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HIGHLIGHTS

« Pt-based anticancer drugs have been measured in waste waters from a UK hospital.

« Concentrations of total aqueous Pt were highly variable.

« Median concentrations suggest that the majority of Pt is emitted from outpatients at home.
* Predicted concentrations in recipient waters are below EMEA guidelines.

« Nevertheless, the potential environmental effects of these drugs require investigation.
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Concentrations of the cytotoxic platinum-based anticancer drugs, as total Pt, have been measured over a three week
period in one of the main drains and in the effluent of the oncology ward of a major UK hospital (Derriford,
Plymouth). Concentrations of Pt were highly variable in both discharges, and ranged from about 0.02 to
140 pg L™ " in the oncology effluent and from about 0.03 to 100 ug L™ " in the main drain. A comparison of
drug administration figures over the study period with an estimate of the quantity of Pt discharged through
the drains suggests that about 22% of total Pt is emitted to the environment from the hospital with the remainder
being discharged by treated patients in the wider community. Administration figures for the three Pt-based drugs

Editor: Damia Barcelo

Keywords: used in the hospital (cisplatin, carboplatin and oxaliplatin) coupled with published measurements on the removal of
Platinum the drugs by conventional sewage treatment allowed the concentrations of Pt arising from each drug to be predicted
Cytotoxic drugs in recipient surface waters as a function of water flow rate. For conditions representative of the region under study,
Metabolites concentrations of total Pt between a few tens and in excess of 100 pg L™ are predicted, with the principal form of

Hospital waste

¢ . . the metal occurring as carboplatin and its metabolites. Although predicted concentrations are below EMEA guide-
Environmental concentrations

lines warranting further risk assessment, the presence of substances in surface waters that are potentially carcino-
genic, mutagenic and teratogenic and yet whose environmental effects are not understood is cause for concern.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction

For many years, surgery and radiotherapy were the main means of
managing cancer. Although these approaches are able to remove local
tumours, they do not have a great impact on general prognosis because
most deaths in patients are caused by metastatic spread of the disease.
Presently, antineoplastic agents are employed, either alone or in combi-
nation with surgery or radiotherapy, to improve the outcome for cancer
patients. Most anticancer drugs inhibit the proliferation of cancerous
cells but are non-selective inasmuch as they are also toxic to non-
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cancerous cells. Consequently, a concern arising from the administra-
tion of antineoplastic agents is their potential effects on aquatic life
once emitted to the environment.

Cytotoxic drugs are a group of antineoplastic agents that function by
interacting with DNA and interfering with the process of cell division.
Because of their non-selectivity, coupled with potentially genotoxic,
mutagenic and carcinogenic properties, it has been hypothesised that
all eukaryotic organisms may be at risk from exposure to these chemicals
(Johnson et al., 2008) and that threshold values for lowest effect concen-
trations in the environment are inappropriate (Kosjek and Heath, 2011).
Accordingly, there has been an increasing interest in the environmental
distributions and behaviour of cytotoxic drugs and their metabolites
over the past decade. Recent advances in analytical capabilities have
allowed the concentrations and fluxes of many cytotoxic chemicals to
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be established in their principal environmental sources (hospital dis-
charges and treated sewage effluents) and, for fewer cytotoxics, their
concentrations in receptors (mainly rivers and tap water) (Kosjek and
Heath, 2011). Where cytotoxics are not detectable or data are lacking,
concentrations and fluxes have been predicted from information on
drug usage and water consumption (Johnson et al., 2008; Rowney
et al., 2009; Besse et al., 2012).

