels of etoposide, 

docetaxel and pemetrexed in healthcare workers soon after a spill of such ADs. However, 

the exposure was not limited exclusively to drug spills, as also urine samples from cancer 

center employees who did not report a drug spill had detectable, but not quantifiable, 

levels of docetaxel. The contamination of surfaces in the infusion area may be the primary 

source of exposure. The findings from those who did and did not report a drug spill 

suggested that this latter occurrence could pose a greater exposure risk to healthcare 

workers than routine environmental exposure. Fabrizi et al. [45], in nine workers from an 

Italian hospital who had manipulated or were exposed to etoposide, gemcitabine and 

paclitaxel in variable amounts found two cases in which urinary concentrations of taxol 

and etoposide were between LOD and LOQ, while no traces of paclitaxel were detected 

in both plasma and urine of the 15 healthcare workers studied by Izzo et al. [38]. 

4. Discussion 

This review attempts to provide an overview of the most recent data on AD expo-

sure in occupational settings assessed through biological monitoring, in order toalso 

identify specific tasks and job procedures at increased risk of exposure. This may reveal 

helpful information toevaluate the effectiveness of the currently adopted measures to 

control the exposure and define suitable updated strategies for risk assessment and 

management in different occupational settings, including suitable biological monitoring 

programs, and risk communication strategies, to ensure the safety and health of involved 

workers. 

Several studies have demonstrated that workers exposed to ADs may have traces in 

their biological fluids. Indeed, despite the existence of suitable work practices and control 

measures, some portions of workers are at risk of AD exposure. However, a great deal of 

variability with respect both to AD concentrations (when available), and percentages of 

positive samples emerged. Some studies reported no drugs determined 

[10,13,32,38–41,44,45], while others demonstrated that up to 55% of the analyzed urine 

samples exceeded the LOD [2,30,35–37,47,48]. These results are in line with those re-

trieved in previous reviews reportingthat, even when technical and PPE was used, a re-
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markable uptake of ADs could be observed, as percentages of positive urinary samples 

ranged from 0% to 88.9% in the hospital personnel [21]. A more recent analysis found a 

percentage of positive urine samples around 30% in the 1990s and 2% in the 2000s, with 

no positive samplesdetected in 2006 or 2007 [60].Suspiro and Prista [61], on the other side, 

reported that in the majority of the reviewed studies, measurable levels of the cytostatic 

drugs or their metabolites were detected in urine samples from exposed workers, indi-

cating that significant absorption occurred in most work situations. 

The differences within and between studies may be likely due to variations in the 

extent of AD use (as the risk of contamination is greater according to a longer use of a 

particular drug or to a greater number of operations performed), variable handling and 

cleaning practices, the occurrence of spills, collective and PPE adopted, as well as to the 

variability in metabolic rates among individuals [47,62]. Concerning a time-related trend, 

in line with the above-mentioned reviews[60,61], decreasing percentages of CPA- and 

IP-positive urine samples were detected in the 2015–2021 examined period, with more 

recent studies failing to determine AD concentrations in biological samples, maybe in 

relation to improved work practices [32,38,40,41,44]. Negative biological samples, how-

ever, should not be assumed to represent an absence of risk, since even a very low ex-

posure level can theoretically be associated with genotoxic effects, and also the sensitivity 

of the analytical methods used from measurement is a critical issue to be considered 

[61].A greater number of investigations assessing various substances on larger sample 

sizes and enrolling unexposed subjects as controls seem necessary to extrapolate definite 

conclusions in this regard, in order also to assess the effectiveness of the measures 

adopted in these latter years to control workplace exposures. 

In addition to these already mentioned factors, whichmay explain differences in bi-

ological contamination, analytical variabilities cannot be ruled out. Most of the retrieved 

studies, in fact, primarily attempted to develop analytical methods to detect several 

drugs in the biological matrices, more than to assess healthcare professional exposure. In 

this view, sensitive, specific, and standardized analytical methods are still needed to de-

fine the effective biological exposure to combinations of several antiblastic drugs [38]. 

The development of selective, efficient, and sensitive techniques should be strongly en-

couraged in order to drastically reduce pre-analytical procedures, times and costs of the 

whole process, and to minimize the risk of artefacts, while assuring a routine application 

to guarantee workers’ safety and health. In this perspective, given that the investigated 

substances represent only a limited portion of the dozen of chemotherapies that 

healthcare workers routinely prepare and administer in their hospitals, and considering 

their dangerous toxicological profile, to define analytical strategies to assess occupational 

exposure through suitable biomarkers should become a priority of healthcare institu-

tions. This is also confirmed by the meta-analysis of Roussel et al. [63] who found a sig-

nificant association between occupational exposure to ADs during the course of a normal 

work day and increases in chromosomal aberrations in healthcare workers. Thus, an 

appropriate methodology for biological monitoring should be focused neither on a single 

molecule as a biomarker of internal dose, nor on a single biological matrix. 

