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Abstract
Background

Contamination of the indoor environment by the antineoplastic drugs (ADs) is known to pose health risks to the exposed staff in hospitals or pharmacies. ADs
may also contaminate households of the patients receiving chemotherapy but the exposure levels and potential risks to family members have not been
studied. The objective was to provide an in-depth research of surface contamination by ADs inside homes focusing on the households of oncology patients,
hospices and retirement houses.

Results

The main study included repeated samplings of surfaces (�oors, desktops) in households of 17 ambulant oncology patients receiving different
chemotherapies with cyclophosphamide (CP), platinum-based drugs (Pt), doxorubicin (DOX), 5-�uorouracil (FU) and others. Screening of AD contamination
was further performed in 2 hospices and 2 retirement homes. The wipe samples were analyzed by HPLC-MS/MS and ICP-MS/MS for 11 organic ADs and total
Pt as a marker of Pt-based ADs. Patients treated with chemotherapy were found to serve as a source of contamination for their households, representing thus
a risk to sensitive family members such as children or elderly people. Carcinogenic CP was commonly found at relatively high concentrations, especially
during the �rst 6 days after the chemotherapy (maximum 511 pg/cm2). Sweat seems to be a major medium for the spread of the contamination, and high
and long-time persisting CP levels (traces still found after 6 months post-chemotherapy) were found on various desktops including kitchen dining tables. The
pilot studies in hospices and retirement homes indicated rather lower exposure risks of the personnel but pointed to potential long-lasting contamination by Pt
or some other persistent ADs such as ifosfamide, IF.

Conclusions

This is one of the �rst studies investigating the contamination by ADs in indoor environments outside of hospitals or pharmacies. Peak concentrations of the
carcinogenic CP in households were comparable to those observed in hospitals. The information guidance �ier with practical recommendations was prepared
improving thus information as well as prevention of eventual risks for family members.

Introduction
Various antineoplastic drugs (ADs) are used in large quantities not only as anti-cancer chemotherapies but also as immune suppressants or anti-rheumatic
agents etc. (Kümmerer et al., 2016). The still increasing usage patterns of ADs raised concerns for healthcare workers in the pharmacies and hospitals
(Connor and McDiarmid, 2006; Dranitsaris et al., 2005; NIOSH, n.d.), and the occupational exposures have been associated with adverse health outcomes in
exposed personnel including reproduction toxicity or cancer (IARC; European Commission, 2019) (Cherrie et al., 2017; NIOSH, n.d.). ADs are also discussed as
compounds of environmental relevance (Kümmerer et al., 2016), and widespread contamination indoor and outdoor has been extensively studied (Blahova et
al., 2020; Fleury-Souverain et al., 2015; Kiffmeyer et al., 2013; Kopp et al., 2013; Odraska et al., 2014; Roland et al., 2017; Sottani et al., 2017).

ADs are chemically diverse compounds that act through various mechanisms and differ in the overall consumption and use. The Supplementary Table S1
summarizes the information on the preparations of ADs in the Czech Republic. A survey of 18 out of 47 pharmacies that have o�cial permission to handle
ADs showed that few ADs – cyclophosphamide (CP), platinum-based drugs (Pt), 5-�uorouracil (FU), paclitaxel (PX), gemcitabine (GEM), irinotecan (IRI),
ifosfamide (IF) and methotrexate (MET) – are prepared in the large quantities and together comprise 25–80% of all AD preparations with the overall average
of 51%. In agreement with previous studies, this shows the high importance of few ADs, namely CP, FU and Pt-based compounds as the representative
biomarkers of exposures to ADs (Jeronimo et al., 2015; Kopp et al., 2013; Turci et al., 2003).

The exposures to ADs are most commonly assessed indirectly by analyzing the contamination of surfaces such as �oors, desktops, handles, etc.
(Astrakianakis et al., 2020), and naturally, the majority of the information is available for pharmacies and medical facilities (Blahova et al., 2020; Fleury-
Souverain et al., 2015; Kiffmeyer et al., 2013; Kopp et al., 2013; Odraska et al., 2014; Roland et al., 2017; Sottani et al., 2017). As documented in the literature,
surface contamination is highly variable within and between different oncology departments or pharmacies (Chauchat et al., 2019; Odraska et al., 2014). The
contamination range from non-detected contamination (low pg/cm2) up to 100 ng/cm2 (documented for CP and FU) or up to 10 ng/cm2 (Pt-based drugs –
cis-, carbo- or oxali-Pt) (Astrakianakis et al., 2020; Kopp et al., 2013; Schierl et al., 2009; Turci et al., 2003). Generally, the most frequently and highly
contaminated surfaces in the patient care units are the intravenous poles and the �oor beneath the infusion stand, surfaces in the toilets and bathrooms, and
the areas where chemotherapy infusions or body �uids of patients are handled (Astrakianakis et al., 2020; Kopp et al., 2013; Schierl et al., 2009; Turci et al.,
2003).