Platinum-based cytotoxics are coordination complexes of Pt
which are used in 50-70% of cancer patients (Hannon, 2007). The envi-
ronmental distributions and impacts of these drugs and their metabo-
lites are, however, particularly poorly defined. The chemical and
pharmacokinetic properties of the principal complexes in use, cisplatin
(cis-dichlorodiammineplatinum(1l)), carboplatin (cis-diammine(1,1-
cyclobutanedicarboxylato)platinum(Il)) and oxaliplatin ([1R,2R]-1,2-
cyclohexanediamine-N,N’)oxalate(2-)-0,0’platinum(II)), are shown in
Table 1. The drugs are mainly used in combination therapy for the treat-
ment of solid tumours and, specifically, ovarian, oesophageal and blad-
der carcinoma, tumours of the head and neck, testicular tumours, small
cell lung cancer and metastatic colorectal cancer (Michalke, 2010).
The mechanism of action of cisplatin involves the formation of reactive,
aquated complexes (cis-PtCl(OH,)(NH3)3 = monoaquacisplatin;
cis-Pt(OH;),(NH3)3 " = diaquacisplatin) inside the cell through the
replacement of the chloro ligands by water molecules:

cis — PtCly(NHsy), + Hy0+—cis — PtCI(OH,)(NH,),” +Cl~ 1)

cis — PtCI(OH,)(NH5),” + H,0«=cis — Pt(OH, ), (NH;),>* +C1™.  (2)

The aquated complexes then bind directly with DNA to form
intrastrand cross-links between bases, thereby inhibiting the cell division
process (Berners-Price and Appleton, 2000; Lau and Ensing, 2010). The
precise modes of action of carboplatin and oxaliplatin are less clear, but
appear to involve aquation as a precursor to DNA binding (Desoize and
Madoulet, 2002). Compared with cisplatin, carboplatin is considerably
more stable and less reactive because of the relatively low lability of the
bidentate dicarboxylate ligand in the cis position.

The present study is the first to report concentrations of Pt-based
cytotoxic drugs, as total Pt, in the waste waters from a UK hospital.
We use data on the administration of the drugs in the outpatient oncology
ward encompassing the sampling period to evaluate the relative magni-
tude of environmental sources of the cytotoxic substances from the hos-
pital and from treated patients in the wider community. Published

Table 1

information on the removal of the drugs by conventional sewage treat-
ment is also used to predict concentrations of clinically-derived Pt in re-
cipient surface waters of varying flow rates and the significance of these
concentrations relative to those arising from other environmental sources
of Pt.

2. Materials and methods
2.1. Study site

Derriford Hospital, Plymouth, is a large university hospital serving
about 450,000 people in southwest England. The hospital includes a
major cancer care centre and an aseptic facility for manufacturing and
dispensing chemotherapy drugs. Solid and liquid wastes arising from
the pharmaceutical facility are treated as hazardous and disposed of by
incineration. Waste water from the outpatient oncology ward, where
drugs are administered intravenously, is carried by an underground,
open, semi-circular concrete drain of about 15 cm in diameter (drain
1). After about 10 m, this drain discharges into one of the main drains
that receives general waste from about 50 % of the hospital (drain 2).
No flow data are available for drain 1, but about 100,000 m® of water is
annually discharged through drain 2 (~3.2Ls™1).

2.2. Sampling and sample preparation

Samples were collected on week days during june and July 2012 over
a 21 day period, thereby encompassing a three week chemotherapy
cycle. Drains were accessed through a series of manholes with the assis-
tance of the hospital estates personnel between 12 noon and 1 pm, or
midway through the working day (8.30 am to 5 pm) and a few hours
after the administration of the first round of infusions. Drain 1 was
sampled immediately outside the oncology ward and at a distance of
about 5 m from its discharge into drain 2, and drain 2 was sampled a
few metres downstream of the input from drain 1. Samples were col-
lected manually by placing a 1 L high density polyethylene bucket into
the waste stream with the aid of a 4 m length of nylon string. Once suf-
ficient waste water had been collected, the bucket was carefully raised
and a screw-capped 60 mL polyethylene centrifuge tube filled to the
mark. The bucket was then rinsed successively with 0.1 M HNOs, hypo-
chlorite disinfectant solution and distilled water before being stored ina
plastic zip-lock bag until required for the next sampling. In the laboratory,
50 mL of sample was vacuum filtered through a Whatman 542 hardened
ashless filter paper (pore size = 2.7 um) using a Pyrex filtration unit.

