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Preface

Cytostatic drugs (also known as anticancer drugs or antineoplastics) have been at the
forefront of treating cancer since the 1940s. However, many of these drugs are
themselves carcinogenic, mutagenic and teratogenic, triggering widespread concerns
about the risks they pose to the environment. The scientific community is now
turning its attention toward investigating the occurrence, effects, and fate of cyto-
static pharmaceutical residues in the environment. A watershed moment was in 2011
with the funding of two major FP7 EU projects CytoThreat and Pharmas, which led
to an increase in the number of scientific publications, including a special issue in
Environmental Science and Pollution Research (Fate and effects of the residues of
anticancer drugs in the environment, 2016, vol. 23, no. 15, pp. 14687–14691). The
motivation for this book was the desire to bring together current knowledge and
research on the presence and effects of cytostatic drug residues in the aqueous
environment. This book contains 18 chapters and represents the combined work of
leading scientists from different research institutions from across the globe. It covers
all relevant aspects of the presence of cytostatic drug residues in wastewaters and
natural aquatic systems, where numerous analogies are made between their pharma-
cokinetics and pharmacodynamics in humans and their effects on the environment.
For example, in the case of pharmacokinetics, their levels in humans or animals can
be analogous with their occurrence in waste and natural waters, distribution in the
body with environmental cycling ( fate), human metabolism with their transforma-
tion, and their elimination from humans or animals with their removal. All these
parameters are based on the determination (analytical method development) of
cytostatic drug residues in different, often complex matrices. In terms of pharmaco-
dynamics, their effects on target tissues along with unwanted adverse reactions are
also analogous with their effects (toxicity) on non-target organisms, which must be
known in order to perform hazard and risk assessment.

Scheme 1 provides the reader with an overview of how the various chapters relate
to environmental pharmacokinetics and pharmacodynamics.
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With regards to environmental pharmacokinetics, Chaps. 3, 4, 10, 12 and 14
discuss the occurrence of these compounds in the workplace (hospitals, pharma-
cies), wastewaters, surface waters and drinking water using data obtained experi-
mentally, while Chap. 2 calculates the predicted environmental concentrations
(PEC) based on consumption data, excretion, elimination in the WWTP and dilution
in receiving waters. Chapter 10 reviews studies performed in 18 countries reporting
the levels of compounds in different water compartments and highlights the impor-
tance of planning efficient sampling strategies to obtain representative water sam-
ples. Chapter 3 discusses occupational exposure to drugs containing 5-fluorouracil
(FU), cyclophosphamide (CP), and platinum in 21 hospitals in the Czech Republic.
Unwanted releases have been documented during all steps in the preparation and
administration of these drugs to patients leading to contamination of both the work
place and the environment. In many cases, monitoring and discussions with
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responsible managers resulted in the implementation of proper handling procedures
and decreased contamination. Chapter 12 covers the occurrence of CP and
ifosfamide (IF) residues in hospital wastewaters, municipal wastewaters and surface
waters. The occurrence of tamoxifen and its metabolites in water bodies and the risk
posed to aquatic organisms due to its known toxicity and its potential for
bioaccumulation are subject of Chap. 4, while Chap. 14 examines the available
literature on the cycling and effects of 5-FU and capecitabine (CAP) residues.
Chapters 4, 5, 12 and 14 address transformation during various treatment processes,
and Chaps. 4 and 14 cover their environmental fate. Method development and
analysis (determination) is the focus of Chaps. 8 and 12. Chapter 8 provides a
comprehensive overview of the different methodologies used, including extraction
and clean-up techniques (solid-phase extraction for liquid samples and pressurized
liquid extraction and ultrasound extraction for sludge samples) and detection
methods (mostly liquid chromatography with mass spectrometry detection).
Chapter 12 describes the analytical method development for determining CP and
IF transformation products formed during water treatment.

Whereas the previously mentioned chapters measure the levels of cytostatic
residues, Chap. 2 introduces the concept of predicted environmental concentrations
(PECs), an approach first suggested by the European Medicines Agency (EMA). It
describes how to calculate PECs, provides raw data for their calculation and dis-
cusses the applicability of PECs for assessing cytostatics in wastewater and river
water.

Different treatment technologies are also extensively discussed in the book.
Biological treatment is discussed in several of the book chapters. For instance,
conventional activated sludge treatment is discussed in Chaps. 6, 12 and 14.
Membrane bioreactors (MBR) are described in Chaps. 6, 9 and 12 and sequential
batch reactors (SBR) in Chap. 12. Bioreactors with attached biomass are covered in
Chap. 12 and biological treatment using fungi in Chaps. 4, 7 and 12. Abiotic
treatment involves UV irradiation, chlorination, ozonation and advanced oxidation
processes (AOPs). UV irradiation and direct photolysis are discussed in Chaps. 6, 7,
11, 12 and 14. Ozonation is covered in Chaps. 6, 7, 12 and 14 and chlorination in
Chaps. 4, 5, 6, 7, 9. Different AOPs, including ozonation and/or UV in combination
with different oxidants (H2O2) or catalysts (Fe

2+, TiO2) and other non-conventional
oxidation processes like electrochemical oxidation, are discussed in Chaps. 4, 7, 9,
11, 12 and 14. Physical treatments are also discussed at length, including adsorption
(Chaps. 9, 12 and 14), nanofiltration (Chaps. 9 and 12) and reverse osmosis
(Chaps. 9 and 12).

With regards to environmental pharmacodynamics, single compound effects are
the subject of Chaps. 14, 15 and 16. Chapter 15 investigates the acute and chronic
effects of cytostatic drugs in freshwater organisms, while Chap. 14 describes the
effects of 5-FU and CAP residues in the aqueous environment and Chap. 16
discusses how residues of specific drugs are genotoxic for aquatic organisms.
Their main conclusions are that more work into the toxicological effects of environ-
mental mixtures of cytotoxic compounds still needs to be performed, further actions
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are needed to ensure more reliable environmental risk assessments, and that stricter
measures are necessary to prevent contamination of the environment by cytostatic
drug residues. Mixture effects are addressed in Chaps. 13 and 17. The acute and
chronic effects on non-target organisms at levels typically found in the marine
environment are reviewed in Chap. 13, together with their ecotoxicological poten-
tial, synergistic, additive and antagonist effects. Similarly, Chap. 17 focuses on the
toxicity of mixtures of 5-FU, cisplatin, etoposide, imatinib mesylate, and CP and
their transformation products on various biological models (bacteria, algae, animals,
plants and human cells). Chapter 7 uses the toxicity of mixtures of cytostatic drugs,
their metabolites and/or transformation products in addition to the removal of the
parent compound in order to evaluate removal efficiency during wastewater treat-
ment. In Chap. 18, environmental metabolomics is used to enrich our understanding
of the response of an organism to environmental stressors, while Chaps. 1, 4 and 13
focus on hazard and risk assessment. Chapter 1 introduces different approaches for
screening, ranking and prioritizing specific cytostatic compounds that pose the most
significant risk. For example, environmental risk posed by tamoxifen is evaluated in
Chap. 4, while Chap. 13 focuses on the risks posed by cytotoxic drug residues in the
marine environment. It also makes recommendations about suitable biological
models to assess the ecotoxicological effects on marine organisms.

We are aware that this book tackles only a small part of what is a far more
extensive and complex issue, but we hope that information provided within this
book will enable readers to learn about the fate and effects of cytostatic pharmaceu-
ticals in the aqueous environment and be cognizant of the many challenges that
remain. We are thankful to the authors for their contribution and their patience
during the publication of the book. We thank the Springer team, namely Alexandrine
Cheronet and Judith Terpos, for their continued support during the project.

Ljubljana, Slovenia
Caserta, Italy
Ljubljana, Slovenia

Ester Heath

Ljubljana, Slovenia

Marina Isidori
Metka Filipič
Tina Kosjek

January, 2019
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Part I
Prioritisation and Predicted Environmental

Concentrations



Chapter 1
Approaches for Hazard Assessment
Screening, Ranking, and Prioritization
of Cytostatic Compounds

Adrián Olalla, Jose Luis Rodriguez-Gil, and Yolanda Valcárcel

Abstract Since the 1990s, the continued input of pharmaceutical and personal care
compounds (PPCPs) into the environment, mainly via wastewater treatment plants,
has become one of the main areas of research for environmental chemists and
toxicologists. The assessment of the risk posed by cytostatic compounds is of
particular interest because of their cytotoxic, and in many cases carcinogenic, nature.
The availability of data on the environmental presence and effects of cytostatic
agents in the environment is currently very limited; at the same time, the amount
of resources available to be dedicated to the study of these aspects is also limited. To
prioritize the cytostatic agents on which we need to focus our research and moni-
toring, as well as to determine whether specific treatment systems should be
implemented to remove these compounds before reaching natural water flows, the
risk and environmental hazards of these substances must be calculated. In this
context, this chapter introduces a number of screening, ranking, and prioritization
approaches that could be used to highlight specific cytostatic compounds posing
greater risks. Proof-of-concept application of some of these approaches is presented.

Keywords Cytostatic compounds · Priorization · Emerging contaminants · Risk and
hazard
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1.1 The Need for an Assessment of the Risk Posed
by Cytostatic Agents

Since the 1990s, the continued input of pharmaceutical and personal care com-
pounds (PPCPs) into the environment, mainly via wastewater treatment plants, and
the use of reclaimed waters and biosolids, has become one of the main areas of
research for environmental chemists and toxicologists (Halling-Sørensen et al.
1998; Cizmas et al. 2015). Despite these increased research efforts, many ques-
tions still remain unanswered, especially with regard to the actual risk posed by
these compounds to the environment and to human health (Brooks et al. 2009;
Boxall et al. 2012; Noguera-Oviedo and Aga 2016). The availability of data on the
presence and environmental effects of these compounds has slowly grown over
this period (with toxicity data generally increasing at a slower pace than exposure
data). However, the use of these data to inform industry and regulators whether
these PPCPs pose a risk to the environment and human health has been, generally,
unsuccessful (Rodríguez-Gil et al. 2018). In recent years, societal interest in these
compounds has expanded and is today no longer limited to the research commu-
nity. In fact, the need for assessment of potential human health and environmental
risks of PPCPs has now been acknowledged in a number of regulations in different
jurisdictions. For example, article 8(3) of European Directive 2001/83/EC
(EC 2012), as amended, lists an Environmental Risk Assessment as one of the
documents required to be submitted during the registration process of medicinal
products for human use. For this purpose, the European Medicines Agency (EMA)
created a guideline document on environmental risk assessment (ERA) of medic-
inal products for human use (EMEA 2006b, 2016). Although registration is not
conditional on the results of this assessment, the regulation establishes the possi-
bility, on a case-by-case basis, for the consideration of specific arrangements to
limit the impact. Similar provisions exists, as well, for veterinary pharmaceuticals
(EC 2004; EMEA 2015). Furthermore, in the 2013 amendment of the Water
Framework Directive (WFD) and the Environmental Quality Standards Directive
(EQSD) (EC 2013), the European Union specifically flagged contamination of
water and soil with pharmaceutical residues as an emerging environmental con-
cern. Thus, the EU called for the need to study the risks of environmental effects
from medicinal products and to provide an analysis of the relevance and
effectiveness of current legislative framework in protecting the aquatic
environment and human health via the aquatic environment. These amendments
also called for the creation of a new mechanism to provide high-quality monitoring
information on the concentrations of polluting substances (including PPCPs) in the
aquatic environment across the EU to identify priority substances for regulation
under the Water Framework Directive (WFD) (EC 2000b). To accomplish such a
task, a dynamic watch list was created that included three PPCPs [diclofenac,
17-beta-estradiol (E2), and 17-alpha-ethinylestradiol (EE2)] in its first iteration
(Carvalho et al. 2015).

4 A. Olalla et al.



The assessment of the risk posed by cytostatic compounds is of particular interest
from their cytotoxic, and in many cases carcinogenic, nature. From a regulatory
standpoint, according to the list of waste decision (LoW) 2000/532/EC (EC 2000a),
discarded cytotoxic and cytostatic medicines are considered hazardous waste. This
classification translates into specific obligations related to how cytostatic-containing
waste streams are to be handled. However, these provisions do not apply to cyto-
static compounds present in hospital or urban wastewaters. Currently, cytostatic
compounds are not considered priority substances under the WFD, and none of these
substances was considered as a possible candidate for the first watch list developed
under the 2013 amendments to the WFD and the EQSD. Thus, no special provisions
exist for their presence in wastewater or surface water.

Approximately 75–80% of cytostatic treatment takes place as outpatient treat-
ment, with the patients leaving the hospital after treatment (Mahnik et al. 2007;
Johnson et al. 2008). Once excreted by patients in hospitals or at home, cytostatic
agents and their metabolites are discharged into wastewater flows before being
treated in wastewater treatment plants. As these systems were not specifically
designed to remove these types of compounds, removal rates for these chemicals
are usually low, and thus the probability of these reaching natural water flows is
high. The availability of data on the environmental presence and effects of cyto-
static agents in the environment is currently very limited, and at the same time, the
amount of resources available to be dedicated to the study of these aspects is also
limited. To prioritize the cytostatic agents on which we need to focus our research
and monitoring, as well as to determine whether specific treatment systems should
be implemented to remove these compounds before reaching natural water flows,
the risk and environmental hazard of these substances must be calculated.

1.2 The Risk Assessment Framework

Although the exact nomenclature of the different stages and their practical imple-
mentation might vary depending on the context or jurisdiction where the process is
being applied, any risk assessment usually consist of three main stages: problem
formulation, analysis, and the risk characterization itself (Suter 1997).

In the Problem Formulation stage, researchers and regulators evaluate the state of
the knowledge about the compound, or compounds, to be assessed. Information
about the chemical characteristics and use patterns of the compound, potential routes
of exposure, environmental compartments most likely to receive/accumulate the
compound, as well as the receptors that could be exposed (humans and/or the
environment, and if the latter, which elements), are all considered at this stage. All
existing gaps in knowledge that might limit our ability to carry out a complete risk
assessment are also flagged in this step.

1 Approaches for Hazard Assessment Screening, Ranking, and. . . 5



When the characteristics of the compound, its expected use, movement, environ-
mental compartments and receptors, as well as all information gaps, have been
evaluated, the Analysis Stage focuses on collecting all missing information and
extending existing coverage. The analysis phase is usually further divided into two
sub-stages that individually handle the collection of the two main types of needed
information: the Characterization of Exposure Stage and the Characterization of
Effects Stage. In the characterization of exposure sub-stage, information regarding
the fate and transport of the compound is collected to estimate (or measure) the
expected concentration that might occur in different environmental compartments.
Aspects related to the toxicokinetic characteristics of the compound can be consid-
ered during this sub-stage improve the estimates of exposure to target organs or
tissues. The characterization of effects sub-stage takes place simultaneously, with the
aim of improving understanding of the toxicological characteristics of the com-
pound. If not previously known, or uncertain (flagged during the problem formula-
tion), the mode (or mechanism) of action of the compound, as well as the main target
organ or tissues, can be determined. Dose–response (or concentration–response)
relationships are described, whenever possible, to derive toxicological benchmark
concentrations to be used in the risk characterization stage.

At the end of the analysis phase, we should have collected, at minimum, infor-
mation regarding concentration levels of the compound that are to be expected in
different environmental compartments, as well as a number of benchmark concen-
trations describing the toxicity characteristics of the compound. These data are then
combined during the Risk Characterization Stage to assess whether an overlap
between expected environmental concentrations and those concentrations causing
toxicological effects are possible (i.e., a hazard exists), as well as (whenever
sufficient information is available) what is the probability of such an overlap actually
taking place (i.e., the risk). It is in this stage that the uncertainty associated with the
available information is assessed and applied to the final hazard/risk estimate.

The risk assessment process often takes an iterative approach, in which the afore-
described stages can be repeated in a series of linked levels, or tiers, of increasing
complexity. Lower-tier risk assessments usually rely on basic estimates and modeled
data, which allows for a speedy process; however, a high level of uncertainty is
associated with these lower-level assessments. Large uncertainty factors are often
required and applied to any hazard estimates to ensure protection of human health
and the environment. These quick, lower-tier assessments allow for initial screening
and prioritization of substances that could be subject to higher-tier assessments.
Higher-tier assessments, on the other hand, can provide more realistic hazard/risk
estimates, but they depend on reliable (often measured in the field) data, often
requiring large investments of time and money.

The number of tiers applied to a particular compound depends on such factors as
the nature of the compounds, their use pattern and economic value, and the jurisdiction
in charge of their approval or control. For example, the REACH methodologies
(EC 2006) use lower-tier assessments to allow the assessment of the hundreds of
thousands of existing chemical substances. On the other hand, the EFSAs regulations,
applied to the authorization of pesticide products, allow for higher-tier assessments,
including the use of microcosm or mesocosm studies (EFSA 2013).
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The chapters of this book present, in one way or another, different aspects of the
risk assessment of cytostatic compounds. The introductory chapters present the state
of the knowledge about the characteristics and use of the compounds, as well as
summary information on their presence and toxicity. In this way these sections could
be considered as part of the problem formulation stage for the assessment. Most of
the contents of this book can be classified as belonging to the analysis stage,
reporting advances in the characterization of the exposure and the effects that are
expected for the compounds in this group. Thus, this chapter mainly focuses on the
third stage, the risk characterization stage, or how the overlap between exposure and
effects can be evaluated to determine whether the cytostatic compounds could pose a
risk to human health and the environment.

1.2.1 Screening, Ranking, and Prioritization Approaches
to Risk Characterization

Lower-tier hazard assessments, although limited, can be extremely useful as screen-
ing and prioritization tools when time and resources are limited. When the potential
risk posed by many substances (such as cytostatic compounds) is to be evaluated,
screening and prioritization methodologies can identify those individual substances
expected to pose the greatest risk, so as to focus the analysis stage of the next
iteration of the assessment process (laboratory testing or environmental monitoring)
on those substances of greatest concern. As explored in this book, there is a limited –
albeit growing – amount of data on exposure and effects for cytostatic compounds.
This lack of data limits our ability to currently conduct these realistic high-tier risk
assessments. Given the limited resources (financial and temporal) available for
research, the screening, ranking, and prioritization techniques can orient research
efforts to focus on those cytostatic compounds that might pose a larger risk.

For obvious reasons, the precautionary principle is important in the application of
these screening, ranking, and prioritization tools. To be protective, these methodol-
ogies need to ensure that the number of false negatives (substances that could pose a
risk, but are deemed safe in the assessment) are minimized. At the same time, if these
tools are to be useful as an actual screen, the number of false positives (safe
substances flagged as posing a risk) must remain manageable.

Many prioritization approaches have been used for the screening and prioritiza-
tion of pharmaceutical and personal care products as related to their environmental
risk. These methodologies are usually divided into two groups.

• Hazard-based screening tools: those that focus on the intrinsic characteristics of a
compound as related to their potential fate, transport, and toxicity

• Risk-based screening tools: those that assess the actual potential overlap between
the toxicity and environmental exposure of the compound (usually, at this stage,
via models and predictions)
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1.3 Hazard-Based Screening Tools

Hazard-based tools focus on only one of the elements of risk, this is, either on the
exposure alone or solely on the effects (toxicity). As such, they can report only the
hazard, or the possibility of a risk. Because both elements are not studied simulta-
neously, no assessment of the probability of an overlap can be made, and as such, no
estimate of risk is possible.

As mentioned, these approaches can focus either on the potential exposure to the
substance or on the potential effects resulting from that exposure. Approaches
focusing on potential effects generally report the intrinsic characteristics of the
assessed compound. Because the focus of these effects-oriented methodologies is
the compound itself, these tools are useful as they do not depend on location-specific
information, such as sales data or wastewater treatment technologies (Roos et al.
2012). Because of this location independency, however, these methodologies cannot
incorporate risk-reduction factors such as reduced compound use, or advance treat-
ment technologies that might reduce or eliminate the exposure in certain scenarios.
Such questions might, then, be better addressed by exposure-based approaches.

1.3.1 Sales Data-Based Ranking Methods

This exposure-based approach aims to rank the assessed substances based on total
sales over a specific geographic area or timeframe. This approach is the simplest
prioritization method (when sales information is easily accessible), and thus it is,
nowadays, one of the prioritization methods most commonly employed for regula-
tory purposes. Sales data are, in fact, one of the main triggers from further assess-
ment under the EMA legislation (EMEA 2006b).

Some authors consider rankings based on sales data a risk-based approach as
these are not based on the chemical characteristics of the substance (Roos et al.
2012). This approach, however, does not consider the potential overlap between
exposure (worst-case scenario estimated from sales data) and effects (which are not
considered at all). As such, we consider this as a hazard-based technique, one that is
solely based on a characterization of exposure (or potential worst-case exposure).

1.3.2 Log Kow-Based Ranking

Perhaps the simplest of the effects-based approaches (i.e., approaches based on the
characteristics of the compound itself), this method ranks substances based on the
values of their respective log octanol–water partitioning coefficients (log Kow), that
is, the lipophilicity. The value of the log Kow for a particular substance has been
correlated with its tendency to concentrate or accumulate in organisms (Meylan et al.
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1999; Arnot and Gobas 2006), as well as with its potential basal toxicity (narcotic
effect) (US EPA 2013). When no experimental log Kow values exist, available
computational tools, such as the US EPA EPIWIN tool (US EPA 2013), can be
used to estimate them. As an example, Table 1.1 presents a list of 17 common
cytostatic compounds ranked on the basis of their estimated log Kow. It is interesting
to note how three hormonal agents top the ranking, with higher log K0 values.

Although easy to apply, this method presents many limitations. A correlation
between log Kow and bioconcentration or toxicity exists, but this relationship is not
linear throughout the range of log Kow values (Meylan et al. 1999), because a
decrease in bioconcentration potential and toxicity is common for substances with
high log Kow values. A direct log Kow-based ranking would, thus, likely misclassify
certain substances. Of special relevance with pharmaceuticals and personal care
products (such as cytostatic compounds), which are often ionizable compounds, is
the fact that log Kow can only correctly describe the partition coefficient of the
neutral molecule. An alternative option, the log D (Schreiber et al. 2011; Fu et al.
2009), can describe the lipophilicity of the charged substance, but to calculate it, the
pH of the surrounding medium must be known. This knowledge implies that
information on exposure is available, which excludes this option as a strictly
hazard-based methodology. Additionally, the log Kow relationship to toxicity is
based on the ability of a molecule to disrupt cell membranes, known as basal toxicity
or narcotic effect. For substances with specific modes of action, such as the many
that exist in the various cytostatic compounds, this approach would not offer a
complete picture.

Table 1.1 List of common cytostatic compounds ranked by the value of the log of their octanol–
water partitioning coefficient (log Kow)

Therapeutic action Compound CAS number Log Kow

Hormonal agents Tamoxifen citrate 54,965-24-1 6.30

Hormonal agents (Z )-4-Hydroxytamoxifen 68,047-06-3 5.82

Hormonal agents Endoxifen 110,025-28-0 5.61

Taxanes Paclitaxel 33,069-62-4 3.30

Inhibitors of kinases Imatinib mesylate 220,127-57-1 3.01

Inhibitors of kinases Erlotinib hydrochloride 183,319-69-9 2.78

Taxanes 6(α)-Hydroxypaclitaxel 153,212-75-0 2.62

Inhibitors of topoisomerases Irinotecan hydrochloride trihydrate 136,572-09-3 2.33

Antitumor antibiotics Doxorubicin hydrochloride 25,316-40-9 1.27

Alkylating agents Ifosfamide 3778-73-2 0.86

Alkylating agents Cyclophosphamide 50-18-0 0.63

Inhibitors of topoisomerases Etoposide 33,419-42-0 0.60

Anti-metabolites Capecitabine 154,361-50-9 0.55

Alkylating agents Temozolomide 85,622-93-1 �1.30

Anti-metabolites Hydroxy methotrexate 5939-37-7 �1.70

Anti-metabolites Methotrexate 59-05-2 �1.85

Anti-metabolites Gemcitabine hydrochloride 122,111-03-9 �2.01
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1.3.3 QSAR-Based Expected Effect Ranking

This method is, in part, also based on the use of log Kow values, via its use (together
with structural characteristics of the molecule) as the base for effect measure
estimations via quantitative structure–activity relationship (QSAR) models
(Sanderson et al. 2004). The QSAR estimation of effect measures (e.g., EC50) solves
some of the previously discussed issues with log Kow-based approaches, specifically
the nonlinear relationship between log Kow and toxicity. Additionally, commonly
used QSAR tools, such as the US EPA ECOSAR (part of the previously mentioned
EPIWIN) (US EPA 2013), employ classification approaches, which generate toxic-
ity estimations based on structural similarities to other molecules for which data are
available. In this way, aspects related to mode/mechanisms of action other than basal
toxicity can be taken into account, so long as they are conserved in the structure of
the molecules in the evaluated class. Changes in the toxicokinetic and
toxicodynamic properties of the molecule related to pH changes in the surrounding
medium are still not accounted for in this method. As an example, Table 1.2 shows
the lowest ECOSAR-modeled Chronic Values (ChV) for daphniids, fish, and green
algae for 16 cytostatic compounds. This table is based on the values of the lowest
ChV among all three groups of organisms. There are some similarities with the order

Table 1.2 Lowest ECOSAR-modeled Chronic Value (ChV) for daphniids, fish, and green algae
for 16 cytostatic compounds based on the value of the lowest ChV among the three groups of
organisms

Compound
Daphnia ChV
(mg l�1)

Fish ChV
(mg l�1)

Green algae ChV
(mg l�1)

Min. ChV
(mg l�1)

(Z )-4-
Hydroxytamoxifen

0.005 0.003 0.007 0.003

Endoxifen 0.007 0.005 0.009 0.005

Cyclophosphamide 295.755 0.017 29.616 0.017

Ifosfamide 295.755 0.017 29.616 0.017

Doxorubicin
hydrochloride

0.448 0.032 1.517 0.032

Irinotecan hydrochlo-
ride trihydrate

0.04 0.091 0.185 0.04

Paclitaxel 0.487 0.05 1.079 0.05

Imatinib mesylate 0.253 0.087 0.649 0.087

6(α)-Hydroxypaclitaxel 1.135 0.101 1.846 0.101

Temozolomide 1.257 2.275 2.424 1.257

Erlotinib hydrochloride 4.629 6.764 12.009 4.629

Methotrexate 5.095 73.177 45.344 5.095

Etoposide 9.129 84.22 220.62 9.129

Tamoxifen citrate 13.631 20.73 33.468 13.631

Capecitabine 52.215 58.452 55.48 52.215

Gemcitabine
hydrochloride

85.624 118.813 62.252 62.252
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derived from the previous method (log Kow) but there are also some relevant
differences. For example, tamoxifen citrate, which led the table based on log Kow

values, appears now as third from the bottom in this new ranking.

1.3.4 PBT/vPvB Criteria

Perhaps the most common of the hazard-based approaches is the PBT/vPvB classi-
fication used, among others, as a first step for chemical authorization under the
European REACH framework (ECHA 2017; EC 2006), as well as for classification
in the Toxics Release Inventory (TRI) under the United States Toxic Substances
Control Act (TSCA), as amended by the Frank R. Lautenberg Chemical Safety for
the Twenty-first Century Act (Toxic Substances Control Act 1976). This method is
another step in improving the two previously presented approaches. The PBT
approach evaluates a particular compound based on three criteria: Persistence,
Bioaccumulation Potential, and Toxicity. PBT substances are substances that are
Persistent, Bioaccumulative and Toxic; vPvB substances are substances that are very
Persistent and very Bioaccumulative.

Persistence (P) is considered to be the ability of a substance to remain in the
environment unaltered. It is usually represented using the half-life of the compound
in a particular environmental compartment. The longer a compound persists, the
higher the likelihood that humans or environmental receptors could be exposed to it
at hazardous levels. Bioaccumulation (B) is the process by which a compound can
build up in organisms such that the concentration of the compound in the organism
exceeds the levels found in a particular environmental compartment. In addition to
increased exposure and increased potential for direct toxicity, compounds with high
bioaccumulation potential should trigger assessments of potential secondary
poisoning to other organisms along the food web that might be indirectly exposed
to the compound via consumption of organisms in which the compound has accu-
mulated. Toxicity (T) is the property whereby a substance exerts a harmful effect on
living organisms.

There are different approaches to the derivatization of PBT values, but they
usually rely on modeling approaches for the estimation of these values from existing
molecular information. A simple tool commonly used is the PBT Profiler (http://
www.pbtprofiler.net), which was designed to allow for the quick hazard assessment
of chemical compounds lacking experimental data. At its core, the PBT profiler tool
employs many of the modules available in the EPIWIN platform (US EPA 2013).

The information required for this calculations is minimal. The user only needs to
provide an identifier for the product (e.g., CAS number or name) and/or the
molecular structure. The chemical structure passes through nine separate modules
to estimate the physicochemical properties, and the results are used to estimate
persistence, bioaccumulation, and toxicity values. The tool not only estimates
the P, B, and T values but also performs a preliminary classification of the com-
pound. The persistence, bioaccumulation, and toxicity values estimated by PBT
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Profiler are automatically compared with the criteria published by the US EPA
(Toxic Substances Control Act 1976; US EPA 2012a). Those values that comply
with or exceed the criteria are provided to the user on the results page of the PBT
Profiler. The criteria used by the PBT profiler for classification of a substance as a
PBT or a vPvB substance are provided in Table 1.3.

The PBT profiler is a simple tool that can be used for early assessment and research
purposes, but screening and prioritization of substances based on PBT methodologies
for regulatory purposes (e.g., during the initial steps of REACH) require more robust
and detailed approaches that usually require expert judgment of available data before
an actual decision on the classification of a substance as PBT or vPvB can be finalized.
Recent amendments to the US TSCA as presented in the TSCAWork Plan Chemicals:
Methods Document (US EPA 2012b) further expand on the way this information is
used as a screening tool in chemical regulation in the US.

European regulation also takes advantage of the convenience of PBT/vPvB
approaches for chemical authorization. The criteria used to classify a substance as a
PBT/vPvB under Annex XIII of the REACH (ECHA 2017) are presented in
Table 1.4. The commonly employed tool QSAR Toolbox (OECD 2017) can assist
European researchers on the estimation of P, B, and T values and classification of
substances as PBT or vPvB. The QSAR toolbox uses the same EPIWIN modules as
the PBT profiler, but these tools consider the REACH Annex XIII criteria for the
classification.

The lack of need to show toxicity for vPvB substances might come as a surprise;
however, according to the European Medicines Agency Guideline on the assessment
of persistent, bioaccumulative, and toxic (PBT) or very persistent and very
bioaccumulative (vPvB) substances in veterinary medicinal products (EMEA
2015), the vPvB clasification was developed with the understanding that for

Table 1.3 Persistence, Bioaccumulation Potential, and Toxicity (PBT) criteria used for classifica-
tion in the US EPA PBT Profiler tool

Property PBT criteria vPvB criteria

Persistence A substance fulfils the persistence
criterion (P) in any of the following
situations:

A substance fulfils the “very persis-
tent” criterion (vP) in any of the fol-
lowing situations:

T1/2 > 60 days in water, soil, or
sediment T1/2 > 180 days in water, soil, or

sedimentT1/2 > 2 days in air

Bioaccumulation A substance fulfils the
bioaccumulation criterion (B) at
BCF > 1000

A substance fulfils the “very
bioaccumulative” criterion (vB) when
BCF > 5000

Toxicity A substance fulfils the toxicity cri-
terion (T) in any of the following
situations:

–

High concern: Fish chronic value
ChV <0.1 mg/l

Moderate concern: Fish chronic
value ChV 0.1 mg/l–10 mg/l
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substances which are very persistent and very bioaccumulative, high but
unpredictable levels may be reached in wildlife or humans over extended time
periods. For such substances, it is not necessary to demonstrate toxicity in laboratory
testing because long-term effects can be anticipated.

As we have seen so far, PBT/vPvB approaches can be used as a direct screening
tool to inform whether a compound should require a more comprehensive risk
assessment (continued through higher tiers). At the same time, numerical approaches
have been used as well, to rank and prioritize compounds for further research. The
method developed by Wennmalm and Gunnarsson (2005), for example, involves
assigning a numerical value (0 to 3) to each parameter corresponding to persistence,
bioaccumulation, and toxicity. The sum of these three values results in a PBT index

Table 1.4 PBT and vPvB criteria taken from REACH, Annex XIII of regulation (EC) 1907/2006,
table R. 11-1 (ECHA 2017)

Property PBT criteria vPvB criteria

Persistence A substance fulfils the persistence cri-
terion (P) in any of the following
situations:

A substance fulfils the “very per-
sistent” criterion (vP) in any of the
following situations:

T1/2 > 60 days in marine water

T1/2 > 60 days in marine, freshwa-
ter, or estuarine water

T1/2 > 40 days in freshwater or estua-
rine water

T1/2 > 180 days in marine, fresh-
water, or estuarine sediment

T1/2 > 180 days in marine sediment T1/2 > 180 days in soil

T1/2 > 120 days in freshwater or estu-
arine sediment

T1/2 > 120 days in soil

Bioaccumulation A substance fulfils the bioaccumulation
criterion (B) at BCF > 2000

A substance fulfils the “very
bioaccumulative” criterion
(vB) when BCF > 5000

Toxicity A substance fulfils the toxicity criterion
(T) in any of the following situations:

–

NOEC or EC10 < 0.01 mg/l for marine
or freshwater organisms

A substance is classified as carcino-
genic (category 1A or 1B), germ cell
mutagenic (category 1A or 1B), or
toxic for reproduction (category 1A,
1B, or 2);

There is other evidence of chronic
toxicity, as identified by the classifi-
cations: STOT (repeated exposure),
category 1 (oral, dermal, inhalation of
gases/vapors, inhalation of dust/mist/
fume) or category 2 (oral, dermal,
inhalation of gases/vapors, inhalation
of dust/mist/fume) according to the
CLP regulation
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for the substance evaluated, with the highest value indicating a greater potential of
the substance to harm the environment. In fact, the use of this approach for the
hazard assessment of cytostatic compounds was recently tested by Olalla et al.
(2018). Table 1.5 presents the scores for persistence, bioaccumulative potential,
and toxicity for 17 commonly used cytostatic compounds, based on data obtained
from the US EPA PBT Profiler tool. The different compounds appear sorted from
most to least environmental concern based on a PBT index compounding the P, B,
and T scores as described in Olalla et al. (2018). It is interesting to note how, after
taking chemical properties back into consideration, tamoxifen citrate moves back to
the top of the list, as it appeared when ranked based on log Kow alone.

A limitation of these quantitative PBT approaches for the ranking of cytostatic
compounds lies in the fact that many of the substances in this group are considered
genotoxic, mutagenic, or carcinogenic. If applying REACH Annex XIII criteria,
substances showing any of these characteristics should be flagged with the highest
toxicity scores. This categorization, in turn, would leave only the P and B criteria
available for ranking these compounds, reducing the flexibility and resolving capac-
ity of the approach. Because of this limitation some authors (Olalla et al. 2018) have
chosen to temporarily ignore (within the scope of their analyses) the possible
genotoxic, mutagenic, or carcinogenic nature of these substances and calculate the
toxicity values (T) based on traditional approaches only [e.g., no-observed effect
concentration (NOEC), EC50, ChV values), thus allowing for a higher resolving
capacity within the group of cytostatic compounds. The validity of this approach,

Table 1.5 Scores for Persistence, Bioaccumulative Potential, and Toxicity for 17 commonly used
cytostatic compounds: the compounds appear sorted from most to less environmental concern based
on a PBT index compounding the P, B, and T scores (Olalla et al. 2018)

Cytostatic class Compound Log Kow P B T PBT index

Hormonal agents Tamoxifen citrate 6.30 3 3 3 9

Hormonal agents Endoxifen 5.61 3 3 3 9

Hormonal agents (Z )-4-Hydroxytamoxifen 5.82 3 3 3 9

Alkylating agents Cyclophosphamide 0.63 3 0 3 6

Alkylating agents Ifosfamide 0.86 3 0 3 6

Alkylating agents Temozolomide �1.30 3 0 3 6

Antitumor antibiotics Doxorubicin 1.27 3 0 3 6

Inhibitors of topoisomerases Irinotecan 2.33 3 0 3 6

Inhibitors of kinases Imatinib mesilate 3.01 3 0 3 6

Taxanes Paclitaxel 3.30 3 0 3 6

Anti-metabolites Methotrexate �1.85 3 0 0 3

Anti-metabolites Hydroxymethotrexate �1.70 3 0 0 3

Anti-metabolites Gemcitabine �2.01 3 0 0 3

Inhibitors of topoisomerases Etoposide 0.60 3 0 0 3

Inhibitors of kinases Erlotinib 2.78 3 0 0 3

Taxanes 6(a)-Hydroxypaclitaxel 2.62 3 0 0 3

Anti-metabolites Capecitabine 0.55 0 0 0 0
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nonetheless, is supported by recent experimental data suggesting that the chronic
toxicity of some of these compounds to aquatic organisms could be lower than
would have been expected (Parrella et al. 2014; Pichler et al. 2014).

1.3.5 Critical Environmental Concentration

This method, developed by Fick et al. (2010), proposes to rank pharmaceutical and
personal care products based on their critical environmental concentrations (CECs),
which can be described as the surface water concentration expected to cause a
pharmacological effect in fish.

An advantage of working with pharmaceutical compounds, in general, is that
considerable information on their pharmacological properties in humans is available.
The method proposed by Fick et al. (2010) makes use of available human therapeutic
plasma concentrations (HTPC) and a theoretically derived fish plasma
bioconcentration factor (Pblood:water ¼ 0.73 � log Kow �0.88), to derive a critical
water column concentration that would result in the concentration of the evaluated
substance reaching therapeutic levels in the plasma of fish swimming in the receiv-
ing waters. This method assumes that target organs/tissues are conserved between
humans and fish and that therapeutic doses for both humans and fish are the same.

A possible limitation of the applicability of this method to cytostatic compounds
is that therapeutic doses for these compounds are commonly quite high and acutely
applied, as they are intended to cause certain levels of toxicity in the patient.
Information on the possible human health effects or therapeutic effects of chronic,
low-dose exposures is more rarely available. As such, this method could underesti-
mate the potential environmental risk to fish populations in ecosystems receiving
wastewater effluents.

1.4 Risk-Based Screening Tools

As previously mentioned, risk-based screening tools are those that assess the actual
potential overlap between the toxicity and environmental exposure of the compound
(usually, at this stage, via models and predictions). Some commonly employed
lower-tier risk-based tools follow.

1.4.1 Chemical Scores

As mentioned in Sect. 1.3.4, recent amendments to the US TSCA (Toxic Substances
Control Act 1976) have resulted in updates to the methodologies employed during
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the process used by the US EPA to identify potential candidate chemicals for near-
term review and assessment. As described in US EPA (2012b), these updated
methodologies include a risk-based extension of the traditional PBT/vPvB approach,
which assesses and scores three aspects:

• Hazard: based on human health and environmental toxicity information
• Exposure: based on a combination of chemical use, general population and

environmental exposure, and release information
• Persistence/Bioaccumulation: calculated in a similar fashion to the methods

described in Sect. 1.3.4.

Each of these aspects is provided a score from 1 to 3, and a total score for the
compound (maximum score of 9) is calculated. This total score can then be used to
support the categorization of Candidates for Inclusion as TSCA Work Plan
Chemicals (US EPA 2012b).

This method is similar to the quantitative approaches to PBT assessment as
described in Sect. 1.3.4 and by Olalla et al. (2018). The main difference is the
inclusion of exposure data in the analysis, allowing for some initial risk estimates
and making the results more representative of particular scenarios, such as national
or regional use. Additionally, the toxicological properties evaluated in this method as
described in US EPA (2012b) are more extensive than those considered in traditional
PBT approaches, especially those considered in the PBT Profiler tool.

1.4.2 Fish Plasma Model

This method is an extension of the critical environmental concentration (CEC)
method described in Sect. 1.3.5. As previously indicated, the method proposed by
Fick et al. (2010) uses available human therapeutic plasma concentrations (HTPC)
and a theoretically derived fish plasma bioconcentration factor (Pblood:water ¼
0.73 � log Kow �0.88) to estimate Fish Steady-State Plasma Concentrations
(FssPC). The main assumption of this method is that target organs/tissues are
conserved between humans and fish and that therapeutic doses for both humans
and fish are the same. This variant of the method described in Sect. 1.3.5 is aimed at
calculating the theoretical critical environmental concentrations (CECs) at which the
FssPC for a particular compound would equal its HTPC, and, thus, an effect on the
fish is to be expected.

This risk-based version incorporates data on measured or predicted exposure (i.e.,
water column concentration) to calculate the FssPC value (FssPC ¼ Cwater � Pblood:
water). A simple ratio is then applied between the known HTCP and the calculated
FssCP to determine “how far” the measured/predicted environmental concentration
is from a concentration that can cause therapeutic effects on fish. Values greater than
1 would, thus, indicate the possibility for effects to be observed at the measured/
predicted water column concentrations.
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1.4.3 Risk/Hazard Quotients

Risk quotients (RQs), also known as hazard quotients (HQs) depending on the
jurisdiction, have been broadly applied to the hazard/risk assessment of pharmaceu-
tical and personal care products during the past decade. They are also a common
feature in environmental risk assessment guidelines and regulations across many
jurisdictions (ECHA 2012b; US EPA 2004). The method consists of the direct
comparison of the expected exposure and expected toxicity of the evaluated com-
pound via the ratio of two values. Commonly, in this context, the expected exposure
is referred to as a predicted environmental concentration (PEC) or a measured
environmental concentration (MEC). On the other hand, a predicted no-effect
concentration (PNEC) is derived as an indication of a “safe” exposure concentration
below which no deleterious effects are to be expected. In this way, the RQ (or HQ)
could be described by the following equation:

RQ ¼ PEC
PNEC

If the risk quotient (RQ) value is less than 0.1, no adverse effect is expected and the
risk is classified as insignificant. The risk for RQ values between 0.1 and 1 is low, but
possible adverse effects should be taken into consideration. If the RQ value is between
1 and 10, a moderate risk and adverse effect are likely. Finally, a high risk is predicted
if the calculated RQ value is greater than 10 (ECHA 2012b). HQ/RQ values should be
derived for each environmental compartment/ecosystem where exposure is expected
to occur. For example, under the REACH Guidelines (ECHA 2012b), this is done
separately for each of the following environmental protection targets:

– Aquatic ecosystem
– Terrestrial ecosystem
– Atmosphere
– Predators (fish-eating and worm-eating)
– Microorganisms in sewage treatment plants (STPs)

The hazard/risk quotient approach clearly follows the typical risk assessment
framework described in Sect. 1.2, where the risk characterization stage (i.e., the actual
calculation of the HQ/RQ), requires the completion of the problem formulation and
analysis stages. During the analysis stage, PEC (characterization of exposure) and
PNEC (characterization of effects) values are derived. Most of the contents of this
book have considered aspects related to the analysis phase, and as such, we only
briefly touch on some aspects related to the derivation of PECs and PNECs in the
context of the risk assessment of cytostatic compounds. Extended information on how
to derive PEC/MEC and PNEC values (in the European context) can be found in the
guidance on information requirements and chemical safety assessment documents in
support of REACH (ECHA 2011a, b, 2012a, b, 2017; EC 2006), as well as the
documents published by the European Medicines Agency in support of the proposed
risk assessment process to be applied to medicine products (EMEA 2006a, b).
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1.4.3.1 Exposure Characterization (PEC/MEC Derivation)

As further explored throughout this book, there are two main approaches for
determining environmental exposure levels: predictive methods, which estimate
the amount of compound that is to be expected in a particular environmental
compartment on the basis of various parameters, such as the consumption or
excretion rate of the compounds studied, and experimental methods, involving the
direct measurement of the evaluated compounds. Both approaches have been
explored in different chapters in this book, and both approaches present advantages
and drawbacks. Although predictive methodologies require few resources and can
provide good worst-case scenario estimates, their estimates also present high levels
of uncertainty. On the other hand, direct measurement usually involves substantial
costs, and, even though a direct measure of what is actually there, it might still fail to
provide us with a complete picture. For example, temporal variability might lead to
our exposure dataset missing punctual high spikes in concentration. Furthermore,
analytical limitations might prevent us from reliably quantifying certain compounds
that might occur above therapeutic or potentially toxic levels.

Many predictive methods are based on more or less simple “back of the envelope”
calculations, involving information such as compound sales, use, excretion rates,
volume of water treated by a particular WWTP, and retention/degradation rated
during treatment. In other cases, more sophisticated approaches can incorporate
mathematical modeling approaches, such as fugacity or activity models (Mackay
1991; Mackay and Arnot 2011).

Whether from predicted values or from direct measures, the value selected in this
stage (PEC/MEC) should be a conservative, precautionary reflection of the potential
environmental exposure (i.e., a worst-case scenario). In this way, it is common
practice to select the highest measured or predicted value. PEC/MEC values should
be generated for each environmental compartment where the evaluated compound
has been predicted/measured to occur.

The aim of the study by Franquet-Griell et al. (2017) was to prioritize and
evaluate their risk by calculating PECs using raw consumption data from Spain
according to population and dilution factor in the eight main river basins. According
to Franquet-Griell et al. (2017), for the specific case of anticancer drugs this is a
suitable model because of the consumption can easily be correlated with the sales of
these drugs, as all the prescribed amount is consumed by the patient.

To calculate the predicted environmental concentrations in WWTP effluents
and surface waters, the equation used by Besse et al. (2008) was applied. Here,
parameters such as consumption of each cytostatic (as quantity delivered by
pharmacies), excreted fraction of the unchanged drug, removal fraction in
WWTP, water consumption per inhabitant, and number of inhabitants in Spain
were taken into account.

After calculating PECs, risk assessment was performed to determine if these
predicted concentrations might pose danger to the aquatic environment as explained
in Sect. 1.4.3. Franquet-Griell et al. (2017) estimated PNEC using NOEC and a
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security factor f1 of 10. If NOEC was not available, PNEC was estimated by using E
(L )C50 and a security factor f2 of 1000. As explained below in Sect. 1.4.3.2, toxic
information was collected for several species, as it is important to evaluate the
adverse effects ta different trophic levels.

All obtained RQ were less than 1 for drugs with PEC > 10 ng/l (in river), showing
no expected risk for the aquatic environment. For the other drugs, with PEC < 10 ng/
l, the highest RQ value was as much as 2.6 � 10�2, meaning no expected risk.

The study by Franquet-Griell et al. (2017) reveals the importance of consumption
data and temporal patterns for estimating the occurrence and risk of anticancer drugs
in surface waters. The use of exhaustive data compilation covering several years
permits the estimation of PECs.

In the work by Orias and Perrodin (2014), the highest concentrations of each PC
already measured in HWW from a previous study (Orias and Perrodin 2013) were
used to obtain the worst-case scenario, finding 12 anticancer PCs of the 16 sought.