Human exposure to chemicals was mainly assessed using either urine or blood, 

whose analysis showed both advantages and drawbacks [38]. Nonpersistent chemicals, 

such as ADs, usually have short half-lives in blood, where their concentration after each 

exposure rapidly declines. Measurements of drug metabolites in urine allowed a much 

wider window of opportunity to analyze the sample, although the exposure to multiple 

ADs in occupational settings, urine dilution, and specificity issues often complicate the 

analysis [64]. Some studies attempted to overcome such difficulties through the collection 

of urine over a 24-h period [65,66]. Multiple matrix types should be considered for drug 

biomonitoring in order also to find more specific and sensitive biomarkers and define 

possible associations between indicators according to a deeper understanding of the ki-

netics of the parent drugs and their metabolites [29]. In this perspective, hair samples 

may offer advantages over blood and urine testing including aless invasive nature, the 
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easy storage and long survival time of the samples, and the ability to determine exposure 

history [35]. However, the shortage of biomonitoring data on this matrix prevents suita-

ble conclusions on its applicability in occupational contexts. Multiple sampling time, in-

cluding pre- and post-shift analyses, may be also considered in order to extrapolate data 

useful to inform suitable biological monitoring plans. Additionally, in order to overcome 

discrepancies between populations and obtain more homogenous results to be com-

pared, it may be desirable to have standardized operative procedures to assure sample 

traceability, proper collection, transfer and storage of samples, as well as homogeneous 

analyses. 

Inregard to the investigated populations, in the literature, these were mainly se-

lected among staff members considered at risk of exposure, particularly staff whose work 

consisted of handling ADs, in compounding or administration phases, i.e., nurses, 

pharmacy technicians, oncology healthcare workers, that resulted also in the most fre-

quently contaminated categories [2,36,37]. However, in some studies, participants from 

departments/areas where drug preparation and administration did not take place (ship-

ping/receiving, transport, nutrition, and materials management) had also detectable 

[29,48] and, in some cases, higher average drug concentration levels [47] than those 

workers directly involved in preparing/handling/administering chemotherapy. Overall, 

these results support the idea that other workers within the hospital medication system, 

besides nurses and pharmacy personnel, may be at risk of exposure to ADs [67]. Despite 

this evidence, very few studies have aimed to assess environmental and biological con-

tamination “outside” directly involved antineoplastic areas. This prevents a great num-

ber of workers, such as pharmaceutical staff working outside the compounding unit, but 

also members of the oncology care units who are poorly exposed to ADs, administrative 

and transport staff, cleaning employees, and unit clerks, from developing awareness of 

the AD issue and establishing suitable protective measures [47,67]. 

Additionally, the variability in reporting results and the quite fragmented data ex-

trapolated limit the interpretation of the results. The revised studies, in fact, in some cases 

included percentages of positive workers or positive samples, mean and/or median levels 

of ADs detected in exposed and control workers, the indication for positive results to one 

or more ADs simultaneously, without details specifically focused on single compounds, 

as well as the not always clear levels of exposure of specific job categories, in relation to 

acute (accidental) or chronic conditions of exposure. Overall, this prevents extrapolation 

into definite conclusions on qualitative and quantitative types of exposure per job cate-

gory or suitable comparisons and needs to be overcome in future investigations. More-

over, the increasing application of ADs in innovative surgical procedures, such asthe 

HIPEC and PIPAC, as well as the employment of such drugs also for non-malignant 

diseases, may increase the likelihood for healthcare occupational exposure [28,36,42]. 

Particularly, the exposure for healthcare workers to ADs during open abdomen HIPEC is 

a subject of concern since healthcare workers in the operating room generally have no 

experience in handling these drugs. Cytostatic drugs are heated before administration, 

which facilitates their vaporization, and the open technique implies manual control of the 

distribution of the chemotherapy solution in the abdomen, with the associated risks of 

splashes and direct contamination of the surgeon [42,49]. 

All these elements raise questions regarding which workers need to be monitored 

for AD exposure and point out the relevance to evaluate the association between envi-

ronmental and biological monitoring data. In this view, few studies of those included in 

our review performed environmental and biological monitoring analyses. However, it 

may be useful to collect environmental samples concurrently with biological ones to 

achieve complementary “information on contamination”. The former, in fact, can 

demonstrate how, where, and possibly when contamination occurred, while the latter 

could indicate if exposure occurred in workers [21]. The relevance of a deep environ-

mental analysis relies also on the evaluation of the efficacy and safety of collective 

equipment, including engineered enclosed systems, in reducing environmental exposure 
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and consequently internal doses of exposed workers [13,17,30]. This issue needs a careful 

assessment as recent data reported no evidence of differences in the proportion of people 

with positive urine tests for exposure between those employing closed-system 

drug-transfer devices and safe handling of ADs and the control groups adopting only 

safe handling procedures for CPA alone; CPA and IP; or CPA, IP and gemcitabine [68]. 

Moreover, information on the possible co-exposure to other chemical or physical car-

cinogenic factors, including ionizing radiations, may also be derived from risk assess-

ment analyses and may be helpful to understand possible early biological alterations in 

exposed workers, and to adopt suitable health surveillance and health promotion plans 

[69]. 