Chemical and pharmacokinetic properties of the three Pt-based anticancer drugs (Lenz et al,, 2005; Rowney et al., 2009; National Toxicology Program, 2011 and references therein).

Drug Formula Structure Molecular ~ Water solubility’, g L™"'  Log Ko Plasma elimination
weight half-life, h
Cisplatin cis-PtCl,(NH3), 300.05 25 -2.19 130 4 24 to 327 + 91
Carboplatin  cis-[Pt(NH3),(CBDCA-0,0")], 371.25 11.7 —046 139 + 38
(CBDCA = 1,1-cyclobutanedicarboxylate)
Oxaliplatin  Pt(dach)ox (dach = cyclohexanediamine; 397.29 79 —005(+£132) 273 +£19
ox = oxalate)
* At25°C
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Filters were stored in polypropylene centrifuge tubes at —22 °C pending
digestion (see below). Filtrates were transferred to centrifuge tubes
where the pH and conductivity were measured using an Acorn pH 6
meter and YSI 85 handheld dissolved oxygen/conductivity meter, respec-
tively. Filtrates were then acidified with 1 mL of concentrated HC (Fisher
Scientific, TraceMetal Grade) and stored at room temperature and in the
dark before being analysed (within two weeks of processing).

2.3. Filter digestion

Defrosted and dried filters were digested in boiling aqua regia. Thus,
each filter was placed into an acid-cleaned 50 mL Pyrex beaker before
12 mL of a solution of three parts concentrated HCl and 1 part concentrat-
ed HNO; (both TraceMetal Grade) was added. The contents were heated
to 85 °C on a hot plate and in a fume cupboard for about 60 min. The
cooled digests were diluted to 20 mL in individual polypropylene centri-
fuge tubes with 0.1 M HNO3 and stored at room temperature and in the
dark pending analysis. For quality assurance purposes, triplicate 250 mg
portions of certified auto catalyst pellets (National Institute of Standards
and Technology 2556) were digested likewise, and control digests were
performed in quadruplicate in the absence of solid material.

2.4. Platinum analysis

Filtrates, digests and quadruplicate samples of Plymouth tap water
were analysed for total Pt (as '9°Pt) using a Thermo Scientific X Series
I bench top quadrupole inductively coupled plasma-mass spectrometer
(ICP-MS) with a collision cell. Samples were introduced to the plasma
via a concentric glass nebuliser and conical impact bead spray chamber.
Forward power was 1.4 kW, plasma, auxiliary and nebuliser gas flows
were set at 15 L min~', 0.7 Lmin~" and 0.8 L min~', respectively, and
dwell time per reading was 10 ms with 50 sweeps and three replicates.
The instrument was calibrated externally using a blank and five standards
(up to 50 pg L") prepared by serial dilution of a 1 mg mL™' Pt plasma
emission standard in 0.1 M HCl, and internally by the addition of
50 pg L~ of "Ir to all samples and standards. A standard was analysed
as a check after every ten samples and the five samples of either side
of any check that deviated by more than 10% of its true value were
reanalysed.

The relative standard deviation of replicate measurements of Pt in all
samples was generally less than 10% and the limit of detection, calculated
from 5 o of multiple measurements of the lowest standard, was about
15 ng L™ ". Since no suitable reference material exists for Pt in medical
waste water, we made a combined, semi-quantitative assessment of an-
alytical accuracy and digestion efficacy by determining Pt in digests of
NIST 2556. The measured Pt concentration of 602 + 9.5 pg g~ ' was
about 86% of the certified concentration (697.4 + 2.3 pg g~ '), presum-
ably reflecting the incomplete digestion of refractory catalytic particles
(residual solids were evident in solutions after aqua regia digestion).