Concerning the genotoxic action of many ADs, no o�cial exposure limits are available. It is recommended to keep the exposures as low as reasonably
achievable. Some studies, however, recommended the use of the individual threshold guidance values (TGV) based on large scales monitoring studies, where
TGVs are the statistical values such as the 75th or 90th percentile of the collected data set (Kiffmeyer et al., 2013; Schierl et al., 2009). Alternatively, based on
the results of biomonitoring results (CP levels in the urine of nurses), surface TGVs for CP were suggested to be 0.1 ng/cm2 (the acceptable surface
concentration safe for work) and 10 ng/cm2 (prohibitory value triggering stop of the work and remediation actions) (Sessink, 2011). Further, it was suggested
that for CP, which is a con�rmed carcinogen class I (IARC; European Commission, 2019), the contamination below 1 ng/cm2 should be protective for the health
care personnel (Gabay, 2014).

The most relevant uptake route of ADs into the professional staff is the transdermal absorption after the skin contact with contaminated surfaces (Kromhout
et al., 2000; Power et al., 2018). Correspondingly, wearing personal protective equipment such as gloves is the most important risk mitigation measure. In
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addition to skin contact with contaminated surfaces, other routes of exposure have been found highly relevant in the healthcare setting including handling
bedding with sweat and body �uids of the patients (Fransman et al., 2005; Hon et al., 2015; Meijster et al., 2006).

In recent years, the administration of chemotherapy is shifting from controlled hospital healthcare that complies with recommended safety regulations
(NIOSH, n.d.) (ISOPP 2007) to much less controlled setting such as outpatient departments (where the patients spent only a few hours) or to households of
the patients. Typically, 80% of total ADs are administrated intravenously - mostly in hospitals or other medical facilities, about 20% can be administered orally
(Kümmerer et al., 2016), and various types of take-home anticancer therapies have become a standard for many patients because of the reduced costs and
higher patient satisfaction (Pardhan et al. 2021).

However, the information about the occurrence and levels of ADs outside of the hospitals or pharmacies, i.e. the contamination of surfaces in patient homes
are very rare. To our knowledge, there are only three studies that quanti�ed AD contamination in households. Pilot studies from Japan monitored CP and 5-FU
in home environments (Yuki et al. 2013), and further extended towards biomonitoring of patients and their family members (Yuki et al., 2015). Also, another
study addressed contamination and risks of CP, FU, and Pt residues to families of oncology patients (Böhlandt et al., 2017).

The objectives of the present study were to provide an in-depth research of surface contamination by ADs inside homes focusing on the households of
oncology patients (repeated samplings at 17 ambulant oncology patients receiving different chemotherapies), where CP, FU, Pt, doxorubicin (DOX), epirubicin
(EPI), IRI, PX were monitored during active chemotherapy, and also after an extended period of six or more months after the last chemotherapy treatment.
Further, the present study included a screening of contamination by twelve ADs (CP, FU, Pt, PX, DOX, EPI, IRI, capecitabine (CAP), MET, docetaxel (DOC), GEM)
in 2 hospices and 3 retirement homes to get the �rst insights into potential secondary exposures of the clients and nursing staff.

Material And Methods
2.1 Chemicals and reagents

Analytical standards and solvents were obtained from Toronto Research Chemicals (TRC) or Sigma-Aldrich, British Pharmacopoeia Chemical Reference
Substances (BPCRS), Analytika (Czech Republic), Suprapur (Merck), and Biosolve BV. More details are provided in Supplementary materials. Quality control
sample for validation of extraction during long term monitoring was prepared in methanol and contained CP (3.6 ng/mL), Pt (sum of carbo-, oxali- and cis-Pt;
3.6 ng/mL), FU (7.2 ng/mL) and PX (4.6 ng/mL). Field blanks were routinely included during the study.
2.2 Study design

The study included monitoring in homes of patients undergoing active chemotherapy, in hospices, and in retirement homes during 2019–2021. Seventeen
adult patients of the Masaryk Memorial Cancer Institute hospital in Brno, CZ, were enrolled and gave their written consent (Table 1). The patients had a good
prognosis and received intravenous chemotherapies containing CP, DOX, EPI, IRI, FU, PX or Pt-based ADs. We focused on CP and Pt treatments because of
their high frequency and amounts used in the Czech Republic, and considering hazardous and pharmacokinetics properties when relatively high
unmetabolized amounts are released in human excretion (Bláhová et al., 2021).