1.4.3.2 Characterization of the Effect (PNEC Derivation)

This phase involves defining the sensitivity of the organism(s) potentially exposed to
the evaluated compound(s) (as defined in the problem formulation stage). This step
requires gathering information pertaining to the expected individual/ecological
effects and the concentrations at which these are expected to take place. The ultimate
goal is the derivation of the predicted no-effect concentration (PNEC).

Many approaches are used for the derivation of PNEC values. In general, at this
stage the use of model-based data is the most common method: however, use of
experimental toxicity data, when available, is always recommended. Common
approaches involve the use of the previously mentioned ECOSAR module, available
in the US EPA EPISUIT (US EPA 2013). As explained earlier, ECOSAR and
similar QSAR-based models follow a categorization approach to assign the assessed
molecule to one or various molecular classes based on the structure of the com-
pound. Once the compound has been assigned to a class, or classes, predicted
toxicity values are calculated from existing models relating log Kow values to
toxicity endpoints for compounds in those chemical categories for which experi-
mental data are available. The output from ECOSAR provides toxicity data for
organisms belonging to the main aquatic trophic levels: algae, daphniids, and fish.
Recent improvements also include data for a number of saltwater organisms. Effec-
tive concentrations causing mortality to 50% of the organisms (EC50) in acute tests
are the most common value collected from ECOSAR; however, the software also
provides effect measured for chronic exposures in the way of chronic values (ChVs).
These data are calculated as the geometric mean between the lowest-observed effect
concentration (LOEC) and the no-observed effect concentration (NOEC) values
from a test. Data availability for chronic tests in the US EPA databases is tradition-
ally less than for acute tests, making these ChV models marginally less reliable than
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those used for the estimation of acute EC50 data. For freshwater aquatic systems,
effect measures (e.g., EC50, ChV) should be collected for a minimum of organisms
representing the main aquatic trophic levels: algae, daphniids, and fish.

When these data have been collected, and following the same protectionary
approach as in the PEC/MEC derivation, the effect measure corresponding to the
most sensitive species is selected as the benchmark concentration to be used for
PNEC derivation. To derive the final PNEC value, this benchmark concentration
(i.e., the effect measure for the most sensitive organism) is modified by the applica-
tion of an Assessment Factor (AF), also known as an Uncertainty Factor (UF), that
accounts for the uncertainty associated with the different levels of extrapolation that
are to be made from the available data to the real world (e.g., move from modeled
data for one organisms to real-world effects in a whole ecosystem). The following
equation shows how this AF is used to correct (i.e., further reduce) the chosen effect
measure

PNEC ¼ Effect measure e:g:EC50ð Þ
AF

The assessment factor (AF) to be used depends on the nature of the available data
and the completeness of the ecological coverage of the data set. As an example, the
AF values used for the derivation of freshwater PNEC values under the REACH
guidelines (ECHA 2008) are summarized in Table 1.6.

The risk quotient approach has been employed for ranking and prioritization of
chemicals on numerous occasions. Perhaps it is worth mentioning that this
approach was employed for the ranking of the candidate substances to be included
in the creation of the watch list to support the identification of priority substances
for regulation under the Water Framework Directive (WFD) (EC 2000b; Carvalho
et al. 2015).

As an example, Orias and Perrodin (2013) calculated PNECs of PCs (among
those 16 anticancer compounds) according to modeled ecotoxicological data using
the ECOSAR method. They also used experimental data from international

Table 1.6 Summary of criteria used for the selection of assessment factors (AF) to be used for the
derivation of freshwater PNECS under REACH guidelines (ECHA 2008)

Available data AF

At least one short-term L(E)C50 from each of three trophic levels [fish, invertebrates
(preferred, Daphnia), and algae]

1000

One long-term EC10 or NOEC (either fish or Daphnia 100

Two long-term results (e.g., EC10 or NOEC) from species representing two trophic
levels (fish and/or Daphnia and/or algae)

50

Long-term results (e.g., EC10 or NOEC) from at least three species (normally fish,
Daphnia, and algae) representing three trophic levels

10

Species sensitivity distribution (SSD) method 5-1

Field data or model ecosystems Case by
case
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databases (e.g., EPA ECOTOX, Wikipharma) and from the literature. Of the anti-
cancer compounds evaluated by Orias and Perrodin (2014), ifosfamide, etoposide,
azathioprine, cyclophosphamide, methotrexate, gemcitabine, and procarbazine were
grouped among those compounds with a PNEC higher than 1 μg l�1 (less ecotoxic).
Only epirubicin was among those compounds with PNECs between 100 ng l�1 and
1 μg l�1 (intermediate ecotoxicity). The last four anticancer compounds (tamoxifen,
doxorubicin, vincristine, 5-fluorouracil) had PNECs lower than 100 ng l�1, which
means that they were among those compounds with the greatest ecotoxicity level.
After the characterization of the exposure (MEC) and the characterization of the
effects (PNEC) was derived, Orias and Perrodin (2014) identified and ranked the
PCs by calculating the hazard quotient for each compound, as explained previously
in this section.

Cyclophosphamide, methotrexate, and etoposide were found among the com-
pounds detected in HWW presenting a low ecotoxicological hazard for aquatic
organisms (HQ lower than 1). In this study (Orias and Perrodin 2014), only one
antineoplastic and immunomodulating agent (5-fluorouracil) was found among the
15 most hazardous compounds in hospital wastewaters with a hazard quotient higher
than 100,000.

1.5 General Considerations and Conclusions

As presented in this chapter, many screening, ranking, and prioritization approaches
are available for low-tier assessment of emerging contaminants. All the methods
presented here have been applied, in one way or another, to the assessment of
pharmaceutical and personal care products (PPCPs). A recent study by Roos et al.
(2012) compared a set of previously proposed ranking and prioritization methods
with a focus on aquatic systems that includes the majority of those methods
presented in this chapter. The authors compared the results of applying the different
approaches to 582 active pharmaceutical ingredients (APIs) including a number of
well-studied compounds as well as 54 substances considered as antineoplastic
agents. From this exercise, the authors concluded that hazard-based methods were
more successful in correctly ranking the well-studied APIs, but the fish plasma
model, which includes human pharmacological data, also showed a high success
rate. In general, the authors reported that hazard-based approaches based on com-
pound properties produced consistent results and that for the “reference” well-
studied APIs, achieved a higher success rate in correctly identifying APIs of high,
moderate, and low environmental risk, respectively, compared to the risk-based
methods that rely more heavily on sales statistics. The risk-based fish-plasma
model, which combines exposure (sales-based water column concentration esti-
mates) and compound-specific data (e.g., log Kow) showed the best performance
for the risk-based approaches. Roos et al. (2012) also point to limitations imposed by
the quantity and quality of currently available exposure data for PPCPs, which might
be one of the reasons for the higher performance of hazard-based systems. Even for
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PPCPs for which extensive monitoring data are available, the heterogeneity of
formats in which these data are published and the lack of an easily searchable central
repository limits its use to risk assessors. In a recent study, Rodríguez-Gil et al.
(2018) showed some of these limitations using caffeine (one of the most data-rich
PPCPs) as an example. Perhaps the early stages of research into the field of cytostatic
compounds in the environment is the perfect time to promote the value of data
completeness and openness.

As noted throughout this chapter, many of these screening, ranking, and priori-
tization approaches are already being applied in a regulatory context, where these
screening tools are commonly used as triggers for further assessment. For example,
the European Medicines Agency (EMEA) guidelines on the Environmental Risk
Assessment of Medicinal Products for Human Use (EMEA 2006b, 2016) recom-
mends the following steps.

Phase I:

• Estimate of predicted environmental concentration (PEC) for surface water and
• Measure or estimate of the log Kow.

– If the PEC value is equal to or above 0.01 μg/l, a Phase II assessment is
performed.

– If log Kow > 4.5, the compound is screened for PBT.
– If the compound is known to affect reproduction of vertebrates or invertebrates

at concentrations.

Phase II:

• Phase II consists of two tiers. In the first tier (Phase II, Tier A), data on
physicochemical, fate, and effect studies (experimental data are recommended)
are reviewed and the predicted no effect concentration (PNEC) for water, ground-
water, and microorganisms are calculated.

– If the ratio PECsurface water/PNECsurface water is above 1, Tier B, in Phase II, is
required.

In general the selection of the most appropriate method must be a balancing act
between readiness and convenience (we are conducting a screening process, after all)
and the reliability and relevance of the results. As already mentioned, minimizing
false negatives should be the main priority, and the number of false positives should
not overburden the process.

Some authors (Wennmalm and Gunnarsson 2005) have envisioned the use of
ranking and prioritization methodologies as a tool to inform healthcare practitioners
about the environmental risk associated with medicinal products with the aim of
including this information in their decision-making process. These ideas later trans-
lated into the Swedish Environmental Classification and Information System for
Pharmaceuticals (Ågerstrand et al. 2009). The success of such classification systems
has been low, especially for influencing the choices made by healthcare practitioners
(Ågerstrand et al. 2009). In our opinion, this particular use of ranking and
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prioritization methodologies for cytostatic compounds would be even less effective
because of the particular circumstances under which these compounds are used. The
use of these techniques, then, should be focused as a tool to prioritize compounds for
which further research is needed. We have seen how cytostatic compounds are
considered as hazardous waste, according to decision 2000/532/EC (EC 2000a). In
this way, the results of a hazard/risk assessment process (specially based on a
ranking and prioritization approach) could be used to inform us not only about
which compounds represent a larger concern but also on whether there is a need for
cytostatic compound-containing waste (such as hospital wastewater) to be treated in
a separate manner from other wastewaters.

Last, it is important to note that some of the specific concerns related to cytostatic
compounds are not often considered in many of these screening techniques. For
example, many of the presented ERA methodologies rely on acute and subacute
toxicity tests, as recommended in most guidelines (EMEA 2006b, 2016; ECHA
2011b; US EPA 2012b). The mutagenic/genotoxic nature of these compounds calls
for long-term–low-dose studies, data on which are not in a readily available form for
most cytostatic compounds. Additionally, as compounds that interact with DNA
directly, it could be proposed that no safe limit can be assumed for the presence of
cytostatic compounds in the environment. As such, some authors propose
(Kümmerer et al. 2016) that screening tools used as triggers during regulatory
process should not be employed and that DNA-damaging drugs should be exempt
from the action limit set, for example, by the EMEA guidelines for performing an
environmental risk assessment. In these cases, a case-by-case evaluation of the risk
associated with their presence in the environment is recommended.
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Chapter 2
Predicted Environmental Concentrations:
A Useful Tool to Evaluate the Presence
of Cytostatics in Surface Waters

Cristian Gómez-Canela, Mónica S. F. Santos, Helena Franquet-Griell,
Arminda Alves, Francesc Ventura, and Silvia Lacorte

Abstract Cytostatic or anticancer drugs used in chemotherapy are administered in
the order of tons per year in European countries. After administration, these com-
pounds are excreted and reach the sewage system. Because of their poor elimination
in wastewater treatment plants (WWTPs), a fraction of these compounds are finally
released to surface waters and can produce genotoxic and mutagenic effects on
aquatic organisms. Given that cancer incidence has increased over the last years and
is foreseen to increase, it is anticipated that the consumption of cytostatic drugs will
equally increase. Thus, their control in the environment is of utmost importance.

Consumption or prescription data have demonstrated to be very valuable to
estimate the presence of pharmaceuticals in environmental waters. This approach
was first suggested by the European Medicines Agency (EMA) that proposed the
calculation of predicted environmental concentration (PEC) based on consumption
data, excretion, elimination in the WWTP, and dilution in receiving waters. Further,
EMA recommended the evaluation of risk when PEC values in surface water were
equal or above the threshold value of 0.01 μg/L. The calculation of PEC results is an
extremely useful information to prioritize compounds for further monitoring, to
establish the potential incidence of pharmaceuticals in a specific area, and even to
assess their risk according to toxicological data. Cytostatic compounds account for
an exemplary family to calculate the PECs, as differing from other pharmaceuticals,
all the prescribed amounts will be consumed, and thus, PECs are very accurate.
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The objectives of this chapter are to define the concept of PECs, show how the
calculations are undertaken in all its adaptations, provide the raw data for their
calculation, and demonstrate its applicability for the assessment of cytostatics in
wastewater and river water.

Keywords Cytostatics · Prioritization approaches · Predicted environmental
concentrations · Uncertainties · Measured environmental concentrations

2.1 Introduction

Cancer is a tumor growth of tissues, of malign character which disturb biological
functions. According to the World Health Organization (WHO), in 2012, 14.1 mil-
lion new cancer cases and 8.2 million cancer-related deaths were recorded world-
wide (WHO 2017). Of these global values, 57% of the cases and 65% of the deaths
occurred in the less developed regions. The most common causes of cancer-related
deaths worldwide include cancers of the lung (1.69 million deaths), liver (788,000
deaths), colorectal (774,000 deaths), stomach (754,000 deaths), and breast (571,000
deaths). The incidence of cancer varies among countries, with levels from 138� 105

to 368 � 105 persons/year in Europe (Generalitat de Catalunya (GENCAT) 2016).
The cancer incidence in the global population is gradually increasing due to the
growth of the population and its aging, which causes a greater exposure to risk
factors and a decrease in cell repair mechanisms. The early detection programs allow
the discovery of new cancer cases in initial stages, contributing to a decrease in the
mortality rate due to improved medication.

To fight against cancer, different treatments can be applied depending on the type
of tumor and its extension, the physical condition of the person to be treated, together
with other medical considerations. The majority of these treatments imply the
administration of pharmaceuticals, named antineoplastic, cytostatics, or anticancer
drugs, which are a broad group of chemotherapy compounds with different chemical
structures and modes of action. These drugs are classified by the WHO (www.
whocc.no/atcddd) under class L of the Anatomical Therapeutic Chemical (ATC)
classification, which belongs to antineoplastic and immunomodulating agents. Four
main groups are currently used: antineoplastic agents (L01), endocrine therapy
(L02), immunostimulants (L03), and immunosuppressants (L04). There are more
than 300 cytostatic drugs registered by the ATC classification. Once administered,
cytostatic drugs are excreted by urine or feces as parent compounds and metabolites
and are directly discharged into the sewerage system (Lenz et al. 2007; Zhang et al.
2013). As cytostatic drugs have low biodegradability (Kosjek and Heath 2011) and
poor removal by conventional activated sludge treatment (Martín et al. 2011),
effluents from wastewater treatment plants (WWTP) receiving urban wastewaters
and hospital effluents are the main sources of cytostatic compounds in the aquatic
system (Besse et al. 2012; Olalla et al. 2018; Weissbrodt et al. 2009; Zhang et al.
2013). The concentrations detected in river water are generally in the ng/L level
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(Garcia-Ac et al. 2009; Johnson et al. 2008; Martín et al. 2011), but despite this low
concentration, cytostatic compounds are cytotoxic and can affect aquatic organisms.
Short-term toxicity studies showed high lethal concentrations (Brystol-Myers
Squibb Company 2010; Parrella et al. 2014; Roche 2012) and interactions with
DNA, which may be a sign of long-term effects on aquatic organisms (Besse et al.
2012).

Given the high number of cytostatics currently used in chemotherapy, the assess-
ment of the environmental occurrence of these drugs is not feasible through moni-
toring plans because (i) there are no analytical methods to identify and quantify all
cytostatic compounds and (ii) the monitoring would become an extremely time-
consuming process and would involve high costs of operation. Therefore, methods
for estimating the environmental occurrence have been developed to allow the
identification and prioritization of main cytostatics in water. These theoretical
approaches aim at reducing the number of compounds to be analyzed and, conse-
quently, optimize the time and costs associated with monitoring plans. Some of the
prioritization systems include the use of computer models that combine geographic
and environmental information, such as GREAT-ER (Geo-referenced Regional
environmental Exposure Assessment Tool for European Rivers) or Low Flows
2000 software package (Johnson et al. 2008; Rowney et al. 2009; Young et al.
2003), but maps of the area under study are required, as well as programming
knowledge. An alternative and more accessible method is the prediction of environ-
mental concentrations (PECs) as proposed by EMA (European Medicines Agency
(EMA) 2006), who recommends a threshold level of 0.01 μg/L for further environ-
mental risk assessment. This prediction model has played an important role in
assessing the theoretical concentration of cytostatic drugs in waters based on their
consumption patterns (Franquet-Griell et al. 2015, 2017b). Unlike other pharmaceu-
ticals, all cytostatic drugs prescribed are consumed, and thus this model is especially
accurate for this class of pharmaceutical compounds.

2.2 Description of PEC in Surface Waters

PECs are the estimated concentrations of a pharmaceutical in influents and effluents
of WWTPs and in rivers, calculated from available information on their consump-
tion, excretion rates, elimination in WWTPs, and dilution into receiving waters.
According to the EMA guidelines, the assessment of the potential environmental
risks of human medicines is a step-wise procedure comprising two phases. In Phases
I and II (Tier A), the PEC calculation is restricted to the aquatic compartment and is
expressed by the following equation:

PECsurfacewater ¼ DOSEai � Fpen

WW � DF
: ð2:1Þ
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The parameter DOSEai is the daily dose of a specific drug consumed per inhab-
itant (μg/inhab/day), and it is recommended to use the maximum dose,
corresponding to the worst-case scenario. Fpen is a factor related to market penetra-
tion, whose default value is 0.01. This value indicates that 1% of the population is
treated daily with a specific drug substance, and it resulted from the analysis of
German market in 2001, taking into account 800 drug substances (European Med-
icines Agency (EMA) 2006). The parameter WW is the amount of water consumed
per inhabitant per day (L/inhab/day). The default value is 200 L/inhab/day
(European Medicines Agency (EMA) 2006), but the use of data specific for the
region under analysis is always recommended. Finally, the dilution factor (DF) from
wastewater treatment plant effluents to surface waters is an important parameter,
which could strongly affect the final result. The default value recommended by EMA
for this parameter is 10, although the European Chemicals Agency has recognized
that it could vary between 1 and 1000 (European Chemicals Agency (ECHA) 2003).
The calculation of an accurate DF is described in Sect. 2.4.5.

Since the administration of cytostatics is highly influenced by new chemother-
apies directed to reassure the specific needs of each patient, the calculation of
consumptions based on defined daily doses values (DOSEai) and the incidence of
cancer (Fpen) is not accurate. Alternatively, data of cytostatics consumption in
hospitals and sold in pharmacies should be considered (Eq. 2.2):

PECsurface�water ¼ Consumption

WW � inhab� DF � 365
ð2:2Þ

where Consumption is the total amount of a drug which is consumed in a defined
region per year (μg/yr) and inhab the number of habitants of the same region. 365 are
the days of the year and permit to convert consumption into μg/day.

The PECs resulting from Eqs. 2.1 and 2.2 are conservative, since neither metab-
olism in the body (i.e., 100% of the cytostatic administered is excreted unchanged)
nor removal in WWTPs is assumed.

The first refinement of the PEC calculation is regarded with the inclusion of the
percentage of excretion of the parent cytostatic Fexc:

PECsurfacewater ¼ Consumption� Fexc

WW � inhab� DF � 365
: ð2:3Þ

Another refinement corresponds to the incorporation of the removal efficiency in
WWTPs (FWWTP) – Eq. 2.4:

PECsurfacewater ¼ Consumption� Fexc � 1� FWWTPð Þ
WW � inhab� DF � 365

: ð2:4Þ

Using the units indicated for each parameter, PECs calculated from Eq. 2.1 to
Eq. 2.4 are given in μg/L and correspond to the estimated concentrations in surface
waters, such as rivers. The estimated concentrations in WWTP effluents can be
determined from Eqs. 2.1 to 2.4, without considering the dilution factor.
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The calculation of PECs allows prioritizing those compounds which will be
primarily detected in WWTP effluents or river waters according to consumption
data. However, accurate consumption data and sociodemographic information are
needed to provide reliable PECs for a specific area.

2.3 Compilation of Consumption Data for Cytostatic Drugs

The accurate knowledge of the consumption trends allows the identification of those
compounds more widely used and that can potentially trigger a high environmental
impact. In addition, this permits to focus the monitoring programs to those com-
pounds which have a high probability to be found in environmental waters. There-
fore, the ability to obtain consumption data at a country level or more regionally is
key for estimating the PECs. Figure 2.1 displays a workflow of the different stages to
calculate PECs in surface waters.

However, obtaining the consumption data of anticancer drugs in a given area/
country is a very demanding task for several reasons:

– Difficulty to access to consumption data.
– Information may only be available for specific drugs, e.g., individual compounds

or specific ATC groups.
– Information is only available for pharmacies or hospitals. Rarely the complete

information on cytostatic consumption is provided at a country base.
– The consumption data is only available for specific years.
– The data provided is very disorganized in terms of presentations of each drug,

concentration of active ingredient, and number of prescriptions.

In this section, clues on how and what data has to be requested to obtain reliable
information are provided so that the PECs can be calculated with precision. In
addition, an explanation on how this data must be processed and normalized to be
used in the PEC calculations is given.

2.3.1 Which Compounds Should Be Considered?

The consumption data for cytostatic drugs should be requested through their ATC
code. The ATC classification was proposed by WHO, and it allows to distinguish
different pharmaceutical compounds through a code of five levels which is attributed
according to the anatomical group (1st level), therapeutic group (2nd level), and the
pharmacological and chemical properties (3rd and 4th level). The 5th-level designs
the substance itself (World Health Organization (WHO) 2017). According to this
classification, cytostatic drugs are included in the group of antineoplastic and
immunomodulating agents, designed by letter L. Nowadays, the L group contains
300 active ingredients, but the list is periodically revised, and every year new
pharmaceuticals are included. Specifically, it is expected that new substances will
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be included in the future. The L group is subdivided in L01 (antineoplastic agents),
L02 (endocrine therapy), L03 (immunostimulants), and L04 (immunosuppressants),
which are briefly described as:

L01: Antineoplastic agents: The L01 group is subdivided into alkylating agents
(L01A), antimetabolites (L01B), plant alkaloids and natural products (L01C),
cytotoxic antibiotics and related substances (L01D), and other antineoplastic
agents (L01X). The drugs included in this group act by inhibiting or altering
the transcription of the DNA or by interacting with proteins that regulate the
biological processes of the cells in order to destroy or control the growth of cancer
cells (Besse et al. 2012). L01 type of anticancer drugs, such as cyclophospha-
mide, ifosfamide, capecitabine, fluorouracil, gemcitabine, vinblastine, vincris-
tine, epirubicin, carboplatin, is among the most widely studied environmental
contaminants.

1. Classification of cytostatic drugs

2. Consumption of cytostatic drugs

3. Search the main parameters

4. Calculation of the PECsurface water

PECsurface water

Consumption×Fexc×(1−FWWTP)
WW×inhab×DF×365

=

Excretion factor (Fexc)

ATC code

L01 Antineoplastic agents

L02 Endocrine Therapy
L03 Immunostimulants

L04 Immunosuppressants

G03 Sex hormones and modulators of the

genital system
H02 Corticosteroids for systemic use

Number of activities

Kg/year

Annual consumption Country base level,

regionally or locally

WWTP removal (Fwwtp)

Inhabitants
Water consumption (m3/inhab/year)

Dilution factor (DF)

Hospitals Pharmacies

Fig. 2.1 Workflow of the calculation of PEC in surface water
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L02: Endocrine therapy: As the name indicates, these drugs (subgroups L02A and
L02B) are used in endocrine therapy, also called hormone therapy, and are
responsible for inhibiting the synthesis of hormones or their receptors (Besse
et al. 2012). Compounds such as megestrol, diethylstilbestrol, and tamoxifen are
used in the treatment of prostate cancer or breast cancer and hormone-sensitive
tumors, which develop due to the influence of estrogen or testosterone.

L03: Immunostimulants: L03/L03A groups are substances that increase the capacity
of the immune system to fight against diseases or infections and are used in
biological therapies, also called directed therapies. These treatments have less
side effects since they attack healthy cells to a lesser extent (National Cancer
Institute (NCI) 2017a). Examples of this type of drugs are the different types of
interferons, among others.

L04: Immunosuppressants: Commonly, immunosuppressants (L04A subgroup) are
used to suppress the immune system after a transplant (National Cancer Institute
(NCI) 2017b). For example, after transplantation of the bone marrow against
leukemia, drugs of the L04 group are commonly used in combination with
different drugs from other L subgroups. For some of these L04 drugs, in addition
to their immunosuppressive effect, it has been shown that they can also have an
anticancer effect. Some examples are mycophenolic acid (Carter et al. 1969; Dun
et al. 2013; Majd et al. 2014), sirolimus (Law 2005), or lenalidomide (National
Cancer Institute (NCI) 2017a).

Besides the drugs of L group, other compounds are used in the treatment of
cancers, such as drugs of the G03 group (sex hormones and modulators of the genital
system) and H02 (corticosteroids for systemic use). Specifically, some
antiandrogens (G03H), such as the cyproterone, are administered in the treatment
against prostate cancer, whereas glucocorticoids (H02AB), such as prednisone, are
used for the treatment of leukemia, among other types of cancer (National Cancer
Institute (NCI) 2017a).

Overall, for an adequate estimation of the PECs, it is recommended to obtain
consumption data of all L subclasses (and some G and H) at a country or region with-
out previous preselection. This way the concentrations and risks associated with the
presence of all cytostatics in the environment can be globally determined.

2.3.2 From Whom the Data Should Be Requested?

The consumption data can be obtained at a country base level, regionally or locally
(e.g., hospital-based consumptions). The more detailed the consumption patterns,
the more accurate the PEC calculation (Fig. 2.1). Most meaningful data to calculate
river based PECs are obtained at a country level, as it provides systematic data on all
the compounds prescribed annually. The consumption data on a country base is
generally managed by the Ministries of Health or health institutions, who will
provide data upon request, as this data is public. For example, Besse et al. obtained
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the consumption of 48 cytostatics in France from the French Health Products Safety
Agency (Besse et al. 2012), whereas Coetsier et al. contacted the French social
health care system to get the consumption of medicines reimbursed by the social
system, excluding the over-the-counter products (Coetsier et al. 2009). In England,
the consumption data was obtained from the Department of Health (DoH) and only
represent the cytostatics consumption via pharmacies (Johnson et al. 2008; Rowney
et al. 2009). In Spain, data was requested to the Ministry of Health, Social Services
and Equality and correspond to the billing of prescriptions of 72 compounds from
the Spanish National Health Service through pharmacies (Franquet-Griell et al.
2017b, Ortiz de García et al. 2013). The consumption data for all 132 cytostatics
consumed over the period 2010–2012 in pharmacies and hospitals of Catalonia
(NE Spain) were obtained from the Catalan Health Service (CatSalut) (Franquet-
Griell et al. 2015). In Portugal, the consumption data of 171 different anticancer
drugs over 9 years (2007–2015) was provided by the Instituto Nacional da Farmácia
e doMedicamento, I.P. (Infarmed, I.P) (Santos et al. 2017). As much as possible, it is
advised to request for consumption data of all cytostatics, not only preselected
compounds, as this will expand the potential of PECs.

2.3.3 Which Consumption Data Should Be Requested?

Cytostatics are administered in hospitals and in pharmacies. In parallel, they are
administered in public or private health institutions (Fig. 2.1). In general, adminis-
trative bodies compile data of the public health system, so the consumption through
mutual insurance companies is not accounted for. Depending on the administrative
body in each country, the compilation of consumption patterns may vary and can
only record hospital consumption, pharmacies, and very seldom both. Regarding
hospitals or pharmacies, the quantity dispensed in pharmacies is much higher than
the amount of cytostatics administered in hospitals (in units of the active ingredient)
(Franquet-Griell et al. 2015). This is because many patients have their treatment at
home for a given period of time (outward patients). In Germany for example, the
sales in pharmacies represent 78.9% of the total cytostatic consumption; the rest is
administered in hospitals (Kümmerer et al. 2016). In France, the hospital adminis-
tration decreased from 82% to 35%, while an increase of cytostatic sales in pharma-
cies was observed during the period 2004–2008 (Besse et al. 2012). Another
example is Catalonia, where the pharmacies also proved to be the main route
(70–80%) of anticancer drug consumption (Franquet-Griell et al. 2015). Therefore,
both data from hospitals and pharmacies should be requested whenever possible, but
if the administrative bodies do not have all information, data from pharmacies is the
most representative of the consumption patterns. For avoiding confusions, the source
and type of consumption data have to be provided.
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2.3.4 What Time Period Should Be Representative?

As indicated in the introduction, the number of pharmaceuticals used in the treatment
of cancer can vary among years, and there is also a continuous shift of treatments
from hospital to pharmacies or vice versa (Fig. 2.1). As an example, the total hospital
consumption of cytostatics from L01 and L02 ATC groups increased in France
between 2004 and 2008 (Besse et al. 2012) but decreased in Spain (Franquet-Griell
et al. 2017b) and Portugal (Santos et al. 2017) in the period 2010–2015 and
2007–2015, respectively. Therefore, obtaining data from several years is a way to
determine time trends and also permits to identify the compounds that are being
administered in a given period and then maybe discontinued because of the shift of
prescriptions or elimination from the market. In addition to that, current consump-
tion patterns used for PEC estimations permit compound prioritization for more
targeted monitoring studies.

2.3.5 How Data Have to Be Organized?

Consumption data is generally provided as the number of pills, capsules, injections,
or other presentations of a specific drug. Knowing the concentration of each active
ingredient in a certain formulation, the total consumption of each cytostatic is
calculated in kg per year. This data needs to be further normalized to μg/inhab/day
to compare consumption patterns with other countries or regions. Data can be
compiled and organized in an Excel format as indicated in Table 2.1. It is advisable
to organize the different parameters in such a way that introducing the raw con-
sumption data, the PEC values are automatically calculated and figured.

2.4 Uncertainties in the Analysis of PECs

In the calculation of PECs, there are several uncertainties which are related to the
input parameters of the PEC formula. These uncertainties can produce a bias in the
PEC calculation and can alter the results obtained and thus, their applicability. The
uncertainty of each PEC parameter and how data has to be treated or adapted
according to each case are discussed in the following sections. Among the different
equations to calculate the PECs in surface waters, Eq. 2.4 is the most accurate and
will be considered as it reflects the real conditions of discharge and water cycling.
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2.4.1 Consumption Data

The consumption of anticancer drugs on a countrywide basis is in the order of
tones/yr in European countries (Besse et al. 2012; Booker et al. 2014). However, the
consumption patterns of individual cytostatics (within and between ATC groups)
can vary among countries for the treatment of the same cancer pathology. The first
uncertainty refers to the compounds selected for the calculation of PECs. Most of the
published papers refer to a reduced and preselected number of compounds, which
correspond basically to the L01 group of the ATC classification. Besides, data on
global consumption of cytostatics at a national level is scarce, and often only one
prescription route is considered (hospital or pharmacies). Differences are thus
expected as the consumption of cytostatics in pharmacies is generally higher than
in hospitals, being the former more representative of the consumption patterns. If not
properly defined, this produces another uncertainty in the calculation and compar-
ison of PECs among countries. For comparison purposes, the most widely consumed
cytostatics are indicated in Table 2.2, where their consumption per capita (μg/inhab/
day) according to data from pharmacies sales, hospital administration, or both along
the European Union is compiled. For example, the dispensing of cytostatics from
L01 ATC group in pharmacies varied between 253 and 494 μg/inhab/day in Spain
during the period 2010–2015 (Franquet-Griell et al. 2017b). However, much higher
consumption values were reported for this ATC group in Catalonia (633–596
μg/inhab/day) for a similar period of time (2010–2012) (Franquet-Griell et al.
2015). In Germany, the consumption of L01 cytostatics in pharmacies and hospitals
was of 704 μg/inhab/day in 2012 (Kümmerer et al. 2016). In Portugal, the minimum
and maximum global consumption records of L01 cytostatics were 496 and 784 μg/
inhab/day, respectively, for the period 2007–2015 (Santos et al. 2017). From
90 pharmaceuticals listed in Table 2.2, the ones with the highest consumption
were capecitabine (L01BC06), hydroxycarbamide (L01XX05), and fluorouracil
(L01BC02). At European level, there is the consumption data for only four
cytostatics (cyclophosphamide, fluorouracil, capecitabine, and carboplatin),
being capecitabine the most consumed cytostatic accounting with 258.5 μg/inhab/
day (Johnson et al. 2013). The consumptions of the other cytostatics are much lower,
by at least a factor of 10 (Table 2.2).

2.4.2 Excretion Factor (Fexc)

The fraction of a cytostatic excreted is a value that has great implications in the PEC
estimations. Cytostatics are characterized by being excreted through urine or feces at
high rates, either as a parental compound, metabolite, or conjugate. The high
excretion rates will mean that a high fraction will be discharged to the sewerage
system. Several publications are available on the metabolism of pharmaceuticals,
and different excretion factors are reported for each drug (Besse et al. 2012;
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Whirl-Carrillo et al. 2012). The observed differences are probably explained by
genomically distinct metabolizing capacities, as well as differences in the routes of
administration, sex, age, and health status of the studied subjects. The metabolism
and excretion data of cytostatics can be also obtained from databases: the Base
Claude Bernard (https://www.bcbdexther.fr/), the Micromedex Drugdex® databank,
the International Agency for Research on Cancer (IARC database), the BC Cancer
Agency database, and the DrugBank database, among others.

2.4.3 Removal Efficiency at WWTP (FWWTP)

As occurs with the excretion factor, different values for the elimination of drugs in
wastewater treatment plants are published in the literature (Besse et al. 2012; Chang
et al. 2011; Fan et al. 2011). Removal rates can range from 11 to 90% (Fan et al.
2011; Ortiz de García et al. 2013), and thus, it is important to use the most accurate
value in a given site. FWWTP can be an empirical value or a theoretical one. Empirical
FWWT can be very different among studies as the elimination efficiency can vary in
different WWTPs depending on locations of the served population, capacity, con-
figuration, and type of treatment, in operating parameters, and in hydraulic and solid
retention times. Other factors such as meteorological conditions, sampling procedure
(grab, composite or flow proportional (Ort et al. 2010)), and sampling period
(seasonality) can also affect the empirical FWWTP. Whenever possible, specific
experimental data of the WWTP operating in the study area should be used, and if
several values are available, the mean or median values can be used. On the other
hand, the FWWTP can be also assessed by the SimpleTreat model described in the
European Union System for the Evaluation of Substances (EUSES) (Strujis 2014),
which considers the most important processes like volatilization, mixing, adsorption,
and degradation. EPI Suite (United States Environmental Protection Agency
(U.S. EPA) 2013) also enables estimating the removal efficiency based on the
physical-chemical parameters of each compound.

2.4.4 Water Consumption and Inhabitants

Water consumption can range from 3.75 m3/cap/yr to 287.1 m3/cap/yr in countries
such as Uganda and Canada, respectively (Food and Agriculture Organization of the
United Nations (FAO) 2000). Therefore, water consumption has to be specified to
obtain accurate PEC values, and it is recommended to use the mean water consump-
tion in the study area or at a country-based level. Water consumption is easy to
obtain at national scale from the ministries, the National Statistical Institutes, or the
European Statistical System and the Eurostat. What is important in the calculation of
PECs is that cytostatic consumption data (e.g., hospital, regional, or national levels)
matches with the water consumption and inhabitants of the same area. This way,
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PEC estimations are referred to a specific region/facility for which consumption data
has been obtained, such as a hospital effluent, municipality, river basin, or province.
Besides, national consumption data can be reallocated to river basins or provinces by
proportionally recalculating the consumptions according to the inhabitants of a
specific location. This has been done in the study of Franquet-Griell and
co-workers, who calculated the PECs at river basin scale from global consumption
data gathered for all around Spain (Franquet-Griell et al. 2017b). The same approach
was used to calculate the PECs for different territorial zones in Portugal (NUTS level
II regions) from data obtained at a national scale (Santos et al. 2017).

2.4.5 Dilution Factor (DF)

Probably DF is the parameter in the equation of utmost importance in the estimation
of PECs in rivers. DF refers to the dilution from WWTP effluents to surface waters.
Changes in this value can vary the results by more than 100-fold. As indicated
before, the EMA proposes a DF of 10 (European Medicines Agency (EMA) 2006).
However, this value can vary in orders of magnitude when considering the different
river regimes around the world. This can be overcome by using the DF values
obtained by Keller et al. in 2014, who calculate the median dilution factor for each
country, based on a model that divides the terrestrial surface in fractions of
0.5� � 0.5� (equivalent to 55 � 55 km at the equator) and take into consideration
the river flows, the water consumption, and the population for a certain country
(Keller et al. 2014). The results obtained vary between 0.0050 in Qatar and 94,463 in
Suriname. Spain got a value of 25.92, which is greater than the default value of the
EMA, and this value was used to calculate the PECriver in Spain (Franquet-Griell
et al. 2017b).

In the real world, however, the variations of the flow of the river can also be very
broad, such as in the Mediterranean areas, where the flow and the frequency of
precipitation are very irregular. Moreover, the flow of the river can vary from the
source, along the middle course and to the mouth of the river. Since the PEC values
at a country base level do not account for differences in river dynamics and seasonal
or river basin-based variations, the refinement of the DF would allow the adjustment
of PECs for a specific hydrographic basin or river portion to determine the most
affected areas. These new DF can be calculated by adapting the formula from Keller
et al. (2014):

DF ¼ Qr � 31536000
Inhabbasin �Wbasin

ð2:5Þ

where

• Qr (m
3/s) is the flow of a specific river. The flow data can be collected from the

hydrographic confederations of each basin, administrative bodies, or water
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agencies depending on how river waters are managed in each country, and
consider geographic and seasonal variability along the basin. Maximum, mini-
mum and mean river flows can be used to better estimate PEC variability. The
flow data reflect the withdrawal of water in each area.

• Inhabbasin is the population in the basin area (inhabitants).
• Wbasin is the consumption of water per capita in the basin, including domestic and

industrial use (m3/inhab/year). If this data is not available, water consumption at a
national scale (100–200 m3/inhab/year) can be used.

• 31,536,000 are seconds per year used to convert units.

To calculate PECriver at basin-scale, the DF derived from high, mean, and low
flows in each river basin should be applied to Eq. 2.5, and consumption of anticancer
drugs needs to be proportional to the population in the studied area. The closest the
data is to the region under analysis, the more accurate will be the PEC estimation.

2.5 Comparison Between PEC and MEC Values
in European Countries

The validity of PECs is confirmed when the estimated values are compared with
measured environmental concentrations (MECs) obtained in wastewaters and river
waters monitoring studies from a given geographical area for which the PECs have
been calculated. There are fluctuations in the concentration of pharmaceuticals in
wastewater and surface waters, as highlighted by Ort et al. (2009) and Verlicchi et al.
(2012, 2014). This adds an additional difficulty in the PEC/MEC validation. Several
criteria have been used to appraise whether the PECs tend to overestimate or
underestimate MECs. Among them, Coetsier et al. in 2009 proposed a ranking
scheme in which values 0.2<PEC/MEC<1, PEC are acceptable and slightly
underestimated; for those with 1<PEC/MEC<4, PEC results are acceptable but
slightly overestimated, whereas for 4<PEC/MEC<8, overestimated results are
given (Coetsier et al. 2009). However, other authors proposed 0.5<PEC/MEC<2
as acceptable (Ort et al. 2009; Verlicchi et al. 2014). In this chapter, the reliability of
PECs according to MECs has been reported for several cytostatic drugs in waste-
water effluents and surface waters (principally in a river). Table 2.3 displays the
concentrations of cytostatic compounds (in ng/L) –MEC values in WWTP effluents
from several European countries and the PECs values. Note, however, that the PEC
calculation has been reported only in a few sites and often does not include all the
cytostatic compounds but rather preselected drugs.

The studies performed in Catalonia (NE Spain) and Portugal are the most
comprehensive in the prediction of the concentrations of cytostatic drugs in sewage
effluents and surface waters as provide Fexc and FWWTP data for a large number of
drugs to be used to calculate the PECs in other studies (Franquet-Griell et al. 2015).
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These studies provide data for 132 and 171 cytostatics consumed in hospitals and
pharmacies during the period 2012–2015 and identify mycophenolic acid as the
main cytostatic present in wastewaters and river waters. This finding was corrobo-
rated experimentally by monitoring river waters (Franquet-Griell et al. 2016, 2017a)
and wastewaters (Franquet-Griell et al. 2017c) and demonstrated the ubiquity of
mycophenolic acid in the regions where the PECs were calculated.

In two WWTPs from the Barcelona area, 20 compounds were detected in WWTP
influents in the range 0.7–356 ng/L, and only cyclophosphamide (<4–5 ng/L) and
megestrol (<3–20 ng/L) were detected in effluents with an acceptable PEC/MEC
ratio according to Franquet-Griell et al. (2015) for cyclophosphamide and slightly
overestimated for megestrol (Gómez-Canela et al. 2014). This study highlights the
difficulty to calculate the PEC/MEC ratio when PECeff is very low and/or limits of
detection (LOD) of the analytical methods are high, which precludes their
determination.

Negreira et al. reported the occurrence of 13 cytostatic drugs and 4 metabolites in
various WWTPs (cyclophosphamide, ifosfamide, methotrexate, capecitabine, doxo-
rubicin, irinotecan, tamoxifen, temozolomide, gemcitabine, etoposide, paclitaxel,
imatinib, and erlotinib) at median levels between 6.3 and 8.9 ng/L (Negreira et al.
2014). Comparing these results with those PECs reported (Franquet-Griell et al.
2015), the ratio PEC/MEC yields good results for cyclophosphamide, ifosfamide,
and methotrexate, however, overestimated for capecitabine and doxorubicin (see
Table 2.3).

In Catalan WWTPs, cyclophosphamide, ifosfamide, methotrexate, vincristine,
etoposide, paclitaxel, docetaxel, tamoxifen, and azathioprine were detected at
22.9–175.1 ng/L in influents and at <1.3–<75.7 ng/L in effluents (Ferrando-Climent
et al. 2013) and in general correspond to the PEC estimations of Franquet-Griell
et al. (2015). Similar results were observed in the surface waters and wastewaters
from Spain (Franquet-Griell et al. 2015; Negreira et al. 2013). This overestimation
might be due to the fact that PEC calculations are made at a regional scale (Catalo-
nia), while in a specific WWTP, the loads can vary according to the activities of the
area. Some compounds such as vincristine, etoposide, and docetaxel had PECeff

similar or higher than their limits of detection (LODs), and then the PEC/MEC ratio
could not be calculated (Table 2.3). Finally, PEC/MEC ratios of cytostatics with low
PECeff and/or high LODs of the reported analytical method could not be estimated
(Ferrando-Climent et al. 2013; Franquet-Griell et al. 2015; Gómez-Canela et al.
2014; Negreira et al. 2014).

Cyclophosphamide, ifosfamide, and tamoxifen are among the main compounds
for which the PEC/MEC ratios have been calculated. Coetsier et al. investigated the
discharge of pharmaceutical products through a conventional biological sewage
treatment plant in Alès (France) and reported a PEC/MEC ratio between 6.3 and
>0.2 for ifosfamide and tamoxifen, respectively, with a clear overestimation for
ifosfamide, whereas for tamoxifen, the PEC was acceptable and slightly
underestimated (Coetsier et al. 2009). In another study, Kümmerer et al. evaluated

2 Predicted Environmental Concentrations: A Useful Tool to Evaluate the. . . 47



T
ab

le
2.
3

C
on

ce
nt
ra
tio

ns
of

cy
to
st
at
ic
co
m
po

un
ds

(i
n
ng

/L
)
in

C
at
al
on

ia
(S
pa
in
),
F
ra
nc
e,
th
e
U
ni
te
d
K
in
gd

om
,a
nd

G
er
m
an
y,

th
ei
r
re
sp
ec
tiv

e
P
E
C
s
an
d
th
e

P
E
C
s
vs
.M

E
C
s.
C
om

po
un

ds
ar
e
or
de
re
d
by

A
T
C
co
de

C
at
al
on

ia
(S
pa
in
)

A
T
C
co
de

C
yt
os
ta
tic

P
E
C
s e
ff

(F
ra
nq

ue
t-

G
ri
el
l
et
al
.

20
15

)

W
W
T
P
ef
f

(G
óm

ez
-

C
an
el
a
et
al
.

20
14

)
P
E
C
/

M
E
C

W
W
T
P
ef
f

(N
eg
re
ir
a

et
al
.2

01
4)

P
E
C
/

M
E
C

W
W
T
P
ef
f

(N
eg
re
ir
a

et
al
.2

01
4)

P
E
C
/

M
E
C

W
W
T
P e

ff

(F
er
ra
nd

o-
C
lim

en
t
et
al
.

20
13

)
P
E
C
/

M
E
C

L
01

A
A
01

C
yc
lo
ph

os
ph

am
id
e

2.
94

<
4–
5

<
0.
73
–

0.
58

8.
8

0.
33

6.
3

0.
47

15
.7

0.
2

L
01

A
A
02

C
hl
or
am

bu
ci
l

0.
01

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
01

A
A
03

M
el
ph

al
an

0.
05

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
01

A
A
06

If
os
fa
m
id
e

8.
76

N
.D
.

–
N
.D
.

–
8.
9

0.
98

<
1.
3

>
6.
7

L
01

A
X
03

T
em

oz
ol
om

id
e

2.
17

N
.D
.

–
N
.D
.

–
<
4.
2

>
0.
52

N
.D
.

–

L
01

B
A
01

M
et
hr
ot
ex
at
e

1.
10

N
.D
.

–
N
.D
.

–
<
1.
8

>
0.
61

<
4.
1

>
0.
3

L
01

B
B
05

F
lu
da
ra
bi
ne

0.
18

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
01

B
C
05

G
em

ci
ta
bi
ne

5.
51

N
.D
.

–
N
.D
.

–
<
9.
3

>
0.
59

N
.D
.

–

L
01

B
C
06

C
ap
ec
ita
bi
ne

20
1

N
.D
.

–
N
.D
.

–
7.
7

26
.1

N
.D
.

–

L
01

C
A
01

V
in
bl
as
tin

e
1e
–
5

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
01

C
A
02

V
in
cr
is
tin

e
3e
–
5

N
.D
.

–
N
.D
.

–
N
.D
.

–
<
23

.5
<
P
E
C

L
01

C
B
01

E
to
po

si
de

0.
53

N
.D
.

–
N
.D
.

–
<
40

>
L
O
D

<
75

.7
<
P
E
C

L
01

C
D
01

P
ac
lit
ax
el

2.
1

N
.D
.

–
N
.D
.

–
<
4

>
0.
52

<
8.
7

>
0.
24

L
01

C
D
02

D
oc
et
ax
el

0.
97

N
.D
.

–
N
.D
.

–
N
.D
.

–
<
12

.7
<
P
E
C

L
01

D
B
01

D
ox

or
ub

ic
in

0.
24

N
.D
.

–
N
.D
.

–
<
2.
4

>
10

N
.D
.

–

L
01

D
B
03

E
pi
ru
bi
ci
n

0.
01

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
01

X
E
01

Im
at
in
ib

60
.6

N
.D
.

–
N
.D
.