3. Results
3.1. Pt-based drug usage

The quantities of Pt-based anticancer drugs administered in the out-
patient oncology ward of Derriford Hospital during each day of the
study period are shown in Table 2. Also shown are the equivalent quan-
tities of Pt administered as cisplatin, Pt carboplatin, Pt and
oxaliplatin, Pt,y,, and as derived from the relative contributions of Pt
to the total molecular mass of each compound; the total quantity of Pt
administered, Pt,, was obtained from the sum of Pt arising from each
drug. Both the quantities and distributions of drugs administered vary
over the study period. For example, on days 7 and 12 all three drugs
were used, while on days 5 and 11 no drugs were administered. Overall,
the total quantity of Pt administered in the ward was 4.16 g, and Pt was
distributed with a ratio of Pts:Ptcar:Ptoxa = 1.00:5.09:3.34,

Table 2
Quantities of Pt-based drugs and equivalent quantities of Pt administered at Derriford
Hospital during the study period.

Day cisplatin Carboplatin Oxaliplatin Ptyor, Mg
(Ptcis)- mg (Ptcar)- mg (Ptou)- mg

1 45 (29.3) 530 (278.6) 0 3079
2 0 0 440 (216.1) 2161
3 0 0 380 (186.6) 186.7
4 149 (96.9) 250 (131.4) 0 2283
5 0 0 0 0
6 45 (29.3) 470 (247.0) 0 276.3
7 105 (68.3) 500 (262.8) 200 (98.2) 429.2
8 0 0 560 (275.0) 275.0
9 75 (48.8) 128 (67.3) 0 1160
10 105 (68.3) 0 200 (98.2) 166.5
11 0 0 0 0
12 110 (71.5) 950 (499.2) 260 (127.7) 698.5
13 44 (28.6) 250 (131.5) 0 160.0
14 0 750 (394.1) 620 (304.5) 698.6
15 0 440 (231.2) 340 (167.0) 398.2
Sum 678 (440.9) 4268 (2242.9) 3000 (1473.2) 4157.0

3.2. Characteristics and Pt concentrations of drain water samples

The chemical characteristics and Pt contents of the samples collected
from drains 1 and 2 are shown in Table 3. Conductivity and pH vary
considerably in both drains, presumably reflecting the heterogeneous
input of a variety of wastes (but principally urine) to the ward and the
hospital. The w/v concentrations of both aqueous and particulate total
Pt ([Ptioc)ag and [Pteoc)p, respectively) are also highly variable in both
drains. For example, aqueous concentrations span four orders of magni-
tude in drain 1, with a maximum concentration of about 140 pg L™,
and, where detected, over three orders of magnitude in drain 2, with a
maximum concentration of 95 pg L™"; particulate Pt was not detected
in all samples but measured values spanned about two orders of
magnitude.

Also given in Table 3 is the particulate-water partitioning of Pt,
shown in terms of the percentage of Pt present in each sample in
aqueous form and as calculated as follows:

[Ptiot)aq

— . 100%. 1
Phalog + Pl 1 )

aqueous Py, % =

Note that where Pt,, was not detected in the particulate phase, an
aqueous percentage of 100 has been assumed. In most cases, the majority
of Pty was measured in the aqueous phase, and in only two cases in drain
1 and one case in drain 2 was there a greater proportion of Pt in the
particulate phase. Presumably, association with particulate matter results
from the rapid adsorption of the drugs and their metabolites to solid
material in the waste water.

Neither the concentration of Pt in either phase nor the partitioning
of Pt was correlated with the reaction-controlling variables measured
(i.e. conductivity or pH). Moreover, [Ptyo].q Was not related to [Pt;q]p in
either drain, and any measure of Pt in drain 1 was unrelated to an
equivalent or different measure of Pty in drain 2. Furthermore, rela-
tionships were not evident between concentrations of Pt and daily
total quantities of Pt in drugs used in the oncology ward (Table 2);
significantly, Pt was observed in the drain waters on days when no
Pt-based drugs were administered.