Before the large study at 17 patients, detailed screening was performed at patient No. 1, where surface samples were taken before the �rst treatment (blank),
and four times during the complete therapy plan during 2019–2020. Based on the results of this pilot study, two sampling campaigns were planned for each
patient. First samplings were conducted within few �rst days after the chemotherapy cycle of CP or PX (see Table 1 which indicates days of sampling after the
last administered AD cycle). The second control sampling was done 6 months or later after the last cycle of chemotherapy. This second sampling was
conducted only at the patients that were found positive in the �rst sampling campaign. The exception were three other patients (No. 12, 15 and 16), where the
2nd sampling was not possible because of their worsened prognoses.

Fifteen of the patients were females with diagnosed breast cancer that received bolus i.v. doses in 4 cycles of CP and DOX during three weeks period that was
followed by PX treatment at 11 patients (6 to 15 weekly cycles of PX) and carbo-Pt treatment at two patients (10 cycles). Four patients with the initial CP
treatment did not receive follow-up PX or carbo-Pt treatments. One patient (No. 13, female, breast cancer) received 4 cycles of CP and EPI during three weeks
period followed by 12 weekly cycles of PX. All treatments were administrated through an outpatient service at the Masaryk Memorial Cancer Institute in Brno,
Czech Republic, and the patients were released home immediately after the chemotherapy administration. One patient (No. 16, male, pancreatic cancer)
received a single treatment containing FU, IRI and oxali-Pt at home using a 48-h continuous infusion pump.

The median age of the sixteen enrolled female patients with similar breast cancer diagnoses was 43 (ranging 34–73 years; Table 1). All participants were
asked to answer the questionnaire with information about family members, pets, number of bathrooms, frequency and types of common house cleaning
procedures. The outcomes of the survey are in Supplementary Table S2. Overall, 15 participants lived in a city and 2 in a village, the mean number of
household members was 3.4, 10 participants lived together with small children. Four participants had more than one toilet or bathroom in their homes. The
participating households reported daily cleaning of a kitchen and cleanings of bathrooms once or twice a week using detergents and antimicrobial agents
(Supplementary Table S2). Eight participants used also an oxidizing agent during cleaning and nine reported the use of protective gloves.

Beyond the study of ADs in the patient homes, we performed screening of contamination by 12 ADs in two hospices (50 and 20 beds) and three retirement
homes (105, 104 and 140 beds), where former chemotherapy patients lived and possible contamination could eventually persist. The monitored hospices
served oncology patients only in palliative care. We performed screening of 10 places including �oors in bathrooms, toilets, and rooms of former oncology
patients as well as places for nurses, sanitary rooms, and kitchens. The retirement homes rarely provided care to oncology patients, the managements
reported between 1 to 3 patients per year. We assessed 19 places including �oors in bathrooms, sanitary rooms, toilets, laundry as well as surfaces in resident
rooms such as the �oor in front of the bed, kitchen tables, etc.
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2.3 Wipe sampling and extraction

The studied surfaces in households were chosen based on interviews with individual patients and represented places with potential contact with sweat, urine
or vomit contaminated with residues of ADs. Samples from similar potentially affected places (bathrooms, toilets, kitchens, sanitary places) were collected
also in hospices and retirement homes. Surface wipe samples were obtained by the standardized procedure as described previously (Odraska et al., 2014,
2013, 2011, Blahova 2021). Brie�y, surfaces were wiped with swabs moistened with acetate buffer (20 mM, pH 4) from the marked spots (30x30cm) and
stored at − 20°C until extraction. Field blanks (moistened swab) and quality of extraction controls (swab spiked with quality control sample) were processed
together with collected wipe samples. Before quantitative analyses, samples were extracted with acetate buffer by sonication (45 min), centrifugated, and an
aliquot of the supernatant was directly used for analyses of organic ADs by LC-MS/MS. For Pt, 0.4 mL aliquot of the supernatant was diluted with 2 ml of 3%
hydrochloric acid and analyzed by ICP-MS.

Table 1. Characteristics of the participants from the study of patient households. The table shows details on therapy received as well as numbers of total and
positive samples collected in individual patient homes during the First sampling (i.e. patients actively undergoing chemotherapy), and the Second control
sampling (6 or more months after the last chemotherapy cycle).