However, a workplace study is also helpful in identifying the most relevant urinary 

biomarkers of ADs to monitor as well as the most suitable timing for sampling. This 

choice, in fact, should be the result of a complex analysis addressing the nature, danger, 

frequency, amount of handled drug in healthcare departments, and the most sensitive 

analytical methods available [2,70]. Additionally, exposure by inhalation, in fact, may 

result in a very quick uptake and excretion in the urine, while exposure via the skin can 

cause a postponed excretion over a longer period, maybe in relation to the barrier func-

tion of the skin. Currently, a suitable risk assessment for healthcare professionals occu-

pationally exposed to ADs is prevented by the lack of biological limit values (BLVs) or 

biological guidance values (BGVs) [33]. Moreover, the health impact of low-dose internal 

contamination level of ADs is not currently known and the concentrations retrieved in 

biological matrices cannot be easily interpreted. Bearing in mind the carcinogenic and 

reprotoxic effect of these drugs, the ALARA principle “As Low-level as Reasonably 

Achievable” should be adopted [71]. Additionally, for a correct interpretation of biolog-

ical monitoring results, information on drug handling (nature, frequency and quantity), 

performed tasks, collective control systems used, wearing of personal protective equip-

ment, and industrial hygiene practices, should be carefully collected. In general, the 

presence of ADs in biological matrices makes it possible to establish the occurrence of an 

internal contamination of the worker and should be considered as a failure of preventive 

measures, therefore requiring corrective interventions from all the preventive figures 

engaged in occupational health and safety. 

Apart from duties involving handling ADs, whether the workers had ever received 

safe drug handling training as well as the adoption of collective and PPE can affect bio-

monitoring results. The relevance of training as an administrative control to reduce the 

level of occupational exposure to ADs is also supported by the fact that controls, while 

having a much shorter duration of exposure to the contaminated environment than the 

oncology personnel, showed greater biological exposure to CPA, maybe due to the fact 

that the latter may have been more vigilant about hygiene practices and using protective 

measures [47]. However, further evaluation of the role of training and the one’s level of 

knowledge related to the risks of ADs with respect to the effectiveness in reducing the 

risk of exposure is necessary. In this perspective, possible barriers to the compliance and 

safe handling of ADs, including poor training, poor safety culture, and inconsistent poli-

cies, and common facilitators, such as adequate safety training, leadership support, and 

consistent policies,should be deeply assessed as administrative aspects of preventive in-

tervention [72].Although interesting, the present review has some limitations that should 

be noted. First, the number of healthcare professionals enrolled in the sampling investi-

gations was rather small, which limits the generalizability of the findings. Indeed, future 

investigations should confirm the retrieved findings on larger groups of “directly and 

indirectly” exposed workers. As the biological monitoring findings are only representa-

tive of the point in time when samples were collected, multicenter studies and follow-up, 

longitudinal investigations would also be necessary to establish the exposure levels of 

workers, also in different conditions and pressure of work and changing work and pro-

tective equipment. It should also consider that staff engaged in antineoplastic handling in 

some small facilities often have multitasking activities both in compound-
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ing/administration areas as well as in other departments of the workplace. This is yet 

another confirmation of the need to provide a specific safety program to the “whole” 

antineoplastic involved staff, including a regular environmental and biological moni-

toring. Moreover, studies should always audit for the collective and PPE employed 

during the study period. Research efforts should focus on intervention development and 

evaluation, multisite studies to compare exposures, also considering organizational fac-

tors, and studies that correlate exposure to health outcomes. 

5. Conclusions 

This review provides un updated overview on the biological monitoring of occupa-

tional AD exposure in order to extrapolate information useful to improve risk assessment 

and management strategies in workplaces. In fact, despite the adoption of preventive and 

protective measures, variable percentages of healthcare workers may have positive re-

sults at the biological monitoring analyses, with nurses as the job category at increased 

risk of exposure. However, further investigations seem necessary to deeply understand 

those factors that may affect the internal doses, such as the extent of ADs use, work pro-

cedures, acute or chronic contacts, training of the workforce, as well as the adoption of 

collective and PPE. In this still formative phase of knowledge, these approaches will 

generate the necessary evidence to address a 30-year-old problem and collaborative ef-

forts will provide the basis to improve optimal strategies to protect workers while 

maintaining the clinical efficiency of antineoplastic therapies. 

Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/article/10.3390/ijerph19063737/s1, Figure S1: Flow diagram of literature search. 

Author Contributions: Conceptualization, I.I. and E.G.; methodology, V.L., C.S. (Carolina Santo-

cono), F.R.; data curation, V.L., C.S. (Carolina Santocono), F.R.; writing—original draft preparation, 

V.L., C.S. (Carolina Santocono), F.R., I.I.; writing—review and editing, V.L., C.S. (Cristina Sottani); 

E.G., I.I.; supervision, E.G., I.I. All authors have read and agreed to the published version of the 

manuscript. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 
1. CDC, Centers for Disease Control. Antineoplastic (Chemotherapy) Drugs–Reproductive Health. Available online: 

https://www.cdc.gov/niosh/topics/repro/antineoplastic.html (accessed on 25 January 2022). 