4. Discussion
4.1. Nature of the hospital source of Pt
Platinum has a number of sources to the environment, with the prin-

cipal anthropogenic one being the emission of fine, Pt-bearing particles
from the catalytic converter of motor vehicles (Zereini et al., 2007).
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Table 3

Chemical characteristics and Pt concentrations in drains 1 and 2 of Derriford Hospital (nd = not detected).
Drain 1 Drain 2
Day pH  Conductivity, S cm™"  [Ptioclaq. M8 L™'  [Pti)p Mg L™'  Aqueous Pt  pH  Conductivity, jS cm ™" [Pteocdaq M8 L' [Ptiod)p g L™ Aqueous Ptio, %
1 300 601 137 0.06 96.03 830 392 148 0.02 98.46
2 6.80 282 0.48 nd 100 724 214 0.26 0.06 82.18
3 680 630 39.06 2.14 94.82 840 472 2.72 nd 100
4 702 143 0.24 0.18 57.93 632 417 0.55 0.08 87.42
5 770 275 517 nd 100 880 438 039 9.54 3.89
6 6.56 225 0.29 nd 100 840 446 0.19 nd 100
7 7.10 280 137.83 252 98.21 695 365 80.63 3.96 95.32
8 680 357 6.94 0.07 98.96 6.70 234 1.70 nd 100
9 691 278 142 037 79.27 706 494 1.61 nd 100
10 640 216 417 0.05 98.71 686 352 95.07 049 99.49
11 648 175 0.30 nd 100 6.58 538 0.06 nd 100
12 288 621 0.02 nd 100 652 453 nd nd nd
13 598 175 0.14 nd 100 515 164 0.19 nd 100
14 707 272 0.11 0.10 51.22 626 335 0.06 nd 100
15 638 235 0.89 nd 100 620 794 003 nd 100
Min 288 143 0.02 0.05 51.22 515 164 0.03 0.02 389
Max 7.70 630 137.83 2.52 100 880 794 95.07 9.54 100
Median 680 275 0.89 0.14 98.96 686 417 047 0.28 100

Since Pt was not detected in Plymouth tap water, it is reasonable to
assume that all measured Pt in the present study is derived from the ad-
ministration and subsequent excretion of Pt-based anticancer drugs.
(Note that intravenous infusions are prepared in the hospital pharmacy
and that excess or spilled drugs and contaminated equipment and
clothing are treated as hazardous waste and incinerated.)

Clearly, the lack of relationships observed in our data and the high
degree of variation in Pt,, measured in the drains reflect the randomness
of the excreted source of Pt variability in the short-term consumption
of water, and the nature of the sampling protocol. Thus, measured
concentrations of Pty will depend on the amount of Pt-based drugs
that patients have excreted in the oncology ward, the degree of dilution
of excreted drugs by both ward and hospital waste waters, and the
time lag between excretion events and sample collection. Sampling
once per day over the 15 day period will only provide a snapshot of
Ptyo at that particular time, and any time lag may explain why concentra-
tions of Pty are sometimes lower in drain 1 than in drain 2, where waste
water from the oncology ward is diluted with waste from other parts of
the hospital.

The discrepancies between administered quantities of Pt and mea-
sured drain concentrations of Pt may also be attributed to pharmacoki-
netic constraints on the excretion of the drugs and their applications in
combination therapy. Platinum-based anticancer drugs are generally
used in conjunction with other chemotherapeutic agents and the pro-
portions (or presence) of the different drugs may vary over the treat-
ment cycle (Zarogoulidis et al., 2009; Tang et al., 2013). Thus, Pt-based
drugs may be administered at the beginning or middle of the regime,
with or without other chemotherapy drugs, but not used later on in
the cycle. Since the elimination of cisplatin and its metabolites can take
up to several weeks (Monjanel-Mouterde et al., 2003) and the half-life
for the elimination of carboplatin and its metabolites is several days
(Elferink et al., 1987), Pt may enter the sewers of the hospital at any
time (Monday to Friday, 8.30 am to 5 pm) both on the day that the Pt-
based anticancer drugs were administered or on a subsequent visit to
the outpatient unit.