–
<
12

0
>
0.
5

N
.D
.

–

L
01

X
E
03

E
rl
ot
in
ib

0.
55

N
.D
.

–
N
.D
.

–
<
3.
4

>
0.
16

N
.D
.

–

L
01

X
X
19

Ir
in
ot
ec
an

4.
8

N
.D
.

–
<
1.
2

>
3.
97

N
.D
.

–
N
.D
.

–

48 C. Gómez-Canela et al.



L
02

A
E
02

L
eu
pr
ol
id
e

<
P
E
C

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
02

A
E
03

G
os
er
el
in

0.
16

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
02

B
A
01

T
am

ox
if
en

1.
22

N
.D
.

–
11

3.
5

4.
4e
–

4
<
3.
0

>
0.
41

28
.7

0.
04

L
02

B
G
01

A
m
in
og

lu
te
th
im

id
e

<
P
E
C

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

L
04

A
X
01

A
za
th
io
pr
in
e

11
.9

N
.D
.

–
N
.D
.

–
N
.D
.

–
<
6.
1

>
1.
9

G
03

A
C
05

M
eg
es
tr
ol

18
.6

<
3–
20

<
6.
2–
0.
93

N
.D
.

–
N
.D
.

–
N
.D
.

–

G
03

H
A
01

C
yp

ro
te
ro
ne

19
.0

N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

–

H
02

A
B
07

P
re
dn

is
on

e
40

.9
N
.D
.

–
N
.D
.

–
N
.D
.

–
N
.D
.

-

F
ra
nc
e

A
T
C
co
de

C
yt
os
ta
tic

P
E
C
ef
f
(n
g/
L
)
(C
oe
ts
ie
r
et
al
.2

00
9)

W
W
T
P
ef
f
(n
g/
L
)
(C
oe
ts
ie
r
et
al
.2

00
9)

P
E
C
/M

E
C

L
01

A
A
06

If
os
fa
m
id
e

24
<
3.
8

6.
3

L
02

B
A
01

T
am

ox
if
en

22
<
5.
8–

10
2

>
3.
8–

0.
2

G
er
m
an
y

A
T
C
co
de

C
yt
os
ta
tic

P
E
C
ef
f
(n
g/
L
)
(K

üm
m
er
er

&
A
l-
A
hm

ad
20

10
)

W
W
T
P
ef
f
(n
g/
L
)
(K

üm
m
er
er

&
A
l-
A
hm

ad
20

10
)

P
E
C
/M

E
C

L
01

A
A
01

C
yc
lo
ph

os
ph

am
id
e

5.
6

56
0.
1

L
01

A
A
06

If
os
fa
m
id
e

10
.9

10
9

0.
1

U
K

A
T
C
co
de

C
yt
os
ta
tic

P
E
C
ef
f
(n
g/
L
)
(J
oh

ns
on

et
al
.2

01
3)

W
W
T
P e

ff
(n
g/
L
)
(L
le
w
el
ly
n
et
al
.2

01
1)

P
E
C
/M

E
C

L
01

A
A
01

C
yc
lo
ph

os
ph

am
id
e

70
.2

0.
19
–
3.
5

36
9–
20

N
A
no

t
an
al
yz
ed
,N

D
no

td
et
ec
te
d

�M
ed
ia
n
of

th
e
cy
to
st
at
ic
co
nc
en
tr
at
io
ns

in
12

S
pa
ni
sh

W
W
T
P
s

2 Predicted Environmental Concentrations: A Useful Tool to Evaluate the. . . 49



the presence of cyclophosphamide and ifosfamide in wastewater and surface water
from Germany reporting levels of 56 and 109 ng/L, respectively (Table 2.3)
(Kümmerer & Al-Ahmad 2010). Comparing these levels with those PECeff reported
in the same study, PEC/MEC ratios were of 0.1, being PEC acceptable and slightly
underestimated according to Coetsier et al. (2009). Similarly, Llewellyn et al. report
levels between 0.19 and 3.5 ng/L of cyclophosphamide and ifosfamide in a WWTP
effluent from the United Kingdom (UK) (Llewellyn et al. 2011). In this study,
predicted environmental concentrations were not calculated, but when compared to
the PECeff value of cyclophosphamide of 70.2 ng/L (Table 2.3) (Johnson et al.
2013), the PEC result of cyclophosphamide was overestimated (Coetsier et al. 2009).

Not much information has been published in the presence of cytostatic com-
pounds in surface waters and the comparison with their predicted concentrations. In
general, cytostatics are present at trace levels in river such as cyclophosphamide
(0.05–10 ng/L) (Buerge et al. 2006; Metcalfe et al. 2003; Usawanuwat et al. 2014;
Zuccato et al. 2000), ifosfamide (0.05–41 ng/L) (Buerge et al. 2006; Valcárcel et al.
2011), fluorouracil (578 ng/L) (Usawanuwat et al. 2014), hydroxycarbamide
(788 ng/L) (Usawanuwat et al. 2014), and tamoxifen (5.8–147 ng/L) (Isidori et al.
2016; López-Serna et al. 2012; Negreira et al. 2013). In Spain, Valcárcel et al.
determined the presence of ifosfamide in Guadarrama River (a tributary of the Tagus
in Madrid region, Spain) at the level of 41 ng/L (Valcárcel et al. 2011). In another
study, tamoxifen was detected at 18.9 ng/L in the Ebro River basin (NE Spain)
(López-Serna et al. 2012). Taking into account a recent study about the estimated
levels (PECs) of 78 anticancer drugs in Spanish river basins calculated from
consumption data in pharmacies during the period 2010–2015 (Franquet-Griell
et al. 2017b), the PEC/MEC ratio for ifosfamide and tamoxifen was calculated.
According to Coetsier et al. (2009) study, it can be demonstrated that PECs for both
compounds were acceptable and slightly underestimated. Another study compared
the concentrations of cytostatic drugs in Besòs River (a small river in Catalonia, NE
Spain) with a refined PECs based on Besòs river flow. In this work, authors
concluded that PEC/MEC ratios showed reliable results for several drugs
(mycophenolic acid, megestrol, ifosfamide, and cyclophosphamide), and most of
the non-detected compounds (doxorubicin, fludarabine, goserelin, leuprolide, mel-
phalan, epirubicin, and daunorubicin) corresponded to those with low PEC
(Franquet-Griell et al. 2017a).

EMA proposes to perform a risk assessment when the PEC value is >0.01 μg/L.
Whereas the PEC estimation provides a theoretical value based on the probability of
a compound to be present in wastewaters of river waters, the MEC value provides
evidence of the approach. MEC data proves the validity of PECs and highlights the
importance to perform a risk assessment for some prioritized compounds, based on
toxicological data using several species which is described in detail in previous
studies (Franquet-Griell et al. 2015; Franquet-Griell et al. 2017b; Santos et al. 2017).
Then, the risk quotient can be calculated to provide information on the environmen-
tal impact of this new type of water contaminants.
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2.6 Conclusions

It is clear from the published studies that PEC calculation permits to better prioritize
compounds which have a high probability to be detected in surface waters. More-
over, PEC calculations together with acute and chronic toxicological data enable
environmental risk assessment of compounds more prone to be present in river
waters. PEC values represent average concentrations likely to be found in water
according to the consumption data of a specific area. In contrast, monitoring studies
provide data of cytostatics in wastewaters and rivers at a given time or period. To
have accurate PECs, and appropriate PEC/MEC validation, we highlight the need to
calculate the PECs in the same area where the monitoring will be carried out. In
addition, since the concentrations of cytostatic compounds in water can vary sub-
stantially according to the monitoring period, it is important to have a high sampling
frequency. Accordingly, to compare PECs with MECs, minimum and maximum
concentrations of each compound detected in the river should be considered. Most
studies converge in indicating that PEC/MEC is underestimated, which could be due
to the low removal in WWTP or the use of inaccurate DF for a particular river. In
hotspot areas, such as downstream rivers flowing through populated areas, the
concentrations detected can be much higher than predicted. In conclusion, it can
be confirmed that PECs is a useful tool to identify and prioritize the cytostatic drugs
that are likely to be found in the environment, but, as a model, it is necessary to
validate the results obtained with empirical data. As a rule of thumb, it is
recommended that monitoring is done following PEC calculations because then it
is possible to detect compounds which were not suspected to be found in water, as
the case for mycophenolic acid (Franquet-Griell et al. 2016).
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Chapter 3
Hospitals and Pharmacies as Sources
of Contamination by Cytostatic
Pharmaceuticals: Long-Term Monitoring
in the Czech Republic

Lucie Blahova, Lenka Dolezalova, Jan Kuta, Sarka Kozakova,
and Ludek Blaha

Abstract Two of the important contamination sources by antineoplastic drugs
(AD) are hospitals and pharmacies. Unwanted releases have been documented
during all steps of the preparation and administration of these hazardous drugs to
patients leading to contamination of both working places and outside environment
(transfer by aerosols, contaminated materials, or water after cleaning). Here we
present results of a long-term project from 21 hospitals in the Czech Republic
(971 samples; 2008–2016) investigating the contamination by major AD-5-fluoro-
uracil (FU), cyclophosphamide (CP) and platinum drugs (total Pt as a sum of broadly
used Pt-based drugs cisplatin, oxaliplatin, and carboplatin). In general, lower median
levels of contamination have been found in pharmacies, which could be attributed to
personnel education and higher safety working standards. On the other hand, surface
contamination in other hospital areas exceeded the suggested threshold guidance
values (TGVs) in up to 40% of samples depending on the monitored drug (TGVs
being 67, 12, and 38 pg per square cm for CP, Pt, and FU, respectively). The highest
values, maxima exceeding 29,000 and 49,000 pg per square cm for CP and FU,
respectively, have repeatedly been found in outpatient clinics. The monitoring and
discussions with responsible managers promoted the implementation of proper pro-
cedures and technologies that resulted in an overall decrease of the contamination
during the monitored period.
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3.1 Introduction

Hospitals and pharmacies, where antineoplastic drugs are being prepared and
administered to oncology patients, are one of the primary sources of contamination
of these hazardous chemicals. Health and environmental risks related to handling
antineoplastic drugs were discussed in many studies since the 1970s when serious
side effects of chemotherapy (secondary malignancies) were first reported.

Several studies addressed the risks related to occupational exposures to antineo-
plastic drugs. Concentrations of ADs were reported from hospital samples, including
air (Kiffmeyer et al. 2002; Wittgen et al. 2006; Odraska et al. 2011; Panahi et al.
2016), various working surfaces (walls, benches, shelves, doors, telephones or floors
in pharmacies, clinics, sanitary rooms, toilets) (Hedmer et al. 2005; Castiglia et al.
2008; Fabrizi et al. 2012; Nussbaumer et al. 2012; Odraska et al. 2014), as well as
other materials such as clothes, linens, external packages of the drugs, etc. (Sessink
et al. 1992; Fleury-Souverain et al. 2014). All these types of contamination represent
serious exposure, especially to hospital workers (pharmacists and nurses preparing
and administering ADs, surgical teams in the operating rooms, physicians or other
hospital staff such as waste handlers, laundry workers, custodial workers, etc.)
(Kromhout et al. 2000; da Silva et al. 2016). Occupational exposure was repeatedly
confirmed also by biological monitoring of ADs in the urine of health-care pro-
fessionals (Sessink et al. 1994; Ndaw et al. 2010; Fabrizi et al. 2016). However,
other exposure scenarios to ADs are of concern to both human and environmental
health including, e.g., release of ADs from hospitals through wastewaters
(Kümmerer 2009; Verlicchi et al. 2010; Kosjek and Heath 2011) or their release
via air (Panahi et al. 2016). In addition, 75% of oncology patients are outpatients,
receiving their treatment at oncology wards and returning home after administration,
which also spreads the contamination (Kopp et al. 2013; Yuki et al. 2015). This may
lead to exposures of family members (including highly susceptible groups like
children and pregnant women) as well as to additional release into the environment
but these new issues will require further research attention.

Major progress in the field of occupational safety was recorded after the imple-
mentation of protective measures like centralization of drug preparation in special-
ized hospital pharmacies equipped with biological safety cabinets or positive/
negative pressure isolators. The most hazardous activities were localized to well-
controlled areas. Nevertheless, the overall contribution of the measures outlined
above to health and environmental risk protection is still not fully clarified
(Kiffmeyer et al. 2002; Sessink 2011). In addition, the measures mostly focused
on large hospital facilities and pharmacies, which often follow the best practices and
risk management measures within QA/QC protocols and have well-trained staff
(Acampora et al. 2005; Crickman and Finnell 2006; Yoshida et al. 2013). Available
studies (Wick et al. 2003; Sottani et al. 2012; Kopp et al. 2013) seem to indicate that
pharmacies have in general similar or lower (median) levels of surface contamina-
tion in comparison to other hospital areas, where ADs are administered such as
outpatient clinics, sanitary rooms, etc.
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Diverse ADs are being currently used to treat different types of malignancies, new
types of therapies are being developed and the amount of AD consumption is
increasing (Nussbaumer et al. 2011). It is thus impossible to investigate contamina-
tion levels of all individual ADs, and feasible prioritized approach focuses on
monitoring of those ADs that are used in the highest quantities and/or may pose
highest risks. Recent reviews by Lancharro et al. (2016) showed that cyclophospha-
mide (CP, broadly used IARC class 1 carcinogen) is the most commonly monitored
AD. Other surrogate markers of AD contamination include 5-fluorouracil (FU,
nucleotide analogue used frequently and in the high quantities (Schierl et al.
2009)) or total platinum (Pt) reflecting contamination by platinum-based drugs
used in large quantities and some being classified as IARC Group 2A (Gorná et al.
2011; Nussbaumer et al. 2012). The most commonly used exposure assessment of
ADs focuses on surfaces and collection of wipe samples (Hon et al. 2014; Jeronimo
et al. 2015). This allows adequate standardization and comparability of the results.

The objective of the present chapter is to discuss the results of the long-term
research project (results from 2008–2016) running in the Czech Republic, which
focuses on the surface contamination of hospitals and hospital pharmacies by major
antineoplastic drugs, i.e., cyclophosphamide and platinum-based drugs. Recently,
5-fluorouracil has been added among the monitored compounds, and the first results
from 2015 to 2016 are presented. We describe the overall outcomes and long-term
trends, compare levels of ADs in pharmacy and hospital areas, and discuss possible
drivers beyond the contamination and possible risk assessment tools and manage-
ment measures.

3.2 Study Design and Methods

The long-term research project (2008–2016) covered 28 pharmacies (i.e., 60% of all
47 pharmacies in the country holding accreditation for an AD preparation). During
individual years, between 1 and 19 pharmacies were included in the study based on a
voluntary basis. Since 2010, hospital areas (outpatient clinics, bedrooms, sanitary
rooms, and nurse offices) were also monitored but with lower frequency, which
allowed us to derive only preliminary conclusions.

3.2.1 Wipe Sampling and Sample Preparation

Sampling was performed by the staff in individual hospitals according to written
instructions and video manual (https://muni.cz/go/a0d852). Samples were collected
at the end of the working hours prior to regular cleaning of the facilities. Sample
locations included floors, tables as well as door/fridge handles, phones, keyboards,
etc., in pharmacies and hospital areas. The selection of places for wiping was
not harmonized, and it reflected practices and actual needs of individual facilities.
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Wipe-sampled area (most commonly 30 � 30 cm; 900 cm2) was wiped using the
non-woven swab moistened with acetate buffer (0.75 ml, 20 mM, pH ¼ 4). Besides
the wipe samples, field blank samples were collected to check for possible cross-
contamination.

3.2.2 Analyses of ADs

Sample preparation involved the extraction in acetate buffer with follow-up LC-MS/
MS and ICP-MS analysis as previously described elsewhere (Odraska et al. 2011;
Odraska et al. 2013; Odraska et al. 2014). The concentrations of CP (and FU since
2015) along with appropriate internal standards have been measured by the opti-
mized high-performance liquid chromatography method using UPLC Waters
Acquity with tandem quadrupole mass spectrometer Waters XEVO TQ-S (Waters,
Manchester, U.K.). The used column was ACQUITY UPLC BEH C18 (Waters),
and the mobile phase consisted of 0.1% formic acid in water (A) and methanol
(B) running in gradient (5% B 0–1 min; 5–20% B 1–2 min; 20–85% B 2–8.5 min;
85% B 8.5–10 min with 4 min of equilibration). The concentration of Pt (a marker of
Pt-containing drugs—cisplatin, oxaliplatin, and carboplatin—are the most com-
monly used in the Czech Republic) was determined by inductively coupled plasma
mass spectrometry (Agilent 7500ce and 7700x, Agilent Technologies, Japan). Inter-
nal standards were applied to correct for injection volume errors, matrix effects, and
signal drift of the analytical determination (CP D4 for quantification of CP; rhenium
(185Re) and bismuth (209Bi) for quantification of Pt, and FU 13C, 15 N2 for
quantification of FU). All the concentrations have been expressed as pg/cm2, and
the detection limits were 1.0, 0.2, and 7 pg/cm2 for CP, Pt, and FU, respectively.

3.3 Results and Discussion

The overall summary of detected AD concentrations in pharmacies (2008–2016) and
hospitals (2010–2016) is presented in Table 3.1. In total, 971 samples have been
collected and 757, 740, and 323 analyses of CP, Pt, and FU were performed,
respectively (field blank samples not included). Results of FU analyses are only
briefly discussed in continuation for comparison since the lower number of samples
was analyzed so far.

Results in Table 3.1 are sorted according to different areas with variable pro-
cedures and operations. In pharmacies, two separated areas have been covered and
include (i) preparation rooms (i.e., isolated areas, where concentrated ADs are being
handled, diluted, and prepared for patients including laminar flow isolator areas) and
(ii) storage area, where ADs are being received from suppliers and stored. Hospital
areas include (i) outpatient clinics, where ADs are being administered to patients,
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and (ii) facilities for nurses with no access to patients (such as sanitary and manip-
ulation rooms). The final samples covered administrative areas (offices), where no
ADs are being handled and thus low contamination is expected. Within individual
areas (Table 3.1), floors as well as surfaces in contact with hands have been studied
including “tables” (where standardized 900 cm2 sampling was possible) and “others”
(fridge handles, phones, and keyboards, where a variable area has been wiped).

Table 3.1 shows several trends and differences. Considering all the analyzed
samples (row “TOTAL” in Table 3.1), 49% and 63% of the samples contained CP
and Pt (above the LOD), respectively. The cleanest surfaces (low detection fre-
quency and low concentrations of CP and Pt) were found in offices (administrative
areas), where median values were below 1 pg/cm2 for both CP and Pt. This is in
agreement with other studies (Wick et al. 2003; Hedmer et al. 2005) demonstrating
that the spread of contamination may be prevented by application of proper stan-
dards and procedures (such as working in zones with different levels of contamina-
tion). Within pharmacies, average detection frequency for both CP and Pt ranged
between 29% and 69% for different types of areas and wipes. On the contrary, very

Table 3.1 Results of CP and Pt monitoring in pharmacies and hospitals of the Czech Republic
during 2008–2016

Cyclophosphamide Platinum

N/Npos. Median Mean Min/max N/Npos. Median Mean Min/max

Pharmacies

Preparation room
Tables 160/104 7.6 468 <1/33,853 157/105 1.3 118 <0.2/5333

Floors 96/64 7.1 62 <1/638 76/51 1.0 6.5 <0.2/84

Othersa 80/41 2.3 123 <1/4656 65/45 1.2 20 <0.2/450

Storage area
Tables 115/33 <1 28 <1/1466 98/43 <0.2 78 <0.2/7343

Floors 81/25 <1 17 <1/235 63/30 <0.2 3.7 <0.2/57

Othersa 36/11 <1 55 <1/1184 38/22 0.8 3.0 <0.2/23

Hospital areas

Outpatients clinic
Tables 23/20 20 216 <1/2742 18/15 1.7 39 <0.2/510

Floors 33/32 271 751 <1/5628 32/32 71 346 0.97/5390

WC 18/14 4.2 55 <1/597 17/16 586 863 <0.2/4220

Facilities for nurses
Tables 37/18 <1 32 <1/741 62/27 <0.2 7.7 <0.2/227

Administrative areas
Pharmacies + hospital areas

Othersa 56/11 <1 4.5 <1/142 37/7 <0.2 0.3 <0.2/4.1

TOTAL 757/373 1.2 212 <1/33,853 740/466 1.0 82 <0.2/7343

Columns show a total number of analyzed samples (N); number of positives, i.e., above the
detection limit (Npos.) and basic statistics (median, mean, minimum, and maximum). All concen-
trations are in pg/cm2. Less than (<) values—below the limit of detection
aOthers—door and fridge handles, phones, keyboards, displays
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high detection frequency (78–100%) for both CP and Pt was detected in outpatient
clinics of hospitals, where less controlled procedures and protective measures are
being implemented in comparison to pharmacies.

Maxima of CP (up to more than 33,000 pg/cm2) were recorded in the preparation
room of the hospital pharmacy, where ADs are being openly handled and prepared
for patients. However, accidental extremes of elevated concentrations of carcino-
genic CP have also been detected on tables and floors in an outpatient clinic
(Table 3.1). Contrarily, the highest levels of Pt (ng/cm2) were detected at various
places in both pharmacies and hospital areas. The differences in profiles of CP and Pt
suggest that selecting one or few surrogate markers may not reflect the overall status
of contamination. Anticancer drugs are a chemically heterogeneous class with a wide
range of masses and hydro/lipophilicity; therefore some studies suggest the need to
focus on monitoring of a larger group of ADs (Maeda and Miwa 2013; Fabrizi et al.
2016). The suggested problem of systematically elevated contamination at outpatient
clinics is especially of concern when comparing median and average values of
contamination (Table 3.1). The highest median (271 pg/cm2) and arithmetic mean
(751 pg/cm2) values for CP were found on the floors in outpatient clinics, that
were about an order of the magnitude higher than concentrations detected in
preparatory rooms and storage areas of pharmacies. Similarly, for Pt, highly elevated
median and average levels were found in outpatient clinics with concentrations one
to two orders of magnitude higher in comparison with pharmacy areas. The highest
mean value 863 pg/cm2 has been found on surfaces at the toilet, where ADs may be
released by patients through urine as well as from contaminated excreta like sweat
and vomit. High levels of contamination on the toilet floors have previously been
reported also in other studies (Kromhout et al. 2000; Kopp et al. 2013).

Our results may be compared with other larger scale surveys. For example,
contamination by CP, Pt, FU, and other ADs among the individual oncology settings
in hospital in Germany has been described by Kopp et al. (2013). From 375 samples,
the highest detection frequency was observed for FU (94% above the LOD,
N ¼ 153) and Pt (88%, N ¼ 172), followed by CP (55%, N ¼ 73). The median
contamination of FU was 8.1 pg/cm2 with the highest concentration (14,556 pg/cm2)
from the floor of the therapy room. For Pt and CP, the median concentrations were
1.6 and 0.4 pg/cm2, respectively, with the maxima 714 pg/cm2 and 2230 pg/cm2,
respectively. Another study from Italy (Castiglia et al. 2008) showed a wide range of
contamination levels for CP and FU with very high medians of 18.83 μg/dm2 (i.e.,
188,300 pg/cm2) and 0.086 μg/dm2 (8600 pg/cm2). In a study by Schierl et al.
(2009), over 1000 wipe samples taken from 102 German hospital and retail phar-
macies were analyzed for contamination of Pt and FU with medians 0.4 and 4.96 pg/
cm2, respectively. The maximum value was found for Pt on storage shelves and
boxes (23,068 pg/cm2) and for FU on the surface of transfer chambers (253,333 pg/
cm2) (Schierl et al. 2009).

The trends detected in the overall results from long-term 2008–2016 monitoring
(Table 3.1, discussed above) remain apparent also when looking in detail on a subset
of recent 2015–2016 data presented in Fig. 3.1. Here, an example of contamination
of tables (i.e., places in direct contact with hands) is shown for CP, Pt, and FU. The

62 L. Blahova et al.



contamination with all three ADs was either comparable or systematically elevated
in hospital areas if compared to the well-controlled areas within pharmacies.

Nevertheless, during the long-term monitoring within the Czech Republic, sys-
tematic improvement of the situation and lowering of the surface contamination
levels has been recorded. Figure 3.2 shows temporal trends in CP (panel A) and Pt
(panel B) concentrations on tables in all monitored pharmacies. Hospitals are not
discussed because of the shorter period covered and the lower number of analyzed
samples. The decreasing trend was observed especially in the case of CP, and it was
also apparent in localized data (Fig. 3.2C), where surface contamination from one of
the most broadly monitored pharmacies is presented. For Pt, no such trend was
observed, which could be attributed to generally lower contamination levels in

Fig. 3.1 Contamination of
table surfaces in pharmacies
and hospitals of the Czech
Republic during 2015 and
2016 by cyclophosphamide
(CP, upper panel; log-scale
Y-axis), platinum (Pt, central
panel), and 5-fluorouracil
(FU, bottom panel). Bars
show median values, error
bars 25–75% range
(extremes and outlier values
are not shown for clarity)
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absolute values (compared to CP) as well as by potential other sources of Pt than
ADs. Similarly, Yoshida et al. (2013) reported a decrease in contamination by about
80% at CP, Pt, and FU following the application of control measures like careful use
of personal protective equipment, improved training, or maintenance. Effective
reduction of workplace contamination by CP and Pt in the outpatient clinic was
also reported in our previous study after improvements of working and cleaning
procedures (Odraska et al. 2013). Further, lower contamination by CP in pharmacies
and patient care areas was also reported during the long-term monitoring
(2008–2014) in multiple Canadian centers (Poupeau et al. 2016), where the 75th
percentile was reduced from 50 to 3 pg/cm2.

The long-term data also allowed for the investigation of possible drivers beyond
the surface contamination. Amount of ADs being handled in a given pharmacy could
be considered among the major possible causes assuming that larger quantities of
ADs used might be accompanied by elevated contamination. However, the
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Fig. 3.2 Temporal trends in surface contamination in Czech Republic pharmacies. Panels A
(CP) and B (Pt) show pooled data for all Czech Republic pharmacies focusing on table surfaces
out of the preparatory rooms (receiving, storage, and sending areas). Panels C and D show CP and
Pt in a single pharmacy that has been thoroughly monitored over the years (all surface samples were
pooled). For panels A–B: central point shows median value, boxes are 25–75% range, and error bars
show non-outlier range. For panels C–D: central line shows arithmetic mean, boxes are 95%
confidence interval of mean, error bars are non-outlier ranges
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distribution of maxima or median values observed in individual pharmacies in the
present study (Fig. 3.3A–D) did not show any apparent trend for CP or Pt. Indicators
of the surface contamination by ADs were rather randomly distributed, irrespectively
of the numbers of ADs prepared in individual pharmacies (ranging across an order of
magnitude). This finding is in agreement with available literature. For example, no
significant correlation was found between the contamination levels in 102 German
pharmacies and the amounts of handled Pt and FU (Schierl et al. 2009). Similarly,
another German study of surface contamination in 28 outpatient oncology health-
care centers showed no correlation between contamination by FU, Pt, CP, and other
ADs (gemcitabine, ifosfamide, methotrexate, docetaxel, and paclitaxel) and the
amount of drug handled in these centers (Kopp et al. 2013). Interestingly, in a
study by Sessink et al. (1994), a correlation between contamination of protective
gloves and amount of drug prepared was observed for FU but was found to be
insignificant for CP and methotrexate.

An important issue that remains a matter of discussion is the actual characteriza-
tion of risks associated with AD surface contamination. Based on current paradigm,
it is impossible to set a level of exposure to carcinogenic chemicals (like many ADs)
that could be considered safe for human health. Consequently, the only management
option is keeping the exposure at the lowest possible level. Nevertheless,
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Fig. 3.3 Indicators of surface contamination (median values and maxima of concentrations) for CP
(panels A and C) and Pt (panels B, D) in pharmacies relative to the size of the pharmacy—values on
X-axes show numbers of AD preparations prepared monthly; CP/Pt concentrations (in pg/cm2) are
given on Y-axes. Each column corresponds to one pharmacy
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recommendations and threshold guidance values are discussed among scientists and
regulators including the US National Institute for Occupational Safety and Health,
American Society of Health-System Pharmacists or International Society of Oncol-
ogy Pharmacy Practitioners (NIOSH; ASHP 2006; ISOPP 2007). For example, the
US Pharmacopeia (USP) has recently proposed a new guideline for CP and
recommended as acceptable levels lower than 1 ng per square cm.

Along with other proposals (Bouwman-Boer et al. 2015), our monitoring uses
so-called threshold guidance values (TGVs) derived by a statistical approach. TGV
derived within our monitoring represents a concentration (pg/cm2) of the 75th
percentile of all measured contamination levels from different surfaces analyzed
within the project CYTO during 2006–2010, which included mainly pharmacies.
Correspondingly, those samples where concentrations are below the TGV (i.e.,
about 75% of all values) are considered acceptable. Higher concentrations (i.e.,
above the TGV) indicate the need for management actions or improvement of
procedures. We use TGVs, of 67 pg/cm2 for CP, which is well comparable to
100 pg/cm2 suggested as 90th percentile TGV by other authors (Sessink 2011;
Kiffmeyer et al. 2013). TGV used for Pt is 12 pg/cm2, which is slightly higher
than a 75th percentile TGV (4 pg/cm2) proposed by Schierl et al. (2009).

An example of the TGV interpretation for CP and Pt is shown in Fig. 3.4, which
compares situations (frequency in % of TGV exceedances) in pharmacies vs. other
hospital areas from the same facility. Clearly, TGV exceedance frequency for CP
and Pt was rarely above 30% in pharmacies (Y-axis). On the other hand, in hospital
areas (X-axis) TGVs were commonly exceeded in more than 50% of the samples,
reaching in extremes up to 100% (i.e., all samples analyzed from a given hospital
had elevated surface concentrations of ADs above the TGV). A similar trend was
observed also for the aggregated data including all samples: for CP in pharmacies
104 out of 568 analyzed samples exceeded the TGV (18%), while for samples from

Fig. 3.4 Exceedance of threshold guidance values (TGVs) (% from all the samples analyzed) for
CP (panel A) and Pt (panel B) in hospitals from the Czech Republic (2008–2016) aggregated data.
The graphs show paired comparisons from individual facilities with % exceedance in hospital areas
and pharmacies on X- and Y-axes, respectively
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hospital areas, the TGV exceedance rate was doubled (36–60% out of 167 samples).
This again confirms higher health risks from exposures to ADs for nurses, physi-
cians, and other hospital workers and potentially also to family members accompa-
nying the patients during the visits in hospitals (Lancharro et al. 2016).

Various studies investigated the efficiency of different prevention and risk miti-
gation measures such as closed-system drug transfer device for preparation and
administration (CSTD) (Wick et al. 2003; Sessink et al. 2011), that were shown to
significantly reduce the spread of contamination (Lancharro et al. 2016). Decreased
contamination by ADs was reported also after implementation of multiple measures,
e.g., working in zones with separated use of protective gloves, proper housekeeping,
use of multichannel administration sets or automated self-cleaning toilet seats, and
others (Odraska et al. 2011 2013, 2014). Recent guidelines from different countries
and organizations for safe handling of cytostatic drugs are listed in a recent review
(Lancharro et al. 2016). Recommendations for routine cleaning and decontamination
or waste disposal were also recently provided by NIOSH (https://www.cdc.gov/
niosh/topics/antineoplastic/). However, available studies demonstrate that contami-
nation of AD cannot be completely eliminated (Lancharro et al. 2016).

3.4 Conclusions and Perspectives

Contamination of the indoor environment (pharmacies and hospital areas) by ADs
represents a major source of contamination and a health threat to hospital workers,
where, for example, risks of miscarriage have been proven by meta-analyses of
multiple occupational studies (Dranitsaris et al. 2005; Connor et al. 2014). Tradi-
tional research mostly focused on pharmacies, where ADs are openly handled
(Sessink et al. 2011). However, published studies (Lancharro et al. 2016) as well
as the results presented in this chapter point to the importance of other open hospital
areas, where implementation of safety procedures is more complicated than in
pharmacy facilities. Our long-term study demonstrates that periodic monitoring,
where results are being provided directly to managers of pharmacies and hospital
health safety officers, leads to rising of general awareness and improvements of
practices, which is then reflected in decreasing trends of surface contamination by
ADs. In addition to the discussed CP, Pt, and FU, further research efforts should
focus on levels and fate of other classes of ADs (e.g., on compounds like sunitinib,
imatinib, everolimus, or fluoropyrimidine), which are nowadays being broadly used.
They are also often prescribed to outpatients for oral administration at home. Thus,
patient households represent another source of AD release to the environment, which
has only recently attracted attention of researchers (Yuki et al. 2015; Böhlandt et al.
2017). In summary, systematic assessment of contamination (i.e., exposure levels) to
widely administered ADs provides invaluable data for continuous evaluation of risks
and improvements of occupational and public health as well as the environment.
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Chapter 4
Tamoxifen: Occurrence, Fate,
Transformation Products, and Non-
Conventional Treatment Technologies

Carlos Escudero-Oñate, Sara Rodríguez-Mozaz,
and Laura Ferrando-Climent

Abstract Tamoxifen is a non-selective estrogen receptor modulator (SERM) used
to treat breast cancer as well as a prophylactic agent in women with significant risk of
developing the disease. After intake, it is partially metabolized in the liver and both
tamoxifen and a series of metabolites are excreted. Hydroxylation plays a key role in
the metabolism, and therefore hydroxylated metabolites such as 4-hydroxy-tamox-
ifen and endoxifen are excreted. After excretion, tamoxifen and metabolites enter the
sewer system via hospital and domestic sewage, and since they are not totally
removed in the conventional wastewater treatment plants (WWTPs), they are further
discharged into natural water bodies. In fact, several studies have reported the
presence of this compound in hospital and urban wastewater effluents as well as in
surface waters at concentration levels of ng/L. The presence of this drug in the
aquatic environment may be considered as a threat to organisms due to its known
toxicity, endocrine disruption effects, and bioaccumulation potential. In this chapter,
the occurrence of tamoxifen, and its metabolites, in water bodies is reviewed and its
transformation in non-conventional wastewater treatments as well as its environ-
mental risk is evaluated.
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4.1 Introduction

In the last decades, pharmaceutical compounds have become a concerning group of
emerging pollutants according to a large number of studies (Ebele et al. 2017;
Ferrando-Climent et al. 2014; Johnson et al. 2008; Pereira et al. 2017; Petrie et al.
2015; Sangion and Gramatica 2016; Sui et al. 2015; Vasquez et al. 2014). Pharma-
ceutical compounds are substances specifically designed to exert target effects in the
human body, but still a lot of research is being performed to know how these
substances can affect other non-targeted organisms in the natural environment as
well as their indirect impact on human health. Among the different groups of
pharmaceutical compounds, special attention deserves the group of chemotherapeu-
tic drugs, compounds employed in the treatment of cancer diseases. They are known
as anticancer drugs and have been shown to exert remarkable cytotoxic, genotoxic,
mutagenic, carcinogenic, endocrine disrupting, and/or teratogenic effects in several
organisms. These effects are intended for cancer treatment since they are mainly
designed to disrupt or prevent cellular proliferation, usually interfering in processes
as relevant as DNA synthesis. However, such hazardous substances entering the
environment can pose a serious threat to non-target organisms.

Even with the chemotherapy treatments being administrated mainly at hospital
facilities, it is usual that patients leave the hospital just few hours after receiving the
treatment. Additionally, there are types of cancer such as prostate cancer whose
treatments are delivered in ambulatory facilities or even at home. This means that
anticancer drugs, their metabolites, and related compounds (biomarkers, etc.) are
excreted by humans via hospital and also by domestic wastewaters, being the
immediate recipient of the urban sewage system. It is worth noting the sometimes
underrated role of veterinary facilities when assessing the point sources of these
kinds of substances to the environment. These premises are also a relevant source of
anticancer drugs since most of these drugs are frequently used in veterinary appli-
cations, mainly in the treatment of cancer in dogs and cats (Withrow et al. 2012).

Pharmacokinetics is also important when it comes to assessing the products that
might eventually enter the environment. When patients follow a medicinal treatment,
they are administered the active pharmaceutical ingredient (API) and excipients.
However, patients rarely excrete only the unmodified drug. Instead, they excrete a
blend of APIs and metabolites. Thus, a comprehensive and thorough screening on
the occurrence of pharmaceutical compounds in the environment should not only
address the presence of the target compound but shall also include a set of plausible
metabolites and transformation products (TPs). Currently, there is still a gap in
knowledge about the occurrence and fate of anticancer drugs in the environment.
This becomes even more relevant if it is taken into consideration that the consump-
tion of this kind of substances has been increasing, and in the near future a further
increase on the consumption trend is foreseen due to the growth in the number of
cancer patients. To properly assess the increasing environmental and human risk of
anticancer drugs in the environment, more information needs to be gathered about
their presence, toxicity, bioaccumulation properties, and persistence. The fact that
most of these drugs are transported through the sewage and the evidence of the
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presence of these compounds in water bodies indicate that the current wastewater
treatment plants (WWTPs) are not efficient in their removal, and therefore there is a
clear need for the development of improved water treatment schemes.

Among the different anticancer drugs employed nowadays, special attention
deserves tamoxifen (TAM). TAM was initially referred to as an anti-estrogen
since it blocks estrogen receptors in breast tissue, thus reducing the effects caused
by estrogen. However, TAM also acts as an agonist for estrogen receptors in certain
regions of the body such as the endometrium, liver, and bone; thus, it was classified
as a selective estrogen receptor modulator (SERM) (Mikelman et al. 2017). This
substance has been very frequently employed to treat breast cancer, and as a
prophylactic measure in women with a significant risk of developing that disease
(DellaGreca et al. 2007). TAM is released in the sewer system through hospitals
and/or domestic wastewater. The substance has been reported to exhibit a poor
biodegradability in regular wastewater treatment plants and, therefore, is just poorly
removed from sewage water (Ferrando-Climent et al. 2015; Ferrando-Climent et al.
2014). Due to its poor removal, TAM was already detected in the effluents from the
wastewater treatment plant, a vector to enter the environment (Ferrando-Climent
et al. 2013; Ferrando-Climent et al. 2014; Kosjek and Heath 2011; Negreira et al.
2013).

To date, several studies have pointed out also the occurrence of this compound in
hospital effluents and in surface water in concentrations ranging from 21 to 200 ng/L
(see Table 4.1). The presence of this drug in the aquatic environment is of special
concern due to its known toxicity, endocrine disruption effects, and bioaccumulation
potential (Jean et al. 2012). Besides, recent studies have revealed that the occurrence
of TAM with other anticancer drugs in real water samples provokes a toxic effect of
the cocktail higher than the contribution of the individual toxicity in a synergistic
manner (Mater et al. 2014).

The occurrence of TAM in environmental water bodies indicated the inefficient
performance of the existing WWTPs. Therefore, there is a need to develop alterna-
tive water treatment techniques and/or upgrade the existing ones. Tertiary treat-
ments, such as chlorination of the final effluent, advanced oxidation processes
(AOP), and/or the use of non-conventional bioprocesses may contribute to the
enhancement of the overall removal of TAM from wastewater.

The objective of this chapter is to review the occurrence of TAM and its TPs in
the environment, assess the performance of non-conventional water treatment tech-
nologies available nowadays, and provide a risk assessment of the discharge of this
substance to water bodies.

4.2 Occurrence of Tamoxifen and Its Human Metabolites

A total of 16 studies published between 2004 and 2017 are listed in Table 4.1, which
represents information about the levels of TAM and TPs found in different types of
water (wastewater, surface water, and groundwater), as well as information about the
country where the study was conducted and the analytical method applied. Studies
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have been performed all over the world, where Spain with nine published papers is
the country providing most of the data available on TAM occurrence in the envi-
ronment, followed by the UK with two studies. In other countries, such as Sweden,
France, Germany, the Netherlands, Norway, Slovenia, China, and Japan, only one
study was published. TAM has been measured both in hospital and urban raw
wastewaters in seven and nine studies, respectively. Values found in both types of
wastewater effluents were similar, ranging from low ng/L up to a maximum of
970 ng/L in hospital wastewater (Ferrando-Climent et al. 2015) and 147 ng/L in a
WWTP influent (Negreira et al. 2014), both in Spain. In some of the studies
(Table 4.1), special attention was paid to the efficiency of a conventional WWTP
in terms of removal of this compound (Azuma et al. 2016; Ferrando-Climent et al.
2015; Isidori et al. 2016; Negreira et al. 2014). Based on the data collected, TAM can
be classified as a recalcitrant compound because it is poorly removed in WWTPs
where its concentrations remain almost unaltered. Moreover, eight studies report the
occurrence of TAM in natural environment; six consider surface water, and only two
provided information for groundwater. Values of TAM in these natural waters were
quite similar and even higher than those found in treated wastewater: up to 533 ng/L
of TAM was detected in surface waters in Japan (Azuma et al. 2016) and up to
223 ng/L in groundwaters in Spain (López-Serna et al. 2013). This can be attributed
to other sources of pollution besides WWTP, such as farms and veterinary hospitals
discharge since TAM is used for hormonal treatment in such facilities (Papich 2016).

The occurrence and fate of TAM in the whole water cycle (i.e., in hospital
wastewater, influent and effluent wastewater of an urban WWTP, and surface waters
receiving its effluents) have been evaluated in two occasions—in Spain (Ferrando-
Climent et al. 2014) and Japan (Azuma et al. 2016). Their findings suggest the
importance of upgrading or complementing the current treatment methodologies in
WWTPs in the future in order to reduce the environmental risk that contaminants
such as TAM can pose.

Not only prescribed pharmaceuticals but also their metabolites can access the
sewage system and, after incomplete removal in WWTP, the natural environment
too. In addition, both parent compounds and metabolites can be further transformed
by abiotic and biotic processes in the natural environment. TAM metabolites have
thus attracted the interest of researchers lately although only few studies have
reported its presence in the environment. The study of Ferrando-Climent et al. was
the first one reporting the detection of the metabolite 4-hydroxy-tamoxifen
(OH-TAM) and 4,4-dihydroxy desmethyltamoxifen (endoxifen) in wastewater
(Ferrando-Climent et al. 2013).

Negreira et al. (2014) measured OH-TAM and also 4-hydroxy-N-
desmethyltamoxifen (OH-D-TAM) in WWTP effluents at a concentration slightly
lower than TAM itself. Isidori et al. (2016), also detected both metabolites in hospital
and urban wastewaters in Spain and Slovenia, though OH-D-Tam was detected at
the highest concentration (up to 75 ng/L in WWPT influents in Spain) (Isidori et al.
2016). OH-Tam was also detected in wastewaters in Japan although in this case
levels in treated wastewater were as high as in the raw wastewater (Azuma et al.
2016).
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In all the analytical methods (Table 4.1), TAM and TPs were analyzed together
with other contaminants of emerging concern such as other cancer drugs. All of the
multi-residue methodologies performed the pre-concentration of the target com-
pounds by means of solid phase extraction (SPE), where OASIS cartridges were
mostly used, followed by STRATA X and PLRP-s. The latest SPE cartridges
mentioned here were used in four methodologies, where SPE was coupled on-line
to LC-MS instruments (Table 4.1). TAM and metabolites were analyzed in all cases
by liquid chromatography coupled to a mass spectrometry system.

4.3 Conventional and Non-Conventional Technologies:
Transformation Products

Most of the urban wastewater treatment plants operating nowadays were designed to
remove organic matter (that may cause oxygen depletion in the receiving water
bodies), as well as to reduce the content on nutrients such as nitrogen and phospho-
rous (that can lead to eutrophication processes). As previously discussed, after the
intake and metabolizing of the pharmaceuticals, regularly they are flushed by the
toilet and get into the urban sewage, where they are transported to the WWTP. In
some cases, they are successfully degraded in the conditions of the treatment plant or
undergo sorption processes into different fractions, such as the sludge, that contrib-
ute to their overall removal from water (Blair et al. 2015; Gottschall et al. 2012;
Musson and Townsend 2009). The scarce literature available to date points out that
anticancer drugs have in most cases very low or even no biodegradability in the
conventional activated sludge technology (Kosjek and Heath 2011; Kümmerer and
Al-Ahmad 1997; Kümmerer et al. 1997; Lenz et al. 2007). Since they are not
efficiently removed from the wastewater, these substances can reach the environ-
ment, which acts as a final sink of urban sewage effluents.

Based on the limitations of conventional wastewater treatments to remove anti-
cancer drugs and other recalcitrant micropollutants, different technologies and
strategies for their removal are currently being studied. Tertiary treatments (placed
after the regular biological processes employed in WWTPs) can contribute substan-
tially to decontamination of the waste effluent when the biological treatment alone is
unable to remove efficiently micropollutants load (Metcalf and Eddy Inc 2003). In
fact, the objective of tertiary treatments is usually improving the quality of the
effluent before being discharged into the aquatic environment, particularly when it
is released into a highly sensitive or fragile ecosystem (estuaries, low-flow rivers,
coral reefs, etc.). There are many types and combinations of tertiary treatment
processes which can be used in a WWTP. Among them, disinfection is one of the
most widely used and is usually placed at the end of the process, with the goal of
substantially decrease the microbiological load in the wastewater prior to its dis-
charge to the environment.
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Among the most extensive disinfection methods existing nowadays, those
employing chlorination are the most frequent. Chlorination of the final effluent has
been largely used for inactivating or destroying pathogens right before the effluent is
disposed of in the recipient water body. In water, the speciation of chlorine is pH
dependent (Fig. 4.1). The most relevant species at circumneutral pH is the
hypochlorous acid (HClO), which is responsible for most of the reactions that take
place with organic matter. The hypochlorite anion in water establishes equilibrium
between different active chlorine species, mainly chlorine (Cl2), hypochlorous acid
(HClO), and hypochlorite ClO�. The amount of each species is strongly dependent
on physico-chemical parameters of the solution such as temperature and ionic
strength.