2. Canal-Raffin, M.; Khennoufa, K.; Martinez, B.; Goujon, Y.; Folch, C.; Ducint, D.; Titier, K.; Brochard, P.; Verdun-Esquer, C.; 

Molimard, M. Highly sensitive LC-MS/MS methods for urinary biological monitoring of occupational exposure to cyclo-

phosphamide, ifosfamide, and methotrexate antineoplastic drugs and routine application. J. Chromatogr. B Analyt. Technol. 

Biomed. Life Sci. 2016, 1038, 109–117. https://doi.org/10.1016/j.jchromb.2016.10.021. 

3. Wahlang, J.B.; Laishram, P.D.; Brahma, D.K.; Sarkar, C.; Lahon, J.; Nongkynrih, B.S. Adverse drug reactions due to cancer 

chemotherapy in a tertiary care teaching hospital. Ther. Adv. Drug. Saf. 2017, 8,61–66. https://doi.org/10.1177/2042098616672572. 

4. Friese, C.R.; McArdle, C.; Zhao, T.; Sun, D.; Spasojevic, I.; Polovich, M.; McCullagh, M.C. Antineoplastic drug exposure in an 

ambulatory setting: A pilot study. Cancer Nurs. 2015, 38,111–117. https://doi.org/10.1097/NCC.0000000000000143. 

5. NIOSH, National Institute for Occupational Safety and Health. Preventing Occupational Exposure to Antineoplastic and Other 

Hazardous Drugs in Health Care Settings; Department of Health and Human Services, Centers for Disease Control and Preven-

tion, National Institute for Occupational Safety and Health. DHHS (NIOSH) Publication: Cincinnati, OH, USA, 2004; 165, 1–13. 

Available online: https://www.cdc.gov/niosh/docs/2004-165/ (accessed on 26 January 2022). 

6. IARC, International Agency for Research on Cancer. Agents Classified by the IARC Monographs, 2021, Volumes 1–130. 

Available online: https://monographs.iarc.who.int/list-of-classifications/ (accessed on 26 January 2022). 

7. Marie, P.; Christophe, C.; Manon, R.; Marc, M.; Charleric, B.; Patrice, V. Environmental monitoring by surface sampling for 

cytotoxics: A review. Environ. Monit. Assess.2017, 189,52. https://doi.org/10.1007/s10661-016-5762-9. 



Int. J. Environ. Res. Public Health 2022, 19, 3737 34 of 26 
 

 

8. CAREX Canada.Occupational Exposure to Antineoplastic Agents. Available online: 

http://www.occupationalcancer.ca/wp-content/uploads/2014/07/Antineoplastics-and-cancer-ENG.pdf (accessed on 26 January 

2022). 

9. European Parliament. Preventing Occupational Exposure to Cytotoxic and Other Hazardous Drugs European Policy Recom-

mendations. 2016. Available online: 

https://www.europeanbiosafetynetwork.eu/wp-content/uploads/2016/05/Exposure-to-Cytotoxic-Drugs_Recommendation_DI

NA4_10-03-16.pdf (accessed on 26 January 2022). 

10. Shu, P.; Zhao, T.; Wen, B.; Mendelsohn-Victor, K.; Sun, D.; Friese, C.R.; Pai, M.P. Application of an innovative high-throughput 

liquid chromatography-tandem mass spectrometry method for simultaneous analysis of 18 hazardous drugs to rule out acci-

dental acute chemotherapy exposures in health care workers. J. Oncol. Pharm. Pract. 2020, 26,794–802. 

https://doi.org/10.1177/1078155219870591. 

11. Seger, A.C.; Churchill, W.W.; Keohane, C.A.; Belisle, C.D.; Wong, S.T.; Sylvester, K.W.; Chesnick, M.A.; Burdick, E.; Wien, M.F.; 

Cotugno, M.C.; et al. Impact of robotic antineoplastic preparation on safety, workflow, and costs. J. Oncol. Pract. 2012, 

8,344–349. https://doi.org/10.1200/JOP.2012.000600. 

12. Sessink, P.J.; Connor, T.H.; Jorgenson, J.A.; Tyler, T.G. Reduction in surface contamination with antineoplastic drugs in 22 

hospital pharmacies in the US following implementation of a closed-system drug transfer device. J. Oncol. Pharm. Pract. 2011, 

17,39–48. https://doi.org/10.1177/1078155210361431. 

13. Sessink, P.J.; Leclercq, G.M.; Wouters, D.M.; Halbardier, L.; Hammad, C.; Kassoul, N. Environmental contamination, product 

contamination and workers exposure using a robotic system for antineoplastic drug preparation. J. Oncol. Pharm. Pract.2015, 

21,118–127. https://doi.org/10.1177/1078155214522840. 

14. Sessink, P.J.; Trahan, J.; Coyne, J.W. Reduction in Surface Contamination With Cyclophosphamide in 30 US Hospital Pharma-

cies Following Implementation of a Closed-System Drug Transfer Device. Hosp. Pharm. 2013, 48,204–212. 

https://doi.org/10.1310/hpj4803-204. 

15. Zock, M.D.; Soefje, S.; Rickabaugh, K. Evaluation of surface contamination with cyclophosphamide following simulated haz-

ardous drug preparation activities using two closed-system products. J. Oncol. Pharm. Pract.2011, 17,49–54. 

https://doi.org/10.1177/1078155210374673. 