[** - the example of Patient No. 11: total 6 samples were collected. From these, 4 samples were collected during the First sampling (sampled on a day during
Therapy B, which was the 3rd day after the �rst cycle of PX, and this day corresponded to the 24th day after the last − 4th - treatment cycle of CP/DOX). Two
of these 4 samples were positive for CP and negative for PX. The remaining 2 samples (both negative) were collected during the Second control sampling].

      First sampling

      Therapy A (CP, DOX, EPI, FU, IRI, Pt) Therapy B (PX, Pt)

Participant
ID

Age /
Gender

Total
number
of wipe
samples

ADs Administered
doses (mg)

Sampling
day / the
last cycle
before
sampling

Number
of wipe
samples

Positive
samples

ADs Administered
doses (mg)

Sampling
day / the
last cycle
before
sampling

Number
of wipe
sample

P
s

1 68/F 23 CP/DOX 1000/100 3/1, 6/2,
31/4

14 11 PX 133 3/2 5 1

2 39/F 12 CP/DOX 858/86 3/4, 51/4 8 8 PX/Pt 115/235 2/6 4 3

3 48/F 9 CP/DOX 1000/100 1/3 4 4 - - - - -

4 55/F 8 CP/DOX 990/99 1/3 4 4 PX 133 - - -

5 49/F 8 CP/DOX 1090/109 10/3 4 3 - - - - -

6 35/F 8 CP/DOX 1100/110 4/2 4 3 - - - - -

7 43/F 8 CP/DOX 984/98 7/2 4 4 - - - - -

8 38/F 8 CP/DOX 1020/102 ½ 4 3 PX 138 - - -

9 34/F 9 CP/DOX 918/92 1/3 5 3 PX 122 - - -

10 40/F 5 CP/DOX 1128/113 76/4 5 0 PX 151 6/9 5 0

11** 40/F 6** CP/DOX 1140/114 24/4** 4** 2** PX 152 3/1** 4** 0

12 73/F 5 CP/DOX 960/96 1/2 5 5 PX/Pt 128/212 - - -

13 43/F 4 CP/EPI 1303/157 29/4 4 0 PX 127 1/2 4 0

14 42/F 4 CP/DOX 900/90 44/4 4 0 PX 120 1/5 4 0

15 37/F 4 CP/DOX 978/98 2/2 4 4 PX 129 - - -

16 75/M 4 Pt/FU/IRI 135/3724/229 5/5 4 2 - - - - -

17 45/F 8 CP/DOX 1068/107 5/2 4 3 PX 144 - - -

2.4 Instrumental analyses of studied ADs
Liquid chromatography/tandem mass spectrometry, LC-MS/MS with Waters Acquity LC chromatograph (Waters, Manchester, U.K.) and Xevo TQ-S quadrupole
mass spectrometer (Waters, Manchester, U.K.) was used for analyses of cyclophosphamide CP, 5-�uorouracil FU, paclitaxel PX, doxorubicin DOX, epirubicin
EPI, irinotecan IRI, ifosphamide IF, methotrexate MET, capecitabine CAP, docetaxel DOC and gemcitabine GEM using a recently described multitarget method
(Blahova et al., 2021). Analytes after ESI ionization were detected in negative and positive ion mode using tandem mass spectrometry with multiple reaction
monitoring (MRM). Collision energy, cone voltage, retention time, and the lower limit of quanti�cation (the lowest amount of analyte in the sample matrix that
can be quanti�ed; LLOQ; the signal to noise ratio S/N > 10) were optimized for each analyte and are presented together with the calibration linearity and
correlation coe�cient in Supplementary Table S3. Data were processed by MassLynx™ software (Waters, Manchester, U.K.). Concentrations of analytes were
corrected to internal standards (CP D4; FU 15N2 13C; PX D5; IRI D10; GEM 13C15N2; MET D3; CAP D11). The results were reported as picograms of ADs per
square centimeter of the surface.
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Inductively coupled plasma/mass spectrometry, ICP-MS used Agilent 7700x ICP-MS system (Agilent Technologies Inc., Japan) for the analyses of total Pt
concentration as a marker of Pt-based ADs (Blahova et al., 2021). Quanti�cation was based on external calibration (194Pt and 195Pt isotopes) with the
correction of signal drift and non-spectral interferences on internal standards (185Rh and 209Bi). Results are reported as pg of Pt per square centimeter of
surface.