Hypochlorous acid exhibits high selectivity towards organic micropollutants, and
its reactivity is usually restricted to limited sites (reducing, nucleophilic, and unsat-
urated sites) (Deborde and von Gunten 2008). The reactivity of TAM and their
relevant metabolites, 4-hydroxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen,
in free chlorine-containing water was explored by Negreira et al. (2015). The authors
found that TAM was just poorly transformed under the applied chlorination condi-
tions. However, the two main metabolites, 4-hydroxy-tamoxifen and 4-hydroxy-N-
desmethyl-tamoxifen, were rapidly degraded, each one yielding seven chlorinated
byproducts. The authors concluded that the byproducts found can be also formed
under the chlorination conditions regularly employed for disinfection purposes as
tertiary treatment. An additional QSAR assessment of the potential aquatic toxicity
indicated that the toxicity of the by-products increased in respect to the parent
compounds (TAM and its major active metabolites, 4-hydroxy-tamoxifen and
4-hydroxy-N-desmethyl-tamoxifen).
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Non-conventional biological treatments such as those based on the use of white
rot fungi (WRF) have also been evaluated for the degradation of pharmaceutical
compounds with promising results. WRF such as Trametes versicolor have shown
an excellent biodegradation capacity towards recalcitrant or relatively inert com-
pounds, making them good candidates to be assessed in future bioremediation
schemes. The success of these type of microorganisms is connected to their
unspecific oxidative enzymatic system, which includes lignin-modifying enzymes,
especially laccases and peroxidases, but also to their intracellular enzymatic com-
plexes (e.g., cytochrome P450) (Asgher et al. 2008). Among the different set of
chemical reactions that might be involved in the biotransformation of pharmaceuti-
cal compounds by these microorganisms, especially relevant are hydroxylation,
formylation, deamination, and dehalogenation (Harms et al. 2011). The removal of
TAM from hospital wastewater using the WRF T. versicolor has been previously
studied and discussed by Ferrando-Climent et al. (2015). The authors found out that
TAM was completely removed from wastewater through a combined sorption-
biodegradation process. The authors also identified the formation of two compounds,
belonging to two hydroxylated positional isomers. TAM and their TPs showed no
toxicity towards bacteria V. fischeri at the concentrations employed in the authors’
experimental set.

In addition to the aforementioned techniques, other water treatment approaches
based on advanced oxidation processes have been extensively evaluated for the
removal of organic pollutants in order to achieve better water quality. These pro-
cesses refer to a set of chemical treatment procedures designed to remove organic
(and occasionally inorganic) substances from water and wastewater by oxidation
through reactions with hydroxyl radicals (•OH). AOPs have demonstrated their
effectiveness not only for disinfection purposes but also for the removal of a large
number of compounds, becoming useful tertiary treatment in wastewater treatment
plants (Klavarioti et al. 2009). Hydroxyl radicals are very reactive and short-life
oxidants species (10 μs at a 10�4 M concentration), which act in a non-selective way
(von Gunten 2003a, b). The formation of •OH radicals is a very complex process,
which can take place according to a variety of different reaction mechanisms.
However, these radicals need to be generated on site in order to drive oxidation/
reduction reactions with the organic molecules present in wastewater. Hydroxyl
radicals might be generated by using different treatments such as ultraviolet radia-
tion/hydrogen peroxide (UV/H2O2), ozone/hydrogen peroxide (O3/H2O2), ultravio-
let radiation/ozone (UV/O3), Fenton’s process (Fe(II)/ H2O2), titanium dioxide/
ultraviolet radiation (TiO2/UV), etc. In the case of ozone-based processes, the
disintegration of ozone in water produces •OH radicals, with higher oxidation
potential than ozone itself.

The mixture of the different radical species presented above and their intrinsic
reactivity towards organic matter leads normally to a set of transformation routes that
end up in a cocktail of oxidized TPs. So far, scarce are the studies that have evaluated
the potential removal of anticancer drugs by AOPs (Chen et al. 2008; DellaGreca
et al. 2007; Zhang et al. 2013).
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Ferrando-Climent et al. (2017) have reported the degradation of TAM from an
environmentally relevant concentration (100 μg L�1) under different AOP schemes
including (i) O3, (ii) O3/UV, (iii) O3/H2O2, (iv) UV, and (v) UV/H2O2. The authors
identified three reaction pathways that lead to eight TPs from the exposure of TAM
to different AOPs. Despite the fast degradation of TAM noticed, a general increase
in the toxicity of the effluent in the time-course experiments was observed. As in the
case of Negreira et al. (2015), when exploring the transformation of TAM under
chlorination conditions, Ferrando-Climent et al. (2017) pointed out the same para-
mount conclusion in their TAM-AOP study: despite the pollutant is successfully
removed, some other compounds with higher toxicity are generated along the
treatment. Such a statement should be extrapolated to future studies of
micropollutants degradation in terms of a thorough and comprehensive appraisal
of the environmental risk.

Although the processes aforementioned—AOP and the non-conventional biolog-
ical treatment—also have other purposes besides the removal of micropollutants,
both of them may nowadays be implemented in the existing WWTPs (Fig. 4.2). The
most frequent configuration, which is already in use in several WWTPs, involves
placing the AOPs after the biological process as a tertiary treatment (Fig. 4.2). A
second potential configuration would involve substituting the conventional biolog-
ical treatment, based in activated sludge, by a non-conventional biological process
(MBR, fungi, algae, and/or consortium of microorganisms). In the third option of
configuration, the activated sludge process of the regular scheme of the WWTP
would be upgraded using sequential changes of microbial community composition
installing sequential bioreactors. In this approach, another bioreactor (based on
non-conventional biological process) would be installed right after the secondary
clarifier (Fig. 4.2; Sarkar et al. 2016). Other possibilities might involve placing the
AOP units right after the primary clarifier and before the biological treatment
(Fig. 4.2). All the configurations described could improve the biodegradability of
micropollutants (Mark M. Benjamin and Lawler 2013).

4.4 Environmental Risk Assessment

As it has been described in this chapter, TAM may be released into the environment
through various waste streams, usually through sewage system. Different types of
sources should be considered: (i) indirect sources such as the down-the-drain
releases from patients using the pharmaceutical for cancer therapy (domestic, ambu-
latory, and hospital facilities), (ii) the incorrect disposal of unused drugs into
household wastewater, (iii) veterinary facilities, and (iv) direct sources such as the
released during manufacture or formulation. However, there is no information
available regarding concrete discharges of TAM from manufacturing or formulation
as well as there is no sufficient data to estimate the potential output of TAM from
research facilities (basic research applications). It is expected, based on
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concentrations typically used for research purposes, that this is not a considerable
source of TAM in water (Environment and Climate Change Agency of
Canada, 2015).

Generally, to estimate the environmental risk of a pharmaceutical drug in it is
only the aquatic compartment which is an object of the attention, since human
medicines may be excreted partly or wholly unchanged by patients, and subse-
quently enter into the aquatic system (sewage and later surface waters). In the case
of TAM, the particularly high value for the partition coefficient (logP between 6 and
6.5) leads to the thinking that the pharmaceutical compound can be mostly found in
the solid and/or particulate phase. However, the partition of TAM regardless or not
of the presence of solids in the water (wastewater or natural waters) has never been
studied.

Eventually, the environmental risk of pharmaceuticals is assessed by the param-
eter risk quotient (RQ). The RQ is calculated as the ratio between the predicted
environmental concentration (PEC) of the substance in the aquatic environment and
the predicted no effect concentration (PNEC), i.e., the concentration, based on the
available test results, predicted to cause no effect on the organisms living there.
Usually, a “worst-case” risk quotient is presented and as such our PEC information is
based on the European country with the highest per capita use (Astra Zeneca
datasheet). Three categories according to the RQ are draft out:

– PEC/PNEC � 0.1: Use of the substance has been considered to result in insig-
nificant environmental risk.

– 0.1 < PEC/PNEC � 1: Use of the substance has been considered to result in low
environmental risk.

– 1 < PEC/PNEC � 10: Use of the substance has been considered to result in
moderate environmental risk.

– PEC/PNEC > 10: Use of the substance has been considered to result in high
environmental risk.

The RQ for TAM based on PEC values resulted in an insignificant environmental
risk for several species (Astra Zeneca; Environmental risk assessment data; Tamox-
ifen 2012). However, when the RQ was assessed by other authors using the
measured environmental concentration (MEC) instead of the PEC values, low or
moderate environmental risk was found for some trophic levels in different countries
(Ferrando-Climent et al. 2014; Orias et al. 2015).

Ferrando-Climent et al. (2014) found that TAM poses a potential hazard to the
aquatic environment since it cumulates several risk factors for aquatic ecosystems:
(i) RQ > 1 for some trophic levels, (ii) proved toxicity, (iii) suspected endocrine
disruption effects, and (iv) high bioaccumulation potential. TAM showed RQ
values: (i) below 1 for species belonging to different trophic levels such Acartia
tonsa or the Rainbow trout gonad, (ii) from 1 to 100 for the Pimephales promelas
fish, and (iii) from 10 to 100 for S. capricornutum microalgae (Ferrando-Climent
et al. 2014). On the other hand, Orias et al. studied the RQ for TAM in surface waters
of several countries (Spain, China, United Kingdom, and France) using the measured
environmental concentration already reported by several authors. RQ values higher
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than 1 were found in river samples from the UK and China (Orias et al. 2015). The
data available concerning the RQ of TAM remains, however, limited due to the
scarcity of data regarding environmental concentrations compared to other pharma-
ceutical residues, such as diclofenac, ibuprofen, etc.

Additionally, it should be highlighted that the calculation of the PEC does not
take into account indirect ecotoxicity linked to bioaccumulation (Orias et al. 2015),
and TAM has been found to be highly bioaccumulative and poorly biodegradable
(Jean et al. 2012). When it comes to the environmental risk of the TPs or metabolites
of TAM, there is no information available since very few studies have reported their
environmental concentrations as well as no ecotoxicological assessment has been
performed yet. However, some studies point out that the TPs from TAM seems to be
more toxic than the TAM itself (Besse et al. 2012).

4.5 Conclusions

TAM can pose a potential risk to the aquatic environment. The transformation of this
substance after intake and excretion as well as its transformation into different
products should be taken into account to have accurate information about the
occurrence of this substance in the environment.

Improved water treatment schemes are required to achieve better quality stan-
dards in the effluents of wastewater treatment plants. A holistic approach, far beyond
the assessment of the removal of the target compound, is needed. Special care should
be taken when choosing a tertiary treatment since the formation of TPs could lead to
an overall increase of the toxicity of the effluent. Extensive chemical characterization
of the effluent along with ecotoxicity evaluation is desirable and recommended.
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Chapter 5
Chlorination By-Products of Anticancer
Drugs

Juan Carlos Guillen, Božo Žonja, and Miren López de Alda

Abstract Cytostatic drugs and their metabolites enter the aquatic environment
mainly through the excretion of urine and faeces from chemotherapy patients into
the public sewer system and can eventually reach tap water if they are not properly
eliminated during waste and drinking water treatment processes.

Chlorine is globally the most used chemical disinfectant in wastewater treatment
plants as well as in the pretreatment of hospital effluents prior to their discharge into
the public sewage system, mostly because of its low cost. Since aqueous chlorine is
not capable of complete mineralization of many anthropogenic compounds, numer-
ous disinfection by-products may be formed due to oxidation/substitution reactions.
Such reactions can happen during wastewater treatment processes and due to the
discharge of chlorinated waters (e.g., tap water) or bleach into the sewage system.
Very little is also known about their potential transformation into other chemical
species, which might be even more toxic than the parent drugs.

In recent years, several studies have demonstrated that anticancer drugs can yield
a series of by-products when they come in contact with aqueous chlorine. Under-
standing the chemical fate of these by-products is an important first step to under-
stand their environmental significance. Therefore, the main aim of this chapter is to
comprehensively review the existing literature on the reactivity of anticancer drugs
in the presence of free chlorine and the formation of their by-products.

Keywords Cytostatic residues · disinfection by-products · transformation products ·
chemotherapy agents · water treatment
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5.1 Introduction

Cytostatic drugs are pharmaceuticals which have been widely used for chemother-
apy. Due to their mutagenic, cytotoxic, and teratogenic properties, more and more
concerns have been expressed regarding their occurrence in the environment (Ferk
et al. 2009, Zounkova et al. 2010). They have been often detected in the aquatic
environment at sub-ng L�1 levels, which is low in terms of an immediate threat, but
chronic exposure can have delayed toxic effects due to their interference (direct or
indirect) with the DNA (Elersek et al. 2016, Isidori et al. 2016, Kosjek and Heath
2011). As all pharmaceuticals, cytostatic drugs and their metabolites are excreted
from the human body via urine and faeces. Hospital effluents are rarely pretreated
prior to their discharge into the public sewer system and are thereby considered
potential hotspots (Zhang et al. 2013). From there, and through the sewage system,
they end up in wastewater treatment plants (WWTPs) and if not properly removed
ultimately in the environment.

Cytostatic pharmaceuticals can be transformed by abiotic processes in engineered
systems like (waste) water treatment processes. These processes include, but are not
limited to, ozonation, degradation with UV/H2O2, or chlorination/chloramination.
On the other hand, in the natural environment, they can be transformed either by
hydrolysis or they can be degraded as the result of sunlight-induced
photodegradation. However, the degradation and transformation of pharmaceuticals
do not necessarily mean that they will lose their pharmacological activity (Zhu et al.
2015).

In the WWTPs and in drinking water facilities and hospital effluents, it is
common to use chlorination as a disinfection process which uses either chlorine,
chloramines, or chlorine dioxide as oxidant reagents. This is generally considered a
water disinfection engineered process, but the high usage of chlorine-based
chemicals such as sodium hypochlorite (liquid bleach; NaOCl) in hospitals can
also lead to the formation of chlorination by-products in hospital effluents as they
do not have a specifically designed treatment. Once in wastewater, chlorine disin-
fectants can react with the present organic matter and, thus, form organochlorine
compounds. One of the compounds group of concern are halogenated organic
compounds absorbable on activated carbon (AOX), which are persistent in the
environment and were shown to exhibit toxic effects towards aquatic organisms
(Emmanuel et al. 2004). Chlorine is the most widely used chemical oxidant for the
disinfection of drinking water mainly due to its relatively low cost. In drinking water
treatment, chlorination is performed in order to limit the growth of heterotrophic
organisms in the distribution systems. It is used for both initial pre-treatment, to start
initial disinfection, and post-treatment (Deborde and von Gunten 2008).

For water treatment, both gaseous chlorine and hypochlorite are typically used.
When dissolved in water, both gaseous chlorine and hypochlorite form a weak
hypochlorous acid. This acid can partially dissociate to form hypochlorite ions.
However, the presence of one or the other species (hypochlorous acid vs.
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hypochlorite ion) is pH dependent (Lopez et al. 2001). Both species can react with
organic micropollutants, but hypochlorous acid is the dominant reactive species
during chlorination (Deborde and von Gunten 2008). As reported by Deborde and
von Gunten (2008), reactions of hypochlorous acid with organic compounds occur
via three transformation pathways: (i) oxidation reactions; (ii) addition reactions to
the unsaturated bond; and (iii) electrophilic substitution reactions. Having these
pathways in mind, they concluded that the hypochlorous acid has high selectivity
towards organic compounds. However, aqueous chlorine is a mild oxidant and it
cannot completely mineralize organic contaminants. Consequently, various
by-products can be formed as a result of oxidation, addition, or substitution reac-
tions. The by-products formed in the disinfection process can sometimes be even
more toxic than their parent compounds (Bedner and MacCrehan 2006), or can form
highly toxic so-called disinfection by-products (DBPs) (Richardson 2005). Such
example is the formation of the most genotoxic and cytotoxic DBPs known (iodo-
DBPs) during treatment with chlorine (or monochloramine) from the, generally
non-toxic, iodinated X-ray contrast media (ICM) (Duirk et al. 2011, Plewa et al.
2004, Postigo and Richardson 2014, Richardson et al. 2008). Many DBPs are
formed as a result of chlorine interaction with natural/dissolved organic matter
(NOM). They can also be easily formed from micropollutants like pharmaceuticals,
since many of them have activated aromatic rings that can react with oxidants like
chlorine (Postigo and Richardson 2014). Some of the recent examples include
antibiotics like sulfamethoxazole (Dodd and Huang 2004, Huang et al. 2008), the
anti-inflammatory drug diclofenac (Quintana et al. 2010, Soufan et al. 2012), the
lipid regulator gemfibrozil (Bulloch et al. 2012, Krkošek et al. 2011), antacids like
cimetidine (Buth et al. 2007) or antineoplastics like etoposide (Negreira et al.
2015a), erlotinib (Negreira et al. 2015b), tamoxifen (Negreira et al. 2015c) or
vinca alkaloids (Negreira et al. 2016).

As alternatives to chlorination, chloramine and chlorine dioxide are also used for
wastewater disinfection. Chloramination is an alternative to chlorination because it
rather inhibits the formation of trihalometanes (THMs) and haloacetic acids (HAAs)
(Krasner et al. 2013). However, it has been reported that it is directly linked with the
formation of carcinogenic nitrosamines like N-nitrosodimethylamine (NDMA).
Much like the case of chlorination, these species are formed from natural organic
matter precursors or micropullutants. Several studies have shown that pharmaceuti-
cals that contain dimethylamine groups can produce NDMA under chloramination
(Postigo and Richardson 2014, Richardson et al. 2007, Richardson and Ternes
2011). Some comprehensive studies aiming at identifying precursors which contain
the dimethylamine group and can form NDMA have reported that the antacid
ranitidine (out of many) has a strong potential to form NDMA via nucleophilic
substitution (Le Roux et al. 2011, Shen and Andrews 2011). Finally, chlorine
dioxide tends to form fewer halogenated DBPs. As a result, when pharmaceuticals
are exposed to chlorine dioxide, the majority of by-products which are formed are
the result of oxidation and not halogenation (Postigo and Richardson 2014).
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5.2 Chlorination of Cytostatic Drugs

5.2.1 Etoposide

Etoposide is a semisynthetic derivative of podophyllotoxin that exhibits antitumor
activity. It is used in combination with other chemotherapeutic agents in the treat-
ment of refractory testicular tumours, as the first-line treatment in patients with small
cell lung cancer, and to treat other malignancies such as lymphoma,
non-lymphocytic leukaemia, and glioblastoma multiforme (DrugBank-Etoposide).

Chlorination of etoposide was reported and described in detail by Negreira et al.
(2015a). They found that etoposide reacted very quickly in water containing free
chlorine. This led to the formation of two oxidation by-products in a few seconds.
They were identified by ultra-high performance liquid chromatography (UHPLC)
coupled with high-resolution hybrid quadrupole-Orbitrap tandem mass spectrometry
(Fig. 5.1). Additionally, it was seen that reaction rates were pH-dependent and
depended on the concentration of free chlorine in the water sample and the type of
matrix. At slightly acidic pH (6), the reaction was much more favourable than at
neutral (7) to basic (8) pH. Etoposide (empirical formula C29H32O13) transforms
primarily to DBP1 (C28H30O13) as the main by-product in reactions conditions when
free chlorine is not in excess. However, in the presence of excess chlorine, DBP1 is
quickly degraded to DBP2 (C26H26O13), whose concentrations remain constant
throughout.

The main by-products of etoposide are shown in Fig. 5.1, together with their
corresponding fragmentation patterns. MS/MS fragmentation of the first by-product
(called DBP1) yielded fragments similar to that observed for the parent compound—
etoposide. In more details, both etoposide and its DBP1 lose the glycoside ring
together with the formation of a double bond in the central molecule. This is
followed by the cleavage of the lactone ring with the corresponding loss of the
carboxyl group. Finally, the methyl group that remained attached to the molecule
after the lactone ring break-up is lost. By studying the fragmentation pattern, the
authors saw that neither the DBP1 nor the DBP2 contained chlorine in their
structure. The first by-product was formed as a result of demethylation in one of
the anisol groups of the etoposide leading to the corresponding phenol. The second
by-product (DBP2) is suggested to originate from double demethylation plus the
lactone ring opening, generating the corresponding carboxylic acid (Negreira et al.
2015a). In this case, the authors identified the first by-product at the highest level of
identification confidence (Schymanski et al. 2014) since it was possible to purchase
the original standard of this by-product. This by-product had been identified previ-
ously as a human metabolite. This is not uncommon for environmental by-products
(Osorio et al. 2014, Zonja et al. 2014, Zonja et al. 2016). The DBP1, 30-O-
demethyletoposide, confirmed with a commercial standard, was identified as a
metabolite of etoposide in human plasma and urine by Cai et al. (1999).

The analysis of etoposide and its by-product DBP1 in various real water samples
by on-line SPE-LC-MS/MS confirmed the presence of the by-product in one raw
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Fig. 5.1 Accurate MS/MS spectra and fragmentation pattern of etoposide (ETP) and its
by-products DBP1 and DBP2. (Reproduced from Negreira et al. (2015a) with permission of
Elsevier. The name abbreviations of the by-products were changed from original BP to DBP in
order to have the same nomenclature in the chapter text)
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wastewater sample at 33 ng L�1 and in several river waters at 14–31 ng L�1, whereas
etoposide was not detected in any sample. Although this by-product of chlorination
is a known minor human metabolite of etoposide, it was not possible to undoubtedly
demonstrate the process involved in its formation (human metabolism vs. chlorina-
tion) (Negreira et al. 2015a).

5.2.2 Erlotinib

Erlotinib hydrochloride is a drug used to treat non-small cell lung cancer, pancreatic
cancer, and several other types of cancer (DrugBank-Erlotinib). Chlorination of
erlotinib was also investigated and described in detail by Negreira et al. (2015b).
In initial experiments, when the reaction was performed in ultrapure water, erlotinib
was almost completely degraded after 1 h in the presence of free chlorine. But in
experiments using real wastewater, it showed a much lower degradation yield, most
likely, due to the competition between erlotinib and the organic matter of the sample
for chlorine (Negreira et al. 2015b).

The authors used a commonly used screening approach which allowed the
detection of 19 by-products. MS/MS fragmentation was the starting point used in
the identification of the by-products of erlotinib by comparing the fragmentation
pattern of the parent compound and the by-products detected.

Among the detected by-products, six compounds, which are shown in Figure 5.2
(DBP-428A, DBP-428B, DBP-428C, DBP-444, DBP-462A, and DBP-462B),
corresponded to chlorinated derivatives of erlotinib. In all cases, the presence of
chlorine atoms was confirmed by the existence of the characteristic chlorine isotopic
pattern (Negreira et al. 2015b).

As can be seen from Fig. 5.2, DBP-428A (m/z 428.1371), DBP-428B (m/z
428.1370), and DBP-428C (m/z 428.1368) corresponded to three isomers of
mono-chlorinated erlotinib. Their MS/MS spectra showed identical fragmentation
patterns for DBP-428A and DBP-428B, suggesting a closer structural relationship
between these two isomers, which was also supported by the closer elution of both
compounds. The authors likewise reported that the exact position of chlorine in the
ring could not be determined on the basis of their MS/MS spectra. But when they
considered the presence of the ortho-/para- director groups amino and ethynyl, they
concluded that the electrophilic aromatic substitution was likely to occur in ortho- to
the amino and to the ethynyl moieties (position 2), in ortho- to the ethynyl and para-
to the amino groups (position 4), and/or in ortho- to the amino and para- to the
ethylnyl groups (position 6).

Other two by-products, DBP-462A (m/z 462.0979) and DBP-462B (m/z
462.0977), matched the molecular formula of di-chlorinated derivatives of erlotinib,
but their intensities in the sample were low and the authors reported they were not
able to perform their MS/MS fragmentation. However, they did confirm their
presence by studying the full MS scan data, which showed the presence of two
chlorine atoms.
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As a general rule, it is important to note that erlotinib was transformed into new
products mainly via chlorination and hydroxylation reactions (Fig. 5.2).

In order to determine the kinetics of these reactions, time-course profiles of
formation of these by-products were monitored for over 8 h in chlorinated waste-
water samples. These experiments showed that these by-products can be formed
under typical wastewater disinfection conditions, and in this context the authors
stressed out the importance of the results generated since information on the
transformation pathway of erlotinib provides an overview of its fate in the aquatic
environment, and can therefore be used for further monitoring studies.

5.2.3 Tamoxifen

Tamoxifen is a selective estrogen receptor modulator (SERM) with tissue-specific
activity for the treatment and prevention of estrogen receptor positive breast cancer.
It is primarily indicated for the treatment of metastatic breast cancer in women and
men and ductal carcinoma in situ (DrugBank-Tamoxifen).

Chlorination of tamoxifen and its major active human metabolites, 4-hydroxy-
tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen, was also studied and described in
detail by Negreira et al. (2015c). Under chlorination conditions, the authors found
that tamoxifen was stable, whereas both studied human metabolites degraded rapidly
and were transformed into several chlorinated by-products.

In concordance with the lack of degradation observed for TAM, no DBPs could
be detected for the parent drug after the chlorination experiments, but several
potential DBPs were detected for its major metabolites, namely OH-TAM and
OH-D-TAM.

In total, seven OH-TAM by-products were identified (Figure 5.3).
The majority of the identified by-products had a characteristic chlorine isotopic

pattern. Out of them, three were mono-chlorinated derivatives, whereas the rest four
DBPs were di-chlorinated by-products. The identification of by-products was rather
simple due to the MS/MS similarities between the parent compound and the
by-products. However, it was not possible to determine the exact position of the
chlorine(s) on the molecule beyond any doubt. All by-products resulted as deriva-
tives of the parent compound either via hydroxylation or chlorination or both.
However, the authors presented plausible evidence that the substitution reactions
occurred in the phenolic ring. In addition to the substitution reactions which occurred
on the phenolic ring, N-demethylation was only observed for the DBP-440. This
suggested that the phenanthrene ring formed in DBP-454 might be involved in this
reaction.

As expected, OH-D-TAM had similar chlorination by-products as OH-TAM. In
total, seven DBPs were tentatively identified (Fig. 5.4). The majority of the
by-products identified had a characteristic chlorine isotopic pattern, where two
were mono-chlorinated derivatives and the remaining five DBPs were
di-chlorinated by-products. The identification of the by-products was rather simple,
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but, again, it was not possible to determine the exact position of the chlorine(s) on
the molecule beyond any doubt. All by-products resulted as derivatives of the parent
compound via either hydroxylation or chlorination or both. However, it was not
possible to always confirm the structure of the compounds since in some cases it was

Fig. 5.3 Proposed transformation pathway for OH-TAM in chlorine-containing water samples.
(Reproduced from Negreira et al. (2015c) with permission from Elsevier)
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not possible to acquire MS/MS spectra due to the low intensity of the protonated ion
[M+H]+ of the parent by-product.

The lack of reactivity of the parent drug (TAM) is structurally related when
compared to the reactivity of its human metabolites due to the presence of the
hydroxyl groups in the latter compounds. The presence of the hydroxyl group in
the position 4 of the phenyl ring of the metabolites acts as a strongly activating group
towards electrophilic aromatic substitution by donating electrons to the ring
(Negreira et al. 2015c).

In addition to the identification of the structure of the by-products, Negreira et al.
performed QSAR assessment of their potential aquatic toxicity (2015c). They

Fig. 5.4 Proposed transformation pathway for OH-D-TAM in chlorine-containing water samples.
(Reproduced from Negreira et al. (2015c) with permission of Elsevier)

96 J. C. Guillen et al.



discovered that by-products toxicity significantly increased in comparison with the
parent compound. Therefore, laboratory-based toxicity studies followed by the
assessment of the risk of these by-products in aquatic environments are a prudent
way to go.

5.2.4 Vinca Alkaloids

Vinca alkaloids are a group of indole-indoline dimers which are alkaloids obtained
from plants of the VINCA genus. They are the second-most-used class of anticancer
drugs (Moudi et al. 2013). These compounds are administered alone or in combi-
nation with other drugs to treat non-small cell lung cancer, breast cancer, bladder
cancer, lymphomas, and leukemia, among others (DrugBank-Vincas).

The chlorination of the vinca alkaloids vincristine, vinblastine, vinorelbine, and
its major active human metabolite, deacetyl vinorelbine, was investigated and
described in detail by Negreira et al. (2016).

Vinca alkaloids are comprised of two distinct parts, namely, the catharanthine
moiety and the vindoline moiety (Fig. 5.5). The only difference between vinblastine
(VBL) and vincristine (VCN) is that the former has a methyl group on the indole
nitrogen of the vindoline skeleton, while VCN has a formyl group instead. On the
other hand, vinorelbine (VRB) differs from VBL in the catharanthine subunit by the

Fig. 5.5 Structures of the four vinca alkaloids that were used for chlorination experiments in
Negreira et al. (2016)
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dehydration of the piperidine ring and the shortening of the bridge between C-90 and
N-60 by one carbon. The human metabolite deacetyl vinorelbine (dea-VRB) is the
result of the 4-O-deacetylation of VRB in the vindoline part of the molecule.

In total, 65 DBPs were tentatively identified in chlorinated ultrapure water for the
four parent compounds. Many of these DBPs were chlorinated derivatives (20 of
them were mono-chlorinated, eight di-chlorinated, and two tri-chlorinated com-
pounds) and, therefore, present a potential cause of concern.

Vincristine was found to be degraded in water containing free chlorine much
slower than the other vinca alkaloids studied. In addition, several by-products were
identified, but none of them was formed by incorporation of chlorine atoms in their
structures. This suggested that the degradation of VCN in the presence of free
chlorine proceeds only via oxidation reactions (Negreira et al. 2016).

In the case of vinblastine, 22 potential DBPs were identified with the most
abundant ones being products of hydrolysis. In addition, some of the by-products
detected were chlorinated compounds. These compounds had the lowest signal
intensities (if compared to all 22 detected by-products).

As for vinorelbine, a total of 17 potential DBPs were detected and tentatively
identified (Fig. 5.6). The most abundant by-product, DBP-383, was the result of
demethylation of the parent compound. Other formation reactions included hydrox-
ylation (DBP-392 (two isomers)). Out of the 17 DBPs, 11 were identified as
chlorinated compounds, but without revealing the position of the chlorine atom.
Out of these chlorinated derivatives, DBP-400 was the most abundant, formed as a
result of the replacement of one hydrogen by one chlorine atom followed by
demethylation. The three isomers of DBP-400 corresponded to the loss of the methyl
group in different positions of the molecule or different positions of the chlorine
atoms.

Finally, in the case of deacetyl vinorelbine, the authors were able to detect and
tentatively identify 20 by-products. Among them, up to 13 were found to contain
chlorine in their structure. The most abundant by-product, DBP-379, was formed as
a result of chlorination in ortho- position to the methoxy group of the parent
dea-VRB, followed by additional demethylation (Negreira et al. 2016). In a similar
way to VRB, oxidation in ortho- to the nitrogen atom on the piperidine ring on the
catharanthine moiety and chlorination in a double bond led to its corresponding
by-product. All in all, similar by-products were detected when compared the chlo-
rination of VRB and dea-VRB, with the difference of one acetyl group which VRB
losses as part of its human metabolism.

Due to the high number of mono-chlorinated, di-chlorinated, and tri-chlorinated
compounds detected in the laboratory experiments, additional studies are necessary.
It would be necessary to assess the occurrence of these novel DBPs in the aquatic
environment and to evaluate their potential (cyto)toxic effects (Negreira et al. 2016).
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5.3 Conclusions

Disinfection processes like chlorination applied to waste and drinking waters can
lead to the formation of numerous halogenated and non-halogenated by-products of
the contaminants present in the aquatic environment. Both kinds of by-products, but
especially the former, can represent a risk for the environment and human health.
This issue has been studied in the case of several contaminants of emerging concern
including pharmaceuticals. However, the particular group of pharmaceuticals used
as chemotherapy agents in the treatment of cancer has been very seldom investi-
gated, despite their recognised toxicity. The studies performed so far with etoposide,
erlotinib, tamoxifen, and vinca alkaloids have shown the formation of numerous
DBPs, some of which have been found to be present in real waste and surface waters
(e.g., the etoposide DBP 30-O-desmethyl etoposide). In addition, the application of
QSAR models for the risk assessment of the by-products, in some cases, e.g., in the
case of etoposide and tamoxifen, has shown greater toxicity for the by-products, if
compared to the parent compounds. Therefore, the performance of additional studies
with other anticancer drugs, first at the laboratory level, and then investigating the
presence of the identified by-products in the real world together with their potential
toxicity, appears necessary for appropriate risk assessment and protection of the
human and environmental health against this class of contaminants. To this end, the
information gathered in this type of studies as regards molecular formula and
accurate masses, if added to databases, should be very useful in future screening
methods.
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Chapter 6
Cytostatic Drug Residues in Wastewater
Treatment Plants: Sources, Removal
Efficiencies and Current Challenges

Lida Ioannou-Ttofa and Despo Fatta-Kassinos

Abstract The discharge of pharmaceutical compounds present in wastewater into
the aquatic environment has been a source of discussion and concern in scientific and
regulatory communities for the last decades. However, cytostatic drugs used in
chemotherapy have received less attention than other pharmaceuticals, despite the
fact that they may possess cytotoxic, genotoxic, mutagenic, carcinogenic, endocrine-
disrupting, and/or teratogenic effects toward several organisms. Hospital wastewater
effluents are the major source of cytostatic drugs, while also urban wastewater
effluents receive a substantial contribution of excreted drugs as the result of out-
patient’s treatment. Their removal efficiency during wastewater treatment processes
has been found to vary significantly, depending both on the compounds’ physico-
chemical properties and on the treatment process applied. In general, biological
processes do not achieve high removal efficiencies for these compounds, since many
of them are poorly biodegradable. Consequently, they are continuously released into
the aquatic and terrestrial environment at trace levels. However, there is still a lack of
knowledge regarding both their presence in the natural environment – which
depends on consumption patterns, the excretion fraction, and the effectiveness of
the wastewater treatment – and the possible risks to humans and to the environment,
requiring further investigation toward this direction. The aim of this chapter is to
thoroughly review the removal efficiencies and mechanisms of cytostatic drugs in
wastewater treatment plants, as well as what is required for future research, in view
of the current concerns related to the induction of toxic effects in aquatic and
terrestrial organisms by these compounds.
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6.1 Introduction

According to the International Agency for Research on Cancer (IARC) of the World
Health Organization (WHO), there are ca. 14.1 million new cancer cases and
8.2 million cancer-related deaths per year worldwide (data from 2012), while
32.6 million people are living with cancer (within 5 years of diagnosis); making
cancer the second leading cause of death (21%) after cardiovascular illness (48%)
(IARC 2017; WHO 2017). Since the incidence of cancer is increasing all over the
world, the production and consumption of cytostatic drugs have consequently
augmented in the last years (Franquet-Griell et al. 2016).

Like other pharmaceuticals, many cytostatic drugs can be excreted as unchanged
or partially metabolized species via urine and/or feces and further directly discharged
into the sewage system not only from hospitals but also from household discharges,
since the outpatient treatment of cancer has considerably increased over the past
decades (Kosjek and Heath 2011; Fraquet-Griell et al. 2015; Heath et al. 2016).
Some of these drugs have been found to be poorly biodegradable and therefore can
resist conventional biological processes (Johnson et al. 2008; Booker et al. 2014).
However, there is still a lack of information about the fate and occurrence of most of
them during conventional treatment (Martín et al. 2014). Nevertheless, according to
the findings of the studies until now, it seems that there is a high probability that
cytostatic drugs – both parent compounds and their metabolites – can reach the
environment (i.e., surface water, groundwater, and even drinking water) (Liu et al.
2010; Zhang et al. 2013; Ferrando-Climent et al. 2014; Kümmerer et al. 2016).

Despite their low environmental concentrations (at sub-ng/L levels) compared to
other groups of pharmaceuticals, such as antibiotics, analgesic and psychiatric drugs,
among others (Kosjek and Heath 2011; Isidori et al. 2016), the cytostatic drugs
require special attention because they are mostly non-selective in their modes of
action, affecting both cancerous and non-cancerous fast dividing cells and often
cause severe systemic side effects (Allwood et al. 2002; Lutterbeck et al. 2015).
These drugs have high pharmacological potency and possess potent cytotoxic,
genotoxic, mutagenic, carcinogenic, endocrine disruptor and/or teratogenic effects
in several organisms, since they have been designed to disrupt or prevent cellular
proliferation, by interfering directly or indirectly with DNA (Besse et al. 2012).
Moreover, under chronic exposure they can induce subtle genetic and cell cycle
changes in aquatic fauna and flora (Booker et al. 2014). The main concern over these
toxic compounds is their potential occurrence in freshwater systems, even at trace
levels, which are then abstracted as a potable water supply, presenting therefore a
major risk of human exposure, as well as posing a wider risk to aquatic fauna and
flora (Rowney et al. 2009; Booker et al. 2014). Recent studies have revealed that
mixtures of cytostatic drugs occurring in real wastewater possess a higher toxico-
logical effect compared with the individual drugs (Mater et al. 2014), highlighting
the importance of developing ways to better manage these compounds.

Studies on the presence of cytostatic drugs in the environment are still quite
scarce, compared to the studies of other groups of pharmaceuticals and for most of
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these compounds the environmental burden is unknown, which is partially explained
by the lack of analytical methods capable of determining them at the low concen-
tration levels (� ng/L) in the environmental matrices (Martín et al. 2011; Ferrando-
Climent et al. 2013; Martín et al. 2014). Another reason is the fact that these drugs
are highly toxic to humans, making thus the various relevant laboratories and their
research staff reluctant to analyze these compounds, since additional safety protocols
and measures are needed (Heath et al. 2016). Moreover, various difficulties exist in
the chromatographic analysis of environmental samples, which are related to the lack
of knowledge, in many cases, of the form(s) of the compound which is present in the
sample, producing hence analytical data that are only relevant to the amount of the
free compound ignoring the amount in which it may be present in other forms (e.g.,
chelated and conjugated form) (Ternes et al. 1999; Michael et al. 2017).

The studies available in the scientific literature mainly focus on hospital effluents
(Kümmerer and Al-Ahmad 1997; Mahnik et al. 2007; Lenz et al. 2007a; Yin et al.
2010; Kovalova et al. 2012; Zhang et al. 2013; Ferrando-Climent et al. 2013), where
cytostatic residues are detected at quite high concentration levels (ng/L–μg/L), while
also urban wastewater effluents and surface water have been recently investigated
(Roberts and Thomas 2006; Coetsier et al. 2009; Martín et al. 2011, 2014; Gómez-
Canela et al. 2012, 2014; Rabii et al. 2014; Negreira et al. 2014; Ferrando-Climent
et al. 2014; Azuma et al. 2015; Isidori et al. 2016). Urban wastewater treatment
plants (WWTPs) typically include different treatment processes (i.e., mechanical,
physicochemical/chemical, and biological), which may affect the fate of the various
pharmaceuticals, including cytostatic drugs, in different ways and, consequently, the
spread of the drugs itself and/or their metabolites in the environment. The most
consumed cytostatic drugs, i.e., cyclophosphamide, ifosfamide, tamoxifen, and
methotrexate, have been found in the biologically treated wastewater effluents at
the level of few nanograms per liter (i.e., n.d.-102 ng/L) (Steger-Hartmann et al.
1997; Buerge et al. 2006; Roberts and Thomas 2006; Coetsier et al. 2009; Martín
et al. 2011, 2014; Gómez-Canela et al. 2012; Negreira et al. 2014; Ferrando-Climent
et al. 2014). The cytostatic drugs, whose removal through WWTPs has been
investigated by the scientific community, are summarized in Fig. 6.1.

Accordingly, the objectives of this study were to thoroughly review and evaluate
the removal efficiencies and removal mechanisms of cytostatic drugs in WWTPs,
and define the current challenges faced in relation to their presence in the
environment.

6.2 Fate of Cytostatic Drugs in WWTPs

Most of the WWTPs in the developed countries consist of a preliminary, a primary,
and a secondary stage, while sometimes a tertiary and/or disinfection stage is applied
as a post-treatment step. During the last years the efficiency of conventional WWTPs
in removing various cytostatic drugs is being investigated and the results of these
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studies are presented in the following paragraphs. However, the influence of the
various treatment processes of WWTPs (i.e., mechanical, physicochemical/chemi-
cal, and biological) and the operational conditions (e.g., hydraulic retention time
(HRT), sludge retention time (SRT), etc.) on the fate and spread of cytostatic drugs
(both parent compounds and their metabolites) in the environment is a key element
which is still missing from the scientific literature.

6.2.1 Removal of Cytostatic Drugs by Conventional
Biological Treatment

Pharmaceutical residues can be removed from the aqueous phase in a conventional
WWTP due to several processes, which can be either biotic (i.e., biotransformation/
biodegradation) or non-biotic/abiotic (i.e., sorption, photolysis, hydrolysis)
(Radjenović et al. 2009).

The performance of WWTPs applying biological treatment for removing cyto-
static drugs, according to the available scientific literature, is summarized in
Table 6.1, in which it is highlighted that some of them were found to be quite

Categories of 
cytostatic drugs

Alkylating agents

Ifosfamide

Cyclophosphamide

Anti-metabolites

5-fluorouracil

Gemcitabine

Capetabine

Cytarabine

Methotrexate

Plant Alkaloids

Docetacel

Etoposide

Paclitaxel

Irinotecan

Vinorelbine

Anti-tumour 
antibiotics

Doxorubicin

Epirubicin

Hormones

Tamoxifen

Megestrol

Fig. 6.1 Cytostatic drugs reported to be partially/totally degraded through conventional biological
processes according to the available literature

106 L. Ioannou-Ttofa and D. Fatta-Kassinos



T
ab

le
6.
1

R
em

ov
al
of

cy
to
st
at
ic
dr
ug

s
th
ro
ug

h
co
nv

en
tio

na
l
bi
ol
og

ic
al
pr
oc
es
se
s

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

A
lk
yl
at
in
g
ag

en
ts

If
os
fa
m
id
e

W
W

T
P
(C

A
S)

S
w
itz
er
la
nd

T
re
at
m
en
t
st
ag

es
:m

ec
ha
ni
ca
l,

bi
ol
og

ic
al
(a
ct
iv
at
ed

sl
ud

ge
),

ch
em

ic
al
tr
ea
tm

en
t
(p
ho

sp
ha
te

pr
ec
ip
ita
tio

n
by

ir
on

sa
lts
,n

o
ch
lo
ri
na
tio

n)
,a
nd

su
bs
eq
ue
nt

sa
nd

fi
ltr
at
io
n

15
–
1.
4
ng

/L
6–
1.
7
ng

/L
up

to
87

%
B
ue
rg
e

et
al
.

(2
00

6)

W
W

T
P
(C

A
S)

C
hi
na

–
16

.4
ng

/L
9.
0
ng

/L
45

%
Y
in

et
al
.

(2
01

0)

W
W

T
P
(C

A
S)

S
pa
in

–
3.
5
ng

/L
1.
2
ng

/L
65

.7
%

M
ar
tín

et
al
.

(2
01

1)

4
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
tr
ea
tm

en
t
(a
ct
iv
at
ed

sl
ud

ge
)

6.
5–
19

ng
/L

4–
16

ng
/L

up
to

67
%

M
ar
tín

et
al
.

(2
01

4)
M
ea
n:

12
ng

/
L

M
ea
n:

10
.5

ng
/L

12
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

2.
2–
27

.9
ng

/L
2.
5–
15

.9
ng

/
L

up
to

69
.5
%

N
eg
re
ir
a

et
al
.

(2
01

4)
P
E
of

ea
ch

W
W
T
P
:

30
,0
00

–
1,
50

0,
00

0
M
ed
ia
n:

4.
6
ng

/L
M
ed
ia
n:

8.
9
ng

/L

C
yc
lo
ph

os
ph

am
id
e

W
W

T
P
(C

A
S)

G
er
m
an
y

–
6–
14

3
ng

/L
6–
17

ng
/L

up
to

88
%

S
te
ge
r-

H
ar
tm

an
n

et
al
.

(1
99

7)

W
W

T
P
(C

A
S)

S
w
itz
er
la
nd

T
re
at
m
en
t
st
ag

es
:m

ec
ha
ni
ca
l,

bi
ol
og

ic
al
(a
ct
iv
at
ed

sl
ud

ge
),

11
–
4
ng

/L
10
–
2
ng

/L
up

to
50

%

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 107



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

ch
em

ic
al
tr
ea
tm

en
t
(p
ho

sp
ha
te

pr
ec
ip
ita
tio

n
by

ir
on

sa
lts
,n

o
ch
lo
ri
na
tio

n)
,a
nd

su
bs
eq
ue
nt

sa
nd

fi
ltr
at
io
n

B
ue
rg
e

et
al
.

(2
00

6)

W
W

T
P
(C

A
S)

C
hi
na

–
14

.5
ng

/L
8.
5
ng

/L
41

%
Y
in

et
al
.

(2
01

0)

W
W

T
P
(C

A
S)

S
pa
in

–
13

.1
μg

/L
<
0.
35

ng
/L

(M
D
L
)

10
0%

G
óm

ez
-

C
an
el
a

et
al
.

(2
01

2)

W
W

T
P
(C

A
S)

S
pa
in

N
ot
e:
no

to
nl
y
do

m
es
tic

se
w
ag
e

w
at
er

bu
t
al
so

w
as
te
w
at
er

fr
om

di
ff
er
en
t
so
ur
ce
s
(e
.g
.,
he
al
th

ce
nt
er
s,
in
du

st
ri
al
zo
ne
,e
tc
.)
ar
e

di
sc
ha
rg
in
g
in

th
is
W
W
T
P

8–
26

ng
/L

7–
25

ng
/L

up
to

12
.5
%

F
er
ra
nd

o-
C
lim

en
t

et
al
.

(2
01

4)

F
lo
w

ra
te
:

40
,0
00

–
50

,0
00

m
3
/d

2
W

W
T
P
s
(C

A
S)

S
pa
in

N
ot
e:
th
e
tr
ea
te
d
ur
ba
n
ef
fl
ue
nt
s

ar
e
fi
na
lly

di
sc
ha
rg
ed

to
th
e

M
ed
ite
rr
an
ea
n
se
a

4–
10

ng
/L

4–
5
ng

/L
up

to
50

%
G
óm

ez
-

C
an
el
a

et
al
.

(2
01

4)

W
W
T
P
A

P
E
:2

,8
43

,7
50

F
lo
w

ra
te
:

52
5,
00

0
m

3
/d

W
W
T
P
B

4
ng

/L
n.
a.

n.
a.

P
E
:2

,2
75

,0
00

F
lo
w

ra
te
:

42
0,
00

0
m

3
/d

108 L. Ioannou-Ttofa and D. Fatta-Kassinos



12
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

2.
4–
43

.8
ng

/L
2.
5–
25

ng
/L

up
to

62
%

N
eg
re
ir
a

et
al
.

(2
01

4)
P
E
of

ea
ch

W
W
T
P
:

30
,0
00

–
1,
50

0,
00

0
M
ed
ia
n:

5.
8
ng

/L
M
ed
ia
n:

6.
3
ng

/L

1
la
rg
e
W

W
T
P

(C
A
S/
te
rt
ia
ry

tr
ea
tm

en
t)

S
pa
in

N
ot
e:
th
is
W
W
T
P
re
ce
iv
es

m
ai
nl
y

do
m
es
tic

w
at
er
,i
nc
lu
di
ng

al
so

ho
sp
ita
l
an
d
in
du

st
ri
al
ef
fl
ue
nt
s

an
d
ra
in
w
at
er

7.
1–

17
.3

ng
/L

4.
1–

11
.7

ng
/

L

P
E
:1

.7
m
ill
io
n

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

(w
ith

nu
tr
ie
nt
s
el
im

in
at
io
n)
,a
nd

pa
rt
of

th
e
w
at
er

(a
bo

ut
50

hm
3
/

ye
ar
)
is
in
te
rm

itt
en
tly

su
bj
ec
te
d
to

fu
rt
he
r
te
rt
ia
ry

tr
ea
tm

en
t
to

pr
o-

du
ce

re
cl
ai
m
ed

w
at
er

fo
r
di
ff
er
en
t

us
es

(e
.g
.,
w
at
er
in
g
an
d
cl
ea
ni
ng

of
th
e
ci
ty
,m

ai
nt
en
an
ce

of
th
e

ne
ar
by

ri
ve
r,
ec
ol
og

ic
al
fl
ow

,e
tc
.)