16. Okeke, C.C.; Allen, L.V., Jr. Basics of compounding: Considerations for implementing United States pharmacopeia chapter 797 

pharmaceutical compounding-sterile preparations, part 14: Environmental quality and control (continued). Int. J. Pharm. 

Compd. 2009, 13,322–329. 

17. Chiang, S.C.; Shen, M.; Lin, C.C.; Chang, H.P. Establishing a protocol for the compatibilities of closed-system transfer devices 

with multiple chemotherapy drugs under simulated clinical conditions. PLoS ONE2021, 16, e0257873. 

https://doi.org/10.1371/journal.pone.0257873. 

18. OSHA, Occupational Safety and Health Administration. Work Practice Guidelines for Personnel Dealing with Cytotoxic (Antineo-

plastic) Drugs; OSHA Publication: Washington, DC, USA, 1986; 8–1:1. Available online: 

https://www.osha.gov/enforcement/directives/std-01-23-001 (accessed on 26 January 2022). 

19. Power, L.A.; Coyne, J.W. ASHP Guidelines on Handling Hazardous Drugs. Am. J. Health Syst. Pharm. 2018, 75,1996–2031. 

https://doi.org/10.2146/ajhp180564. 

20. Jakubowski, M. Biological monitoring versus air monitoring strategies in assessing environmental-occupational exposure. J. 

Environ. Monit.2012, 14,348–352. https://doi.org/10.1039/c1em10706b. 

21. Turci, R.; Sottani, C.; Spagnoli, G.; Minoia, C. Biological and environmental monitoring of hospital personnel exposed to 

antineoplastic agents: A review of analytical methods. J. Chromatogr. B Anal. Technol. Biomed. Life Sci.2003, 789,169–209. 

https://doi.org/10.1016/s1570-0232(03)00100-4. 

22. Sottani, C.; Porro, B.; Imbriani, M.; Minoia, C. Occupational exposure to antineoplastic drugs in four Italian health care settings. 

Toxicol. Lett. 2012, 213,107–115. https://doi.org/10.1016/j.toxlet.2011.03.028. 

23. Connor, T.H.; Lawson, C.C.; Polovich, M.; McDiarmid, M.A. Reproductive health risks associated with occupational exposures 

to antineoplastic drugs in health care settings: A review of the evidence. J. Occup. Environ. Med. 2014, 56,901–910. 

https://doi.org/10.1097/JOM.0000000000000249. 

24. Castiglia, L.; Miraglia, N.; Pieri, M.; Simonelli, A.; Basilicata, P.; Genovese, G.; Guadagni, R.; Acampora, A.; Sannolo, N.; Sca-

farto, M.V. Evaluation of occupational exposure to antiblastic drugs in an Italian hospital oncological department. J. Occup. 

Health2008, 50,48–56. https://doi.org/10.1539/joh.50.48. 

25. Bernabeu-Martínez, M.Á.; Sánchez-Tormo, J.; García-Salom, P.; Sanz-Valero, J.; Wanden-Berghe, C. Perception of risk of ex-

posure in the management of hazardous drugs in home hospitalization and hospital units. PLoS ONE2021, 16, e0253909. 

https://doi.org/10.1371/journal.pone.0253909. 

26. Page, M.J.; McKenzie, J.E.; Bossuyt, P.M.; Boutron, I.; Hoffmann, T.C.; Mulrow, C.D.; Shamseer, L.; Tetzlaff, J.M.; Akl, E.A.; 

Brennan, S.E.; et al. The PRISMA 2020 statement: An updated guideline for reporting systematic reviews. BMJ 2021, 372,n71. 

https://doi.org/10.1136/bmj.n71. 

27. Stang, A. Critical evaluation of the Newcastle-Ottawa scale for the assessment of the quality of nonrandomized studies in 

meta-analyses. Eur. J. Epidemiol.2010, 25,603–605. https://doi.org/10.1007/s10654-010-9491-z. 



Int. J. Environ. Res. Public Health 2022, 19, 3737 35 of 26 
 

 

28. Saint-Lorant, G.; Rodier, S.; Guilloit, J.M.; Ndaw, S.; Melczer, M.; Lagadu, S.; Palix, A.; Delépée, R. Is the blood of a surgeon 

performing HIPEC contaminated by irinotecan, its major metabolites and platinum compounds? Pleura Peritoneum2021, 

6,49–55. https://doi.org/10.1515/pp-2020-0141. 

29. Béchet, V.; Benoist, H.; Beau, F.; Divanon, F.; Lagadu, S.; Sichel, F.; Delépée, R.; Saint-Lorant, G. Blood contamination of the 

pharmaceutical staff by irinotecan and its two major metabolites inside and outside a compounding unit. J. Oncol. Pharm. Pract. 

2021, 20, 10781552211012059. https://doi.org/10.1177/10781552211012059. 

30. Benoist, H.; Breuil, C.; Le Neindre, B.; Delépée, R.; Saint-Lorant, G. Does equipment change impact blood contamination with 

irinotecan and its two major metabolites in a centralized cytotoxic pharmacy unit? J. Oncol. Pharm. Pract. 2020, 26,1823–1828. 

https://doi.org/10.1177/1078155220905013. 