Results
3.1 Detailed study in the patient’s household

In this pilot study, �ve different surfaces were wiped in the household of Patient No. 1 on 4 different days (days 3, 6, 31 and 295 after the last administration
of CP/DOX therapy; cf Table 1). On days 3 and 6, all studied places were contaminated by CP. The highest concentrations were found on the surface of a
dining table (65.5 pg/cm2) and a computer keyboard (25.9 pg/cm2). 31 days after the last administration of CP/DOX, only low contamination was observed
on the same surfaces of a dining table and keyboard. On day 295 (more than 9 months after the last treatment with CP), traces of contamination (pg/cm2)
were still detectable on the wooden dining table. DOX was not detected in any of the studied samples. Considering the administration of PX, samples were
collected on day 3 after the 2nd cycle of PX administration, and low PX contamination was detected only on the bathroom �oor. No PX contamination was
observed 6 months after the last PX administration (Table 2).

Table 2
CP and PX contamination pro�les (pg/cm2) in the household of participant No. 1; “na” not analyzed; * - below the respective limit of detection, <LOD.

Sampling day
[MM/DD/YYYY]

08/29/2019 09/02/2019 09/26/2019 12/05/2019 08/25/2020

Therapy A

(CP; pg/cm2)

Before therapy
started

3 days after the 1st

therapy cycle
6 days after the 2nd

therapy cycle
31 days after the last 4th

therapy cycle
295 days after the last 4th

therapy cycle

Bathroom �oor < 1.1* 16.9 13.8 < 1.1* < 1.1*

Toilet �oor < 1.1* 7.9 8.2 < 1.1* < 1.1*

Kitchen desk < 1.1* 5.2 2.9 < 1.1* < 1.1*

Dining table < 1.1* 65.5 20.4 4.9 1.2

Computer keyboard na na 25.9 4.1 < 1.1*

Therapy B

(PX; pg/cm2)

Before therapy
started

    3 days after the 2nd

therapy cycle
211 days after the last 10th

therapy cycle

Bathroom �oor < 2.7*     < 2.7* < 2.7*

Toilet �oor < 2.7*     3.8 < 2.7*

Kitchen desk < 2.7*     < 2.7* < 2.7*

Dining table < 2.7*     < 2.7* < 2.7*

Computer keyboard na     < 2.7* < 2.7*

3.2 Monitoring of patient households, hospices, and retirement homes
Wipe samples in the patient households were taken mainly from the bathroom and toilet �oors (made by tiles) and from surfaces in kitchens or living rooms,
i.e. dining tables and desks (made from wooden or wood-resin composite materials). In total, 133 samples were collected in 17 patient households, including 4
samples before the therapy (only in Patient No. 1), 85 samples during the First sampling (samples from days 1–75 after the last chemotherapy treatment),
and 44 samples during the Second control sampling (6 months, 180 days, or more after the last chemotherapy treatment). Moreover, 10 samples were
collected in hospices (residential rooms, sanitary and shared public areas) and 19 samples were collected in retirement homes (residential rooms, sanitary,
laundry and shared public areas).

Figure 1 provides an overview of the AD contamination in all tested samples; data are shown only for ADs that were commonly detected. Complete data set is
provided in the Supplementary Materials (Supplementary Table S4), CP, Pt and PX were detected in variable concentrations namely during the First sampling
in the patient households. Other studied ADs were not detected although they were administered in chemotherapies of individual patients; DOX, EPI, IRI and FU
were below their respective LODs of 4.5, 4.5, 2.0, and 6.9 pg/cm2, respectively.

Regarding CP, 67% of the samples collected during the �rst sampling in the patient households (57 from N=85) were positive for CP; i.e. above the LOD for CP
of 1.1 pg/cm2. During the second control sampling, the majority of the samples were below LOD except for 4 households, where trace CP concentrations close
to LOD were detected ranging 1.2 – 6.4 pg/cm2. CP was below LOD in all samples collected in the hospices or retirement homes (Figure 1).

Except for one patient (No. 16), all participants received CP as a part of Therapy A (cf Table 1). The CP surface contamination during the �rst sampling ranged
between < LOD up to maximum 511.7 pg/cm2 (armchair and kitchen table, patient No 12) with median and average values of 3.4 and 21.1 pg/cm2,
respectively. Maxima in CP contamination were observed during the �rst few days after patients received the last chemotherapy (see Fig. 2) with the
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decreasing temporal trend on all examined surfaces (Fig. 2A and 2B). Concerning the statistical signi�cance, elevated CP values on the �oors were observed in
samples collected on days 1–6 compared to samples collected later during the �rst sampling, i.e. on days 7+ (p = 0.036, Student’s t-test).