M
ed
ia
n:

8.
8
ng

/L
M
ed
ia
n:

43
%

F
lo
w

ra
te
:

42
0,
00

0
m

3
/d

2
W

W
T
P
s

C
an
ad
a

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
A
:

sc
re
en
in
g
(r
em

ov
e
pa
rt
ic
le
s
of

m
or
e
th
an

25
m
m
),
re
m
ov

in
g

ab
ra
si
ve

m
at
er
ia
ls
(e
.g
.,
sa
nd

,
he
av
y
pa
rt
ic
le
s,
et
c.
),
ph

ys
ic
o-

ch
em

ic
al
tr
ea
tm

en
t
(e
lim

in
at
e

su
sp
en
de
d
pa
rt
ic
le
s
an
d
re
du

ce
ph

os
ph

or
us
),
co
ag
ul
at
io
n,

an
d

se
di
m
en
ta
tio

n

17
–
22

ng
/L

18
–
21

ng
/L

up
to

18
%

R
ab
ii
et
al
.

(2
01

4)
W
W
T
P
A
(C
A
S)

W
W
T
P
B
(C
A
S
+
U
V
)

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
B
:

tr
ea
tm

en
t
st
ag
es

of
W
W
T
P
A

fo
l-

lo
w
in
g
by

an
ad
di
tio

na
l
U
V

di
s-

in
fe
ct
io
n
st
ep

<
L
O
D

<
L
O
D

–

N
ot
e:
th
e
tr
ea
te
d
ef
fl
ue
nt
s

di
sc
ha
rg
ed

in
a
lo
ca
l
ri
ve
r

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 109



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

2
W

W
T
P
s
(C

A
S)

S
lo
ve
ni
a

an
d
S
pa
in

–
19
–
27

ng
/L

17
ng

/L
10

%
Is
id
or
i
et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:
21

h

Sp
an

is
h
W
W
T
P

<
2.
3
ng

/L
(L
O
D
)

<
2.
3
ng

/L
(L
O
D
)

–

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:
8–
12

h

A
nt
im

et
ab

ol
it
es

5-
F
lu
or
ou

ra
ci
l

2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
31

ng
/L

<
0.
5
ng

/L
(L
O
D
)

10
0%

Is
id
or
i

et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:
21

h

Sp
an

is
h
W
W
T
P

3.
5
ng

/L
(L
O
D
)

<
0.
5
ng

/L
(L
O
D
)

–

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:
8–
12

h

110 L. Ioannou-Ttofa and D. Fatta-Kassinos



G
em

ci
ta
bi
ne

W
W

T
P
(C

A
S)

S
pa
in

9.
3
ng

/L
7
ng

/L
25

%
M
ar
tín

et
al
.

(2
01

1)

4
W

W
T
P
s
(C

A
S)

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
(a
ct
iv
at
ed

sl
ud

ge
)

tr
ea
tm

en
t

39
–
52

ng
/L

65
–
88

ng
/L

–
M
ar
tín

et
al
.

(2
01

4)
M
ea
n:

44
ng

/
L

M
ea
n:
76

ng
/

L

2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
n.
d.

–
61

ng
/L

<
0.
7
ng

/L
(L
O
D
)

10
0%

Is
id
or
i

et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:2

1
h

Sp
an

is
h
W
W
T
P

<
0.
7
ng

/L
(L
O
D
)

<
0.
7
ng

/L
(L
O
D
)

–

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:8

–
12

h

C
ap

ec
it
ab

in
e

12
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

5.
6–

72
.6

ng
/L

5.
1–

36
ng

/L
19

%
–

89
%

N
eg
re
ir
a

et
al
.

(2
01

4)
P
E
of

ea
ch

W
W
T
P
:

30
,0
00

–
1,
50

0,
00

0
M
ed
ia
n:

25
.6

ng
/L

M
ed
ia
n:

7.
7
ng

/L

2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
15

8
ng

/L
<
0.
5
ng

/L
(L
O
D
)

10
0%

Is
id
or
i
et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 111



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

S
R
T
:
15
–
20

d

H
R
T
:
21

h

Sp
an

is
h
W
W
T
P

<
0.
7
ng

/L
(L
O
D
)

<
0.
5
ng

/L
(L
O
D
)

–

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:
8–
12

h

C
yt
ar
ab

in
e

4
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
(a
ct
iv
at
ed

sl
ud

ge
)

tr
ea
tm

en
t

44
–
46

4
ng

/L
10
–
19

0
ng

/L
47

%
–

64
%

M
ar
tín

et
al
.

(2
01

4)
M
ea
n:

15
1
ng

/L
M
ea
n:
65

ng
/

L

W
W

T
P
(C

A
S)

–
–

n.
a.

n.
a.

24
%

K
üm

m
er
er

et
al
.

(2
01

6)

M
et
ho

tr
ex
at
e

W
W

T
P
(C

A
S)

S
pa
in

N
ot
e:
no

to
nl
y
do

m
es
tic

se
w
ag
e

w
at
er

bu
t
al
so

w
as
te
w
at
er

fr
om

di
ff
er
en
t
so
ur
ce
s
(e
.g
.,
he
al
th

ce
nt
er
s,
in
du

st
ri
al
zo
ne
,e
tc
.)
ar
e

di
sc
ha
rg
in
g
in

th
is
W
W
T
P

11
–
23

ng
/L

n.
d.

–
6
ng

/L
up

to
10

0%
F
er
ra
nd

o-
C
lim

en
t

et
al
.

(2
01

4)
F
lo
w

ra
te
:

40
,0
00

–
50

,0
00

m
3
/d

(4
5%

–

10
0%

)

4
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
(a
ct
iv
at
ed

sl
ud

ge
)

tr
ea
tm

en
t

7–
56

ng
/L

<
0.
08

ng
/L

(L
O
D
)

10
0%

M
ar
tín

et
al
.

(2
01

4)
M
ea
n:

22
ng

/
L M
ed
ia
n:

13
ng

/L

112 L. Ioannou-Ttofa and D. Fatta-Kassinos



12
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

2.
6–
18

.1
ng

/L
n.
d.

10
0%

N
eg
re
ir
a

et
al
.

(2
01

4)
P
E
of

ea
ch

W
W
T
P
:

30
,0
00

–
1,
50

0,
00

0
M
ed
ia
n:

9.
6
ng

/L

2
W

W
T
P
s

C
an
ad
a

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
A
:

sc
re
en
in
g
(r
em

ov
e
pa
rt
ic
le
s
of

m
or
e
th
an

25
m
m
),
re
m
ov

in
g

ab
ra
si
ve

m
at
er
ia
ls
(e
.g
.,
sa
nd

,
he
av
y
pa
rt
ic
le
s,
et
c.
),
ph

ys
ic
o-

ch
em

ic
al
tr
ea
tm

en
t
(e
lim

in
at
e

su
sp
en
de
d
pa
rt
ic
le
s
an
d
re
du

ce
ph

os
ph

or
us
),
co
ag
ul
at
io
n,

an
d

se
di
m
en
ta
tio

n

20
–
60

ng
/L

13
–
53

ng
/L

12
%
–

37
%

R
ab
ii
et
al
.

(2
01

4)
W
W
T
P
A
(C
A
S)

W
W
T
P
B
(C
A
S
+
U
V
)

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
B
:

tr
ea
tm

en
t
st
ag
es

of
W
W
T
P
A

fo
l-

lo
w
in
g
by

an
ad
di
tio

na
l
U
V

di
s-

in
fe
ct
io
n
st
ep

17
–
20

ng
/L

20
–
22

ng
/L

–

N
ot
e:
th
e
tr
ea
te
d
ef
fl
ue
nt
s

di
sc
ha
rg
ed

in
a
lo
ca
l
ri
ve
r

2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
29

–
30

3
ng

/L
<
0.
5
ng

/L
(L
O
D
)

10
0%

Is
id
or
i

et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P
:

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:2

1
h

Sp
an

is
h
W
W
T
P
:

8.
3–

29
ng

/L
<
0.
5
ng

/L
(L
O
D
)

10
0%

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:8

–
12

h

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 113



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

P
la
nt

al
ka

lo
id
s

D
oc
et
ax

el
W

W
T
P
(C

A
S)

S
pa
in

N
ot
e:
no

t
on

ly
do

m
es
tic

se
w
ag
e

w
at
er

bu
ta
ls
o
w
as
te
w
at
er

fr
om

di
ff
er
en
t
so
ur
ce
s
(e
.g
.,
he
al
th

ce
nt
er
s,
in
du

st
ri
al
zo
ne
,e
tc
.)
ar
e

di
sc
ha
rg
in
g
in

th
is
W
W
T
P

65
–
21

9
ng

/L
<
3.
8
ng

/L
(L
O
D
)

~
10

0%
F
er
ra
nd

o-
C
lim

en
t

et
al
.

(2
01

4)

F
lo
w

ra
te
:

40
,0
00

–
50

,0
00

m
3
/d

E
to
po

si
de

W
W

T
P
(C

A
S)

S
pa
in

-
15

ng
/L

3.
4
ng

/L
77

%
M
ar
tín

et
al
.

(2
01

1)

4
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
(a
ct
iv
at
ed

sl
ud

ge
)

tr
ea
tm

en
t

15
–
47

ng
/L

<
2.
95

ng
/L

(L
O
D
)

10
0%

M
ar
tín

et
al
.

(2
01

4)
M
ea
n:

30
.5

ng
/L

P
ac
lit
ax

el
W

W
T
P
(C

A
S)

S
pa
in

N
ot
e:
no

t
on

ly
do

m
es
tic

se
w
ag
e

w
at
er

bu
ta
ls
o
w
as
te
w
at
er

fr
om

di
ff
er
en
t
so
ur
ce
s
(e
.g
.,
he
al
th

ce
nt
er
s,
in
du

st
ri
al
zo
ne
,e
tc
.)
ar
e

di
sc
ha
rg
in
g
in

th
is
W
W
T
P

n.
d.

–
18

ng
/L

<
2.
7
ng

/L
(L
O
D
)

10
0%

F
er
ra
nd

o-
C
lim

en
t

et
al
.

(2
01

4)

F
lo
w

ra
te
:

40
,0
00

–
50

,0
00

m
3
/d

Ir
in
ot
ec
an

1
la
rg
e
W

W
T
P

(C
A
S/
te
rt
ia
ry

tr
ea
tm

en
t)

S
pa
in

N
ot
e:
th
is
W
W
T
P
re
ce
iv
es

m
ai
nl
y

do
m
es
tic

w
at
er
,i
nc
lu
di
ng

al
so

ho
sp
ita
l
an
d
in
du

st
ri
al
ef
fl
ue
nt
s

an
d
ra
in
w
at
er

8.
8–

21
.3

ng
/L

n.
d.

10
0%

N
eg
re
ir
a

et
al
.

(2
01

4)

P
E
:1

.7
m
ill
io
n

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

(w
ith

nu
tr
ie
nt
s
el
im

in
at
io
n)
,a
nd

pa
rt
of

th
e
w
at
er

(a
bo

ut
50

hm
3
/

ye
ar
)
is
in
te
rm

itt
en
tly

su
bj
ec
te
d
to

fu
rt
he
r
te
rt
ia
ry

tr
ea
tm

en
t
to

pr
o-

du
ce

re
cl
ai
m
ed

w
at
er

fo
r
di
ff
er
en
t

us
es

(e
.g
.,
w
at
er
in
g
an
d
cl
ea
ni
ng

of
th
e
ci
ty
,m

ai
nt
en
an
ce

of
th
e

ne
ar
by

ri
ve
r,
ec
ol
og

ic
al
fl
ow

,e
tc
.)

M
ed
ia
n:

12
.4

ng
/L

F
lo
w

ra
te
:

42
0,
00

0
m

3
/d

114 L. Ioannou-Ttofa and D. Fatta-Kassinos



2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
n.
d.

–
49

ng
/L

<
0.
4
ng

/L
(L
O
D
)

10
0%

Is
id
or
i
et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:2

1
h

Sp
an

is
h
W
W
T
P

<
1.
4
ng

/L
(L
O
D
)

<
0.
4
ng

/L
(L
O
D
)

10
0%

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:8

–
12

h

A
nt
it
um

or
an

ti
bi
ot
ic
s

D
ox

or
ub

ic
in

W
W

T
P
(C

A
S)

S
pa
in

–
4.
5
ng

/L
<
4.
3
ng

/L
(M

D
L
)

10
0%

M
ar
tín

et
al
.

(2
01

1)

12
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

2.
5–

2.
7
ng

/L
n.
d.

10
0%

N
eg
re
ir
a

et
al
.

(2
01

4)
P
E
of

ea
ch

W
W
T
P
:

30
,0
00
–
1,
50

0,
00

0
M
ed
ia
n:

2.
6
ng

/L

4
W

W
T
P
s
(C

A
S)

S
pa
in

T
re
at
m
en
t
st
ag

es
:p

re
tr
ea
tm

en
t,

pr
im

ar
y
tr
ea
tm

en
t
(s
et
tli
ng

),
an
d

se
co
nd

ar
y
(a
ct
iv
at
ed

sl
ud

ge
)

tr
ea
tm

en
t

<
4.
15

ng
/L

(L
O
D
)

20
.3
–
42

.4
ng

/
L
M
ea
n:

31
.4

ng
/L

–
M
ar
tín

et
al
.

(2
01

4)

E
pi
ru
bi
ci
n

W
W

T
P
(C

A
S)

S
pa
in

–
<
3.
8
ng

/L
(L
O
D
)

<
0.
7
ng

/L
(L
O
D
)

–
M
ar
tín

et
al
.

(2
01

1)

3
W

W
T
P
s
(C

A
S)

S
pa
in

–
<
2.
77

ng
/L

(L
O
D
)

<
2.
77

ng
/L

(L
O
D
)

–
G
óm

ez
-

C
an
el
a

et
al
.

(2
01

2)

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 115



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

2
W

W
T
P
s

C
an
ad
a

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
A
:

sc
re
en
in
g
(r
em

ov
e
pa
rt
ic
le
s
of

m
or
e
th
an

25
m
m
),
re
m
ov

in
g

ab
ra
si
ve

m
at
er
ia
ls
(e
.g
.,
sa
nd

,
he
av
y
pa
rt
ic
le
s,
et
c.
),
ph

ys
ic
o-

ch
em

ic
al
tr
ea
tm

en
t
(e
lim

in
at
e

su
sp
en
de
d
pa
rt
ic
le
s
an
d
re
du

ce
ph

os
ph

or
us
),
co
ag
ul
at
io
n,

an
d

se
di
m
en
ta
tio

n

<
18

ng
/L

(L
O
D
)

<
18

ng
/L

(L
O
D
)

–
R
ab
ii
et
al
.

(2
01

4)
W
W
T
P
A
(C
A
S)

W
W
T
P
B
(C
A
S
+
U
V
)

T
re
at
m
en
t
st
ag

es
of

W
W
T
P
B
:

tr
ea
tm

en
t
st
ag
es

of
W
W
T
P
A

fo
l-

lo
w
in
g
by

an
ad
di
tio

na
l
U
V
di
s-

in
fe
ct
io
n
st
ep

<
18

ng
/L

(L
O
D
)

<
18

ng
/L

(L
O
D
)

–

N
ot
e:
th
e
tr
ea
te
d
ef
fl
ue
nt
s

di
sc
ha
rg
ed

in
a
lo
ca
l
ri
ve
r

H
or
m
on

es
T
am

ox
if
en

W
W

T
P
(C

A
S
+
U
V
)

U
ni
te
d

K
in
gd

om
T
re
at
m
en
t
st
ag

es
:s
cr
ee
ni
ng

,p
re
-

lim
in
ar
y
cl
ar
ifi
ca
tio

n,
ac
tiv

at
ed

sl
ud

ge
tr
ea
tm

en
t
(s
lu
dg

e
ag
e:

2.
4
da
ys
),
tr
ic
kl
in
g
fi
lte
r
sy
st
em

,
an
d
U
V
di
si
nf
ec
tio

n
pr
io
r
to

di
sc
ha
rg
e

14
3–
21

5
ng

/L
n.
a.

30
%

R
ob

er
ts

an
d

T
ho

m
as

(2
00

6)

P
E
:2

.6
m
ill
io
n

W
W

T
P
(C

A
S)

S
pa
in

N
ot
e:
no

to
nl
y
do

m
es
tic

se
w
ag
e

w
at
er

bu
t
al
so

w
as
te
w
at
er

fr
om

di
ff
er
en
t
so
ur
ce
s
(e
.g
.,
he
al
th

ce
nt
er
s,
in
du

st
ri
al
zo
ne
,e
tc
.)
ar
e

di
sc
ha
rg
in
g
in

th
is
W
W
T
P

15
–
58

ng
/L

11
–
42

ng
/L

up
to

43
%

F
er
ra
nd

o-
C
lim

en
t

et
al
.

(2
01

4)

F
lo
w

ra
te
:

40
,0
00
–
50
,0
00
m

3 /
d

116 L. Ioannou-Ttofa and D. Fatta-Kassinos



1
la
rg
e
W

W
T
P

(C
A
S/
te
rt
ia
ry

tr
ea
tm

en
t)

S
pa
in

N
ot
e:
th
is
W
W
T
P
re
ce
iv
es

m
ai
nl
y

do
m
es
tic

w
at
er
,i
nc
lu
di
ng

al
so

ho
sp
ita
l
an
d
in
du

st
ri
al
ef
fl
ue
nt
s

an
d
ra
in
w
at
er

M
ed
ia
n:

17
9.
2
ng

/L
M
ed
ia
n:

11
3.
5
ng

/L
37

%
N
eg
re
ir
a

et
al
.

(2
01

4)

P
E
:1

.7
m
ill
io
n

T
re
at
m
en
t
st
ag

es
:p

ri
m
ar
y
an
d

se
co
nd

ar
y
bi
ol
og

ic
al
tr
ea
tm

en
t

(w
ith

nu
tr
ie
nt
s
el
im

in
at
io
n)
,a
nd

pa
rt
of

th
e
w
at
er

(a
bo

ut
50

hm
3
/

ye
ar
)
is
in
te
rm

itt
en
tly

su
bj
ec
te
d

to
fu
rt
he
r
te
rt
ia
ry

tr
ea
tm

en
t
to

pr
od

uc
e
re
cl
ai
m
ed

w
at
er

fo
r
di
f-

fe
re
nt

us
es

(e
.g
.,
w
at
er
in
g
an
d

cl
ea
ni
ng

of
th
e
ci
ty
,m

ai
nt
en
an
ce

of
th
e
ne
ar
by

ri
ve
r,
ec
ol
og

ic
al

fl
ow

,e
tc
.)

F
lo
w

ra
te
:

42
0,
00

0
m

3
/d

2
W

W
T
P
s

S
lo
ve
ni
a

an
d
S
pa
in

–
11
–
61

ng
/L

7.
1
ng

/L
35

.5
%

Is
id
or
i

et
al
.

(2
01

6)
Sl
ov
en
ia
n
W
W
T
P

P
E
:3

60
,0
00

F
lo
w

ra
te
:

80
,0
00

m
3
/d

S
R
T
:
15
–
20

d

H
R
T
:
21

h

Sp
an

is
h
W
W
T
P

15
ng

/L
7.
4
ng

/L
50

.6
%

P
E
:1

,7
00

,0
00

F
lo
w

ra
te
:

23
4,
00

0
m

3
/d

S
R
T
:
15
–
20

d

H
R
T
:
8–
12

h

(c
on

tin
ue
d)

6 Cytostatic Drug Residues in Wastewater Treatment Plants: Sources. . . 117



T
ab

le
6.
1

(c
on

tin
ue
d)

C
yt
os
ta
tic

dr
ug

s
B
io
lo
gi
ca
l
tr
ea
tm

en
t

de
ta
ils

C
ou

nt
ry

D
es
cr
ip
tio

n
In
fl
ue
nt

co
nc
en
tr
at
io
n

E
ffl
ue
nt

co
nc
en
tr
at
io
n

% R
em

ov
al

R
ef
er
en
ce
s

M
eg
es
tr
ol

2
W

W
T
P
s
(C

A
S)

S
pa
in

–
3–

15
0
ng

/L
3–

20
ng

/L
87

%
G
óm

ez
-

C
an
el
a

et
al
.

(2
01

4)

W
W
T
P
A

P
E
:2

,8
43

,7
50

F
lo
w

ra
te
:

52
5,
00

0
m

3
/d

W
W
T
P
B

3–
22

0
ng

/L
<
3
ng

/L
(L
O
D
)

10
0%

P
E
:2

,2
75

,0
00

F
lo
w

ra
te
:

42
0,
00

0
m

3
/d

C
A
S
co
nv

en
tio

na
l
ac
tiv

at
ed

sl
ud

ge
,
n.
a.

no
t
av
ai
la
bl
e,

n.
d.

no
n
de
te
ct
ed
,
L
O
D

lim
it
of

de
te
ct
io
n,

M
L
Q

m
et
ho

d
lim

it
of

qu
an
tifi

ca
tio

n,
P
.E
.
po

pu
la
tio

n
eq
ui
va
le
nt
,M

D
L
m
et
ho

do
lo
gi
ca
l
de
te
ct
io
n
lim

its
.“
–
“
no

da
ta
av
ai
la
bl
e

118 L. Ioannou-Ttofa and D. Fatta-Kassinos



resistant to biodegradation. The removal rates of the detected cytostatic drugs in
WWTPs ranged from 10%–88% (cyclophosphamide, ifosfamide, capecitabine,
tamoxifen, and cytarabine) to 77%–100% (doxorubicin, doxetaxel, etoposide,
gemcitabine, irinotecan, cyclophosphamide, paclitaxel, megestrol, 5-fluorouracil,
and methotrexate) (Buerge et al. 2006; Yin et al. 2010; Martín et al. 2011, 2014;
Gómez-Canela et al. 2012; Ferrando-Climent et al. 2014; Rabii et al. 2014; Negreira
et al. 2014; Isidori et al. 2016; Kümmerer et al. 2016). The overall removal efficiency
of biological treatment clearly varies among different cytostatic compounds, and the
efficiency seems to be associated with their physicochemical properties (e.g., hydro-
phobicity, water solubility, etc.) and as expected with their biodegradability (Zhang
et al. 2013); however, it should be highlighted that operational details are not
provided in most of the available studies on the fate and behavior of cytostatic
residues during treatment in WWTPs, and hence no concrete conclusions can be
drawn regarding this issue. In addition, no data exists on the influence of the various
cytostatic drugs on the composition and function of the microbial community of the
activated sludge of the various WWTPs, which is something that should be further
examined in real WWTPs. Cytostatic drugs have been found to be generally polar
and persistent, with high aquatic mobility and dissipation behavior in surface waters,
while there are some exceptions, such as plant alkaloids and antitumor antibiotics,
which favor adsorption to sewage sludge (Kosjek and Heath 2011).

The main groups of cytostatic drugs (i.e., alkylating agents, antimetabolites, plant
alkaloids, antitumor antibiotics, and hormones) and their removal during conven-
tional biological treatment are discussed in detail in the following sections.

6.2.1.1 Alkylating Agents (Cyclophosphamide and Ifosfamide)

Alkylating agents are the oldest class of cytostatic drugs still frequently used, and
they play an important role in the treatment of several types of cancer (Kondo et al.
2010). Their mechanism of action involves attaching an alkyl group onto the DNA
helix, inhibiting thus the replication of the DNA and thereby the cell division
(Kümmerer et al. 2016). Due to the fact that they interact directly with the DNA,
they account for various genotoxic and even teratogenic effects, causing high
environmental concern (Buerge et al. 2006; Kümmerer et al. 2016). Ifosfamide and
cyclophosphamide are the most widely consumed alkylating agents (Martín et al.
2011) and various studies dealing both with their removal through biological
processes and their subsequent presence in the aquatic environment have been
already published (Steger-Hartmann et al. 1997; Buerge et al. 2006; Martín et al.
2011, 2014; Ferrando-Climent et al. 2013; Gómez-Canela et al. 2014; Negreira et al.
2014; Rabii et al. 2014).

The maximum removal of cyclophosphamide has been reported for a WWTP in
Spain (100% removal) (Gómez-Canela et al. 2012), while the lowest was observed
in a WWTP in Slovenia and was equal to 10% (Isidori et al. 2016), as shown in
Fig. 6.2, in which the minimum and maximum removals of the various cytostatic
drugs through biological treatment are presented, including also the number of the
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available studies. For ifosfamide, the lowest removal reported was in a WWTP in
China (45% removal) (Yin et al. 2010), while the highest, up to 87%, in a WWTP in
Switzerland (Buerge et al. 2006) (Fig. 6.2). Ifosfamide and cyclophosphamide were
found in the influent streams of various WWTPs at concentration levels, lower than
2 ng/L (Castiglioni et al. 2005; Thomas et al. 2007; Martín et al. 2011; Isidori et al.
2016) and up to 130.1 ng/L (Ferrando-Climent et al. 2013) and 13.1 μg/L (Gómez-
Canela et al. 2012), respectively. On the other hand, in the treated effluents their
concentrations ranged from non-detected (n.d.) 0.09 ng/L (Llewellyn et al. 2011) up
to 71 ng/L (Coetsier et al. 2009) for ifosfamide and from n.d. - 0.19 ng/L to 25 ng/L
for cyclophosphamide (Ferrando-Climent et al. 2014; Negreira et al. 2014), as shown
in Fig. 6.3, in which the minimum and maximum concentrations of cytostatic drugs
identified in biologically treated effluents are shown. The different behavior of
ifosfamide and cyclophosphamide through biological treatment can be attributed to
their different physicochemical properties (i.e., logKow, 0.86 and 0.63; water solu-
bility, 3780 mg/L and 40,000 mg/L; pKa, 1.45 and 2.84, respectively). Moreover, it
should be noted that in many of the available studies (Ternes 1998; Castiglioni et al.
2005; Coetsier et al. 2009; Busetti et al. 2009; Llewellyn et al. 2011; Ferrando-
Climent et al. 2013; Negreira et al. 2013; Gómez-Canela et al. 2014; Azuma et al.
2015), these alkylating agents were detected only in the influent or only in the
effluent flows of a WWTP, and thus no conclusions can be obtained regarding the
efficiencies of these treatment plants in removing these compounds, minimizing
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significantly the number of the available studies investigating their removal through
biological treatment.

It should be mentioned that only in the study Buerge et al. (2006), data regarding
the treatment processes applied in the specific WWTP are available, in which a
chemical treatment using phosphate for the precipitation of iron salts is applied after
conventional activated sludge (CAS) treatment, followed by sand filtration, poten-
tially explaining the highest efficiency observed compared to the other CAS
WWTPs (Yin et al. 2010; Isidori et al. 2016). However, since this information is
only available for this study (Buerge et al. 2006), this is only an assumption that
requires further investigation. On the other hand, it is noted that cyclophosphamide
was found in the effluent samples of a large Spanish WWTP (PE: 1.7 million and
flow rate: 420,000 m3/d), where tertiary treatment is applied, in the range of
4.1–11.7 ng/L, achieving only a mean removal of 43%, demonstrating its high
resistance to biological, and even to tertiary treatment (Negreira et al. 2014).

It should be highlighted that in some studies, both alkylating agents were detected
in the effluent streams, even at concentrations up to 71 ng/L in the case of ifosfamide
(Thomas et al. 2007), while they were not detected in the influent samples or were
detected in lower concentrations (Kümmerer and Al-Ahmad 1997; Thomas et al.
2007). This paradox may be probably explained by the fact that in the influent
stream, these drugs are present also in the form(s) of conjugates, which obviously
were not included in the determination of the free drugs, and thus the analytical
methods available in each study were not able to identify these conjugates. During
the biological treatment, these conjugates are potentially broken down, and conse-
quently, the free form of these drugs is released, giving rise to higher concentrations
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in the treated effluents compared to that found in the inflow (Ternes et al. 1999;
Michael et al. 2017).

The concentrations and the removal rates of these two alkylating agents vary
significantly through the WWTPs worldwide, making it difficult to conclude if these
compounds are highly resistant or not to biological treatment. However, the majority
of the available studies so far shown that their removal rates through conventional
processes are lower than 65%, showing that there is a need for further post-treatment.
Moreover, the fact that both alkylating agents may possess teratogenic and muta-
genic effects to various species (e.g., bacteria, yeast, rat/mouse, monkey, even
human, in vivo or in vitro) according to IARC (2017) underlies the already men-
tioned need for further research and better management of these compounds.

6.2.1.2 Antimetabolites (5-Fluorouracil, Gemcitabine, Capecitabine,
Cytarabine, and Methotrexate)

Induction of apoptotic death in cancer cells via genotoxic stress by chemotherapy
remains the core of anticancer treatment all over the world. An important class of
cytostatic drugs based on this principle, namely, antimetabolites, has been widely
used for a variety of cancer therapies, including leukemia, breast, ovarian, and
gastrointestinal cancers (Krynetskaia et al. 2008). More specifically, their mecha-
nism of action is based on hindering cellular metabolism and thereby hindering the
production of DNA (Kümmerer et al. 2016). It is noted that the fate, behavior, and
removal rates of this group of cytostatic drugs in WWTPs has been scarcely
investigated, according to the available scientific literature (Martín et al. 2011,
2014; Negreira et al. 2013, 2014; Gómez-Canela et al. 2014). Specifically, only
five antimetabolites, namely, 5-fluorouracil, gemcitabine, capecitabine, cytarabine,
and methotrexate, have been investigated so far, as shown in Fig. 6.1.

5-Flouorouracil was not detected neither in the influent nor in the effluent
wastewater of four Spanish WWTPs, one Swiss and one in Baltimore, according
to the studies of Tauxe-Wuersch et al. (2006), Martín et al. (2011), (2014), and Jim
et al. (2012). This can be probably explained by the fact that 5-flouorouracil is
rapidly metabolized by the human liver and produces biologically inactive metabo-
lites, which are excreted with urine (Rosano 1998). However, in a Slovenian
WWTP, 5-flouorouracil was detected in influent wastewater at very low concentra-
tions (i.e., lower than 3.1 ng/L), and the removal rate achieved was up to 100% after
the biological treatment. The same was also observed in a Spanish WWTP (influent
concentration: 3.5 ng/L, 100% removal) (Isidori et al. 2016) (Fig. 6.2), indicating
that this highly toxic antimetabolite, which may possess teratogenic effects to
various living organisms (IARC 2017), is well biodegradable.

Gemcitabine removal rates ranged from 25% (Martín et al., 2011) to 100%
(Isidori et al. 2016) during biological treatment (Fig. 6.2), achieving effluent con-
centrations lower than 7 ng/L; however, only three studies investigated the biolog-
ical removal of this drug from urban wastewater. In the study of Martín et al. (2014),
gemcitabine was detected in higher concentrations in the treated effluents (65–88 ng/
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L) of four Spanish WWTPs compared to the raw wastewater (39–52 ng/L). This may
be attributed to the fact that in raw wastewater samples, this antimetabolite can be
present in conjugate form(s) which cannot be detected by the analytical methods
available, while these conjugates were probably broken down to gemcitabine’s free
form after biological treatment, and thus it was detected at higher concentrations in
the treated effluents. Gemcitabine is more soluble in water (water solubility,
51,400 mg/L; logKow, -2.01) if compared to other cytostatic drugs and can be
assumed that this drug is removed from the aqueous phase through biotransforma-
tion and/or biodegradation (and not through sorption onto sludge).

Capecitabine was detected in the influent samples of 14 WWTPs in concentra-
tions ranging from 0.7 ng/L up to 158 ng/L, and its removal rates from 19% to 100%
during CAS treatment (Negreira et al. 2014; Isidori et al. 2016) (Fig. 6.2); achieving
residual concentrations of 0.5–36 ng/L (Fig. 6.2). It should be noted that according to
the study of Azuma et al. (2015), capecitabine was not completely degraded neither
after the application of chlorination as disinfection process of CAS treatment
(effluent concentration: 6 ng/L), nor after the application of ozonation (effluent
concentration: 2 ng/L), a fact that indicates its high resistance to such tertiary
treatment.

For cytarabine, quite low elimination rates were reported, i.e., from 24%
(Kümmerer et al. 2016) up to 64% (Martín et al. 2014), as shown in Fig. 6.2.
However, only three studies have investigated this compound, so far. It is remarkable
that cytarabine was detected in significantly high concentrations both in influent and
effluent samples of four Spanish WWTPs, even up to 464 and 190 ng/L, respec-
tively, according to Martín et al. (2014). These concentration levels are significantly
higher compared to other antimetabolites investigated, which ranged from < 0.7 ng/
L to 198 ng/L for the raw wastewater (with an exception in the case of methotrexate,
303 ng/L (Isidori et al. 2016)) and from < 0.5 ng/L to 53 ng/L for the treated effluents
(Table 6.1). It should be also highlighted that in the study of Martín et al. (2011),
cytarabine was detected in the effluent flow of a WWTP in Spain at higher
concentration (14 ng/L) than in the influent flow (9.2 ng/L), probably due to its
presence in the influent sample in conjugate form(s), which were further broken
down at its free form after the treatment, as explained in detail before. Nevertheless,
it should be noted that neither cytarabine nor capecitabine or gemcitabine may
possess mutagenicity or teratogenicity, according to IARC (2017), classifying them
as less harmful compounds, compared to other cytostatic drugs (i.e., alkylating
agents and hormones).

Methotrexate is a cytostatic drug that was found to be sufficiently removed
through conventional biological treatment (water solubility: 2600 mg/L, logKow:
-1.85 and pKa: 4.7), achieving complete degradation in most of the available studies
(Ferrando-Climent et al. (2014); Martín et al. (2014); Negreira et al. (2014); Isidori
et al. (2016)), as shown in Fig. 6.2. Only in the study of Rabii et al. (2014) its
removal was found to be low (12%). Its influent concentrations ranged from 2.6 to
303 ng/L, while its effluent concentrations from <0.08 to 53 ng/L (Fig. 6.3),
according to the findings of the above studies. It should be highlighted that in the
study of Ferrando-Climent et al. (2014), methotrexate was found at similar
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concentration levels in hospital effluents (n.d. - 19 ng/L) and WWTPs influents
(n.d. - 23 ng/L), mainly due to the fact that this drug is also used for the treatment of
various autoimmune diseases, apart from cancer, and it is frequently consumed and
excreted by patients at home (Sweetman and Martindale 2011).

Based on the limited available literature, no concrete conclusions can be drawn
regarding the fate and removal of these five antimetabolites through biological
treatment, and hence further in-depth biodegradation studies are needed to confirm
their degree of biodegradability.

6.2.1.3 Plant Alkaloids (Docetaxel, Etoposide, Paclitaxel,
and Irinotecan)

Plant alkaloids are nitrogen-containing organic compounds derived from certain
types of plants and used as cytostatic drugs for the treatment of various types of
cancer (Pietsch et al. 2008). They are cell cycle-specific, meaning that they attack the
cells during various phases of division. These cytostatic drugs seem to favor
adsorption to sewage sludge during conventional biological treatment, revealing
an enhanced bioaccumulation potential (Kosjek and Heath 2011). Four plant alka-
loids, namely, docetaxel, etoposide, paclitaxel, and irinotecan, have been examined
regarding their removal through biological processes.

The removal of docetaxel through biological treatment has been investigated only
by the study of Ferrando-Climent et al. (2014). In this study, its complete removal
(logKow: 2.83, insoluble to water, pKa: 12.02) was obtained in a CAS WWTP in
Spain, with its influent concentration being in the range of 65–219 ng/L, while its
effluent concentration was found to be lower than 3.8 ng/L, which was the limit of
detection (LOD) of the analytical method applied (Ferrando-Climent et al. 2014). It
should be noted that docetaxelwas the only cytostatic drug investigated in this study,
which was found at higher levels in influent sewage (i.e., 65–219 ng/L) than in
hospital effluents (i.e., 61–79 ng/L). This might be attributed to its slow metabolism
in human organism, since approx. 80% of this drug is excreted after the first 48 h and
the patients have commonly left the hospitals.

High removals of etoposide through CAS treatment has been reported, i.e., from
77% up to 100%, by Martín et al. (2011) and (2014), as shown in Fig. 6.2. These
high removals are probably attributed to its sorption onto sewage sludge, as reported
in the study of Kosjek and Heath (2011) regarding the general behavior of the plant
alkaloids in the WWTPs. The influent concentration of etoposide in the various
WWTPs was in the level of 15–83 ng/L, while the effluent concentration was lower
than 2.95–3.4 ng/L (Fig. 6.3) (Martín et al. 2011, 2014; Ferrando-Climent et al.
2013). It should be also noted that while etoposide was detected at high concentra-
tion levels in hospital effluents (up to 714 ng/L), it was not detected neither in the
influent nor in the effluent flows of three Spanish and one Slovenian WWTPs
(Ferrando-Climent et al. 2014; Negreira et al. 2014; Isidori et al. 2016). This can
be explained by the fact that this drug is mainly used for cancer treatments which
require patient’s hospitalization.
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Only one study investigated the occurrence of paclitaxel (logKow: 3.95, insoluble
to water, pKa: 11.99) in WWTPs, which was detected in only one out of the three
influent samples of a Spanish WWTP at 18 ng/L, while it was not detected in any of
the effluent samples (< 2.7 ng/L (LOD)), suggesting a complete removal during the
conventional biological treatment (Ferrando-Climent et al. 2014).

Elimination (100% removal) of another plant alkaloid, namely irinotecan, was
achieved in a Spanish WWTP, in which tertiary treatment is applied, according to
Negreira et al. (2014), with its highest influent concentration to be up to 21.3 ng/L.
According to the authors’ knowledge, this was the first time that irinotecan was
quantified in urban wastewater samples, while it was also detected in hospital
effluents at levels up to 730 ng/L (Gómez-Canela et al. 2014). Irinotecan was also
found in the inflow of a Slovenian WWTP, at a concentration level up to 49 ng/L,
according to Isidori et al. (2016), and it was also completely degraded through
biological treatment (< 0.4 ng/L residual concentration).

Although high degradation through biological treatment was observed for all four
plant alkaloids, according to the available studies described, considering the fact that
for most of them only one or two studies exist in the literature, no solid conclusions
regarding their occurrence, fate, removal mechanisms, and biodegradability can be
drawn at the moment, and further investigation is deemed necessary to be conducted.

6.2.1.4 Antitumor Antibiotics (Doxorubicin and Epirubicin)

Antitumor antibiotics interfere with the DNA inside cells and stop or slow cancer
cells from growing and division (Kümmerer et al. 2016). The removal of only two
antitumor antibiotics (i.e., doxorubicin and epirubicin) in WWTPs has been inves-
tigated until now (Fig. 6.1).

Doxorubicin, which is a drug that may possess mutagenicity to various species
(IARC 2017), was found to be completely eliminated during CAS treatment,
according to the studies of Martín et al. (2011) and Negreira et al. (2014). The
concentration of doxorubicin found in the influent flows of the WWTPs was at the
same levels in both studies, i.e., 2.5–4.5 ng/L. In contrast, doxorubicin was detected
in the effluent stream of four Spanish WWTPs at higher levels (20.3–42.4 ng/L),
according to Martín et al. (2014), while it was not detected in the corresponding
influent flow (< 4.15 ng/L (LOD)). This can be probably attributed to the phenom-
enon of the formation of conjugates, which was described in detail in the above
sections.

Epirubicin was not detected in the influent wastewater of three Spanish WWTPs,
according to the studies of Martín et al. (2011), Gómez-Canela et al. (2012), and
(2014), while it was detected in the hospital effluents examined in the same studies
(in the low concentration level of 4.5–6 ng/L), indicating that this cytostatic com-
pound may probably be degraded or diluted during passage through the sewage grid
(Gómez-Canela et al. 2014). This is also in agreement with the study of Rabii et al.
(2014), as epirubicin was also not found neither in the influent nor in the effluent
flows of the twoWWTPs in Canada. However, it should be highlighted that the LOD
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of the analytical method used in this study was quite high compared to other studies
(i.e., 18 ng/L).

The limited available literature shows that contradictory data exist regarding
doxorubicin removal through CAS treatment, requiring further investigation to get
a clear picture regarding its biodegradability. On the other hand, for epirubicin the
first results show that it is degraded or diluted during passage through the grid, but
more exhaustive research is needed, in order to understand and explain its behavior
through WWTPs.

6.2.1.5 Hormones Used for Cancer Treatment (Tamoxifen
and Megestrol)

Hormone therapy is a form of systemic therapy that works by interfering with the
hormone system, in order to slow or stop the growth of cancer cells, and is used for
the treatment of various hormone-dependent cancers, such as breast and prostate
cancer. Two often consumed hormones, tamoxifen and megestrol, have been inves-
tigated in terms of their removal through biological treatment.

Tamoxifen (logKow, 7.88; water solubility, 16.7 mg/L; pKa, 8.87) is one of the
most frequently used hormones for the treatment of breast cancer, and its removal
through secondary and tertiary biological treatment was found to be insufficient,
ranging from 18% to 50.6% (Roberts and Thomas 2006; Ferrando-Climent et al.
2014; Negreira et al. 2014; Isidori et al. 2016), as shown in Fig. 6.2. The concen-
tration of tamoxifen in raw wastewater ranged from 3.5 ng/L (Negreira et al., 2013)
to 15 ng/L (Ferrando-Climent et al. 2014; Isidori et al. 2016) and even up to 215 ng/L
(Roberts and Thomas 2006), while its detected residual concentrations in the treated
effluents were higher, between 5.8 ng/L and 113.5 ng/L (Fig. 6.3). Negreira et al.
(2014) and Roberts and Thomas (2006) reported poor removal of tamoxifen, equal to
37% and 30%, respectively, by two WWTPs in Spain and United Kingdom, where
tertiary treatment was applied, highlighting its high resistance to biodegradation and
tertiary treatment, as well.

Megestrol (logKow: 3.2, water solubility: 2 mg/L) is the most common progesto-
gen used in medicine and it was detected in the inflow of a Spanish WWTP at
concentration levels of 3–150 ng/L, achieving a significant removal of 87% through
CAS treatment (Gómez-Canela et al. 2014). In addition, megestrol was the only
compound detected in a second WWTP examined in this study, at a maximum
concentration of 220 ng/L in the influent, achieving a complete removal (100%)
through biological treatment. The residual concentrations of megestrol in the
secondary-treated effluents were between 3 and 20 ng/L (Fig. 6.3).

Tamoxifen appears to be poorly degradable through secondary and tertiary
processes and would therefore require further investigation in terms of its occurrence
and toxicity in the aquatic and terrestrial environment, since it may be considered
also as endocrine disruptor. In addition, even though early indications of the one
study available in the literature show that megestrol is highly biodegradable, further
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investigation on the fate/behavior of this hormone during biological treatment is
needed, in order to confirm this outcome.

6.2.2 Removal of Cytostatic Drugs by Membrane Bioreactors

Advanced biological treatment processes, such as membrane bioreactors (MBRs),
have been proved to be a remarkable alternative technique, operated at highly
intensified biomass and high SRTs, favoring thus an enhanced biotransformation
and mineralization of resistant pharmaceutical compounds (Ruel et al. 2011; Zhang
et al. 2013). Although the investment and operational costs of MBRs are higher than
CAS, the fact that they provide a more hygienic effluent, due to the membrane
filtration (i.e., microfiltration (MF) or ultrafiltration (UF)), makes them an attractive
alternative treatment technology. However, it should be noted that there is no
available study in the scientific literature applying MBRs at real scale investigating
the removal of cytostatic compounds, while only bench- and pilot-scale systems
have been examined up to now.

The antimetabolite, 5-fluorouracil, was found that can be almost completely
eliminated within 24 h by a pilot-scale MBR system from hospital effluents, and
the antitumor antibiotics, doxorubicin, epirubicin, and daunorubicin, were removed
up to 90% from the liquid phase, mainly due to the adsorption to sewage sludge
according to the study of Mahnik et al. (2007). On the other hand, a moderate
elimination was displayed in an MBR pilot plant for hydrophilic cisplatin and
carboplatin (i.e., 51% and 63% removal, respectively), mainly due to their irrevers-
ible adsorption to the activated sludge (Lenz et al. 2007b). Delgado et al. (2009)
demonstrated that a lab-scale MBR system operated at aerobic/anoxic conditions
(operational conditions: HRT: 32 h and SRT: 70 days) achieve 80% removal of both
cyclophosphamide and its metabolite (i.e., 4-ketocyclophosphamide), due to both
adsorption and degradation. According to Delgado et al. (2011), cyclophosphamide
was also removed up to 80% in a pilot-scale MBR (MF membrane unit: pore size:
0.1 μm, surface area: 0.0055 m2; operational conditions: HRT: 48 h and SRT:
50 days) from urban effluents, while on the other hand, residual toxicity was
measured in the permeate stream, indicating that further post-treatment is required
to eliminate effluents’ toxicity before their discharge in the environment. In contrast,
insignificant removal of cyclophosphamide (up to 20%) was achieved in the pilot-
scale MBRs treating hospital wastewater, according to Kovalova et al. (2012) and
Köhler et al. (2012).

In the study of Avella et al. (2010), it was reported that the fouling of the
membranes in a cross-flow lab-scale MBR system (MF membrane unit: ceramic
tubular membranes, surface area: 0.0055 m2, pore size: 0.1 μm) increased signifi-
cantly by the addition of cyclophosphamide and its mean metabolites in urban
wastewater, compared with the fouling observed during the operation of a similar
MBR system which was fed only with urban wastewater (i.e., without the addition of
cytostatic drugs). The MBR’s transmembrane pressure in the former setup increased
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for 3-folds with the addition of these drugs. Finally, in a recent study of Wu et al.
(2017), the influence of the presence of eight cytostatic drugs (i.e., azathioprine,
cyclophosphamide, doxorubicin, epirubicin, flutamide, methotrexate, mitotane, and
tamoxifen) on the composition and function of the microbial community in a forward
osmosis anaerobic MBR (FO-AnMBR) (operational conditions: SRT, 60 days, and
HRT, 15–40 h) treating urban wastewater was investigated. The authors report that
the presence of cytostatic drugs in the FO-AnMBR system caused the inhibition of
microbial metabolism, decreasing the evenness of the microbial community and
marginally changing community’s composition, while the extracellular polymeric
substances (EPS) concentration was increased.