31. Villa, A.; Molimard, M.; Sakr, D.; Lassalle, R.; Bignon, E.; Martinez, B.; Rouyer, M.; Mathoulin-Pelissier, S.; Baldi, I.; Ver-

dun-Esquer, C.; Canal-Raffin, M. Nurses’ internal contamination by antineoplastic drugs in hospital centers: A cross-sectional 

descriptive study. Int. Arch. Occup. Environ. Health 2021, 94, 1839–1850. https://doi.org/10.1007/s00420-021-01706-x. 

32. Palamini, M.; Dufour, A.; Therrien, R.; Delisle, J.F.; Mercier, G.; Gagné, S.; Caron, N.; Bussières, J.F. Quantification of healthcare 

workers’ exposure to cyclophosphamide, ifosfamide, methotrexate, and 5-fluorouracil by 24-h urine assay: A descriptive pilot 

study. J. Oncol. Pharm. Pract. 2020, 26,1864–1870. https://doi.org/10.1177/1078155220907129. 

33. Villa, A.; Tremolet, K.; Martinez, B.; Da Silva Cacao, O.; Atgé, B.; Ducint, D.; Titier-Debeaupuis, K.; Verdun-Esquer, C.; Mo-

limard, M.; Canal-Raffin, M. A highly sensitive UHPLC-MS/MS method for urine biological monitoring of occupational ex-

posure to anthracycline antineoplastic drugs and routine application. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2020, 

1156,122305. https://doi.org/10.1016/j.jchromb.2020.122305. 

34. Santos, A.N.; Oliveira, R.J.; Pessatto, L.R.; Gomes, R.D.S.; Alberto Ferreira de Freitas, C. Biomonitoring of pharmacists and 

nurses at occupational risk from handling antineoplastic agents. Int. J. Pharm. Pract. 2020, 28, 506–511. 

https://doi.org/10.1111/ijpp.12590. 

35. Hori, A.; Shimura, M.; Iida, Y.; Yamada, K.; Nohara, K.; Ichinose, T.; Yamashita, A.; Shirataki, J.; Hagiwara, S. Occupational 

exposure of platinum-based anti-cancer drugs: Five-year monitoring of hair and environmental samples in a single hospital. J. 

Occup. Med. Toxicol. 2020, 15, 29. https://doi.org/10.1186/s12995-020-00280-1. 

36. Rezazadeh Azari, M.; Akbari, M.E.; Abdollahi, M.B.; Mirzaei, H.R.; Salehi Sahlabadi, A.; Tabibi, R.; Rahmati, A.; Panahi, D. 

Biological Monitoring of the Oncology Healthcare Staff Exposed to Cyclophosphamide in Two Hospitals in Tehran. Int. J. 

Cancer Manag. 2019, 12, e86537. https://doi.org/10.5812/ijcm.86537. 

37. Baniasadi, S.; Alehashem, M.; Yunesian, M.; Rastkari, N. Biological Monitoring of Healthcare Workers Exposed to Antineo-

plastic Drugs: Urinary Assessment of Cyclophosphamide and Ifosfamide. Iran. J. Pharm. Res. 2018, 17,1458–1464. 

38. Izzo, V.; Charlier, B.; Bloise, E.; Pingeon, M.; Romano, M.; Finelli, A.; Vietri, A.; Conti, V.; Manzo, V.; Alfieri, M.; et al. A 

UHPLC-MS/MS-based method for the simultaneous monitoring of eight antiblastic drugs in plasma and urine of exposed 

healthcare workers. J. Pharm. Biomed. Anal. 2018, 154, 245–251. https://doi.org/10.1016/j.jpba.2018.03.024. 

39. Sottani, C.; Grignani, E.; Zaratin, L.; Santorelli, D.; Studioso, E.; Lonati, D.; Locatelli, C.A.; Pastoris, O.; Negri, S.; Cottica, D. A 

new, sensitive and versatile assay for quantitative determination of α-fluoro-β-alanine (AFBA) in human urine by using the 

reversed-phase ultrahigh performance-tandem mass spectrometry (rp-UHPLC-MS/MS) system. Toxicol. Lett. 2018, 

298,164–170. https://doi.org/10.1016/j.toxlet.2018.10.007. 

40. Dugheri, S.; Bonari, A.; Pompilio, I.; Boccalon, P.; Tognoni, D.; Cecchi, M.; Ughi, M.; Mucci, N.; Arcangeli, G. Analytical strat-

egies for assessing occupational exposure to antineoplastic drugs in healthcare workplaces. Med. Pr. 2018, 69,589–604. 

https://doi.org/10.13075/mp.5893.00724. 

41. Koller, M.; Böhlandt, A.; Haberl, C.; Nowak, D.; Schierl, R. Environmental and biological monitoring on an oncology ward 

during a complete working week. Toxicol. Lett. 2018, 298,158–163. https://doi.org/10.1016/j.toxlet.2018.05.002. 

42. Ndaw, S.; Hanser, O.; Kenepekian, V.; Vidal, M.; Melczer, M.; Remy, A.; Robert, A.; Bakrin, N. Occupational exposure to 

platinum drugs during intraperitoneal chemotherapy. Biomonitoring and surface contamination. Toxicol. Lett. 2018, 298, 

171–176. https://doi.org/10.1016/j.toxlet.2018.05.031. 