Despite these discrepancies and the constraints on our sampling
protocol, the results of the present study are both qualitatively and
quantitatively comparable with the limited data on Pt concentrations
in clinical wastes that have been reported in the literature. Kiimmerer
etal. (1999) collected samples every 2 h over a 24-h period from the
main drains (but not effluent from the oncology wards) of several
European hospitals and found Pt concentrations in unfiltered, acidi-
fied aliquots of up to about 3.5 pg L™ . Lenz et al. (2005) modified the
wastewater collection facility of the oncology in-patient ward of Vienna
University Hospital in order to allow the collection of 24-h composite

samples over a period of 28 days. Concentrations in both filtered and
digested particulate aliquots were highly variable, and combined, total
concentrations ranged from 4.7 to 145 pg L~ " with the majority of Pt oc-
curring in the aqueous phase; as in our study, measurements of Pt did
not correlate with the daily quantities of Pt administered. In a subse-
quent publication, Lenz et al. (2007) report total Pt concentrations in
samples collected at the same facility ranging from 3 to 250 ug L™ ".
The remarkable similarity of our results to those reported by Lenz
et al. (2005), in terms of both the concentration range and partitioning
of Pt, reflect similar demographics and types and incidences of cancer
within the European Union, coupled with common chemotherapeutic
practice and usage of Pt-based drugs in the UK and Austria (Johnson
etal, 2013).

4.2. Predicted fluxes and species of Pt in hospital waste waters

Ultimately, all Pt administered to patients will be discharged into the
aquatic environment. Using the measured Pt., concentrations and ad-
ministered doses, however, we can estimate the quantities and percent-
ages of Pt that are discharged directly from the hospital and, from mass
balance, therefore, those that are discharged through the wider commu-
nity. Thus, using data for drain 2, where the flow rate is more constant
and is reasonably well defined (about 3.2 Ls™ "), we estimate a flux of
Pt 0f 2.02 pg s~ ' based on a median concentration ([Pteoclaq + [Pteoclp)
of 0.63 ug L™ ". For the 15-day period of study, and for a window of
8.5 h per day when the outpatient oncology ward is open, we estimate
that the total quantity of Pt discharged from the hospital is 925 mg, or
about 22% of the total quantity of Pt administered.

Our estimate of discharged to administered Pt is very similar to
that derived by Lenz et al. (2005) for the inpatient oncology ward of
Vienna University Hospital (27 + 12%) and suggests that the majority
of Pt used in chemotherapy is excreted in the home environment and
that hospital effluents do not represent the principal source of the
drugs to municipal waste waters. Less certain in both studies, however,
are the relative contributions of Pt., Pt ., and Ptoy, to the total quantities
of metal discharged, and the precise chemical species of Pt in the waste
water. In theory, the relative contributions from each drug may be deter-
mined from their administered quantities and pharmacokinetic profiles.
However, there are uncertainties associated with the latter because elim-
ination is multiphasic and dependent on the dose administered and the
health and condition of individual patients (Bues-Charbit et al., 1987;
Kintzel and Dorr, 1995); moreover, estimated rates appear to depend
on the assay method employed and the timeframe over which observa-
tions were made (Desoize and Madoulet, 2002; see also the range in es-
timated elimination half-lives for cisplatin in Table 1). Accounting for the
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elimination rates in Table 1, the order of abundance in hospital waste

water sampled in the present study is assumed to be: Pty > Ptoya > Pty

Although some information exists on the precise metabolites of Pt
drugs in urine (at least with regard to Pt; Hann et al.,, 2003), more sig-
nificant regarding Pt speciation in recipient waste water are the precise
composition of the aqueous medium, and in particular [C™], and the
chemical equilibria and kinetic constraints governing the formation of
different species. In hospital and municipal waste waters, it is predicted
that there will be a progressive, time-dependent increase in the relative
proportions of both monoaquacisplatin and diaquacisplatin through
aquation (Eqgs. (1) and (2)) to an extent that is inversely related to the
concentration of CI™ in the medium (tap water in the Plymouth region
is characterised by a chloride content between about 20 and 40 mg L™ ";
Law and Turner, 2011). Although less is known about the modes of ac-
tion of carboplatin and oxaliplatin and the speciation of excreted metab-
olites, it is reasonable to surmise, from their chemical similarities with
cisplatin, that progressive, kinetically-controlled aquation also takes
place.