A higher treatment efficiency in removing cytostatic drugs seems to be achieved
through MBR systems at bench and pilot scale, in most of the cases mentioned
above, if compared with CAS systems, while further investigation in real scale
applications is required in order to have more concrete and reliable data. Further
research is needed with regard to the MBR effluents’ toxicity, which according to the
authors’ opinion is expected to be lower than the CAS-treated effluents, due to the
filtration (MF or UF) applied in the MBR systems, but definitive data are needed to
confirm this assumption too. However, in the study of Zhang et al. (2013), it was
highlighted that tertiary treatment might be needed to facilitate the safe discharge of
treated effluents fromMBR systems, indicating not only the complete degradation of
the parent compound(s) and/or their active metabolites, but also the elimination of
their toxicity (short and long term). Moreover, it is necessary to conduct research on
the influence of the various cytostatic drugs on the composition and function of the
microbial community of the sludge of the advanced biological systems.

6.2.3 Removal of cytostatic drugs by disinfection processes

6.2.3.1 Chlorination

Chlorination is one of the most commonly used disinfection processes, mainly due to
its low cost, and is commonly used as the final treatment step in theWWTPs, in order
to remove the waterborne pathogens before discharging the effluents into receiving
streams (Michael et al. 2013; Ferro et al. 2015). It is well known that chlorination
may result in the formation of mutagenic/carcinogenic disinfection by-products
deriving from the reaction of free chlorine with the various organic compounds
present in wastewater, and some of these substances have been also proved to be
carcinogenic in humans and animals (Amin et al. 2013). In contact with aqueous
chlorine, pharmaceutical compounds may undergo oxidation reactions yielding
disinfection by-products with different and even higher persistence and toxicity
than their parent compounds (Negreira et al. 2015a). However, limited studies on
the removal of cytostatic drugs through chlorination have been reported to date,
making it difficult to reach conclusions regarding (i) the efficiency of this disinfec-
tion process in removing these compounds, (ii) the potential formation of
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disinfection by-products, and (iii) the harmful effects of the parent compounds and
their by-products on various species (e.g., ecotoxicity, mutagenicity, teratogenicity,
etc.).

Specifically, in the study of Azuma et al. (2015), the efficiency of two Japanese
WWTPs using conventional activated sludge followed by chlorination in removing
various pharmaceuticals, including two cytostatic drugs (i.e., cyclophosphamide and
capecitabine), was investigated. The authors report the effluent concentrations of
cyclophosphamide and capecitabine, after chlorination at 11 and 6 ng/L, respec-
tively. However, no data regarding their concentrations in the influent stream are
given in this study; hence, no conclusions regarding the removal efficiency of this
process were discussed.

Considering the available bench-scale chlorination studies of cytostatic drugs, it
was shown that a removal up to 60% of erlotinib in urban wastewater was achieved
through chlorination (100 μg/L erlotinib and 1 mg/L chlorine) (Negreira et al.
2015a). In this study, 19 disinfection by-products of erlotinib, produced via chlori-
nation and hydroxylation reactions, were identified, providing a first overview of the
fate of this cytostatic drug in the aquatic environment, which can be further used for
monitoring studies. In the study of Negreira et al. (2015b), it was found that
tamoxifen was quite stable under chlorination of ultrapure water, while its major
active metabolites, i.e., 4-hydroxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxi-
fen, were rapidly degraded, each one yielding seven chlorinated by-products. The
toxicity of these by-products was found to be significantly higher than that of the
parent compounds, especially for the dechlorinated species, highlighting the risk
these by-products might have on aquatic organisms. On the other hand, etoposide
was found to react very quick (half-life time (t1/2) around 4 min) in water containing
free chlorine (1 mg/L of etoposide and 100 mg/L of chlorine) leading to the
formation of two chlorinated by-products in only a few seconds, i.e., 30-O-desmethyl
etoposide (BP1) and BP2 (C26H25O13

�), where its reaction rates depended on the pH
(optimum pH: 6) and the concentration of free chlorine in water samples (Negreira
et al. 2015c). The highly cytotoxic chlorinated by-product of etoposide, BP1, was
also detected in environmental matrices, i.e., urban wastewater and river samples, at
concentration levels of 14 and 33 ng/L, respectively, while etoposide was not
detected in these samples (Negreira et al. 2015c), highlighting that the environmental
risks of this disinfection by-product should be included in the future monitoring
studies. The chlorination of vincristine, vinblastine, vinorelbine, and its major
metabolite 4-O-deacetyl vinorelbine in water and wastewater samples was investi-
gated by Negreira et al. (2016). Under the examined chlorination conditions (i.e.,
100 μg/L of each drug and 1 mg/L of free chlorine), vincristine was found to be quite
stable, while vinblastine, vinorelbine, and 4-O-deacetyl vinorelbine were quickly
degraded. Among 65 disinfection by-products that were identified, 20 corresponded
to mono-chlorinated compounds, 8 to dechlorinated, and 2 to tri-chlorinated com-
pounds, with the latest being of major environmental concern. The rest by-products
formed involved hydroxylation and oxidation reactions. According to a recent study
of Yin et al. (2017), it was revealed that methotrexate could rapidly react (t1/2 of
1.65 min) in chlorinated water (chlorine dose: 2 mg/L) at room temperature and
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under neutral conditions, leading to the formation of two by-products, namely
4-amino-3-chlorinated-N10-methylpteroylglutamic (monochloro-methotrexate) and
4-amino-3,5-dichloro-N10-methylpteroylglutamic (dichloro-methotrexate). These
two chlorinated by-products were both detected in real hospital wastewater and it
was found that both of them can inhibit the proliferation of zebrafish liver cells
through S-phase arrest (Yin et al., 2017). This is also in agreement with the study of
Roig et al. (2014), who report a rapid elimination of methotrexate in water samples,
that was achieved through chlorination (chlorination conditions: 1 mg/L of metho-
trexate and 100 mg/L of free chlorine; methotrexate t1/2 around 21 min).

In conclusion, the efficacy of chlorination, as disinfection step after CAS treat-
ment, in removing the various cytostatic drugs, is still scarcely reported and should
be extensively investigated in the near future, especially due to the formation of the
various toxic chlorinated by-products, which may have higher toxic/cytotoxic/muta-
genic properties than the parent compounds.

6.2.3.2 UV Irradiation

Ultraviolet (UV) irradiation has been increasingly used as disinfection process in
various WWTPs worldwide as an alternative to chlorine. In direct photolysis, a
molecule absorbing radiation may become unstable and subsequently decompose,
while the indirect photolysis involves naturally occurring molecules, which generate
strong reactive species (e.g., singlet oxygen, hydroxyl radicals (HO•), alkyl peroxyl
radicals, etc.), that further react with various organic and inorganic compounds
present in a certain water body (Rizzo et al. 2013; Michael et al. 2013).

Only two studies investigating the efficiency of UV irradiation at real scale as
post-treatment of CAS treatment in degrading cytostatic drugs are available in the
scientific literature, indicating insufficient removals for most of the cytostatic com-
pounds examined, except cyclophosphamide, which was found to be completely
removed (Roberts and Thomas 2006; Rabii et al. 2014). Specifically, according to
the study of Roberts and Thomas (2006), tamoxifen was poorly removed by CAS
treatment followed by UV disinfection, achieving a removal rate up to 30%. In the
study of Rabii et al. (2014), the effectiveness of two Canadian WWTPs, i.e., one
CAS WWTP and one tertiary WWTP (CAS + UV irradiation) in the degradation of
various cytostatic drugs (i.e., cyclophosphamide, gemcitabine, ifosfamide, metho-
trexate, irinotecan and epirubicin), was investigated. An insignificant removal of
cyclophosphamide during conventional biological treatment was achieved, up to
18%, while by applying the UV irradiation as disinfection process, complete
removal of this drug was reached. The latter is unexpected from a chemical point
of view, since cyclophosphamide molecule does not contain any aromatic ring or
double C ¼ C bonds, which can absorb photons under UV irradiation; and this high
removal is not in accordance with the results of the studies where UV photolysis of
cyclophosphamide was applied at bench scale (Kim et al. 2009; Česen et al. 2015;
Zhang et al. 2017). In contrast, effluents’ concentrations of methotrexate from a
tertiary WWTP (CAS + UV irradiation) were found to be slightly higher (20–22 ng/
L) than the influent concentrations (17–20 ng/L), indicating that probably the
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conjugates formed are broken down after tertiary treatment, giving a rise to higher
concentrations of the drug’s free form compared to that found in the inflow. The
other cytostatic drugs (i.e., gemcitabine, ifosfamide, irinotecan, and epirubicin) were
not detected neither in the raw wastewater nor in the treated effluents (Rabii et al.
2014).

Insignificant removal was achieved through the application of UV photolysis for
the investigated alkylating agents in water or artificial wastewater, while high
efficiency was achieved for the majority of antimetabolites and plant alkaloids.
More specifically, in the study of Kim et al. (2009), a low degradation of cyclophos-
phamide was achieved (i.e., 12% degradation) with the application of UV irradiation
(UV dose: 5201 mJ/cm2). This is also in agreement with the results of a recent study
of Zhang et al. (2017), where cyclophosphamide shown negligible photodegradation
effect (<1% degradation) by direct UV photolysis (UV dose: 400 mJ/cm2) in water,
mainly due to the fact that the amides bonds in the molecule of cyclophosphamide
cannot be cleaved efficiently through R-CO or CO-N bond breakage, since the
resonance stability between N-C and C-O bonds is extremely high. The above is
also in agreement with the findings of the study of Česen et al. (2015), where it was
found that direct UV photolysis at bench scale was not efficient in degrading neither
cyclophosphamide nor ifosfamide from artificial wastewater. In a more recent study
of Česen et al. (2016), it was highlighted that during UV treatment of ultrapure water
spiked with cyclophosphamide and ifosfamide (26.1 mg/L of each drug), four TPs of
each drug were formed (i.e., Ndecl-CP, keto-CP, CP-TP138a, CP-TP138, IF-TP199,
IF-TP275, IF-TP138, and IF-TP259), while none of these TPs were detected neither
in the influent nor in the effluent samples taken from a Slovenian WWTP in the
framework of this study. No degradation was observed also for 5-fluorouracil (initial
dose: 200 μg/L) in ultrapure water under bench-scale UV photolysis, according to
Lin and Lin (2014); while a slight degradation, up to 24% (UV dose: 400 mJ/cm2)
was observed in the study of Zhang et al. (2017). Moreover, melphalan, etoposide,
and prednisone were completely degraded under UV-C irradiation (after 1, 30, and
5 min, respectively), gemcitabine and capecitabine were almost completely elimi-
nated (90% degradation) after 90 min of photolysis, while cytarabine, ifosfamide,
and cyclophosphamide were found to be recalcitrant to UV-C irradiation, according
to Franquet-Griell et al. (2016). Nevertheless, it should be highlighted that the
addition of H2O2 during UV treatment was proved to be highly effective for
improving the degradation of the above-mentioned cytostatic drugs, even up to
100% (Kim et al. 2009; Lin and Lin 2014; Česen et al. 2015; Česen et al. 2016;
Zhang et al. 2017).

No solid conclusions can be obtained regarding the efficacy of UV irradiation as
post-treatment of CAS process in the degradation of cytostatic drugs, since limited
and contradictory data exist, until now, requiring further and more thorough inves-
tigation. In addition, it is of high importance to investigate the various TPs formed
during this disinfection process, especially with regard to their toxicity compared to
the parent compounds.
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6.2.3.3 Ozonation

Ozone is a powerful oxidant and has been increasingly used for the treatment and
disinfection of urban wastewater effluents, also as an alternative to chlorine. Ozone
reacts with organic contaminants either by the direct reaction of molecular ozone or
by the reaction of free radicals (mainly HO•) produced by the decomposition of
ozone. Molecular ozone reacts selectively with unsaturated bonds, aromatic rings,
and amino groups, while the hydroxyl radicals react unselectively with organic and
inorganic compounds (Garcia-Ac et al. 2010).

Only one study applying ozonation at real scale as tertiary stage of biological
treatment investigating the degradation of two cytostatic drugs (i.e., cyclophospha-
mide and capecitabine) has been published up to date. Azuma et al. (2015) found
that in the effluent samples from a WWTP using ozonation as tertiary treatment, the
mean concentrations of the cytostatic drugs examined were significantly lower than
the concentrations detected in the effluent samples of a WWTP using chlorination as
disinfection process. However, no data are available regarding their influent con-
centrations, in order to estimate their overall removal efficiency. For example, the
effluent concentration of cyclophosphamide after chlorination was 11 ng/L, while
after ozonation it was reduced to 7 ng/L. The same was observed for capecitabine,
which was 6 ng/L after chlorination and 2 ng/L after ozonation, indicating the higher
efficiency of ozonation compared to chlorination on the degradation of these
compounds.

Moreover, considering the results obtained from bench-scale studies, cyclophos-
phamide (initial concentration: 10�3 mol/L) was found to significantly degrade up to
80% through ozonation (ozone dose, 30 mg/L, and pH, 9) in water during the first
10 min of treatment (Fernandez et al. 2010), while a medium degradation of
cyclophosphamide and ifosfamide (i.e., 42 and 36%, respectively) was reached
after 120 min of ozonation of water samples by applying a lower ozone dose of
10 mg/L, according to the study of Česen et al. (2015). Complete degradation
(higher than 97%) of cyclophosphamide, irinotecan, ifosfamide, and capecitabine
via ozonation (ozone gas concentration: 43.9 g/m3) of real hospital wastewater was
reported by Ferre-Aracil et al. (2016).

There is extremely limited information available in the scientific literature regard-
ing the ozonation treatment of cytostatic drugs in real applications as disinfection
process after CAS treatment, making it difficult to reach conclusions regarding its
efficiency in degrading these compounds and the potential of the oxidation products
formation along with their toxicity, which might be higher than those of the
biologically treated effluents. However, from the first findings of the bench-scale
studies, ozonation seems to be efficient in removing these drugs, while no data exist
on the oxidation products formed and the toxicity of the treated effluents.
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6.3 Discussion, Concluding Remarks and Current
Challenges

Conventional biological wastewater treatment facilities are designed in order to
eliminate the organic/inorganic content (e.g., carbon, nitrogen, phosphorus, etc.) of
urban wastewater to a high percentage, but not pharmaceutical compounds, such as
cytostatic drugs. Cytostatic drugs are compounds that are of high environmental
relevance, due to their lack of specific mode of action – since they are non-selective –
and due to the fact that they can be extremely harmful (i.e., fetotoxic, genotoxic,
mutagenic, and teratogenic side effects) to all living eukaryotic organisms even at
very low concentrations (e.g., sub-ng/L).

Several cytostatic drugs have been identified in secondary- and tertiary-treated
effluents of various WWTPs all over the world, demonstrating their high resistance
to biological and tertiary treatment. The overall removal efficiency of WWTPs
varied among different cytostatic compounds, highly associated with their physico-
chemical properties and biodegradability, which also differs significantly. However,
it was noted that more comprehensive studies are required to thoroughly examine the
behavior of cytostatic drugs under conventional biological treatment, focusing on the
elimination processes taking place within the WWTPs, including sorption onto
sewage sludge.

It is well known that in order to further improve the efficiency of WWTPs in
sufficiently degrading the various microcontaminants, including cytostatic com-
pounds from urban wastewater, two possible options exist: (i) the upgrade of current
WWTPs and/or (ii) the application of advanced treatment technologies, such as
advanced biological, advanced chemical oxidation and/or membrane filtration and
separation processes. In general, it may be more environmentally friendly and cost-
effective to directly improve the treatment efficiencies of the existing WWTPs by
prolonging, for example, their HRTs and SRTs and/or combining nutrient removal
stages, than adding an extra advanced treatment process, as post-treatment. How-
ever, in many cases the application of an advanced process might be the best and
maybe also the only choice, in order to achieve a sufficient removal of those
persistent and toxic compounds from wastewater, although it might be accompanied
by higher environmental impacts and higher capital and operational cost. Moreover,
more in-depth investigation should be obtained regarding the negative effects (i.e.,
chemical stress) of cytostatic compounds on the microbial community of the sludge
of the biological systems.

The utilization of advanced biological treatment processes, such as MBR sys-
tems, exhibited a hopeful choice for effective treatment of cytostatic drugs. How-
ever, only bench- and pilot-scale systems have been examined until now, revealing a
higher treatment efficiency compared with CAS systems. Further investigation in
real-scale applications is required, in order to have more concrete and reliable results,
with regard to the toxicity of the MBR-treated effluents.

On the other hand, advanced chemical oxidation processes, mainly applied as
post-treatment of conventional treatment, can significantly improve the treatment
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efficiency, since the use of a strong oxidizing agent (i.e., HO•) can result in a high
degree of wastewater treatment, including the breakdown of recalcitrant and toxic
compounds, such as cytostatic drugs. These new advanced processes seem likely to
be very effective in degrading such compounds; however, further verification is
needed, since their efficacy has just started to be investigated in the last years, mainly
at bench-scale applications. More extensive research is required in this field with
regard to the pharmacologically active and/or potentially more toxic TPs formed
during these oxidation processes.

Finally, environmental and economic analyses are considered necessary for the
large-scale applications of the advanced biological and advanced chemical oxidation
processes used for the removal of cytostatic residues from urban effluents in order to
gain a clearer view of it all.
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Chapter 7
Degradation and Elimination of Anticancer
Drugs by Water and Wastewater
Treatment – Toxicity and Biodegradability
Before and After the Treatment

Carlos Alexandre Lutterbeck, Ênio Leandro Machado,
and Klaus Kümmerer

Abstract Anticancer drugs are chemically spoken a broad group of pharmaceuti-
cals especially designed to treat cancer. Many have been widely used for chemo-
therapy for decades. They are intrinsically toxic. After administration the active
compound is excreted together with its metabolites because of incomplete mineral-
ization in the human or animal body. Thereby they end up in hydrosphere and the
pedosphere. In the hydrosphere they are present at the microgram per litre range or
below. Therefore, they are part of the so-called micropollutants. During the last
20 years, researchers have focused their attention on the environmental fate of
anticancer drugs as well as on the risks that these compounds may pose to humans
and the environment. In general, these compounds are characterized by a poor
environmental biodegradability and often they are not completely removed by
conventional wastewater treatments. So called advanced oxidation processes
(AOPs), i.e. additional oxidative treatment of wastewater treatment plant effluents
has therefore been taken into consideration to solve the problem. Such processes are
also used as a final treatment for the treatment of potable water. Among them is the
treatment with UV light. Some advanced oxidation processes (AOPs) have been
shown to eliminate pharmaceuticals in general at a high degree. However, often
incomplete mineralization results in the formation of unwanted transformation
products (TPs) of unknown chemical structure, toxicity and fate. In some cases, it
was shown that TPs were easier to biodegrade compared to the parent compounds.
Nevertheless, it was also found that many TPs are not biodegradable and are more
toxic or exhibiting a different toxicity profile than the parent compounds.
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The present chapter provides an overview of different treatments used (chlorina-
tion, ozonation, photo treatment and other nonconventional treatments) to remove
anticancer drugs from water (surface, distilled and ultrapure) and wastewater. It
evaluates their efficiency based on the degrees of elimination, mineralization, bio-
degradation and toxicity of the parent compounds as well as possibly formed TPs.

Keywords Anticancer Drug · Degradation · Elimination · Wastewater Treatment ·
Toxicity · Biodegradability · Transformation Product

7.1 Introduction

All over the world, the number of cancer patients is dramatically increasing.
According to a report from the World Health Organization (WHO), cancer
accounted for 8.8 million deaths worldwide in 2015 (WHO 2015). Furthermore, it
is also believed that the number of new cases will rise by about 70% over the next
2 decades (WHO 2015). While the number of studies on pharmaceuticals in the
environment has increased considerably in recent years, one important class has,
somewhat surprisingly, been overlooked in this discourse: anticancer drugs. Now-
adays, approximately 4000 active pharmaceutical compounds, used in human and
veterinary drugs, are available on the European market (Mompelat et al. 2009), and
among them are approximately 100 anticancer drugs (Kümmerer et al. 2016).

Anticancer drugs are a group of molecules with highly diverse chemical structural
formula which is related to different modes of action. Many have been widely used
in chemotherapy for decades. They are especially designed to treat cancer and
certain autoimmune diseases. Because of their none-selective mode of action, that
is, because they affect both cancerous and all fast-dividing cells, anticancer drugs
have been regarded as potentially carcinogenic, genotoxic, mutagenic and terato-
genic compounds (Allwood et al. 2002; Eitel et al. 1999). After administration,
anticancer drugs are metabolized in the human body. Parent compounds and metab-
olites are excreted by humans into the sewage system. Elimination of anticancer
drugs by conventional wastewater treatments is often incomplete and inefficient like
for other pharmaceuticals and chemicals (Wang and Lin 2014; Zhang et al. 2013). It
has been shown that many anticancer drugs are not biodegradable (Kümmerer et al.
1996, 1997; Yu et al. 2006; Lutterbeck et al. 2015a). The first studies confirming the
presence of anticancer drugs in aquatic systems were already published in the 1980s
(Aherne et al. 1985; Richardson and Bowron 1985). Further studies were released in
the early 1990s (Aherne et al. 1990), and these kinds of investigations continue till
today (Besse et al. 2012; Santana-Viera et al. 2016, 2017; Olalla et al. 2018). After
reaching surface waters, parent compounds and their metabolites can undergo
several physicochemical/biological processes (e.g. dilution, hydrolysis, biodegrada-
tion, photolysis and sorption to river bed sediments). Some can lead to the formation
of transformation products (TPs), which might be even more harmful and persistent
than parent compounds (Mahmoud et al. 2013; Pérez-Estrada et al. 2008).

140 C. A. Lutterbeck et al.



Some typical examples of anticancer drugs that are among the most consumed
and therefore frequently detected in different aquatic compartments are: Methotrex-
ate (MTX), Tamoxifen (TAM), Cyclophosphamide (CYC), Ifosfamide (IF), 5-Fluo-
rouracil (5-FU), Doxorubicin (DOX) and Cytarabine (CYT).

Methotrexate was introduced onto the pharmaceutical market in the 1940s, and
today is still widely used at high doses for the chemotherapy of various forms of
cancer (bronchial, breast and ovarian cancer, lymphomas, leukaemia) (Rubino
2001). Up to 90% of the unchanged drug can be excreted in urine and faeces
(Lutterbeck et al. 2015a). Some studies reveal the presence of MTX in hospital
and wastewater treatment plant (WWTP) effluents, and even in surface waters at a
concentration range of ng/L (Halling-Sørensen et al. 1998; Castiglioni et al. 2005;
Yin et al. 2010; Besse et al. 2012).

Tamoxifen is a non-steroidal antiestrogen that has been used to treat breast cancer
for many years and was detected in urban and hospital wastewater samples as well as
in surface waters in the range of ng/L (Ashton et al. 2004; Ferrando-Climent et al.
2013; Thomas and Hilton 2004). TAM is considered as a pro-drug since it is known
to exert its pharmacological effect through its major active metabolites, 4-hydroxy-
tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen, which are mainly excreted in the
urine in the days following administration (Negreira et al. 2015a).

Cyclophosphamide is an alkylating agent that has been in clinical use since the
late 1950s to treat various forms of cancer (bronchial, breast, and ovarian cancer,
lymphomas, leukaemia) and is also used as an immunosuppressant for autoimmune
diseases and after organ transplantations. It acts by inhibiting and altering DNA
replication. After application, about 20% of the parent compound is released
unchanged through renal excretion (Rowney et al. 2009). Several studies have
already detected the presence of CYC in different water compartments in concen-
trations ranging from ng/L to μg/L (Buerge et al. 2006; Yin et al. 2010; Gómez-
Canela et al. 2013; Booker et al. 2014; Santos et al. 2017; Olalla et al. 2018).

Ifosfamide is an analogue of CYC with a similar spectrum of antitumour activity
but higher toxicity potential and financial costs than CYC (Mioduszewska et al.
2016). Typical excretion values of un-metabolized IF vary between 27% and 50%
(Boos et al. 1991). Many authors have already reported the presence of IF in
different water matrices, such as hospital effluents, municipal WWTPs and surface
waters in concentrations from low ng/L up to μg/L (Kümmerer et al. 1997; Steger-
Hartmann et al. 1996; Yin et al. 2010; Buerge et al. 2006; Ternes 1998).

5-Fluorouracil is an antimetabolite that works by inhibiting DNA synthesis and
consequently altering the tumour growth. It has been used for more than 50 years to
treat solid tumours like colorectal, breast, skin, bladder and lung cancers (Mahnik
et al. 2007). Approximately 15% of the parent compound of 5-FU is excreted
unchanged (Zhang et al. 2013). 5-FU has already been detected in the aquatic
environment at concentrations ranging from ng/L up to μg/L (Kovalova et al.
2009; Mahnik et al. 2004, 2007; Weissbrodt et al. 2009).

Doxorubicin is an anticancer drug that belongs to the group of anthracyclines and
has been prescribed since the 1960s and is being frequently used in the treatment of
haematological and solid neoplasms, including acute leukaemia, high-grade
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lymphoma, breast cancer, and bladder cancer (Mahnik et al. 2006). Approximately
3.5–5.7% of administered DOX is excreted in unmetabolized form via urine within
24 h (Dorr and VonHoff 1994). DOX has been detected in hospital effluents in
concentrations ranging from low ng/L up to μg/L (Lenz et al. 2007; Mahnik et al.
2006; Yin et al. 2010).

Cytarabine, a pyrimidine analogue, is used to treat certain types of leukaemia
(acute non-lymphocytic leukaemia, acute lymphocytic leukaemia, chronic myelo-
cytic leukaemia). Approximately 10% of CYT is excreted by urine (Zhang et al.
2013), and it has been detected in WWTPs influents, effluents and surface water in
concentrations up to 9.2, 14 and 13 ng/L, respectively (Martín et al. 2011; Kosjek
and Heath 2011).

Because of the presence of these compounds in the environment, researchers
focused their attention on the environmental fate of anticancer drugs as well on the
risks that these compounds may pose to the environment, and humans once they
reach drinking water resources. Despite the fairly low consumption rates and low
environmental concentrations, especially in comparison to other groups of pharma-
ceuticals (such as antibiotics, antipsychotics, pain killers and beta-blockers), it is
impossible to establish threshold values for the lowest concentrations of these
compounds that would have a certain effect on aqueous biota (Kosjek and Heath
2011). Regardless, some authors believe that, due to their toxicological properties
and poor biodegradability (Toolaram et al. 2014), anticancer drugs might have
adverse effects on all eukaryotic organisms even at very low concentrations (Besse
et al. 2012; Johnson et al. 2008).

The elimination of anticancer drugs and other pharmaceuticals by conventional
wastewater treatment, such as conventional activated sludge process and biological
filtration, is often incomplete and inefficient since these drugs are recalcitrant to
biodegradation and have low adsorption capacity (Wang and Lin 2014; Zhang et al.
2013). Furthermore, oxidative methods are often applied for the production of
drinking water for hygienically reasons. However, if chemicals and pharmaceuticals,
among them highly toxic anticancer drugs, are present in the potable water, their fate
is also of high interest. In this sense, advanced treatments, namely Advanced
Oxidation Processes (AOPs), have been considered as a promising alternative
treatment technique since they are capable of certain parent compounds’ degrada-
tion. However, often incomplete mineralization results in the formation of unwanted
TPs with unknown chemical structure, toxicity, and fate (Haddad et al. 2015). It was
hypothesized that in case of incomplete mineralization by only partial oxidation of
the parent compound, resulting TPs would be better biodegradable compared to the
parent compounds (De la Cruz et al. 2012). However, that seems not to be true in
general.

Despite two decades of extensive research, there is still a big lack of knowledge
concerning the environmental fate of the anticancer drugs, their metabolites, and TPs
stemming from (advanced) effluent treatment and formed in environmental pro-
cesses concerning possible risks resulting from their presence in aquatic environ-
ments (Kümmerer et al. 2016). Moreover, the few studies on the (eco)toxicity of
anticancer drugs performed before and after the treatments are based on the acute
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effects in living organisms. Unfortunately, this kind of tests has almost no environ-
mental relevance and can underestimate the toxicity of chemicals that show mainly
long-term toxicity, for example antibiotics or anticancer drugs (Backhaus and
Grimme 1999; Froehner et al. 2000; Henschel et al. 1997). For this reason, there is
a need for a more comprehensive toxicological assessment of anticancer drugs and
their TPs in general and for studies involving mainly long-term assays (chronic) and
tests in particular, which may provide further insights concerning the cytotoxic,
genotoxic and mutagenic potentialities of these compounds. It is crucial to under-
stand the behaviour of anticancer drugs in the environment (sorption, hydrolysis,
biodegradation, natural photolysis) and to look for alternative treatments that could
remove these compounds, improve their biodegradability and/or reduce their
toxicity.

Therefore, this chapter evaluates the efficiency of different water and wastewater
treatment alternatives based on the degrees of elimination and mineralization, and on
the biodegradability and toxicity of the parent compounds as well as possibly
formed TPs.

7.2 Chlorination

Chlorine has been widely used in WWTPs and in the pre-treatment of hospital
effluents prior to their discharge into the sewage system for reasons of disinfection
(Zhang et al. 2013; Prasse et al. 2015). In some countries, it is also used for
additional treatment of WWTPs effluent, e.g. for wastewater treatment used for
irrigation, depending on the raw wastewater quality and application demands
(Pedrero et al. 2010; Norton-Brandão et al. 2013). During the disinfection process,
depending on the concentration of organic compounds and on the applied chlorine
doses, the pharmaceuticals present in the water can react with free chlorine and form
chlorinated TPs (Fig. 7.1) with different persistence and toxicity if compared to their
parent compounds (Negreira et al. 2015b; Yin et al. 2017). Therefore, the identifi-
cation of possible chlorination products of pharmaceuticals as well as the under-
standing of the chemical fate of these TPs is of particular importance since the
products formed during the disinfection might be more recalcitrant and harmful than
the parent compounds (Bedner and MacCrehan 2006; Prasse et al. 2015). Up until
now only few studies investigated the degradation of anticancer drugs by chlorina-
tion as well as the toxicity of by-products formed during the process.

One of the first studies that investigated the removal of anticancer drugs by
chlorination including the toxicity of by-products formed during the degradation
process was conducted by Roig et al. (2014). The authors investigated the degrada-
tion of MTX, a mutagenic and teratogenic anticancer drug from the subgroup of the
antimetabolites. The results obtained by Roig et al. (2014) showed that chlorination
eliminated 99 % of the parent compound (starting concentration 1 mg/L) after
120 min. However, no significant dissolved organic carbon (DOC) removal was
observed at the end of the treatment, indicating the formation of TPs. Analysis of
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LC-MS revealed the formation of a monochlorinated TP of MTX. However, that
could by far not fully account for the measured DOC. According to the authors, in
silico analysis presented no clear evidence that the possible by-products formed after
chlorination might be more toxic than MTX itself. Nevertheless, since a number of
alerts are altered after chlorination, it cannot be excluded that the toxicity of these
TPs might be modulated compared with the parent compound.

In the same manner, Yin et al. (2017) also investigated the fate of MTX (2 mg/L)
during aqueous chlorination in laboratory batch experiments. The parent compound
was almost completely eliminated (98.2 %) within 10 min. The authors identified the
presence of two MTX chlorinated derivatives, monochloro-MTX and dichloro-
MTX. Both TPs were also detected in real hospital wastewaters. Yin et al. (2017)
also evaluated the effects of MTX and monochloro-MTX on the cell cycle progres-
sion in vitro using a zebrafish liver cell line. The results indicated that both
compounds (MTX and monochloro-MTX) could inhibit the proliferation of
zebrafish liver cells by S phase arrest and their effects on the cell cycle profile did
not differ significantly. MTX treatment caused a significant increase in the number
of S phase cells accompanied by a disappearance of G2/M population, when
compared with the control treatment. Cells treated with monochloro-MTX also
exhibited a significant increase in S phase with a corresponding decrease in G2/M
phase, and the effect was as prominent as those treated with MTX. For both
compounds, the cell cycle profile determined at a concentration of 10 μmol/L was
very similar to that of 1 μM. No dose–effect relationship was observed between these
two concentrations. Nevertheless, considering the limitations of cell cycle analysis
and uncertainty of QSAR analysis, the authors recommend further in vitro studies
with different test modes should investigate the toxic effects of MTX chlorination
products for a better understanding and risk assessment.

Negreira et al. (2015a) investigated the degradation of TAM and its major active
metabolites 4-hydroxy-tamoxifen (OH-TAM) and 4-hydroxy-N-desmethyl-tamoxi-
fen (OH-D-TAM) during chlorination experiments in ultrapure water and real

Fig. 7.1 Chlorination has
been used in studies
involving the degradation of
anticancer drugs
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wastewater. Under the studied chlorination conditions, TAM remained fairly
unchanged after 90 min of reaction (94 � 4%), whereas OH-TAM and OH-D-
TAM concentrations rapidly decreased to around 6% and 3%, respectively, after
only 2 min. A total of 13 chlorinated TPs were tentatively identified. The authors
also found that these by-products can be formed under typical wastewater disinfec-
tion conditions. In silico analysis of the acute aquatic toxicity showed that the
identified by-products of OH-TAM were up to 9- and 18-fold more toxic than
TAM itself against the microcrustacean Daphnia magna and the fish Pimephales
promelas, respectively, whereas the by-products of OH-D-TAM were up to 32 and
110 times more toxic against D. magna and P. promelas, respectively, than OH-D-
TAM.

Both examples, MTX and TAM, demonstrate that chlorination of waters and
wastewaters containing drugs does neither necessarily result in complete minerali-
zation nor detoxification.

7.3 Advanced Oxidation Processes

Advanced (photo) oxidation processes are based on the generation and use of
powerful and highly reactive transitory species, mainly the hydroxyl radicals
(HO•). It can be generated photochemically (by UV or solar light) or by other
means such as ozone, electrochemical oxidation and ultrasound, which can effec-
tively oxidize organic matter (Glaze et al. 1987). In recent years, many studies have
examined the application of photo-assisted systems to remove anticancer drugs from
different water matrices (Zhang et al. 2013). Table 7.1 summarizes the results
reported by the studies discussed in this chapter.

7.3.1 Ozonation

Ozonation is one of the most often investigated AOPs in the treatment of waters and
wastewaters. Ozone is a strong oxidant and is therefore expected to mineralize
micropollutants upon treatment. In some countries such as Germany, it is used as
final treatment for potable water in order to stabilize the drinking water microbio-
logically during its flow through the pipes to the consumer. Within the last decade,
ozonation as the only treatment of effluents was investigated but increasingly also as
part of integrated systems for the treatment of different wastewaters (Margot et al.
2013; Lee et al. 2014). The removal of organic contaminants present in wastewaters
by ozonation process occurs either by direct reaction of the contaminant with
molecular ozone which would resemble the Criegee mechanism known from organic
chemistry and which needs unsaturated double bonds to be present in the molecule,
or by indirect reaction with free radicals, mainly hydroxyl radicals (OH•), generated
by the decomposition of ozone (Garcia-Ac et al. 2010).
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Over the past years, an increasing number of researches have focused their
activities to investigate the efficacy of ozone-based systems to remove anticancer
drugs from wastewaters (Garcia-Ac et al. 2010; Ferre-Aracil et al. 2016; Li et al.
2016; Somensi et al. 2012). However, in most cases, these studies investigated only
the primary elimination of the compounds as well as the reaction kinetics and
operational parameters and did not consider the formation of TPs in the treatments.
Furthermore, if TPs were investigated, rarely the toxicity of the TPs generated during
ozonation was investigated.

Lin et al. (2015) investigated the removal of CYC, IF, and 5-FU from wastewa-
ters by ozonation at an initial concentration of 5 mg/L. Besides, the authors also
evaluated the toxicity of the compounds before and after the degradation experi-
ments. The EC50 value was expressed as a percentage (%, v/v) of the initial sample,
where the EC50 was the concentration that caused a 50% reduction in the biolumi-
nescence of Vibrio fischeri. Then, a toxic unit (TU), which was calculated by
dividing 100 by the EC50, was used to present the results. The study revealed that
CYC, IF and 5-FU were eliminated within 10 min, whereas total organic carbon
(TOC) reduction of less than 50% was obtained within 30 min, indicating the
formation of stable TPs. The highest primary elimination and TOC reduction were
obtained at pH 11. Furthermore, Microtox assays showed significant toxicity
increases of the two photolytic solutions of CYC and IF after 30 min ozonation,
indicating that the TPs formed during the process were more toxic than the parent
compound. 5-FU presented absence of toxicity prior and after ozonation against
V. fischeri. The authors also investigated the ozonation of a solution that contained a
mixture of compounds to simulate wastewater. This solution contained besides
CYC, IF and 5-FU, the vasodilator drug pentoxifylline (PEN). Also at pH 11, all
the parent compounds were completely removed after 20 min, while a TOC reduc-
tion of around 40% was obtained after 2 h only. Despite the removal of the
compounds after 20 min, a significant increase of the acute toxicity was observed
after 2 h, suggesting that toxic TPs were formed.

The elimination of TAM (100 μg/L) by O3 and O3/H2O2 was investigated by
Ferrando-Climent et al. (2017). A removal percentage of TAM higher than 99% was
achieved after 20–30 min treatment. Moreover, the authors also observed an
increased acute toxicity trend within TAM treatment towards V. fischeri, from
being almost not toxic to reach a value of 2% EC50 at the end of the experiment
(after 240 min). This toxic effect of the ozonized solution was mainly attributed to
4 TPs that were formed along the experiments.

The examples presented here include one drug (TAM) that was studied in both
treatments (chlorination and ozonation). Different endpoints of toxicity were used.
The results demonstrate that not only chlorination of waters containing drugs failed
to completely mineralize the parent compounds, but also that ozonation results in the
formation of TPs that are in some cases even more toxic than the parent compounds.
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7.3.2 Photo-Assisted Treatments

7.3.2.1 UV and Simulated Sunlight (SSL) Photolysis

Photolysis, e.g. by UV light in technical systems (e.g. potable water treatment,
wastewater treatment) and natural waters by irradiation with sunlight, has been
studied in order to understand the significance of this degradation pathway for
anticancer drugs (Wang and Lin 2014; Mahmoud and Kümmerer 2012).

Ferrando-Climent et al. (2017) studied the elimination of TAM (100 μg/L) by UV
photolysis. The obtained results showed a primary elimination of around 88% after
120 min. The authors identified 3 TPs that were formed during the photolysis
experiments. It should be highlighted that not one of the TPs formed by the UV
degradation of TAM is also formed in the chlorination and ozonation studies
discussed above, what indicates different degradations pathways of TAM associated
with the treatments. Moreover, the toxicity against V. fischeri of the photolytic
mixture was higher compared to TAM itself. According to the authors, the increase
in the toxicity of the solution at the end of the UV photolysis demonstrates that
despite the almost complete removal of TAM, a total mineralization was not
achieved and thus the toxicity might be considered as a result of the presence of a
cocktail of TPs that are being generated from TAM.

DellaGreca et al. (2007) investigated the photodegradation of TAM (80 mg/L) by
SSL. Primary elimination was about 50% after over a month of irradiation. Four
photo TPs were identified, one of them (TP 370) was also found by Ferrando-
Climent et al. (2017) in UV photolysis experiments. Only one TP presented a
statistically significant higher acute toxicity against the rotifer Brachionus
calyciflorus and the crustacean Thamnocephalus platyurus in comparison to TAM.
The photolytic mixture (formed after 1 month of sunlight irradiation) showed the
lowest EC50 values for B. calyciflorus and T. platyurus, while no effect was found at
the maximum concentration tested (10 mg/L) for D. magna. When considering the
chronic assays, again the irradiated mixture was clearly less toxic towards
B. calyciflorus and C. dubia than the parent compound, suggesting that the partial
degradation of TAM (50%) led to the formation of less toxic TPs.

Lutterbeck et al. (2016) conducted a study focusing on the degradation of 5-FU
(starting concentration of 20 mg/L) by UV and Xe lamps (the latter “simulating”
sunlight irradiation). The authors verified a complete primary elimination of 5-FU
after 32 min using the UV lamp and a partial degradation (32%) after 256 min using
the Xe lamp. No significant DOC removal was observed in the experiments
performed with the Xe lamp, whereas a mineralization degree of 18% was achieved
after a treatment time of 256 min by the UV lamp. Three TPs were formed and
identified during the photodegradation experiments. The authors also found that the
partial degradation of 5-FU did not improve the biodegradability of the reaction
mixture, whereas the UV treatment, which led to the complete elimination of the
parent compound after 256 min, significantly improved the biodegradability (BOD
after 28 days increased from 1.73 to 5.03 mg O2/L). Samples resulting from
treatments with Xe lamp showed no significant differences of the parent compound
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compared to the mixture resulting from photolysis in terms of toxicity while samples
submitted to photolysis with the UV lamp showed statistically significant reductions
in terms of chronic toxicity towards V. fischeri. Lastly, in silico analysis showed that
only one TP presented a positive alert in a rule-based expert system for genotoxicity.

Governo et al. (2017) investigated the degradation of 5-FU (50 mg/L) in water by
UV/VIS photolysis. According to the authors, 5-FU was completely eliminated after
15–30 min of irradiation by direct photolysis and about 50% of the 5-FU was
mineralized after 8 h of reaction. Bioassays using V. fischeri showed a reduced
toxicity of the photolytic mixture in comparison to the parent compound which is in
accordance with the findings reported by Lutterbeck et al. (2016).

A research performed by Česen et al. (2016) investigated the removal of CYC and
IF by UV irradiation as well as the ecotoxicity and genotoxicity of both parent
compounds and their human metabolites/transformation products (TPs) carboxy-
cyclophosphamide (CPCOOH), ketocyclophosphamide (ketoCP) and N-
dechloroethyl-cyclophosphamide (NdCP) as individual compounds and as mixture.
After 48 h of treatment, the primary elimination of CYC and IF were around 70%
and 63%, respectively, whereas no significant DOC removal was obtained under this
extended irradiation time. This very slow degradation of the compounds as well as
the absence of DOC removal are in line with the results of previous studies and
might be attributed to the very low absorbance of CYC and IF at wavelengths above
200 nm (Lutterbeck et al. 2016; Ofiarska et al. 2016). Česen et al. (2016) reported
similar EC50 values of 17.1 mg/L and 11.5 mg/L for CPCOOH and the mixture,
respectively; in experiments performed with the cyanobacteria S. leopoliensis
suggesting that unknown TPs formed during UV irradiation are not toxic to the
test organism. Only CPCOOH exhibited significant genotoxic activity in the absence
(2.75 � 0.12) and the presence (2.04 � 0.47) of S9 metabolic activation.

Ocampo-Pérez et al. (2010) studied the photodegradation of CYT. The authors
observed that after 120 min UV irradiation only 10% of the initial CYT (10 mg/L)
was degraded.

7.3.2.2 Combined Advanced (Photo)oxidation Processes

This section presents the results obtained in studies involving UV irradiation com-
bined with different oxidizing/catalyst agents.

UV and Oxidants

Ferrando-Climent et al. (2017) investigated the degradation of TAM by the com-
bined use of O3 and UV (O3/UV). The results showed a complete removal of the
parent compound within 30 min and the formation and identification of six TPs.
Results of the Microtox assays presented a dramatical increase of the acute toxicity
towards V. fischeri within the first minutes of the experiments reaching a final value
of 1% EC50, whereas TAM is not present. So, the authors attributed the higher
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toxicity to the presence of 3 TPs that were formed during the experiments and
remained in the final solution. In the same research, Ferrando-Climent et al. (2017)
also studied the elimination of TAM (100 μg/L) by UV/H2O2. Results showed that
TAM was almost completely eliminated (around 90%) after 10 min and 3 TPs were
formed within photoperoxidation experiments (the same ones formed in the previ-
ously described UV photolysis experiments). Ferrando-Climent et al. (2017)
observed a higher acute toxicity of the photolytic mixture when compared to the
parent compound in experiments performed with V. fischeri. According to the
authors, despite the fast elimination of TAM, low mineralization degrees lead to
the formation of intermediates which were more toxic to V. fischeri than the parent
compound.

Lutterbeck et al. (2015a) investigated the removal of MTX by UV/H2O2. A full
primary elimination was achieved after 16 min, whereas a DOC reduction of around
65% was observed after 256 min. The authors identified 6 TPs already described in
previous studies (Kosjek et al. 2015; Calza et al. 2014; Kiffmeyer et al. 1997).
Results of the further Closed Bottle Test (CBT) indicated that the photolytic mixture
was less biodegradable than the parent compound itself. Statistically significant
toxicity reductions were observed in the chronic luminescence inhibition (from
61% to 21%) and in the growth inhibition of V. fischeri (from 34% to 2%). The
authors concluded that the intermediates formed during the treatment, although not
biodegradable, are less toxic against V. fischeri than the parent compound.

Ocampo-Pérez et al. (2010) observed that after 120 min of UV irradiation only
10% of the initial CYT (10 mg/L) was degraded, while by the UV/H2O2 treatment
the parent compound was almost completely eliminated after 120 min and a TOC
removal of 60% was achieved, which demonstrates that the OH radicals formed by
the degradation of H2O2 significantly improved the degradation process. The acute
inhibition of V. fischeri was higher after treatment, indicating the formation of TPs
that were more toxic than CYT. However, the surplus H2O2 is toxic and could have
contributed to the increased inhibition of luminescence of V. fischeri. In experiments
performed with UV using K2S2O8 as an oxidant, Ocampo-Pérez et al. (2010) report a
primary elimination of 98% after 60 min and a TOC reduction of 10% after 120 min.
However, differently from the UV/H2O2 treatment, the inhibition of V. fischeri
during UV/K2S2O8 treatment remained virtually constant even at longer treatment
times. These results indicate that the TPs generated by the UV/K2S2O8 treatment are
not excessively toxic and sulphate ion generated as a final product did not inhibit the
bacteria V. fischeri.

Governo et al. (2017) investigated the degradation of 5-FU (50 mg/L) in water by
UV/H2O2 and UV/Fe2+/H2O2 treatments. According to the authors, the UV/H2O2

and UV/Fe2+/H2O2 processes achieved a fully primary elimination after 15 min and
8 min, respectively, whereas for the mineralization these values were of around 50%
and 67% only (after 120 min), respectively. Acute toxicity assays using V. fischeri
showed that the TPs generated from both processes were less toxic than the parent
compound, although the authors had not monitored and identified their structures.

The removal of 5-FU (20 mg/L) from water by UV/H2O2 was also investigated by
Lutterbeck et al. (2015c). A primary elimination of 99% was observed after 8-min
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treatment, while only 41% mineralization was attained after 256 min, indicating the
formation of TPs. The authors identified 4 TPs. Results of the following CBT
experiments showed a noticeable increase of the biodegradability of the photolytic
mixture formed after the treatment when compared to the parent compound (BOD
after 28 days increased from 0.15 to 5.69 mg O2/L). Furthermore, both the chronic
toxicity (luminescence) and growth inhibition against V. fischeri were significantly
reduced, while only one of the four TPs formed during the UV/H2O2 process
presented mutagenicity alerts by QSAR models. However, this TP was a transient
species that was formed and eliminated after 16 min.