Comparing the contamination of different types of surfaces, 74 % of �oors in bathrooms or near the toilets were positive for CP with maximum 235.7 pg/cm2.
Desktops from kitchens or living rooms were positive for CP in 67% of cases with maximum 511.7 pg/cm2 (Fig. 2). The median (3.9 and 4.5 pg/cm2,
respectively) and average CP contamination (16.6 and 27.7 pg/cm2, respectively) were comparable at both �oors and desktops.

Six participants received a follow-up PX treatment (see Therapy B in Table 1), and there were only 2 positive samples (2.9 and 3.8 pg/cm2) out of total N = 26
collected during the First sampling (LOD for PX = 2.5 pg/cm2). No sample collected during the second control sampling was positive for PX (see
Supplementary Table S4 for all details).

The analyses of Pt in two houses of patients that were treated with Pt-based drugs revealed that �ve out of total N = 8 samples (63%) were positive during the
�rst sampling (> LOD 0.17 pg/cm2). Pt was found mostly on the �oors of bathrooms and toilets. Pt contamination ranged from < LOD up to 2.7 pg/cm2 with
median and average of 0.3 and 0.7 pg/cm2, respectively. Low Pt level (0.28 pg/cm2) was found also in a single desktop sample (Patient No 2). One of the
samples collected during the second control sampling was also found positive for Pt but at very low concentration 0.5 pg/cm2 (patient No. 2; single sample
from the bathroom �oor).

Regarding the hospices, Pt-contamination (> LOD 0.17 pg/cm2) was found in three samples - in a sanitary room and residential room of Hospice 1 and a
bathroom �oor in Hospice 2 (Fig. 1). Compared to the patient homes (discussed above), higher Pt-contamination was detected reaching up to 15.9 pg/cm2

(Hospice 2, bathroom �oor of a resident with colorectal carcinoma in palliative care; previously received a therapy that included oxali-Pt combined with FU,
CAP and IRI). The 19 samples collected in the two monitored retirement houses were mostly negative for 12 studied ADs. Low levels of IF (1.3 and 3.3
pg/cm2) were found in two samples collected on the �oor in the apartment of a former resident that was previously diagnosed and treated for myeloma but
passed away in 2018, i.e. two years before actual monitoring. Further, trace contamination by MET (3.3 pg/cm2) was detected in a sample taken from the �oor
in the apartment of resident undergoing active oncology treatment with methotrexate in tablet form.

Discussion
The contamination of hospitals and pharmacies by ADs and related occupational exposures and risks have been studied before and indicated potential health
hazards during life-long exposures (NIOSH, n.d.) (ISOPP 2007). Much less attention has been paid so far to potential contamination in the households of
patients treated with AD chemotherapies despite the increasing trends in using take-home anticancer therapies (Pardhan at al., 2020). The present research
aids to this underestimated problem where the studies of AD indoor contamination outside of hospitals or pharmacies are very rare. To our knowledge, there
are only 3 reports. Two papers documented a study from Japan that considered 3 homes of patients treated with AD chemotherapy and reported CP residua
on toilet or bathroom surfaces ranging 30–7340 pg/cm2 (Yuki et al., 2013; 2015). The second study from Germany investigated homes of 13 patients and
reported contamination by Pt ranging 0.02–42.5 pg/cm2 and CP up to 283.3 pg/cm2 (Böhlandt et al., 2017). This latter study showed CP residues mostly on
toilet surfaces and also in the urine of family members (Böhlandt et al., 2017).

In the present paper, we focused on both the traditionally studied �oors that are a major issue in healthcare facilities (Meijster et al., 2006) but also on other
surfaces in patient households that might be contaminated e.g. by the patient sweat such as the tables, chairs or other desktops. Our samples were collected
during the summertime (May to September period in Europe) when the contact with sweaty skin is the most intensive providing thus the indication of the
highest possible exposure situations.

In agreement with previous studies, CP and Pt were the most important exposures markers (Acampora et al., 2005) and were detected in high frequencies
during the chemotherapy of patients as capture in the �rst sampling (66.6% positive for CP and 63% positive for Pt) Besides, PX was also rarely detected with
8% of samples positive. Correspondingly to studies of (Yuki et al., 2013; 2015 and Böhlandt et al., 2017), �oors in toilets and bathrooms were often
contaminated due to possible spills of patient excretion (maxima CP 235.7 pg/cm2, Pt 2.7 pg/cm2 and PX 3.8 pg/cm2). However, we further observed high
frequency (67.1% positive) of CP contamination also on desktops in kitchens and living rooms with actually the highest detected CP concentration in the
present study 511.7 pg/cm2.