Given the greater reactivities of the aquated products towards
natural surfaces and polyelectrolytes than those of the corresponding
parent drugs (Curtis et al., 2010; Turner and Mascorda, accepted for
publication), it is assumed that they will represent the principal forms
of Pt to interact with suspended solids and ligands in waste water.
The highly variable partitioning of Pt observed in our samples sug-
gests that these interactions are heterogeneous, likely being dependent
on the quantity and nature of particulate matter as well as the reactiv-
ities and formation kinetics of aquated metabolites.

4.3. Predicted environmental concentrations of Pt

Critical from both a budgetary and environmental effects perspec-
tive is the extent of removal of reactive species of Pt discharged in clin-
ical waste and from treated patients in the wider community during
waste water treatment. Lenz et al. (2005) studied the adsorption of
the three Pt-based drugs to activated sludge particles suspended in var-
ious waste waters at concentrations of about 4 g L™ and at pH 6-7. In
order to allow for realistic speciation (i.e. aquation), the drugs
underwent ageing in NaCl solution ([C17] = 61 mg L™!) for at least
48 h before being spiked into the suspensions. The results revealed
average removals of 92%, 72% and 78% for cisplatin, carboplatin and
oxaliplatin, respectively, presumably through the adsorption of reac-
tive, aquated products to suspended sludge particulates.

Applying these percentage removals to our Pt administration figures
(or to Pt released both from the hospital and the wider community)
allows us to estimate a range of possible concentrations of Pt arising
from each drug in non-tidal, surface aquatic waters receiving treated
waste. Taking cisplatin as an example, 92% removal during waste treat-
ment indicates that 35.3 mg of the administered drug is emitted to the
aqueous environment over a three week period. This is equivalent to a
flux of about 19.5 ng s, or 1.95 pg L™ for dispersion into water
flowing at 10 m® s~ ! (that includes water derived from the effluent it-
self). An implicit assumption of this approach is that all Pt compounds
are delivered to the treatment process continuously and in the aqueous
phase. It is also important to appreciate that computed concentrations
in receiving waters encompass all chemical and physical forms of each
drug (i.e., the parent molecule and various metabolites in the dissolved,
colloidal and adsorbed states). Fig. 1 shows the predicted concentrations
of Ptys, Ptear and Ptyy,, as well as Pty as a function of the flow rate of the
receiving waters, modelled between 1 and 100 m? s, Clearly, concen-
trations increase with decreasing dilution or flow rate of receiving
waters, and at the lowest flow rate modelled the predicted concentration
of Pty is about 540 pg L~". The dominant form of Pt is Pt.,, and at the
lowest flow rate considered its predicted concentration is about
350 pg L™, or about 650 pg L™ ! of the parent drug. This value is very
similar to a predicted environmental concentration of 670 pg L™ re-
ported by Besse et al. (2012) based on French consumption data and a

1000

100 A

[P, pg L

0 20 40 60 80 100
flow, m3s™

Fig. 1. Predicted concentrations of Pt in waste-receiving surface water as a function of flow
rate, based on administration figures for Derriford Hospital over the three week study
period.

ten-fold dilution factor of treated waste water. It is, however, consider-
ably lower than the 10 ng L™ predicted environmental concentration
for an individual drug that acts as a trigger for further environmental
risk investigation (EMEA, 2006). With respect to the location under
study, wastes from Derriford Hospital and about 20% of the population
of the city of Plymouth (or 11% of the population that the hospital
serves) are processed at a sewage treatment plant that continuously
discharges at a mean rate of 0.2 m® s~ into a tidal river (River Plym).
Given that the mean annual flow of the river is 2.60 m* s~ ' but that
mean monthly flow is regularly less than 1 m® s~ ', Pt concentrations
in excess of 100 pg L™ could occur for periods around low water.