43. Dhersin, A.; Atgé; B; Martinez, B.; Titier, K.; Rousset, M.; El Moustaph, M.S.C.; Verdun-Esquer, C.; Molimard, M.; Villa, A.; 

Canal-Raffin, M. Biomonitoring of occupational exposure to 5-FU by assaying α-fluoro-β-alanine in urine with a highly sensi-

tive UHPLC-MS/MS method. Analyst2018, 143, 4110–4117. https://doi.org/10.1039/c8an00479j. 

44. Poupeau, C.; Tanguay, C.; Plante, C.; Gagné, S.; Caron, N.; Bussières, J.F. Pilot study of biological monitoring of four antineo-

plastic drugs among Canadian healthcare workers. J. Oncol. Pharm. Pract. 2017, 23,323–332. 

https://doi.org/10.1177/1078155216643860. 

45. Fabrizi, G.; Fioretti, M.; Mainero Rocca, L. Dispersive solid-phase extraction procedure coupled to UPLC-ESI-MS/MS analysis 

for the simultaneous determination of thirteen cytotoxic drugs in human urine. Biomed. Chromatogr. 2016, 30,1297–1308. 

https://doi.org/10.1002/bmc.3684. 

46. Graversen, M.; Pedersen, P.B.; Mortensen, M.B. Environmental safety during the administration of Pressurized IntraPeritoneal 

Aerosol Chemotherapy (PIPAC). Pleura Peritoneum2016, 1,203–208. https://doi.org/10.1515/pp-2016-0019. 

47. Hon, C.Y.; Teschke, K.; Shen, H.; Demers, P.A.; Venners, S. Antineoplastic drug contamination in the urine of Canadian 

healthcare workers. Int. Arch Occup. Environ. Health2015, 88, 933–1041. https://doi.org/10.1007/s00420-015-1026-1. 

48. Ramphal, R.; Bains, T.; Goulet, G.; Vaillancourt, R. Occupational exposure to chemotherapy of pharmacy personnel at a single 

centre. Can. J. Hosp. Pharm. 2015, 68,104–112. https://doi.org/10.4212/cjhp.v68i2.1435. 



Int. J. Environ. Res. Public Health 2022, 19, 3737 36 of 26 
 

 

49. Villa, A.F.; El Balkhi, S.; Aboura, R.; Sageot, H.; Hasni-Pichard, H.; Pocard, M.; Elias, D.; Joly, N.; Payen, D.; Blot, F.; et al. 

Evaluation of oxaliplatin exposure of healthcare workers during heated intraperitoneal perioperative chemotherapy (HIPEC). 

Ind. Health2015, 53,28–37. https://doi.org/10.2486/indhealth.2014-0025. 

50. Huttunen, K.M.; Raunio, H.; Rautio, J. Prodrugs--from serendipity to rational design. Pharmacol. Rev. 2011, 63,750–771. 

https://doi.org/10.1124/pr.110.003459. 

51. PubChem. Bethesda (MD): National Library of Medicine (US), National Center for Biotechnology Information; 2004-PubChem 

Compound Summary for CID 3690, Ifosfamide. Available online: https://pubchem.ncbi.nlm.nih.gov/compound/Ifosfamide 

(accessed on 26 January 2022). 

52. Johnstone, T.C.; Pil, P.M.; Lippard, S.J. Cisplatin and Related Drugs, Reference Module in Biomedical Sciences, Elsevier, 2015, 

ISBN 9780128012383. Available online: https://doi.org/10.1016/B978-0-12-801238-3.98740-3 (accessed on 26 January 2022). 

53. Vanhoefer, U.; Harstrick, A.; Achterrath, W.; Cao, S.; Seeber, S.; Rustum, Y.M. Irinotecan in the treatment of colorectal cancer: 

Clinical overview. J. Clin. Oncol. 2001, 19,1501–1518. https://doi.org/10.1200/JCO.2001.19.5.1501. 

54. Rivory, L.P.; Haaz, M.C.; Canal, P.; Lokiec, F.; Armand, J.P.; Robert, J. Pharmacokinetic interrelationships of irinotecan 

(CPT-11) and its three major plasma metabolites in patients enrolled in phase I/II trials. Clin. Cancer Res. 1997, 3,1261–1266. 

55. Chabot, G.G. Clinical pharmacokinetics of irinotecan. Clin. Pharmacokinet. 1997, 33,245–259. 

https://doi.org/10.2165/00003088-199733040-00001. 

56. Booser, D.J.; Hortobagyi, G.N. Anthracycline antibiotics in cancer therapy. Focus on drug resistance. Drugs1994, 47,223–258. 

https://doi.org/10.2165/00003495-199447020-00002. 

57. Koźmiński, P.; Halik, P.K.; Chesori, R.; Gniazdowska, E. Overview of Dual-Acting Drug Methotrexate in Different Neurolog-

ical Diseases, Autoimmune Pathologies and Cancers. Int. J. Mol. Sci.2020, 21,3483. https://doi.org/10.3390/ijms21103483. 