The �oor contamination by ADs observed in the households has been much lower in comparison with available pharmacy and hospital studies where
accidental values higher than 100 ng/cm2 (for CP) or higher than 10 ng/cm2 (Pt) were reported (Kopp et al., 2013; Schierl et al., 2009; Turci et al., 2003). Our
recent study concerned 26 hospitals in the Czech Republic and showed median contamination of hospital toilet �oors being 30, 200, 10 pg/cm2 for CP (N = 
25), Pt (N = 18) and PX (N = 25), respectively (Bláhová et al., 2021). Interestingly, the median values observed in the present study for CP (16.6 pg/cm2 for
�oors) were closely comparable, and the immediate exposures thus are similar in both occupational and household settings. Indeed, the safe occupational
limit of 100 pg/cm2 derived for CP in hospitals (Sessink, 2011) was exceeded in two households with the highest CP contamination, i.e. at Participant No. 12
(511.7 pg/cm2 on the surface of a chair in the living room) and Participant No. 3 living together with a child (235.7 pg/cm2 on the bathroom �oor). It should,
however, be noted that the occupational exposures last much longer compared to rather episodical situations when family members are potentially exposed to
ADs during chemotherapy of the patients. This was also con�rmed during the Second control sampling in the present study (6 or more months post-
treatment) when CP was below LOD in 6 out of 11 households that were found CP-positive during the First sampling.

Our study further showed signi�cantly elevated contaminations of homes by CP especially during the �rst six days after the chemotherapy. This is in
agreement with the previous study that showed the release of unmetabolized AD during �ve days post-treatment (Yuki et al., 2015). Also, (ISOPP 2007)
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highlights that precautions should be taken for manipulation with body �uids of patients during 7 days post-treatment.

Further, frequent and long-residing contaminations by CP were detected on the desktop surfaces during both the First and the Second control samplings.
Indeed, 3 out of the 4 CP-positive samples collected in the 2nd control sampling were from wooden surfaces of dining tables treated with a surface protecting
wax or varnish layers (Supplementary Fig. S1). This highlights that the patient sweat is an important source of secondary contamination and that the
wax/varnish-treated surfaces that are often in direct contact with the patient may serve as long-term deposits of AD contamination. This observation is
supported by our recent observations of CP mobilization from the wax-treated Marmoleum �oors (Bláhová et al., 2021) as well as by other studies (ISOOP
2007). On the contrary, inert materials such as tiles used in bathrooms or toilets can easily be washed out keeping thus contamination under the control. It
should also be mentioned that the patient questionnaire survey did not indicate any correlations between the levels of contamination and cleaning practices in
individual households (see also Supplementary Materials, Table S2).

Besides CP, Pt contamination was observed in patient households (63% samples positive during the �rst sampling) but with a low median of 0.2 pg/cm2

comparable to the available German household study (Böhlandt et al., 2017). The observed concentrations are two orders of magnitude lower than Pt
contamination in hospitals including the Czech Republic, where long-term monitoring data indicate a median of 200 pg/cm2 (Bláhová et al., 2021). Here it
should be critically noted that the analyses of total Pt, which is a common approach in the ADs monitoring studies (Böhlandt et al., 2017; Konate et al., 2011;
Schierl et al., 2009; Yoshida et al., 2013) do not allow to discriminate other different sources of Pt such as occupation (e.g. metallurgy), dental materials or
breast implants (Schierl et al., 2014). Surface Pt concentrations below 0.1 pg/cm2 are considered as environmental background while higher levels indicate
contamination (Böhlandt et al., 2017). Although our study does not allow us to draw strong conclusions on potential risks associated with Pt in households,
low concentrations – namely in the second control sampling when Pt was below LOD in almost all samples - suggest that possible risks of Pt (and also PX)
are much lower compared to CP.

To our knowledge, this one of the �rst studies that investigated eventual AD contamination in hospices and retirement homes. During our pilot monitoring of
hospices, no patients actively receiving chemotherapy were hosted in the studied facilities. Nevertheless, screening for 12 ADs in hospices showed elevated
concentrations of Pt reaching up to 15.9 pg/cm2, which is considerable value even in comparison to the situation in some hospitals (Kopp et al., 2013). In one
of the hospices, this contamination was traced back to a former oncology patient with diagnosed colorectal cancer that was previously treated with oxali-Pt
containing chemotherapy. In this context, studies showed that Pt might accumulate in a body during the lifetime through, for example, covalent binding to
sulfhydryl protein groups (Zhang et al., 2020). Correspondingly, levels of Pt up to 1000-times higher compared to the control population were observed in
patients 20 years post-Pt-chemotherapy (Chovanec et al., 2017). However, there is still a lack of detailed information on the pharmacokinetics of Pt-based
drugs as recently highlighted by a large difference in the accumulation of cis-Pt and oxali-Pt in the patients (Zhang et al., 2020).