The degradation of 5-FU (30 mg/L) by photo-assisted treatment was also the
focus of the research conducted by Koltsakidou et al., (2017b). The SSL/Fe2+/H2O2,
SSL/Fe3+/S2O8

2� and SSL/[Fe(C2Ο4)3]3
�/Η2Ο2 processes completely removed the

parent compounds after 180 min, 120 min and 60 min, respectively. The
ferrioxalate’s complex process achieved the highest mineralization rate after
360 min (65 %), followed by SSL/Fe3+/S2O8

2� (40 %) and SSL/Fe2+/H2O2

(25 %). The authors identified the formation of 3 TPs during treatments: 3 in the
SSL/Fe3+/S2O8

2�, 2 TPs formed during the SSL/Fe2+/H2O2 and 1 formed during the
SSL/[Fe(C2Ο4)3]3

�/Η2Ο2 treatment. Results of the acute toxicity assays indicated an
increased toxicity during the first stages of the reaction for both the SSL/Fe3+/Η2Ο2

and SSL/Fe3+/S2O8
2� treatments towards V. fischeri. According to Koltsakidou et al.

(2017b) at this time, the TPs formed were still present in the solution. Consequently,
the toxicity profile indicates that the TPs’ content during the procedure exhibits more
toxic effects than the parent compound for those two treatments. However, the
toxicity levels at the end of its treatment are lower than the toxicity levels at the
first stages of the reaction. On the other hand, SSL/[Fe(C2Ο4)3]

3�/Η2Ο2 treatment
presented negligible toxicity towards V. fischeri at all stages of the photocatalytic
reaction. This fact might be associated with the speed of the reaction, since the
SSL/[Fe(C2Ο4)3]

3�/Η2Ο2 treatment degraded 5-FU faster and resulted in the pres-
ence of only one TP, which was quickly further degraded. It is well known that the
efficiency of the photo-Fenton process can be further enhanced by using organic
carboxylic acids to complex Fe (III) (Pignatello et al. 2006). According to the
authors, the TPs formed at the first stages of SSL/Fe3+/Η2Ο2 and SSL/Fe3+/S2O8

2�

processes are probably responsible for the acute toxicity of the solutions. Therefore,
Koltsakidou et al. (2017b) concluded that the ferrioxalate photo-Fenton (SSL/[Fe
(C2Ο4)3]

3�/Η2Ο2) treatment was the most efficient, since faster degradation of 5-FU
and higher mineralization percentages were achieved, resulting in the formation of
only one TP and lower acute toxicity in comparison to the other two treatments.

Photocatalysis

The photocatalytic (UV/TiO2) degradation of MTX and DOX was investigated by
Calza et al. (2014). MTX (15 mg/L) and DOX (15 mg/L) were fully eliminated after
30 min irradiation. The authors identified 8 TPs of MTX and 14 of DOX and
addressed the acute toxicity towards V. fischeri. It was found that in case of DOX,
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inhibition of luminescence increased and reached the maximum after 15 min of
treatment time (43%), then slowly decreased and a slight decrease could be observed
after 120 min. According to the authors, this maximum toxicity coincides with the
time point at which most of the TPs reached highest concentrations. In the case of
MTX, the toxicity remained at the maximum level until 30 min of irradiation and
then decreased until 120 min of irradiation, where it was very low. Thus, since MTX
was already completely eliminated after 10 min, the observed high toxicity after
30 min of treatment was associated with the TPs that were generated. At longer
irradiation times (45 min), there was a reduction of the toxicity to 40%, further
reduced by longer irradiation time. Interestingly, the authors found a high initial
acute toxicity of MTX towards V. fischeri, which is in contradiction with results
obtained in previous studies. Lutterbeck et al. (2014) did not observe any acute
toxicity in experiments performed with concentrations up to 100 mg/L of MTX,
whereas Henschel et al. (1997) obtained a high acute EC50 of 1220 mg/L only in
assays also carried out with V. fischeri.

The degradation of CYT by simulated solar assisted photocatalysis using TiO2

was investigated by Koltsakidou et al. (2017a). On the one hand, results of the
toxicity experiments showed a low toxic effect of the parent compound towards
V. fischeri. On the other hand, the authors verified that the TPs generated during the
first minute of photocatalytic treatment (SSL/TiO2) presented higher toxicity levels,
reaching its highest toxic effect at 30 min of irradiation. According to the authors,
this rise in toxicity can be attributed to the formation of more toxic reaction
intermediates than the parent compound or due to synergistic effects among the
formed TPs. After 45 min the toxicity decreased continuously leading to a very low
toxicity level after 360 min of SSL/TiO2 treatment. Therefore, according to the
authors, the photocatalytic SSL/TiO2 degradation of CYT can lead to a complete
elimination of the acute toxicity against V. fischeri.

Koltsakidou et al. (2017a) studied also photocatalysis with SSL in presence of
TiΟ2 and additional oxidants. The results of the experiments carried out with
SSL/TiO2/H2O2 and SSL/TiO2/S2O8

2- showed a full elimination of CYT
(30 mg/L) within 45 min. However, even treatment times of 360 min were not
sufficient to achieve a complete mineralization (80%), demonstrating that the
photocatalytic treatment also needs prolonged irradiation times for complete miner-
alization in the case of SSL as a light source. A total of 11 different TPs were
identified. It is important to mention that the TPs formed during the different
reactions differed in their structures.

The photocatalytic degradation of 5-FU (27.6 mg/L) and CYC (27.6 mg/L) was
investigated by Lin and Lin (2014). On one hand, the obtained results showed a full
elimination of both parent compounds after 240 min. On the other hand, a full
mineralization of 5-FU was obtained only after 1440 min, while for CYC the
mineralization degrees were of only 45% after a treatment time of 960 min. Microtox
acute toxicity results showed that the toxicity towards V. fischeri gradually increased
during the 960 min of irradiation of CYC. According to Lin and Lin (2014), this
phenomenon appears to be compound-dependent, since the same trend was not
observed in the case of 5-FU.

156 C. A. Lutterbeck et al.



Lai et al. (2015) studied the photocatalytic degradation and transformation of IF
and CYC solutions prepared with distilled water and an initial concentration of
20 mg/L. The results showed that the parent compounds were completely eliminated
after 180 min, while TOC removals of only 47% and 36% for IF and CYC,
respectively, were achieved after longer treatment times (360 min). Eight IF and
three CYC TPs were formed and identified. The acute toxicity against V. fischeri
increased during the initial steps of the experiments and then gradually decreased.
After 360 min of reaction time, the toxicity decreased to zero. Lai et al. (2015)
monitored also the release of chloride (Cl�) anion during the degradation of the
parent compounds and its distribution during the change of toxicity throughout the
reaction period. Based on the comparison of chlorine distribution in the target
compounds, degradation TPs and dechlorination with the toxicity trends, the authors
concluded that the acute toxicity most likely results from the formation of
chlorinated TPs.

The photo (catalytic) degradation of CYC by UV/H2O2 and UV/TiO2 was the
focus of the study carried out by Lutterbeck et al. (2015b). The obtained results
showed that more than 99% of the parent compound was removed by the UV/H2O2

and UV/TiO2 reactions in 8 min and 32 min, respectively. Mineralization degrees of
72.5% for the UV/H2O2 reactions and of 89.6% for the UV/TiO2 reactions were
achieved after 256 min. Five TPs were detected during the UV/H2O2 reactions
whereas four were found in the UV/TiO2 treatments. All the TPs generated during
the experiments were identified and are also formed during CYC metabolism in the
human body. None of them showed significant acute or chronic toxicity as well as
growth inhibition against V. fischeri.

In conclusion, the results of the studies presented in this section (photo-assisted
treatments) confirmed the general findings that have been received for chlorination
and ozonation (incomplete mineralization, different kinetics depending on the type
of compound and treatment, formation of toxic TPs).

7.3.3 Other Nonconventional Treatments and Integrated
Systems

Ferrando-Climent et al. (2015) investigated the degradation of IF, TAM and CYC
using a biological treatment based on the fungus Trametes versicolor. Besides the
experiments, two types of control experiments were run. One of them was used to
assess the potential photodegradation of the micropollutants as well as the matrix
effect onto the contaminants from the experimental conditions. Another one
consisted in sterilized cultures (autoclave, 121 �C for 30 min) under identical
conditions to those of the experimental cultures that were used to evaluate potential
fungal sorption processes that could be taking place in time courses degradation
experiments. The amount of adsorbed pollutant was determined from the difference
in the CYC, IF and TAM concentration between the non-inoculated and sterilized
control neglecting the probable change in the type of organic matter resulting from
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sterilization. Results showed that CYC and IF were neither degraded nor sorbed by
T. versicolor at 10 mg/L. However, TAM was eliminated by 92% and 99% after 1 h
and 9 days, respectively, in the experiments performed with synthetic wastewater
spiked at 0.3 mg/L and treated with T. versicolor. According to the authors, the
removal observed can be mainly attributed to sorption processes since the experi-
ment with sterilized biomass showed 83% and 94% of elimination from the water
after 24 h and 9 days, respectively. Two compounds (TAM hydroxylated positional
isomers) were identified as derived from biotransformation of TAM through the
T. versicolor activity. TAM and the by-products formed during the experiments with
T. versicolor showed no toxic effects towards V. fischeri at the tested concentrations.
Surprisingly, results of acute toxicity assays performed with abiotic controls of CYC
and IF as well as the samples taken at the initial time and at the end of the synthetic
water experiments with T. versicolor, showed a high toxicity against V. fischeri.
These results are in contradiction with some previously published results, in which
no acute toxic effect was observed even at high concentrations (120 mg/L) and an
EC10 74.1 mg/L was observed in the chronic assays (Lutterbeck et al. 2014).

Although classified as a cytotoxic compound (alkylating agent), CYC is a
pro-drug that is not active itself unless it undergoes metabolic activation in the
liver, what can explain the absence of mutagenicity (Lutterbeck et al. 2015b).
Whether this holds also for ecotoxicological endpoints is not known yet. The
research performed by Česen et al. (2015) investigated the degradation of IF
(10 μg/L) and CYC (10 μg/L) by the combined use of biological (attached growth
biomass in a flow-through bioreactors) and abiotic treatments (UV/H2O2/O3).
Results of the biological treatment showed removal values of 59% and 35% for
CP and IF, respectively. Furthermore, the authors found out that despite similar
removal rates of the parent compounds by the AOP alone (after 120 min) (99% and
94% for CYC and IF, respectively) and by the combined use of biological and
abiotic treatments, the DOC removal of the integrated system was very high (97%)
when compared to DOC removal by AOP (9%) alone. So, Česen et al. (2015)
suggest that the majority of compounds present in the samples were mineralized
by combined treatment and only a low amount of TPs were formed. However, they
did not investigate the formation of potentially formed TPs.

7.4 Discussion

7.4.1 Efficiency of the Treatments

Because of the use of different degradation experiments, generalizations about the
treatments efficiency are difficult. However, based on the results presented in this
chapter, it seems evident that the ozonation presents the worst results regarding
reductions of the toxicity. In the studies addressed here, although ozone quickly
eliminated the parent compounds, it was not efficient to attain high mineralization
degrees, so stable TPs were formed, which were responsible for the increase in the
toxicity. On the other hand, the photo-assisted methods presented the best results
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when considering the toxicity reductions. This fact might be related to high miner-
alization degrees achieved by these treatments, lowering the generation of toxic TPs.
Nevertheless, one should be careful with generalizations, since all the treatment
methods presented here have advantages and disadvantages. Even in cases where
relative high mineralization degrees (> 60%) were achieved by photo-assisted
methods (UV/H2O2), an increased toxicity or reduced biodegradability was observed
after the experiments (Ocampo-Pérez et al. 2010; Lutterbeck et al. 2015a). There-
fore, the operational conditions of the treatments should be optimized in order to set
the best concentration, treatment time, catalyst, pH, etc., since an excess of hydrogen
peroxide, for example, can add toxicity, retard the reaction, reduce the mineralization
degree and increase the costs of the process. In the same way, although higher
catalyst loadings may produce an increased availability of active sites, an excess of
TiO2 reduces the light penetration leading to a plateau or even a decrease in the
mineralization rate. Another disadvantage is that TiO2 has to be removed after
treatment. Therefore, the optimization of operational conditions through aspects
such as exposure time, concentration of oxidant reagents as well as the concentra-
tions of the compounds in the wastewaters is of crucial importance to achieve higher
mineralization degrees and consequently reduce the formation of TPs so that both
cost and environmental impacts are minimized.

Long treatment times needed for the high degree of mineralization of the parent
compounds and TPs suggest that a practical application is rather limited if higher
volumes of effluent or raw water have to be treated. On the other hand, the results
clearly demonstrate that even at very long treatment times, further improvement is
not always achieved, since in some cases only a little increase in the degree of
mineralization is reached after a certain time point.

Finally, the treatment methods addressed in this chapter that reached high min-
eralization rates and in this way minimized the generation of TPs were carried out
over longer treatment times (hours) and in bench scale, i.e. far from realistic
conditions found in WWTPs.

7.4.2 Biodegradability of TPs

Regarding biodegradability, many parent compounds are not biodegradable or only
biodegraded at low degrees. Mineralization of parent compounds resulting from
advanced treatment is most often incomplete. However, experimental results
addressing the impact of advanced treatment on biodegradability of the formed
reaction products are still rare and available data show that it is not common to
achieve higher biodegradability of the TPs formed within advanced treatment,
i.e. the TPs generated by the AOPs have similar or even lower biodegradation
rates than the parent compounds. This is at the first glance surprising as most often
hydroxylated compounds result from oxidative advanced treatment, which are often
thought to have an improved biodegradability because of the increased bioavailabil-
ity. Nevertheless, one has to be aware that biodegradability is an enzymatic process
which includes other factors too. One could also be the presence of other organic
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material that is easier to degrade than the TPs, often present in low concentrations.
However, results of tests working in the concentration level at a few milligrams per
litre and excluding other carbon sources such as the Closed Bottle test (OECD
301D), which in turn should favour adaption of microorganisms and thereby
favouring positive results, do not confirm this. For example, it was observed that
in case of MTX (Lutterbeck et al. 2015a) the photolytic mixture was less biodegrad-
able than the parent compound, whereas a significant higher biodegradation degree
of 5-FU was observed after the UV and UV/H2O2 (Lutterbeck et al. 2015c, 2016).
On the other hand, no differences were observed for 5-FU prior and after treatment
with SSL (Lutterbeck et al. 2016). In this way, it is not possible to assume that AOPs,
even after longer treatment times, will increase the biodegradability of the com-
pounds in general. According to the authors’ opinion, biodegradation assays should
complement treatment studies and thereby allow for a better evaluation of the
efficiency of different treatment methods.

7.4.3 Toxicity of TPs

As one can see in Table 7.1, in 14 cases of the studies reported in the present chapter
(Negreira et al. 2015b; Lin et al. 2015; Ferrando-Climent et al. 2017; Ocampo-Pérez
et al. 2010; Koltsakidou et al. 2017b; Lin and Lin 2014) an increase of the toxicity
was observed after the advanced treatment, indicating that the formed TPs were
more toxic than the parent compound. Contrarily, in 12 cases (DellaGreca et al.
2007; Lutterbeck et al. 2015a, c, 2016; Governo et al. 2017; Calza et al. 2014;
Koltsakidou et al. 2017a, b), a reduction of the toxicity after the advanced treatment
was reported. Finally, in 14 cases (Roig et al. 2014; Yin et al. 2017; Lin et al. 2015;
Lutterbeck et al. 2015b, 2016; Česen et al. 2016; Lin and Lin 2014; Ferrando-
Climent et al. 2015) no toxicity differences were observed before and after the
treatments related to the toxicity endpoints used, either because the parent com-
pounds were not toxic or because the treatments did not increase the initial toxicity
already existing of the compounds. It is noteworthy to highlight that mostly the
toxicity evaluation involved acute assays with V. fischeri.

Having a closer look onto the treatment methods, chlorination and ozonation
were not able to reduce the toxicity of the investigated anticancer drugs. In 2 out of
4 studies, chlorination increased the toxicity (Negreira et al. 2015b) while in 4 out of
5 cases, the toxicities observed after the O3 experiments were higher (Lin et al. 2015;
Ferrando-Climent et al. 2017). When considering the photo-assisted methods, only
in six studies out of 21, the formed TPs were more toxic than the parent compounds
(Ferrando-Climent et al. 2017; Ocampo-Pérez et al. 2010; Koltsakidou et al. 2017b;
Lin and Lin 2014; Koltsakidou et al. 2017a, b; Lutterbeck et al. 2015c) and in
12 cases toxicity decreased (DellaGreca et al. 2007; Lutterbeck et al. 2015a, 2016;
Governo et al. 2017; Calza et al. 2014). Regarding the nonconventional and inte-
grated treatments, in one case an increased toxicity was observed after the reactions
(Ferrando-Climent et al. 2017).
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The results discussed in the present chapter show that toxicity is also compound
dependent. In studies involving TAM and its metabolites, from 9 studies, 7 indicated
a higher toxicity of the TPs after the treatment. In the research carried out by
Ferrando-Climent et al. (2015), both TAM and the TPs were not toxic, while
DellaGreca et al. (2007) observed a toxicity reduction after the treatment with
SSL. When considering MTX, in two studies a significant decrease of the toxicity
was verified at the end of the experiments (Lutterbeck et al. 2015a and Calza et al.
2014), while in another two studies QSAR analysis revealed no increased carcino-
genicity, genotoxicity and mutagenicity for the TPs in comparison with MTX (Roig
et al. 2014 and Yin et al. 2017). Studies involving CYT showed that in 1 experiment
(Koltsakidou et al. 2017a) a reduction of the toxicity was achieved whereas in
another 2 an increased toxicity was verified (Ocampo-Pérez et al. 2010). DOX
showed a slight toxicity decrease in one study (Calza et al. 2014). Nevertheless,
among all the investigated anticancer drugs, 5-FU was the compound, which
presented the highest toxicity reductions involving different experiments and end-
points. In 7 cases toxicity reductions were achieved at the end of the treatments.
Finally, CYC presented an increased acute toxicity at the end of the experiments in
two investigations while IF in only one (Lin and Lin 2014 and Lin et al. 2015). In all
other cases, the toxicities of both compounds remained similar before and after the
treatments.

It was also found that treatment time can be crucial for avoiding an increase in
toxicity (“window of toxicity”). Due to the short exposure time of the acute tests,
long-term effects present in substances with well-known bactericidal properties,
such as antibiotics and anticancer drugs, may not be detected in short-term assays,
which, in turn, may then lead to an underestimation of the toxic potential of these
compounds (Backhaus and Grimme 1999; Kümmerer et al. 2004). Furthermore, the
ecotoxicological significance of that test is not clear. There is a severe lack of studies
that include endpoints of mutagenicity, genotoxicity and endocrine disruption. In
general, it is difficult to compare data, as many different more or less common
endpoints and tests were used for toxicity assessments. So, in cases of the studies
reported here where “no toxicity” was found this holds only for the endpoint
investigated but does not allow for a general risk assessment. Therefore, stating
the absence of toxicity has to be done very carefully. In this sense, a broader
approach, involving additional endpoints relevant for human health such as muta-
genicity, genotoxicity and endocrine disruption, different organisms (from different
trophic levels) and focusing on long exposure times (chronic assays) and in vivo
assays, is necessary for a better understanding of the toxicological relevance of the
treatment of effluents containing anticancer drugs and their metabolites as well as
their transformation in the environment, e.g. by light or bacteria. Moreover, as the
residues of these compounds in the environment often occur as complex mixtures,
testing the mixtures to verify possibly synergistic or antagonistic effects of mole-
cules with similar mode of action is also an important issue for a more detailed risk
assessment.
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7.5 Knowledge Gaps and Limitations

The treatment methods discussed led to contradictory results, not allowing for a
general conclusion about its efficiency and showing that a compound and treatment
specific assessment is necessary. The results presented here do not allow for a
general prediction about the efficiency of the treatments related to individual com-
pounds. One should be aware that the degradation experiments were carried out
using seven different compounds at different initial concentrations that have differ-
ent chemical and biological properties. Even studies using the same treatment
method (e.g. photodegradation or ozonation) were performed under different oper-
ational conditions, with treatment times varying from a few minutes to hours, using
different ozone doses, different lamps (with different intensities), and varying the
type and catalyst doses. All these variables hinder the comparison among the
treatments and make the assessment of its efficiency a challenging task.

The chosen endpoint to assess toxicity seems to be crucial too. So the absence of
toxicity does not necessarily mean that there is “no” toxicity any more after the
treatment. That demonstrates that technical treatment faces several challenges not
just the formation of possible toxic TPs but also that this may depend on treatment
time, the completeness of analytical identification of TPs and their toxicity. Also the
needed long treatment times (at least several hours in most cases for complete
mineralization if reached at all) present a significant hurdle for the practical imple-
mentation of advanced treatments. Furthermore, most of the studies are conducted
under laboratory conditions (i.e. clear water) and not with native wastewater or
WWTP effluents. These contain additional organic and inorganic compounds, which
have an impact on kinetics, efficacy and type and number of TPs formed. These
issued are not well studied up until now and therefore are still not well understood.
These challenges are therefore often neglected in discussions on the practical
implementation of advanced treatment.

The integration of different treatment methods, combining biotic and abiotic
treatment systems should be more investigated, as they could present a promising
approach such as the one described by Česen et al. (2015). The authors verified that
despite similar primary elimination degrees by AOP alone and by the combined use
of a biological treatment followed by AOP, mineralization increases significantly,
where attained by the integrated treatment (DOC removal from 9% to 97%).
However, the authors did not assess the fate of TPs. Therefore, it is not clear whether
the high removal rates did correspond with high reduction of toxicity and high
degradation rates of TPs or just their sorption to sludge. The combined application
of different treatment alternatives, such as the advanced oxidation processes with a
biological treatment, should be further investigated, in order to verify the feasibility
of the processes to be used as pre- or post-treatment and ensure the complete
mineralization of non-biodegradable and toxic pollutants and to achieve high min-
eralization degrees that might reduce as much as possible the formation of TPs.
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7.6 Conclusions

Several anticancer drugs have been found to be recalcitrant to biodegradation and
detected in the environment. Implementation of advanced treatment was a focus of
research in order to better understand the potential of such approaches to resolve the
issue of micropollutants including anticancer drugs in waters and wastewaters.
Implementing such advanced treatment into practice, i.e. for the treatment of real
wastewater (WWTP effluent) has already been undertaken. However, based on the
findings described in this chapter, it seems to be a very challenging task, especially
considering the fact that the experiments discussed here were performed in labora-
tories and under controlled conditions, i.e. disregarding the synergistic or antagonist
effects of the mixtures of compounds, the presence and absence of microbes, reactive
oxygen species, photosensitizers and quenchers, chemical oxidative agents,
non-specific organic matter and excretion of the compounds.

Many studies applied different conditions within the same or similar treatments
and also many different treatments are described in the literature. TPs resulting from
oxidative advanced treatments are not generally better biodegradable than a given
parent compound and can be even more toxic. Therefore, there is a need for a
treatment and compound-specific assessment. A standardization of treatment condi-
tions would be desirable for a better assessment on the one hand. However, the
amount and type of TPs formed as well their properties such as toxicity and
biodegradability, polarity and further environmental fate are strongly governed by
experimental conditions set. These can change at different places in the environment
and thereby critical conditions and outcomes may be missed meaning risks could be
underestimated or overestimated.

In summary, the results presented in this chapter demonstrate that at least for
practical application knowledge on primary elimination and conditions favouring
highly desirable mineralization is by far insufficient to select the appropriate treat-
ment method and treatment time.

Considering the increased demand for existing and new anticancer drugs world-
wide and the lack of safe threshold limits for the toxic effects that these compounds
can pose to the human health and to other non-target organisms and given the fact
that only 20% of countries do have effluent treatment, the presence of anticancer
drugs and its metabolites in the environment should be a topic of suitable measures
to reduce or event prevent input of these compounds at the source. This should go
along with such measure for other pharmaceuticals and chemicals in general. That
includes creating concern not only for the scientific community but also for the
general public.
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Chapter 8
Analytical Methodologies
for the Determination of Cytostatic
Compounds in Environmental Matrices

Sergio Santana-Viera, Sarah Montesdeoca-Esponda, Zoraida Sosa-Ferrera,
and José Juan Santana-Rodríguez

Abstract The presence of cytostatic drugs in the environment is mainly due to the
entry of nonmetabolized compounds prescribed in anticancer therapies that are
excreted by patients. These compounds have been detected in wastewaters in very
low concentrations. The analysis of cytostatic drugs in environmental samples is
characterized by difficulty in the quantification of these low concentrations in
complex matrices. Therefore, to be able to detect them, first an extraction process
and preconcentration are necessary for their subsequent determination by the correct
sensitive analytical techniques. Data about the mostly used techniques, their optimal
conditions, the predominant compounds, and the results obtained will contribute to
the knowledge of these emerging pollutants.

In this chapter, a comprehensive description of methodologies used for the
determination of cytostatic drugs in environmental samples is presented in terms
of selecting suitable extraction and clean-up procedures. The most commonly used
extraction/preconcentration techniques are solid-phase extraction (SPE) for liquid
samples and pressurized liquid extraction (PLE) as well as ultrasound-assisted
extraction (UAE) for sludge samples. The detection is carried out mainly by liquid
chromatography along with mass spectrometry detection.
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Abbreviations

4-OHTAM 4-Hydroxytamoxifen
5-FU 5-Fluorouracil
A-GLU Amino glutethimide
APCI Atmospheric pressure chemical ionization
APPI Atmospheric pressure photoionization
araU 1-β-d-Arabinofuranoside
AZA Azathioprine
BP1 3’-O-Desmethyl etoposide
CAP Capecitabine
Car-Pt Carboplatin
CE Capillary electrophoresis
CHLO Chlorambucil
CIPRO Ciprofloxacin
Cis-Pt Cisplatin
CP Cyclophosphamide
CYP Cyproterone
CYT Cytarabine
DAU Daunorubicin
dFdU 20,20-Difluorodeoxyuridine
Di-Pt Diaquacisplatin
DOC Docetaxel
DOX Doxorubicin
EI Electron impact
ENDO Endoxifen
EPI Epirubicin
ERLO Erlotinib
ESI Electrospray ionization
ETO Etoposide
FLU Fludarabine
GAC Green analytical chemistry
GC Gas chromatography
GEM Gemcitabine
GOS Goserelin
HILIC Hydrophilic interaction chromatography
ICP-MS Inductively coupled plasma mass spectrometry
IDL Instrumental detection limits
IF Ifosfamide
IMA Imatinib
IRI Irinotecan
LC High-performance liquid chromatography
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LC Liquid chromatography
LEU Leuprolide
LIT Linear ion trap
LLE Liquid-liquid extraction
LOD Limit of detection
LOQ Limit of quantification
MAE Microwave-assisted extraction
MEG Megestrol acetate
MEL Melphalan
MET Methotrexate
MI Mitotic indexes
MISPE Molecularly imprinted solid-phase extraction
MIT-C Mitomycin C
Mono-Pt Monoaquacisplatin
MS Mass spectrometry
MS/MS Mass Spectrometry in tandem
MTBSTFA N-Methyl-N-[tert-butyldimethylsilyl]-trifluoroacetamide
N.D. Not detectable
OH-D-TAM 4-Hydroxy-Ndesmethyl- tamoxifen
OH-MET Hydroxymethotrexate
OH-PAC 6(α)-Hydroxypaclitaxel
OH-TAM Hydroxytamoxifen
Oxa-Pt Oxaliplatin
PAC Paclitaxel
PGC Porous graphitic carbon
PLE Pressurized liquid extraction
PRED Prednisone
QqLit Triple quadrupole-linear ion trap
SPE Solid-phase extraction
TAM Tamoxifen
TCB 1,2,3,5-Tetrachloro-benzene
TEM Temozolomide
TF Trofosfamide
TIS Turbo ion spray
ToF Time of Flight
TP Transformation products
UAE Ultrasound-assisted extraction
UHPLC Ultrahigh-performance liquid chromatography
VINB Vinblastine
VINC Vincristine
VINO Vinorelbine
WWTP Wastewater treatment plant
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8.1 Introduction

Cytostatic drugs are compounds used in chemotherapy to fight cancer. Although the
current trend is toward the nonhospitalization of patients, hospitals remain the main
sources of anticancer residues (Zhang et al. 2013). Hospital effluents are normally
connected to the sewage system without any pretreatment, so once administered,
cytostatic compounds excreted in the urine or feces as metabolized or original
compounds eventually reach the wastewater treatment plants (WWTPs). Since
WWTPs are designed for the removal of organic load, they are not specifically
designed for the treatment of particular chemical compounds, and their effluents
could be considered as the main source of these compounds and their metabolites in
the aquatic environment. An important feature of cytostatic compounds is that they
have low biodegradability in conventional treatments and are considered recalcitrant
compounds (Kümmerer et al. 1997, 2000; Mahnik et al. 2007; Lenz et al. 2007;
Kazner et al. 2008). Similar to other families of pharmaceutical compounds, though
their concentrations in wastewater are very low (in the ng�L�1 range), the conse-
quences of their continued input are unknown (Buchberger 2007).

These compounds have been designed to disrupt or prevent cell proliferation,
usually by interfering with DNA synthesis. Since they do not act selectively on the
growth of cancer cells but act on all fast-dividing cells, it is important to establish the
risk from the presence of these compounds in the environment (Toolaram et al.
2014). The risk of anticancer drugs to the environmental organisms is not very clear,
mainly because of the lack of standardized toxicity approaches. Therefore, residues
of cytostatic compounds are considered to be emerging pollutants, although many of
them have already been described as genotoxic, and they will cause adverse effects
on the aquatic ecosystems (Kovács et al. 2015). To determine the negative impact of
these pollutants, qualitative and quantitative analyses of the aquatic systems must be
conducted.(Ferrando-Climent et al. 2013). However, despite the need to obtain data
that help us understand their hazard in the environment (Zuloaga et al. 2012), only a
small number of studies exist regarding cytostatic compounds, with a limited amount
of experimental data on ecotoxicity (Zounkova et al. 2010). Some of them are
sometimes included in multiresidual studies, but only a few papers are completely
devoted to the determination of this family of pollutants. Therefore, one of the
challenges in the analytical chemistry field is the development of fast and efficient
procedures for the analysis of these slowly discovered compounds and their trans-
formation products, which are compounds that are formed by reactions of cytostatic
compounds that give rise to new unknown compounds and that can be even more
dangerous than the original ones. For example, when the elimination of
5-fluorouracil (5-FU) by photo-oxidation processes such as UV/H2O2, UV/Fe

2+/
H2O2 and UV/TiO2 was attempted, parent compounds can be eliminated, but the
transformation products formed can still be toxic. Therefore, toxicity screening after
advanced treatment is recommended (Lutterbeck et al. 2015b).

Studies with certain cytostatic compounds demonstrate its potential persistence in
the environment and its danger. Cyclophosphamide (CP) and ifosfamide (IF) are
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persistent in the aquatic environment, and they can reach the drinking water through
the surface water. Though they can react with the DNA and that the risk is higher for
newborns and children than for adults, a safe threshold concentration with regard to
health effects could not be given (Kuemmerer and Al-Ahmad 2010). Assays
performed for MET presented a high number of cell deaths, indicating that these
compounds may affect the growth and normal development of these plants
(Lutterbeck et al. 2015a). Compounds like 5-FU, etoposide (ETO), cisplatin
(Cis-Pt), carboplatin (Car-Pt), vincristine (VINC), and CP lead to genotoxic effects
invariably (Mišík et al. 2014).

The presence of different cytostatic drugs in organisms of higher trophic level has
also been studied to investigate their possible adverse effects. Studies on fish demon-
strate that exposure to 5-FU at high concentrations (0.01, 1, and 100 μg L�1) can
damage the integrity of their DNA and induce massive whole-transcriptome changes,
which might affect fish populations over the long-term exposure of several generations
(Kovács et al. 2015). At concentrations detected in hospital effluents, in the range of
μg�L�1, a decrease in the reproductive capacity has been observed in organisms
exposed to Cis-Pt, 5-FU (Parrella et al. 2014), tamoxifen (TAM),
4-hydroxytamoxifen (4-OHTAM), and endoxifen (ENDO) (Borgatta et al. 2015, 2016).

Among the rare references regarding the presence of these compounds in envi-
ronmental liquid samples, most of the relevant works are focused on the analysis of
sewage waters from wastewater treatment plants or hospital effluents, and only a few
papers consider river water or groundwater samples for the analysis of cytostatic
compounds. In 2011, Kosjek and Heath 2011 performed a review of the occurrence,
fate, and determination of cytostatic drugs in the environment, examining a total of
17 papers published until 2009 (Kosjek and Heath 2011). Subsequently, since the
number of papers had increased and different techniques of determination had been
used, sometimes focused on a different objective such as the detection of metabo-
lites, another overview was performed updating the existing information (Santana-
Viera et al. 2016). This time, 42 papers in the techniques used for the determination
of cytostatic compounds in environmental samples were reviewed. In these last
years, the use of new detection technologies along with the greater use of the online
SPE has assumed a main role, focusing on faster multiresidue methods. Since the
number of publications about cytostatic compounds is scarce, the number of studies
where these compounds have been detected is very low and almost exclusively
devoted to Europe (Fig. 8.1).

Cytostatic drugs can also be accumulated in solid matrices, mainly in the sludge
from the WWTPs; however, the available information about this accumulation is
even scarcer than the information on aqueous samples. The extraction of analytes
from solid samples is even more tedious than from liquid samples because of the
difficulty in predicting and overcoming the solute-matrix interactions.

It is important to know which cytostatic compounds can be adsorbed into the
sludge depending on their hydrophobicity and the concentrations in which they can
be found, especially when such sludge is used as fertilizer.

Sensitive analytical methods capable of detecting these contaminants at low
concentrations in the aquatic environment and sludge are essential. Furthermore, a
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high selectivity is required to avoid interference due to complex matrix components
(Garcia-Ac et al. 2009a, b). Besides sophisticated detection systems, which are
imperative in this type of determination, the previous incorporation of isolation
and purification steps is mandatory in order to obtain high sensitivity. Therefore,
sample preparation often represents the most tedious and time-consuming part of the
analytical process.

For liquid samples, both off-line and online solid-phase extractions (SPE) are the
preparation techniques that have been mainly used for the analysis of these drugs
(Mahugo-Santana et al. 2011), including the use of new materials such as molecu-
larly imprinted polymers. However, microextraction techniques, like solid-phase
microextraction, stir bar sorptive extraction, single-drop microextraction, etc., have
not been implemented. Similar to the techniques used in the last decade to analyze
environmental samples, gas chromatography (GC) and liquid chromatography
(LC) separation combined with mass spectrometry (MS) detection are the mostly
used techniques for the analysis of these compounds (Buchberger 2007). However,
determination techniques like inductively coupled plasma mass spectrometry
(ICP-MS) (Vyas et al. 2014) or capillary electrophoresis (CE) (Mahnik et al.
2004) have been also applied.

8.2 Extraction Techniques

Conventional techniques for the extraction from liquid samples such as liquid-liquid
extraction (LLE) have been replaced by alternative methodologies. Though LLE
provides high recoveries and good repeatability, it is relatively time consuming,
harmful (due to the use of large volumes of organic solvents), and quite expensive.
Thus, some alternative techniques have been developed: SPE is the main technique

Fig. 8.1 Occurrence of cytostatic compounds until 2016
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used for the extraction of cytotoxic compounds in liquid environmental samples.
Only Tauxe-Wuersch et al. used the LLE technique for the extraction of cytostatic
compounds as a previous step for purification before using SPE (Tauxe-Wuersch
et al. 2006).

SPE is a sample treatment technique that enables the concentration and purifica-
tion of analytes from solution via adsorption onto a solid sorbent (Camel 2003), and
it is widely used in the environmental analytical field, because it extracts and
preconcentrates the sample in a single step. In Fig. 8.2, a scheme is shown, in
which each step of the SPE technique can be seen.

SPE is undoubtedly the most common extraction technique used for the extrac-
tion of cytostatic compounds from environmental liquid samples (Tables 8.1, 8.2 and
8.3). Different cartridges have been used depending on the cytostatics intended to be
determined. For example, Biotage Isolute ENV+ cartridges have been used for the
extraction of pyrimidine analogues, while Phenomenex Strata-X are preferred when
we tried to extract cytostatics from a mixture of different pharmaceutical compounds
and Waters Oasis HLB cartridges to extract a larger group of them from different
families. Kosjek et al. (2013) studied 5-FU and its prodrug, capecitabine (CAP), and
tested different cartridge mechanisms, concluding that ion pair and anion exchange
retention mechanisms are not viable for complex matrices (Kosjek et al. 2013).

This technique can be used in a conventional way (off-line) as described in
Fig. 8.2, automated in workstations, or coupled online to the chromatographic
column. Only two works have been published regarding the determination of

Fig. 8.2 Scheme of the solid-phase extraction technique
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cytostatics using automatic off-line SPE (Mullot et al. 2009; Ferrando-Climent et al.
2013). In the first of these works, Oasis HLB was used for the extraction and
preconcentration of CP, IF, docetaxel (DOC), paclitaxel (PAC), ETO, VINC,
TAM, MET, azathioprine (AZA), and ciprofloxacin (CIPRO), while in the second
work, Isolute ENV+ was used for the study of 5-FU. However, SPE coupled to
LC-MS is much more common (9.1 1–9.3). The use of automatic SPE can carry out
both extraction and desorption processes without an analyst, which implies numer-
ous advantages including the following: reducing the consumption of organic
solvents, needing a shorter extraction time, and minimizing errors related to the
manipulation of the sample. All of these advantages are even improved when the
elution can be done with the same mobile phase that is further used in the LC system.
For example, Negreira et al. (2013) developed a multiresidue method for the
extraction and determination of 13 cytostatics (gemcitabine (GEM), temozolomide
(TEM), MET, iIrinotecan (IRI), IMA, IF, CP, erlotinib (ERLO), ETO, doxorubicin
(DOX), CAP, TAM, and PAC) and 4 metabolites (hydroxymethotrexate
(OH-MET), 4-hydroxy-N-desmethyl-tamoxifen (OH-D-TAM), hydroxytamoxifen
(OH-TAM), and 6(α)-hydroxypaclitaxel (OH-PAC)) in wastewater samples
(Negreira et al. 2013).

Regarding environmental solid matrices, as indicated above, the cytostatic com-
pounds can be adsorbed into the sludge of the purifiers due to their Kow constants,
and the extraction and purification of these compounds are limited by the large
number of interferences and strong interactions between the analytes and sample.
The extraction of cytostatics in solid matrices, concretely in sludge, has been carried
out using two methods: PLE and UAE (Table 8.4). They replace conventional
extraction techniques of pollutants from solids, such as Soxhlet, which consume
large volumes of toxic organic solvents and have a long working time.

UAE can also be denominated as a classical technique (Zuloaga et al. 2012), but
both the extraction time, due to the cavitation process by the ultrasound bath, and the
use of organic solvents decrease in comparison with Soxhlet (Luque-Garcı ́a and
Luque de Castro 2003). Although in this technique, the diffusion of analytes from
the solid sample to the solvent is facilitated by ultrasonic energy, the lack of
uniformity in their distributions generates poor reproducibility as well as low
selectivity and limited sample-enrichment capabilities.

In PLE, a relatively small amount of solvent can be used at temperatures above its
boiling temperature, because it is under pressure (1500–2000 psi). In this manner, it
is possible to increase the solubility of the analyte in the solvent, the transfer rate, and
the extraction rate (Ramos 2012). PLE also reduces the required extraction time and
has a high level of automation. Its main limitation is low selectivity and coextraction
of interferences, especially in complex samples such as sludge. The acquisition cost
of the equipment and the dilution of the analytes when a large number of cycles are
used imply other disadvantages that must be considered. Other techniques, such as
microwave-assisted extraction (MAE), which has not been applied to cytostatic
compounds till now, could be considered. MAE is based on the application of the
energy of the microwaves to heat the sample. This technique offers advantages such
as short extraction times, small volumes of solvents, and the possibility of extracting
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many samples at the same time. However, this technique cannot be automated and
needs an additional sample clean-up step prior to its injection (Montesdeoca-
Esponda et al. 2014).

8.3 Determination Techniques

The first determinations of cytostatic agents in wastewater were performed in the
1990s (Steger-Hartmann et al. 1996; Kümmerer et al. 1997) using gas chromatog-
raphy coupled to mass spectrometry (GC-MS) as a detection technique after the SPE.
GC-MS is the combination of two techniques, a separation technique (GC) and an
identification technique (MS) (Watson and Sparkman 2007).

In the first of these reports (Steger-Hartmann et al. 1996), IF and CP were studied
in wastewater from Germany by the SPE technique. The limits of detection (LODs)
obtained were approximately 7 ng L�1 for IF and 6 ng L�1 for CP, with the measured
concentrations ranging from 24 ng L�1 (IF) to 146 ng L�1 (CP). 1,2,3,5-Tetrachloro-
benzene (TCB) and trofosfamide (TF) were used as internal standards for the
underivatized and derivatized samples, respectively. In each series of samples, a
standard and a calibration curve was employed, since the authors indicated that the
compounds might have undergone decomposition on the column, resulting in a loss
of efficiency, because the response of the standards rapidly changed from one
analysis to another for underivatized samples. Kümmerer et al. (1997) used the
same procedure, and they achieved 6 ng L�1 as the LOD for IF, detecting concen-
trations of 109 ng L�1 in the hospital’s effluent and between 6.2 and 9.3 ng L�1 in
the wastewater (Kümmerer et al. 1997).

Though these authors achieved satisfactory LODs (6–146 ng L�1) using GC,
almost all their subsequent analyses have been performed using LC. Gas chroma-
tography has some disadvantages such as the need of a derivatization step of low
volatile compounds (generally with high-molecular-weight compounds) and draw-
backs related with the time of sample pretreatment and incapability of determining
very polar compounds or transformation products (TPs) (Hernández et al. 2004).

However, certain cytostatic compounds, specifically pyrimidine analogues, are
often analyzed using GC-MS. For example, TAM and 5-FU were analyzed using
GC-MS, where TAMwas detected in the water samples from the hospital, residential
areas, and WWTPs (Tauxe-Wuersch et al. 2006). However, the concentrations of
this drug were between the limit of quantification and limit of detection (1 and
4 ng L�1) (Table 8.1). The authors conclude that since the use of cytostatic drugs is
less than other drugs such as anti-inflammatory drugs, it is necessary to use more
powerful techniques to detect them.

A GC-MS method was used for the determination of 5-FU because of its poor
retention in reversed-phase materials and the difficulty of its determination by
reversed-phase LC. An automated SPE workstation was used for the extraction,
detecting concentrations between 0.09 and 4 μg∙L�1 in hospital wastewater (Mullot
et al. 2009).
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Kosjek et al. (2013) studied 5-FU and its prodrug capecitabine (CAP) (Kosjek et al.
2013). Three silylation reagents were tested for the derivatization of 5-FU in GC-MS
with electron impact (EI) ionization. Finally, they used N-methyl-N-[tert-
butyldimethylsilyl]-trifluoroacetamide (MTBSTFA) as it has the best hydrolytic stability
of the derivatives and the most favorable fragmentation as well as a superior chromato-
graphic response. Finally, concentrations of 5-FU 4.7 and 14 ng L�1 and of 35 and
92 ng L�1 were measured in wastewater and hospital wastewater samples, respectively.

LC coupled to MS/MS with electrospray ionization (ESI) in the positive mode is
undoubtedly the mostly used technique in the determination of cytostatic com-
pounds. In relation to the ionization mode, it has been found that ESI is the best
ionization mode for cytostatic compounds (Garcia-Ac et al. 2011).

The first papers that used LC-ESI-MS/MS for the determination of cytostatics in
environmental samples were carried out in 1998 (Ternes 1998) (Ternes et al. 1998).
In both papers, the extraction of IF and CP from wastewater, river water, and tap
water was performed by SPE. In the latter work, the authors compared the detection
levels between GC-MS and LC-MS. They achieved LODs of 100–250 ng L�1 in
wastewater and 50 ng L�1 in drinking water using GC-MS and LODs of 10 ng L�1

by LC-MS for both matrices using dihydrocarbamazepine as the surrogate standard.
Some works aimed to identify cytostatics such as CP, IF, or MET besides other

pharmaceuticals. Sacher et al. (2001) analyzed IF and CP among 60 pharmaceutical
compounds in groundwater using 2,3-dichlorophenoxyacetic acid as the internal
standard for the overall procedure. SPE followed by LC-ESI-MS/MS was chosen
for IF and CP, but these cytostatic compounds were not detected in real samples
(Sacher et al. 2001).

Metcalfe et al. analyzed different pharmaceuticals, including CP in river water
(Metcalfe et al. 2003b) and CP and IF in effluents of WWTPs (Metcalfe et al. 2003a).
The objective of the first work was to evaluate the occurrence and distribution of the
drugs being studied (Metcalfe et al. 2003b) in the lower Great Lakes region
(Canada), since this region has a large number of municipalities discharging treated
sewage. In this case, an internal standard (dihydrocarbamazepine) for neutral drugs
was added before the evaporation of samples to check the precision of the procedure.
They detected CP at concentrations of 4–8 ng L�1 in the Otonabee River, Little
River, and Detroit River (Metcalfe et al. 2003b). The objective of the second work
was to evaluate their presence in 18 effluents from different wastewater treatment
plants in Canada (Metcalfe et al. 2003a), which had different treatment processes
varying from the primary treatment to the tertiary treatment. The LODs ranged
between 0.1 and 0.5 μg L�1, but the compounds were not detected.

Some authors (Castiglioni et al. 2005; Castiglioni et al. 2006) investigated MET
and CP among other compounds by SPE and LC-turbo ion spray(TIS)-MS/MS in
urban wastewater from Italy using salbutamol-d3 as an internal standard. In the first
of the papers (Castiglioni et al. 2005), they detected concentrations of 2.1 (CP) and
12.6 ng L�1(MET). In a subsequent paper, the authors applied this optimized
procedure for the determination of the same compounds in other WWTPs, but
cytostatics were not found (Castiglioni et al. 2006).
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Buerge et al. (Buerge et al. 2006) analyzed IF and CP in wastewater in Switzer-
land using SPE and LC-TIS-MS. The samples were fortified with an internal
standard, 13C3-caffeine (0.052 ng�L�1), achieving LODs in the range of
0.2–0.3 ng L�1. The authors managed to detect these compounds in untreated and
treated wastewaters, and they carried out a degradation study of CP and IF in
activated sludge, finding no degradation after 24 h. To make sure that the sludge
was biologically activated, they used caffeine as a reference compound, which was
degraded in 1 h, concluding that CP and IF are persistent compounds. After studying
surface waters, they found very low concentrations of CP, but it was present in all of
the samples analyzed from Lake Zurich and the Limmat River.