58. Walko, C.M.; Lindley, C. Capecitabine: A review. Clin. Ther. 2005, 27,23–44. https://doi.org/10.1016/j.clinthera.2005.01.005. 

59. Heggie, G.D.; Sommadossi, J.P.; Cross, D.S.; Huster, W.J.; Diasio, R.B. Clinical pharmacokinetics of 5-fluorouracil and its me-

tabolites in plasma, urine, and bile. Cancer Res. 1987, 47, 2203–2206. 

60. Sottani, C.; Porro, B.; Comelli, M.; Imbriani, M.; Minoia, C. An analysis to study trends in occupational exposure to antineo-

plastic drugs among health care workers. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2010, 878,2593–2605. 

https://doi.org/10.1016/j.jchromb.2010.04.030. 

61. Suspiro, A.; Prista, J. Biomarkers of occupational exposure do anticancer agents: A minireview. Toxicol. Lett. 2011, 207, 42–52. 

https://doi.org/10.1016/j.toxlet.2011.08.022. 

62. Villarini, M.; Dominici, L.; Piccinini, R.; Fatigoni, C.; Ambrogi, M.; Curti, G.; Morucci, P.; Muzi, G.; Monarca, S.; Moretti, M. 

Assessment of primary, oxidative and excision repaired DNA damage in hospital personnel handling antineoplastic drugs. 

Mutagenesis2011, 26,359–369. https://doi.org/10.1093/mutage/geq102. 

63. Roussel, C.; Witt, K.L.; Shaw, P.B.; Connor, T.H. Meta-analysis of chromosomal aberrations as a biomarker of exposure in 

healthcare workers occupationally exposed to antineoplastic drugs. Mutat. Res. Rev. Mutat. Res. 2019, 781,207–217. 

https://doi.org/10.1016/j.mrrev.2017.08.002. 

64. Barr, D.B.; Wang, R.Y.; Needham, L.L. Biologic monitoring of exposure to environmental chemicals throughout the life stages: 

Requirements and issues for consideration for the National Children's Study. Environ. Health Perspect. 2005, 113,1083–1091. 

https://doi.org/10.1289/ehp.7617. 

65. Sugiura, S.; Nakanishi, H.; Asano, M.; Hashida, T.; Tanimura, M.; Hama, T.; Nabeshima, T. Multicenter study for environ-

mental and biological monitoring of occupational exposure to cyclophosphamide in Japan. J. Oncol. Pharm. Pract. 2011, 

17,20–28. https://doi.org/10.1177/1078155210369851. 

66. Sessink, P. Biomonitoring great, but do it the right way! J. Oncol. Pharm. Pract. 2019, 25,246–247. 

https://doi.org/10.1177/1078155218761800. 

67. Hon, C.Y.; Barzan, C.; Astrakianakis, G. Identification of Knowledge Gaps Regarding Healthcare Workers' Exposure to 

Antineoplastic Drugs: Review of Literature, North America versus Europe. Saf. Health Work 2014, 5, 169–174. 

https://doi.org/10.1016/j.shaw.2014.06.001. 

68. Gurusamy, K.S.; Best, L.M.; Tanguay, C.; Lennan, E.; Korva, M.; Bussières, J.F. Closed-system drug-transfer devices plus safe 

handling of hazardous drugs versus safe handling alone for reducing exposure to infusional hazardous drugs in healthcare 

staff. Cochrane Database Syst. Rev. 2018, 3, CD012860. https://doi.org/10.1002/14651858.CD012860.pub2. 

69. Mrdjanović; J; Šolajić; S; Srđenović-Čonić; B; Bogdanović; V; Dea, K.J.; Kladar, N.; Jurišić; . The Oxidative Stress Parameters as 

Useful Tools in Evaluating the DNA Damage and Changes in the Complete Blood Count in Hospital Workers Exposed to Low 

Doses of Antineoplastic Drugs and Ionizing Radiation. Int. J. Environ. Res. Public Health 2021, 18, 8445. 

https://doi.org/10.3390/ijerph18168445. 

70. Mathias, P.I.; Connor, T.H.; B'Hymer, C. A review of high performance liquid chromatographic-mass spectrometric urinary 

methods for anticancer drug exposure of health care workers. J. Chromatogr. B Analyt. Technol. Biomed. Life Sci. 2017, 

1060,316–324. https://doi.org/10.1016/j.jchromb.2017.06.028. 

71. Lepage, N.; Canal-Raffin, M.; Villa, A. Occupational exposure to antineoplastic drugs: Informations for biological monitoring, 

Toxicol. Anal. Clin. 2018, 29, 387–417. https://doi.org/10.1016/j.toxac.2018.01.001. 

72. Fazel, S.S.; Keefe, A.; Shareef, A.; Palmer, A.L.; Brenner, D.R.; Nakashima, L.; Koehoorn, M.W.; McLeod, C.B.; Hall, A.L.; Peters, 

C.E. Barriers and facilitators for the safe handling of antineoplastic drugs. J. Oncol. Pharm. Pract. Off. Publ. Int. Soc. Oncol. Pharm. 

Pract. 2021,6, 10781552211040176. https://doi.org/10.1177/10781552211040176. 