In the monitored retirement homes, low contamination was expected as the available information about eventual AD-treated patients was poor. The
management of the retirement homes estimated that they usually host a maximum up to 3 oncology patients per year, more information about clients
eventually treated with chemotherapy was not available. Nevertheless, IF was detected in two of the �oor samples (low level with max 3.3 pg/cm2) from the
apartment that was formerly used by a resident with myeloma that passed away in 2018, i.e. two years before actual monitoring in 2020. Also, MET (3.3
pg/cm2) was detected in the apartment (�oor sample) of the resident undergoing active oncology treatment with orally administered methotrexate. To our
knowledge, the information on ADs in retirement or nursing homes is extremely rare. Only one study of nursing homes in the Netherlands reported that their
clients received chemotherapy, mostly in outpatient clinics (Meijster et al., 2006). This study assessed dermal exposures of the staff to ADs (through resident
washing or the in-house cleaning processes) and concluded on the low frequency of exposure and consequently lower risks for nursing home staff compared
to e.g. personnel in hospitals (Meijster et al., 2006).

Although we are aware of the limitations of our pilot study, there are several lines of evidence indicating that Pt may reside in the body of patients for a long
time, and it may become released during later life stages posing thus hazards to family members or staff in retirement houses or hospices. Also, detection of
IF on the �oor of the retirement house two years after the latest potentially con�rmed source might raise a concern of long-term accumulation (and release) of
ADs from indoor materials (Bláhová et al., 2021). Further research studies in these directions might clarify the hypotheses.

Our �ndings indicate that the households of oncology patients may be contaminated by ADs. However, the information about potential AD hazards provided
by the clinicians to patients was not su�cient, and the availability of preventive measures in the studied households was limited (see the questionnaire survey
in Supplementary Table S2). For example, only 4 out of 17 participants had more than one toilet in the house, and a separate usage of a dedicated toilet by an
oncology patient was thus generally limited. On the other hand, 10 participants lived together with susceptible individuals like small children. Consequently, we
prepared written safety guidelines that speci�cally target patients and their family members that include practical and understandable recommendations on
prevention, cleaning, handling of potentially contaminated materials such as laundry, etc. This �yer was inspired by other materials from Australia and
Canada (e.g. https://www.health.qld.gov.au; http://www.bccancer.bc.ca), and it is systematically distributed to patients of the participating hospital, Masaryk
Memorial Cancer Institute in Brno, as well as to other hospitals in the Czech Republic (the �yer in Czech is available at https://www.cytostatika.cz/index.php?
pg=pro-pacienty). The content and format of the �yer were also commented on by the patients enrolled in the present study, and the perception of the �yer
was largely positive.

Conclusions
This is one of the �rst studies investigating the contamination by ADs in indoor environments outside of hospitals or pharmacies. The present study showed
that patients treated with chemotherapy may serve as a source of contamination for their households, representing thus a risk to sensitive family members
such as children or elderly people. Carcinogenic CP was commonly found at relatively high concentrations, especially during the �rst 6 days after the
chemotherapy. Sweat seems to be a major medium for the spread of the contamination - high and long-time persisting CP levels were found on various
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desktops including kitchen tables. Other studied ADs such as DOX, EPI, PX, Pt, IRI and FU seem to be of lower concern. The �rst pilot studies in hospices and
retirement homes indicated rather lower exposure risks of the personnel but pointed to potential long-lasting contamination by Pt or some other persistent ADs
such as IF.
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Figures

Figure 1

Pro�les of ADs contamination in patient households during the First sampling and the Second control sampling compared to concentrations detected in the
hospices and retirement homes. Graphs show individual data points with median and 25-75 percentile range (box), minimum-maximum (error bars).

Figure 2

CP contamination of different surfaces in patient households during the First sampling. A - �oors in the bathroom and toilets; B – desktop samples (tables,
chairs, desks) collected in living rooms and kitchens. Graphs show individual data points with median and 25-75 percentile range (box), minimum-maximum
(error bars).
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