For comparison, Table 4 shows the measured concentrations of total
dissolved Pt (i.e. from all environmental sources) in various rivers and
estuaries. In surface waters draining heavily urbanised catchments, Pt
concentrations in excess of 1000 pg L~ are reported, largely because
of inputs derived from vehicular emissions. In pristine rivers-estuaries
or those not directly impacted by urbanisation, concentrations of less
than 100 pg L™ are more typical, with a minimum reported concentra-
tion of 8 pg L™ ". Our estimates shown in Fig. 1 suggest that Pt concentra-
tions in surface waters arising from the excretion of Pt-based anticancer
drugs could exceed concentrations resulting from natural inputs. How-
ever, it is unlikely that the degree of contamination resulting from these
drugs could be ascertained from measurements of total Pt because in-
puts from this source coexist with, typically much larger, inputs from
vehicle emissions in the urban setting (Lenz et al., 2007).

Table 4
Published concentrations of dissolved Pt in river and estuarine waters.
Environment Salinity [Pt pg L' Reference
Tama River, Tokyo 02 6100 Obata et al. (2006)
Tama Estuary, Tokyo 32 6860
238 940
Ara Estuary, Tokyo 5.1 2030
160 2650
Lérez River, NW Spain <0.1 41 Cobelo-Garcia et al. (2013)
05 8
Lérez Estuary, NW Spain 3.0 12
6.7 35
274 96
Duman River, E Russia® - 35 Soyol-Erdene and Huh (2012)
Lena River, NE Russia® - 70
River Indigirka, - 99
NE Russia®
Huang He, N China" - 123

* Salinities not specified; median concentrations reported for multiple samples.
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4.4. Environmental impacts of Pt-based drugs in surface waters

Critical to the likely behaviour and impacts of the Pt-based drugs in
the surface water environment is the salinity (or, strictly, chlorinity) of
the recipient waters. Thus, where waste is discharged to fresh water a
relatively high proportion of each drug is predicted to remain aquated
and, therefore, reactive, with a propensity to interact with biotic and
abiotic surfaces and, potentially, accumulate in biota. With increasing
salinity of recipient water, the proportion of reactive species is predicted
to decline as aquated metabolites are converted back to their relatively
unreactive, chlorinated parents, although kinetic constraints on chlori-
nation may ensure that this is a slow process (Curtis et al., 2010).

In a recent study, Turner and Mascorda (accepted for publication)
compared the adsorption of the three Pt-based drugs to estuarine sedi-
ment suspended in river water (salinity < 0.1; [CI7] = 17.6 mgL~") and
estuarine water (salinity = 3.20; [C1”] = 1800 mg L") after a 24-h
period of incubation of the drugs in river water. The sediment-water
distribution coefficients for cisplatin and carboplatin were about
770 mL g~ " and 550 mL g™, respectively, in river water, and about
170mLg~"and 90 mLg ™", respectively in estuarine water; coefficients
for oxaliplatin were similar (about 70 mLg™") in both media. The inter-
action of cisplatin has been studied with both the freshwater vascular
plant, Lemna minor (Supalkova et al., 2008), and the estuarine-coastal
macroalga, Ulva lactuca (Easton et al., 2011). Although Pt was measurably
accumulated in both studies, no phytotoxicity (efficiency of photochemi-
cal energy conversion) was observed in U. lactuca up to a Pt concentra-
tion of 30 pg L™ and the concentration for growth inhibition of L minor
(96 h EC50 Pt;) was as high as 14 mg L™

Despite these observations, and the inability to analytically detect
and discriminate Pt-based drugs and metabolites at environmental con-
centrations, the presence of cytotoxic substances in surface waters
should be cause for concern. In order to better understand the environ-
mental risks posed by these and other cytotoxic drugs, more information
is required on their toxicities, both individually and in combination, to a
wider range of organisms and over a greater variety of end-points, and
in particular, longer-term end-points that include more than one
generation.
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