It seems that the main entry of cytostatic compounds into the environment is
through the wastewater of hospitals, so their study would yield important information.
With this aim, Weissbrodt et al. (2009) and Kovalova et al. (2009) studied different
cytostatics in wastewater from hospitals (Weissbrodt et al. 2009) (Kovalova et al.
2009). Authors used LC-ESI-MS/MS analyzing several compounds, with half of them
being the same in both works. However, the first work was carried out with ESI in the
positive mode, as is usual for cytostatics, and the second was carried out in the
negative mode. Kovalova et al. (2009) suggested that retaining such polar compounds
in reversed-phase LC can be very complicated, and thus, the authors studied retention
mechanisms on the hydrophilic interaction chromatography (HILIC) stationary phase.
Finally, both papers analyzed hospital wastewater from Switzerland, reaching the
same range of LODs (0.9–9 ng�L�1) measuring the same cytostatic drugs (5-FU,
GEM, and 20,20-difluorodeoxyuridine (dFdU)) at the same concentrations.

Multiresidue methods for different types of pharmaceutical compounds that
include different cytostatics have been reported. Martín et al. (2011) investigated
14 cytostatic drugs (5-FU, GEM, CP, IF, cytarabine (CYT), MET, PAC, ETO, IRI,
DOC, epirubicin (EPI), DOX, vinorelbine (VINO), and mitomycin C (MIT-C)) in
wastewater and river water from Spain. These authors pointed out that the lack of
works determining a group of cytostatics could be due to the absence of methods for
their simultaneous determination. They used SPE followed by LC-ESI-QqQ-MS,
measuring concentrations in the range from 1.2 to 15 ng L�1. Only CYT and GEM
were detected in river water, and almost all the compounds detected in the influent of
the WWTP were detected also in the effluent (Martín et al. 2011).

Regarding the extraction of cytostatic compounds in sludge, only three papers
have been published describing the determination of these compounds in sludge
samples, with ultrasound-assisted extraction (UAE) (Ternes et al. 2005; Okuda et al.
2009) and pressurized liquid extraction (PLE) (Okuda et al. 2009; Seira et al. 2013)
being the selected techniques. Seira et al. 2013, studied CP, IF, and TAM: they
obtained recoveries close to 100% and were able to detect CP and IF in the sludge.
Okuda et al. 2009 developed a procedure for the extraction of 66 compounds,
including CP and CIPRO, which were detected at concentrations of 5–30 ng g�1

(CP) and 20–500 ng g�1 (CIPRO).
Tables 8.1, 8.2 and 8.3 show analytical methodologies employed to determine

cytostatic compounds from different liquid samples, while Table 8.4 summarizes the
methodologies used in solid samples.
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8.4 Current Analytical Procedures to Determine Cytostatic
Compounds in Environmental Samples

Green analytical chemistry (GAC) is a movement within analytical chemistry that
seeks to reduce the consumption of solvents, to replace toxic solvents with others
that are not so toxic, and to minimize and automate the methods (Armenta et al.
2015). Thus, it is intended to alleviate the side effects of the chemistry. The
development of online SPE methods coupled to LC-MS/MS has been shown to
improve method sensitivity, reduce sample pretreatment and analysis time, and
increase the number of samples that can be analyzed simultaneously (Pan et al.
2014). This is the goal of most environmental monitoring programs, to analyze the
maximum number of compounds spending minimal resources. Garcia-Ac et al.
(2009a, b) determined CP and MET, among five other pharmaceuticals, in residual
and surface water using a completely automated method (Garcia-Ac et al. 2009a).
For this purpose, online SPE-LC-ESI-MS/MS was used, obtaining LODs in the
range of 9–20 ng�L�1 using the standard addition method. Concentrations of
9 ng�L�1 (CP) and 59 (MET) ng�L�1 were measured.

Although the online SPE process is one of the most promising techniques,
reversed-phase sorbents show some limitations, such as poor extraction of quite
polar compounds (Castiglioni et al. 2006). Alternative phases may be used in online
SPE to obtain the desired selectivity (e.g., HILIC, porous graphitic carbon (PGC), or
molecularly imprinted solid-phase extraction (MISPE)) (Rogeberg et al. 2014), but
difficulties can appear when combining different analytes with a wide range of
hydrophobicities. As a result, low recovery and poor resolution might occur.

With regard to the determination techniques, high-performance liquid chroma-
tography (LC) has been giving way to ultrahigh-performance liquid chromatography
(UHPLC), which decreases the analysis time, since it works at a higher pressure. It
also decreases solvent consumption when working at lower flow rates. The use of the
reverse phase is the most common in the determination of cytostatic compounds, as
only one paper has been published with HILIC for the determination of 5-FU
(Kovalova et al. 2009).

Concerning detection techniques, mass spectrometry in tandem presents the
disadvantage of only being able to focus on known analytes. This situation changed
radically with the high-resolution of time-of-flight (ToF) systems, where not only the
target compounds but also the non-targets are analyzed (Eichhorn et al. 2016). The
principal operation of this detector is to measure the time it takes for an ion to travel
from the source to the detector, which is located at a known distance. The ions
receive the same acceleration, but, due to their different m/z values, they acquire
different speeds. This method would have no upper limits of m/z (Watson and
Sparkman 2007). Garcia-Ac et al. (2009a, b) also attempted to determine the
cytostatics CP and MET among 14 pharmaceuticals compounds in drinking and
surface water using SPE-LC-ToF-MS (Garcia-Ac et al. 2009a, b).

Gomez-Canela et al. identified CP and EPI using LC-Orbitrap-MS, revealing
their presence inWWTP influents as well as hospital and urban effluents in Catalonia
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(Spain) at concentration levels ranging from 5.73 to 24.8 μg L�1, which are higher
than those levels determined by other authors in wastewaters, which rarely reach the
hundreds of ng L�1 (Gomez-Canela et al. 2012) (Tables 8.1 and 8.2). The advan-
tages of this technique allow other studies beyond the determination of known
compounds to be performed, as demonstrated by the work of Negreira et al. 2015
who studied metabolites of anticancer compounds (Negreira et al. 2015). Sometimes
cytostatic compounds are detected in sewage treatment plants but not in effluents
from hospitals due to degradation reactions that could take place in the presence of
disinfectant. As a result, the UHPLC coupled to quadrupole-orbitrap mass spectrom-
etry (Qq-Orbitrap-MS/MS) technique has been used to elucidate the degradation of
ETO and the determination of its byproducts in chlorinated water. This work showed
that ETO degrades in few seconds into two products, with concentrations in the
range of 14–33 ng L�1 for one of these byproducts, the 3’-O-desmethyl etoposide
(BP1), and without traces of the parent compound.

Ferrando-Climent et al. developed a method for the determination of ten cyto-
static agents and their metabolites in hospital effluents and wastewater treatment
plant influents (Ferrando-Climent et al. 2013). They used automated off-line SPE
and UHPLC coupled to a triple quadrupole-linear ion trap (QqLit)-MS using isoto-
pically labelled compounds as internal standards. The authors obtained concentra-
tions of up to 14 μg L�1 of CIPRO in the hospital effluent, but they also suggest that
the concentrations did not differ too much between hospital effluents and wastewater
treatment plant influents, and thus, the hospital cannot be considered to be the main
source of these drugs.

8.5 Conclusions and Future Trends

Determining the concentrations at which cytostatic compounds are found in the
environment is essential to place them under surveillance taking into account their
mutagenic and genotoxic potentials. CP, IF, TAM, 5-FU, EPI, MET, and DOX are
the most commonly detected compounds in sewage, given that they are the most
frequently used anticancer drugs.

Though the main sources of contamination of these compounds are considered to
be hospital effluents by the majority of the scientific community, some authors do
not agree with this affirmation, and they claim that the levels of cytostatic agents in
effluents from hospitals and in the influent of wastewater treatment plants are similar.
However, the differences in concentrations between hospital effluents and wastewa-
ter are remarkable. In hospitals, the effluent concentrations are measured at the μg
L�1 level, whereas in wastewater, surface water, and river water, the concentrations
are at the ng L�1 level.

The combination most frequently used method for the analyses of these
compounds in liquid samples is SPE followed by LC-MS/MS. Nevertheless, due
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to the low concentrations at which cytostatic compounds are found, the use of more
selective techniques for purification and preconcentration as well as sensible detec-
tion methods is required.

Although online strategies such as online SPE have been implemented in recent
years because of their undoubted advantages in terms of repeatability, efficiency, and
speed, one of their weak points is that there is not a sufficient variety of sorbents.
Future trends should be focused on developing new extraction materials capable of
extracting polar analytes suitable for multiresidue analysis of compounds with a
wide range of hydrophobicity levels.

Continuing with the philosophy of green chemistry, the development of
microextraction techniques has been boosted, which should be attempted to be
implemented for the determination of this group of compounds. These techniques
of microextraction have, among their objectives, the miniaturization, diminution of
extraction time, automation, and onsite analysis. These methods are also character-
ized by the use of small amounts of sample, small volumes of organic solvents, etc.,
thus generating less waste. Concerning the use of these principles in the extraction of
cytostatic compounds, microextraction techniques have not been used, and only the
extraction is carried out by online or off-line SPE. Due to the variety of structures,
molecular and physicochemical properties of the family of cytostatic compounds can
complicate its application.

However, the most important challenge regarding cytostatic analysis is probably
related to their determination in solid samples. The literature for this type of sample
is very scarce, and it is only devoted to sludge samples. Thus, it is mandatory to
implement new approaches for the analysis of these compounds in other solid
samples such as marine sediments or organisms close to the marine outfalls of
wastewaters. In addition, new procedures for the extraction of analytes in solid
matrices such as MAE should be implemented.

Allowing policies to be established for the control of these drugs in the near future
only will be possible through the wide monitoring of cytostatic drugs, including all
of the environmental compartments.
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Chapter 9
Removal of Cytostatic Drugs from Water
and Wastewater: Progress
in the Development of Advanced
Treatment Methods

Ewa Maria Siedlecka

Abstract Cytostatic drugs and other pharmaceuticals are newly recognized classes
of environmental pollutants that receive considerable attention because of their
categorization as carcinogenic, mutagenic, and teratogenic compounds. Although
the cytostatics belong to currently unregulated trace-level contaminants, this situa-
tion can change in the near future. Due to poor biodegradability and low removal
efficiency by conventional wastewater treatments, the alternative methods for a
successful elimination of these drugs have been developed and investigated. This
chapter provides a review of recent scientific research on the elimination of cyto-
static drugs from water and wastewater by advanced physicochemical, chemical and
biological methods, and advanced oxidation processes. The advanced treatments
including membrane filtration, adsorption, ozonation, biomembrane filtration and
advanced oxidation processes (AOPs), such as the Fenton reaction,
photodegradation under solar and UV irradiation, and electrochemical oxidation,
constitute a promising technology for the treatment of water and wastewater
containing cytostatic drugs. In the presented review, data published on the degrada-
tion of cytostatic drugs by the aforementioned alternative methods have been
evaluated for the period 2007–2017. Additional aspects of the problem such as the
operating conditions, influence of the aqueous matrix quality on the removal effi-
cacy, decomposition mechanism of cytostatic drugs based on the identified interme-
diates, and the advantages and disadvantages of the applied processes are also
discussed.
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9.1 Introduction

Cytostatic compounds, partially transformed or even unchanged, are directly
discharged into the sewer system mainly via urinary and/or fecal excretions of
patients undergoing medical treatment (Zhang et al. 2013). The residuals of these
pharmaceutically active compounds are highly dangerous to human health and the
aquatic environment due to their cytotoxicity, genotoxicity, mutagenicity, and
teratogenicity (Besse et al. 2012; Zhang et al. 2013). Moreover, rather limited
knowledge is available about the chronic health effects related to the consumption
of drinking water containing trace amounts of pharmaceuticals, including cytostatic
drugs or their metabolites (Johnson et al. 2008).

The municipal and hospital wastewaters are the main sources of cytostatic
compounds discharged into wastewater treatment plants (WWTPs). Studies
conducted in various countries indicate that hospitals account for 5.5–17%
(Weissbrodt et al. 2009) of the total discharged pharmaceuticals (Franquet-Griell
et al. 2015). In general, cytostatic compounds have complex structures and are often
recalcitrant to biodegradation (Kosjek and Heath 2011), hydrolysis, and/or photol-
ysis (Fiszka Borzyszkowska et al. 2016). Due to a very poor removal efficiency of
conventional activated sludge systems, cytostatic drugs are frequently detected in the
WWTP effluents, and subsequently in surface waters. The efficiency with which
cytostatic drugs are treated largely depends on their physicochemical properties and
the operating parameters of a certain WWTP (Seira et al. 2016).

It is well known that conventional methods of water and wastewater treatment
are not adequate for the effective removal of many trace organic contaminants,
including pharmaceuticals (Ternes et al. 2004). Although drugs belong to currently
unregulated trace level pollutants, there is a growing consensus among the scien-
tific community and water authorities that their optimized removal during waste-
water treatment is a justifiably prudent approach to environmental protection.
Therefore, the wastewater treatment methods should be specifically adapted to
the local pollution sources and, if necessary, the tertiary treatment of wastewater
should be considered. Currently, chemical, physicochemical, and biological
advanced treatment processes are under discussion in order to improve the removal
rates and performance of methods for the elimination of anticancer drugs from
treated wastewater.

9.2 Physicochemical and Biological Properties of Cytostatic
Drugs

The physicochemical properties of pollutants can be used to identify physical hazards
and to understand or predict a chemical’s environmental fate, or to design the effective
removal process of pollutants from water and wastewater. The physicochemical
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properties having particular meaning in wastewater treatment are octanol–water par-
tition coefficient (log Ko/w), optical properties, constant of ionization (pKa or pKb),
and solubility in water.

Molecular hydrophobicity (or lipophilicity) is expressed as log Ko/w and is one of
the most studied physicochemical properties in environmental chemistry. Log Ko/

w is defined as the ratio between the concentration of compound in the hydrophobic
phase (octanol simulates the affinity to lipids, biomass, carbon, etc.) and the con-
centration of all species (ionized and unionized) in an aqueous phase at a given pH.

Figure 9.1 shows log Ko/w of selected cytostatic drugs. Many cytostatic drugs,
particularly those commonly used (e.g., CP, IF, and 5-FU), are polar (log Ko/w < 1.5)
and characterized by high water solubility. Therefore, after being discharged to
wastewater, these compounds mainly exist in the aqueous phase. Due to the low
logKo/w, the low adsorption potential of cytostatic drugs on activated sludge is also
to be expected. On the one hand, flutamide, chloramucil, and pacitaxel, all of which
display logKo/w values higher than 1.5 but lower than 3, can partially adsorb on
activated sludge, natural suspended solids or adsorbents, for example, activated
carbon, while on the other hand, finding tamoxifen (logKo/w > 3) is more likely to
be detected in sediments than in water.

Optical properties define the material response to the incident radiation, and
absorption of photons is one such property of these chemical compounds. The
photolytic removal efficiency of pollutants under sunlight or UV-light applied in
disinfection process depends on their optical properties. The values of maximum
absorption wavelength for cytostatic drugs, with an exception of doxorubicin and
epirubicin, are lower than 290 nm, indicating that some of these chemicals are poorly
decomposed by photolysis under sunlight irradiation (λ > 290 nm).
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On the other hand, the susceptibility to biodegradation of pollutants is a parameter
which determines the type of wastewater treatment technology. 5-FU, Methotrexate
(MTX), Busulfan (BSF), and Cytarabine (CTB) have been described as relatively
biodegradable compounds, while the remaining cytostatics are considered as recal-
citrant to biological treatment.

Due to the aforementioned reasons, cytostatic drugs are often resistant to the
physical and biological degradation processes that are employed in conventional
wastewater treatment systems (Johnson et al. 2008). The high resistance to biodeg-
radation and low adsorption ability of CP and IF indicate that these drugs will be
extremely persistent when released into the aquatic environment. Thus both com-
pounds are often used in the application-based studies of the alternative removal
processes. 5-FU is another frequently studied drug because of its high consumption.
The advanced removal methods are mainly based on the oxidation and/or separation
processes.

9.3 Advanced Treatment Processes

Since the removal of cytostatic drugs and other pharmaceuticals by conventional
wastewater treatment is often incomplete and inefficient (Zhang et al. 2013), other
alternatives need to be investigated. In addition, the efficiency of cytostatic drug
removal via conventional drinking water treatment processes is limited because
the treatments in use were not designed to control these emerging micropollutants
(Ternes et al. 2004). Advanced treatment processes employing the membrane
techniques and AOPs have been proven to successfully eliminate pharmaceuticals
at the laboratory and pilot-plant scale (Wang et al. 2009; Lester et al. 2011; Köhler
et al. 2012; Ofiarska et al. 2016; Seira et al. 2016). Until now, the studies focusing
on the removal of cytostatics have included, inter alia, NF; RO; membrane
bioreactor (MBR); and chemical, photocatalytic, and electrochemical oxidation
(Fig. 9.2). The application of AOPs and MBR leads to the partial or total
decomposition of cytostatic drugs, which, in many cases, eliminates their
mutagenicity or toxicity. However, the oxidation process may sometimes result
in the formation of by-products whose effects can be of potential concern in
relation to ecotoxicity. For example, a serious problem with applying AOPs to
treat hospital wastewater is the presence of pollutants containing iodine or bro-
mine atoms, which will become oxidized to bromates or iodates during the
treatment. The presence of these ions in water is associated with the negative
influence on the environment and human health. On the other hand, the physical
treatment processes only transfer the compounds from the aqueous phase to the
solid phase (e.g., adsorption on activated carbon), or concentrate the compounds
in another stream, for example, in the retentate in the case of NF/RO. The
concentrates (retentates) in the form of a liquid (NF/RO) or in the solid state

200 E. M. Siedlecka



(adsorption process) are hazardous wastes and need further disposal. This will
invariably lead to the additional treatment or disposal of the residues of the
process and, subsequently, an increase in costs of the whole operation.

9.4 Alternative Treatment Processes

The methods that can be applied to remove the residues of cytostatic drugs from
effluents are advanced treatment processes, including RO, NF, MBR, and AOPs.

9.4.1 Membrane Filtration Processes

The membrane filtration processes are increasingly used in advanced water and
wastewater treatment for the removal of bacteria, activated sludge, particulates,
and natural and anthropogenic organic materials. A membrane is a thin layer of
semipermeable material that separates substances when a driving force is applied
across the membrane. As more and more advancements are made in the field of
membrane production and membrane-based module design, the capital and operat-
ing costs associated with the application of membrane filtration continue to decline.
The membrane processes investigated with regard to the elimination of cytostatic
drugs are NF, RO, and microfiltration/biofiltration in MBR.

Advanced removal 
techniques

applied for cytostatic drugs

Membrane 
techniques
• membrane bioreactor (MBR)

• nanofiltration (NF)
• reverse osmosis (OR)

Advanced Oxidation 
processes
• H2O2/UV, O3/UV 

• Fenton reaction with 
modifications
• heterogenous photocatalysis

• electrolysis

Other processes

• adsorption

• chlorination

• ozonation

Fig. 9.2 Advanced removal techniques used for cytostatic drugs elimination from aqueous
environment
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9.4.1.1 Nanofiltration and Reverse Osmosis

The membrane filtration processes have been successfully used to produce high-
quality water from the seawater or secondary treated effluent, because the applied
procedures secure a complete or near-complete removal of a wide range of organic
and inorganic contaminants, even if they are present in trace amounts (Agenson
and Urase 2007; Bellona and Drewes 2007: Yoon et al. 2007; Radjenović et al.
2008; Verliefde et al. 2007a, b, 2009; Yangali-Quintanilla et al. 2009). Because of
the relatively low size and low molecular weight of cytotoxic drugs, only NF and
RO proved to be effective regarding the removal of these compounds from treated
water (Verlicchi et al. 2015). The parameters such as the membrane’s filtration
properties, chemistry of the filtered matrices, and physicochemical properties of
investigated drugs can substantially alter the removal efficiency of filtration (Bel-
lona et al. 2004; Nghiem et al. 2004; Verliefde et al. 2008). Researchers trying to
explain the mechanisms of the removal of trace organic contaminants by NF/RO
(Kiso et al. 2001; Nghiem et al. 2005) have demonstrated that the separation is
based on (i) size exclusion or steric hindrance effect, (ii) electrostatic interactions
between the charged trace organic compounds and the negatively charged surface
of filtration membrane (Bellona et al. 2004), and (iii) adsorption of hydrophobic
trace organics to membrane surfaces and their subsequent retention on RO and NF
membranes. The latter phenomenon results in lower rejection than would be
expected based solely on the size exclusion mechanisms (Nghiem et al. 2004;
Wang et al. 2009). The NF and RO systems were used to remove trace amounts of
CP (between 1 and 600 μg/L) from water during the tertiary treatment of raw water
and a posttreatment process of MBR in wastewater treatment. The CP rejection
from ultrapure water by NF membrane was relatively low, ranging from 20% to
40%, while RO membrane provided excellent rejection (>90%) under the applied
operating conditions (Wang et al. 2009). These results confirmed the hypothesis
proposed by Kiso et al. (2001): in the case of hydrophilic solutes, steric hindrance
is the most important controlling factor for the molecule rejection by NF mem-
brane. In addition, the adsorption onto the organic membrane material has also
been recognized as an important mechanism of rejecting trace contaminants by the
NF/RO processes, especially when the feed concentration reaches the ng/L level
(Kimura et al. 2003).

Wang et al. (2009) studied the influence of aqueous matrix on the removal of CP
residuals during NF. When the MBR effluent was used as the background solution,
the CP rejection rate was much higher (60%) than that measured in ultrapure water.
The authors explained that the higher performance of filtration was connected to the
membrane fouling and CP interactions with the aqueous matrix. In conclusion, NF is
not efficient enough in terms of CP removal to be considered as a tertiary treatment
for CP-containing raw water, but it could be adopted as a posttreatment unit, located
after an MBR unit, in a wastewater treatment system.

An MBR–RO system is an ideal choice for treating hospital effluents since it can
be expected to totally remove many pharmaceutical compounds present at quite high
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concentrations in this type of wastewater (Wang et al. 2009). Nevertheless, further
studies are needed to develop suitable procedures for the disposal of drug concen-
trates in the obtained NF/OR retentate. Moreover, currently the price of NF/OR
techniques application for hospital WWTP is also limiting factor.

9.4.1.2 Membrane Bioreactor (MBR)

Recent developments in the MBR techniques have resulted in the availability of
MBR-based systems that are seriously considered as the next-generation WWTPs
and an alternative to conventional activated sludge treatment. A MBR combines
biological degradation and microfiltration in one unit, where the microfiltration
membranes have a nominal pore size between 0.1 and 0.4 μm. In comparison to
conventional activated sludge process, the MBR appears to be more robust, with a
much smaller carbon footprint and improved effluent quality (Judd 2004, 2008). In
some cases, MBRs have shown relatively better removal of contaminants with
special characteristics, such as low biodegradability and low concentration, com-
pared to conventional activated sludge treatment (Quintana et al. 2005; Bernhard
et al. 2006; Weiss and Reemtsma 2008). This is related to the MBR operating
parameters, that is, high sludge retention time (SRT) and high concentration of
biomass. These operating parameters allow for the intensification of biological
processes by the inclusion of resistant and low-growth microorganisms in the
biomass (De Wever et al. 2007). Moreover, the hydrophobic organic contaminants
present in trace amounts can adsorb to the mixed liquor suspended solids (MLSS),
resulting in a longer actual retention time in the bioreactor and, in turn, in the
enhanced removal efficiency.

The improved removal efficiencies were observed in the case of micropollutants
existing in the hydrophobic neutral forms compared to their negatively charged
species present at higher pH values; this phenomenon is due to the fact that the
negative forms cannot adsorb on the negatively charged suspended solids in the
reactor (Urase et al. 2005; Tadkaew et al. 2010). Delgado et al. (2011) suggested that
molecules exhibiting toxic effects may be either adsorbed or entrapped in humic
acids, which increases their rejection in a MBR.

The MBR technology applied to a hospital WWTP in order to remove CP
exhibited low degradation (< 20%) for a SRT of up to 50 days (Verliefde et al.
2007a, b), while a similar investigation on the presence of MTX in domestic
wastewater-treated via inoculated activated sludge showed the removal values of
up to 80%. Despite the high efficiency of drug removal, the ecotoxicity assessment
of permeate revealed residual ecotoxicity, which was probably due to the presence of
newly formed bioproducts (Delgado et al. 2009). According to more recent reports,
CP removal of up to 80% was achieved for a hydraulic retention time (HRT) of 48 h
and a SRT of 50 days (Delgado et al. 2010). Mahnik et al. (2007) employed a pilot-
scale MBR to treat effluents from an oncology ward. It was found that 5-FU had

9 Removal of Cytostatic Drugs from Water and Wastewater: Progress in. . . 203



rapidly degraded as anthracyclines were removed (removal efficiency >90%) by
adsorption onto the biomass. A high efficiency of CP removal was also demonstrated
for a SRT of 20 days irrespective of the variations in COD, N, or CP concentrations
in the inlet flow. It is noteworthy that the removal via sorption on sludge was
neglected and biodegradation was confirmed as the predominant mechanism (Ternes
et al. 2004; Seira et al. 2016). The cometabolism mechanisms by ammonia oxidizers
were involved in the CP elimination (Seira et al. 2016). The probable role of AMO
enzyme, originating from the autotrophic ammonia oxidizers, in the simultaneous
degradation of ammonium and some micropollutants was suggested also by some
other authors (Clara et al. 2005; Helbling et al. 2012; Tran et al. 2013).

Nevertheless, the main problem with the application of membrane in a MBR is a
rapid decline in the permeation flux due to membrane fouling, which requires
frequent membrane cleaning/replacement, thus increasing the running costs (Judd
2004). This point still needs investigation, especially when toxic compounds are
present in treated wastewater. Currently, available research data suggest that despite
the low concentrations of cytostatic drugs present in wastewater, the toxicity of these
compounds modifies the activated sludge behavior (Delgado et al. 2009, 2010). The
effect of CP and its metabolites, that is, 4-hydroxycyclophophosphamide,
aldophosphamide, acrolein, and phosphoramide mustard, on the formation of extra-
cellular polymeric substances (EPS) induced an increase in the production of poly-
saccharides and protein–polysaccharides complexes. The EPS form a complex
polymeric network with a large surface area adsorbing pollutants, nutrients, and
minerals. The accumulation of EPS in the MBR sludge mixture would facilitate the
formation of an EPS-fouling gel layer on the membrane surface and eventually pore
narrowing/blocking, thus potentially causing a serious fouling problem (Delgado
et al. 2010).

9.4.2 Advanced Oxidation Processes

AOPs represent an interesting alternative, since they can be employed in association
with biological treatments for wastewater remediation, as a pretreatment, increasing
the biodegradability through partial oxidation, or as a posttreatment for the degra-
dation of persistent compounds (Klavarioti et al. 2009; De la Cruz et al. 2012). The
stages of cytostatic drug oxidation via AOPs are shown in Fig. 9.3.

Advanced oxidation processes (AOPs) are based on a series of the oxidative
reactions of organic matter in the aqueous phase by means of in situ generated highly
reactive oxidants such as the hydroxyl radicals •OH and other chemical species,
leading to the decomposition of pollutants or their mineralization. The •OH radicals
and other oxidants can be generated by chemical, photocatalytic, or electrochemical
methods. The AOPs used for the elimination of cytostatic drugs from the aquatic
environment are presented in Fig. 9.4.
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9.4.2.1 AOPs Based on Iron-Catalysis

The Fenton’s reagent and zero-valent iron in the presence of oxygen have been
applied to eliminate the cytostatic drugs. The classical Fenton reaction (Fe(II)/H2O2)
was used by Barek et al. (1998) to decompose Amsacrine, Azathioprine,
Asparaginase, and Thiotepa. This simple method has also been reported as a useful
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tool for the degradation of CP, IF, and melphalan (Hansel et al. 1997). Due to the
possibility of solar light application to accelerate the slow reaction of Fe
(II) regeneration in the Fenton reaction, the photoassisted Fenton reaction has been
investigated. The photo-Fenton (UV/Fe(II)/H2O2) process applied to degrade 5-FU
and CP was faster than conventional Fenton reaction, and the investigated drugs
were completely eliminated after 4 and 2 min, respectively. Governo et al. (2017)
studied 5-FU decomposition via Fenton and photo-Fenton reactions under the
optimal operating conditions (T ¼ 30 �C, [Fe(II)]0 ¼ 0.5 mM; [H2O2]0 ¼ 240 mM
and at pH 3 for [5-FU]0 ¼ 0.38 mM, simulated solar light). The authors reported that
5-FU was completely eliminated after 2 h of treatment, while approximately 50%
mineralization was reached after 8 h. The best performance was achieved for the
photo-Fenton process in which the mineralization level of 5-FU reached 67% for the
iron dose remaining within the legal limits required for direct water discharge.
Moreover, it was found that the degradation products generated during the photo-
assisted Fenton process were less toxic toward Vibro fisheri than the parent com-
pound, fully supporting the relevance of such technologies in the degradation of
cytostatics such as 5-FU (Governo et al. 2017). In other studies, low toxicity was
recorded for the initial solution of 5-FU and the solution at the end of the photo-
Fenton-like (sunlight/Fe(III)/Η2Ο2) treatment, while an increase in the overall toxic-
ity was observed only at the first stages of Fe(III)/Η2Ο2 and Fe(III)/S2O8

2� processes.
All iron-catalyzed processes followed quite similar transformation pathways, which
included defluorination-hydroxylation as well as pyrimidine ring opening in 5-FU
molecule (Koltsakidou et al. 2017).

Lutterbeck and coworkers compared the removal efficiency of 5-FU (Lutterbeck
et al. 2015a), methotrexate (MTX) (Lutterbeck et al. 2015b) and CP (Lutterbeck
et al. 2015c) for three AOPs, that is, UV/Fe(II)/H2O2, UV/H2O2, and UV/TiO2. The
mineralization of 5-FU and CP via UV/Fe(II)/H2O2 and UV/TiO2 treatments
attained a similar level. It has been demonstrated that among the analyzed drugs,
MTX is the least persistent cytostatic and in UV/Fe(II)/H2O2 system its mineraliza-
tion was the most effective. The advantage of photo-Fenton process was the effective
removal of cytostatic drugs, resulting in a high degree of mineralization over a short
time period (i.e., 1.6 min. of IMA removal).

Another process based on iron-catalyzed reactions is the zero-valent iron/water
system under aerobic conditions. This method was considered as a suitable process
for the degradation of cytostatic drugs in wastewater and source-separated urine
originating from hospitals. The results reported by Stieber et al. (2011) indicate that
IF in this system gets transformed by both reductive and oxidative reactions. The
important species participating in the decay of cytostatic drugs are the hydroxyl
radicals, ferryl ions, superoxide radicals, and hydrogen. Due to the fact that hydro-
gen peroxide is an intermediate product produced in the system, acidic conditions
promote the production of highly reactive •OH in the Fenton reaction, whereas
neutral and basic conditions lead to the formation of ferryl ions. On the other
hand, the reductive dehalogenation of IF can be achieved by catalytic hydrogenation,
because the atomic hydrogen is formed through the reduction of H2O or acidic iron
corrosion. This hypothesis has been confirmed by the presence of m/z ¼ 227
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intermediate identified in the posttreatment solution. The detected compound corre-
sponds to the IF molecule with one chlorine atom substituted by a hydrogen atom
(Stieber et al. 2011). The authors proposed that the separation and treatment of
pharmaceutical-containing urine by the aforementioned method could be a reason-
able alternative to conventional wastewater treatment.

A next-generation “green treatment” is represented by the ferrate(VI) process,
which is not an AOP due to the lack of the •OH radical generation. Because of its
strong oxidizing capacity, ferrate(VI) has been employed as a potential chemical that
is suitable for the degradation of the variety of inorganic and organic contaminants.
Moreover, ferrate(VI) is an emerging water-treatment disinfectant and coagulant,
which can address the stringent water standards maintained by the agencies. The
reaction mechanism proposed for Fe(VI) process is based on the one-electron and
two-electron transfer reactions that are associated with the degradation of organics.
The conducted studies showed that Fe(VI) can be reduced to Fe(V) through
one-electron transfer to organic matter, generating organic radical compounds,
which are well-known one-electron reductants (Rush and Bielski 1986; Bielski
1991; Barisci and Dimoglo 2016). Ferrate(VI) was explored in the context of
MTX removal. The ferrate ions were formed by electrolysis at an iron anode under
alkaline conditions. More than 99% degradation efficiency of MTX was provided by
Fe (VI) at pH values equal to or higher than 7. Only the acidic pH values were found
to be less efficient, with 70% of MTX degraded. Besides, COD removal efficiency
was almost 80% for real wastewater samples. Ferrate (VI) has several advantages
because of its dual functions of oxidation and coagulation. Among the identified
transformation products, C15H16N8O was the most abundant compound that was
formed by the C-N bond cleavage in the hydrolyzed glutamic acid (Barisci et al.
2015). Other transformation products resulted from the cleavage of C-N bond,
oxidative cleavage of amine group, hydrolysis of glutamic acid, and decarboxylation
(Barisci et al. 2015).

9.4.2.2 Photocatalysis

Photocatalytic oxidation has been frequently considered as a promising technique in
the removal of pharmaceuticals, including cytostatic drugs. The photocatalytic
oxidation mediated by TiO2 is easy to set up, it runs under ambient conditions,
and employs the most effective technologies. Moreover, the TiO2 semiconductor is
nontoxic, inexpensive, and has a higher chemical and physical stability than other
photocatalysts. Degussa P25 showed the best results with regard to degrading 5-FU
and CP present at low (μg/L) as well as high concentrations (mg/L). Many
researchers indicated that the photocatalyst loading, target compound concentration,
and initial pH are important parameters of the photocatalytic degradation process
(Lin and Lin 2014; Lai et al. 2015; Ofiarska et al. 2016). Under optimal conditions
(Cdrug ¼ 100 μg/L, P25 ¼ 20 mg/l, pH 5.8), CF and 5-FU were almost decomposed
within 2 h. The TiO2/UV system was also effective in the case of MTX and
IF. Despite the rapid removal of parent compounds, more than 24 h was required
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to reach the complete mineralization of the studied drugs. Lutterbeck et al. (2015b)
showed that the mineralization of CP at a concentration as high as 20 mg/l by means
of the UV/TiO2 system reached 89.6% after about 4 h. The photocatalytic degrada-
tion pathways of IF, CP, and trofosfamide were described as the bond-breaking
processes, that is, breaking of the C-Cl, P-N, and C-N bonds (N-dechloroethylation).
The chloride (Cl�) release was recognized as the likely primary step of the
decomposition process (Lai et al. 2015). However, ecotoxicity testing by Microtox
bioassay identified an alarming trend. Despite the fact that CP was rapidly removed
from the solution, the toxicity increased during this particular treatment. Such
phenomenon, which appears to be compound-dependent (for CP, chlorinated
by-products were a probable source of toxicity), was not observed in the case of
5-FU (Lin and Lin 2014).

Despite the aforementioned advantages, the photocatalytic process in the pres-
ence of TiO2 has the following drawbacks: (i) UVA light–initiated photocatalysis
represents only 3–5% of sunlight, which is the free energy, and (ii) there is the
electron–hole recombination step, which results in the low photocatalytic efficiency
of TiO2 semiconductor (Wu et al. 2010; Zhang et al. 2010). The efforts to enhance
the photocatalytic efficiency of TiO2 can be divided into two methodological
categories: (i) the enhancement by increasing the adsorption of organic pollutants
on the surface of TiO2 particles, and (ii) the enhancement by improving the separa-
tion of electron–hole pairs in TiO2 (Cui et al. 2009; Hafez 2009; Zhang et al. 2009;
Ide et al. 2011). The second category of methods was used to enhance the
photocatalytic efficiency of TiO2 during the degradation of cytostatic drugs via
noble metal deposition and ion-doping, as shown in Fig. 9.4 (Lin and Lin 2014;
Ofiarska et al. 2016). Ofiarska et al. (2016) reported that in the photocatalytic
oxidation of CP and IF under simulated sunlight, Pt-doped TiO2 catalyzed faster
and more effectively than undoped TiO2. Moreover, it was observed that phosphates
present in the solution were adsorbed onto the photocatalyst, which accelerated the
separation of photogenerated holes and electrons. This was possible because the
negative electrostatic field, formed by the surface anion forcing, helped in the
formation of free hydroxyl radicals. In another study, the Bi and B ion-doping
method was used to inhibit the electron–hole recombination process in TiO2. The
rates and efficiencies of the photocatalytic decomposition of four selected cytostatic
drugs by applying 3%Bi-2%B-TiO2 (Fiszka Borzyszkowska et al. 2016) were high
and increasing in the following order: CP� IF (30% removal efficiency after 45 min
of irradiation) < 5-FU (38%) < imatinib (100%). However, the mineralization of IF
in the presence of modified catalyst was lower than that obtained by using
unmodified TiO2. This phenomenon was explained by the inhibited generation of
•OH free radicals after B and Bi codoping. The postulated hypothesis has been
confirmed by other researchers who used N-doped TiO2 to photocatalytically oxi-
dize CP and 5-FU (Lin and Lin 2014). The authors suggested that a lower concen-
tration of •OH was generated on the synthesized N-doped TiO2 compared to pure
TiO2 due to the lower basicity of the active sites at the photocatalyst surface. In this
study, both drugs were more effectively removed in the presence of microwave-
treated N-doped TiO2 under visible light than in the presence of Degussa P25. After
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20 h of treatment, the removal efficiency values for 5-FU and CP reached 88.8% and
59.3%, respectively. All results clearly indicate that the cytostatic drugs such as CP,
IF, and 5-FU are resistant to oxidation, and only the powerful quasifree •OH can
efficiently remove the parent compounds and their intermediates from water.

Photocatalytic oxidation was shown to be effective in decomposing 5-FU, CP,
and other cytostatics. This technology has the potential to be widely applied in the
hospital wastewater treatment plants to further eliminate recalcitrant compounds that
are known to resist conventional wastewater treatment processes and to remain
persistent in surface waters after their release. However, if the total mineralization
of cytostatics becomes a target, an extended operation time will be necessary.

9.4.2.3 Electrochemical Oxidation

A relatively new group of AOPs is constituted by electrochemical methods (EAOPs)
such as (i) electro-oxidation, (ii) Fenton-based electrochemical AOP, and (iii)
photoelectrocatalysis. Currently, a successful treatment of the residual anti-
inflammatory, analgesic, and cytostatic drugs, and sulfonamides by these methods
has been reported (Feng et al. 2013; Fabiańska et al. 2014, 2015; Brillas and Sires
2015). The above-mentioned electrochemical processes are classified as AOPs
because of their ability to generate reactive oxygen species, as either superoxides
(MOx, where M is metal) or the hydroxyl radicals (M(•OH)), adsorbed on the anode
(M) surface due to the oxidation of water or OH� ions. Active anodes, such as Pt/Ir
or Pt/IrO2, promote the MOx formation, whereas nonactive anodes, for example,
boron-doped diamond (BDD), foster the generation of quasifree •OH radicals. In the
Fenton-based electrochemical AOP, namely, the electro-Fenton process, the •OH
radicals are mainly produced in the homogeneous Fenton reaction. This is possible
thanks to the in situ H2O2 generation from the cathodic O2 reduction, while Fe
(II) ions are simultaneously regenerated at the cathode under acidic conditions.

The elimination of cytotoxicity, mutagenicity, and antibacterial activity in clinical
wastewater containing anticancer drugs was the objective of the investigations
conducted by Kobayashi et al. (2008) and Hirose et al. (2005). The reactive anodes,
such as Pt/Ir, Pt/IrO2, were used to electrochemically oxidize cytostatic drugs in
various matrices, that is, in urine samples, and clinical wastewater. The Pt/Ir and
Pt/IrO2 electrodes were chosen because of their immortality and the ability to
generate Cl2/HOCl, the latter being strong and relatively long-lived oxidants. Nearly
100% of cytostatic compounds were removed after the electrochemical treatment of
wastewater. The advantage of this method is that it enables the reduction of toxicity
and the disinfection of wastewater in a one-step process. The decomposition of MTX
in the urine samples showed increased oxidation efficiency in the presence of Cl�,
and a decrease in efficiency in the presence of urine. The boron-doped diamond
(BDD) thin film electrode is an exemplary nonactive electrode. Such electrode was
used by Fabiańska et al. (2015) to study the oxidation of IF and CP. The complete
oxidation of both compounds was observed after 4 h of electrolysis. Moreover, the
influence of naturally occurring ions in water and wastewater (Cl�, PO4

3�, NH4
+,
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NO3
�) on the electrochemical decomposition of cytostatic drugs at the BDD elec-

trode was investigated for the first time. The presence of Cl� and PO4
3� ions

increased the rate of this process, while other ions had no significant effect on the
drug decomposition. The main advantage of electrochemical decomposition is high
mineralization of organic matter, while its drawback is the possible oxidation of
chloride to ClO3

�, which can have a negative influence on the aquatic biota and
human health (Fabiańska et al. 2015).

Last but not least, the electro-Fenton process is an interesting alternative with
regard to the degradation of cytostatic drugs. The galvanostatic electrolysis was
investigated with a boron-doped diamond anode and a carbon felt cathode in an
undivided laboratory-scale cell. In the case of 5-FU, the fastest drug decomposition
(6 min at I ¼ 300 mA) accompanied by a high degree of mineralization was
reached at the optimal Fe(II) concentration of 0.2 mM. The main identified
intermediates were oxalic and acetic acids and short-chain aliphatic by-products,
which were completely degraded to inorganic ions (NH4

+, NO3
�, and F�) after 6 h

of electrolysis. The final solution contained less than 10% of residual organics
(Ganzenko et al. 2017).

9.4.2.4 Ozonation

Ozonation continues to attract wide interest because of its important role in
disinfecting drinking water or treating hospital wastewater. In general, molecular
ozone reacts selectively with unsaturated bonds, and aromatic and amino groups in
organic compounds, whereas •OH reacts much more indiscriminately (von Gunten
2003). It is known that the dominant pathway involved in a specific ozonation
process largely depends on the characteristics of aqueous matrix (i.e., pH, alkalinity,
redox conditions, natural and anthropogenic organic matter). The oxidation of
cytostatic drugs by ozonation can occur via (i) ozone, (ii) •OH generated by the
decomposition of ozone, or (iii) their combination. Not only alkalinity and pH can
change the ratio of ozone to •OH by directly affecting the decomposition rate of
ozone. Bicarbonate can also hamper ozonation by reacting with •OH to form
carbonate ions, while bromates/iodates may be formed during the ozonation of
hospital wastewater containing bromide/iodide (Kovalova et al. 2013). Furthermore,
natural dissolved organic matter can act as •OH scavenger, which will significantly
decrease the ozone treatment efficiency of target compounds (Kim et al. 2009).
Therefore, the water quality must be considered in order to ensure the efficient
removal of potential chemicals via ozonation. In addition, the pertinent ozone
reaction mechanism must be investigated to develop and implement the specific
plan to reduce the negative effects of ozonated hospital wastewater.

MTX and CP can be effectively removed from drinking water via ozonation,
although the removal of CP required a significant treatment time (Garcia-Ac et al.
2010). Pharmaceuticals such as CP, IF, and 5-FU were rapidly removed by ozona-
tion under alkaline conditions (pH 11) from the distilled water, pharmaceutical
wastewater, and hospital effluent. However, at low pH values, their removal was
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less effective. The pH during treatment plays an important role, because it deter-
mines the attainable concentrations of dissolved ozone (high concentrations at low
pH) and hydroxyl radicals (high concentrations at high pH). Under an alkaline pH of
11, all of the target compounds rapidly degraded through the attack of hydroxyl
radicals, which resulted in the complete removal of drugs within 5 min at an ozone
supply rate of 3 g O3/h. Under acidic conditions (pH 5.6), CP and IF exhibited
slower removal rates, while compounds with unsaturated C-C bonds, such as 5-FU,
were still removed at rapid rates (Lin et al. 2015). Hernández et al. (2008) reported
that cisplatin was totally removed by ozonation after a 2-min reaction at pH 9, while
Ferre-Aracil et al. (2016) showed that CP degraded after 10 min at pH 8.5. The
ozonation of MTX and doxorubicin was also found to be a pH-dependent process,
with alkaline conditions being the favorable ones (Somensi et al. 2012). Despite the
complete removal of the parent compounds, TOC removal was incomplete (50%).
This fact indicated that by-products were still in the solution, and the biological
activity of some of them resulted in the acute toxicity of ozonated effluent. (Lin et al.
2015). The results of another study showed that the ozonation efficiency can be
enhanced by the application of ultrasound (Somensi et al. 2012) or hydrogen
peroxide (Lester et al. 2011). The combined sonolysis/ozonation process was more
efficient than ozonolysis alone in relation to the degradation of doxorubicin, while
MTX was easily decomposed by both methods. Yet another conclusions from the
investigations of cytostatic drugs during ozonation were that CP, IF (Česen et al.
2015), and BSF (Li et al. 2016), which belong to nitrogen mustard derivatives, are
mainly eliminated via free radical-mediated oxidation mechanism. The molecular
mechanism of ozone attack on the drugs is also possible in the presence of •OH
scavenger in the water. In this case, however, the ozonation effectiveness is low in
relation to the removal of CP (42%) and IF (36%) even in ultrapure and natural
waters (Česen et al. 2015). Other studied cytostatic drugs, that is, MTX (Garcia-Ac
et al. 2010), TMX, and Irinotecan (Chen et al. 2008), were less persistent during
ozonolysis. MTX and TMX are large-molecular-size aromatic compounds, while IF,
BSF, and CP are saturated aliphatic heteroatomic substances of low molecular size.
Due to these characteristics, the decomposition of CP and IF by the •OH radical
attack is favored, while MTX and TMX are sensitive to a variety of oxidants. Ferre-
Aracil et al. (2016) showed that direct ozonation is technically and economically
feasible as a treatment process for the chemical abatement of particular cytostatic
compounds (IF, CP, and CAP at concentrations ranging from 273 to 1139 ng/L) and
other dissolved organics present in raw wastewater from hospitals. In the case of CP,
the elimination efficiency reached 97%. The corresponding values for other organic
compounds were higher, and had been achieved over a relatively short reaction time
(10 min). The concentration of ozone gas for the described treatment was ca. 43.9 g/
m3 (Ferre-Aracil et al. 2016).

The aqueous matrix composition is the key factor in reference to residual toxicity
of water or ozonated wastewater. In the distilled water, the resulting ozonation
products exhibited minimal mineralization but high acute toxicity, whereas in
naturally buffered pharmaceutical and hospital effluents, the byproducts were more
amenable to removal and detoxification. The studies conducted have also
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demonstrated that ozone in the presence of urine can only partially degrade recalci-
trant pharmaceutical compounds; thus, the complete mineralization is not attained
(Escher et al. 2006; Dodd et al. 2008). The direct reactions with ozone play an
important role in governing oxidation rates during urine ozonation. Compared to the
highly diluted influent of a wastewater treatment plant, source-separated urine
contains relatively low concentrations of organic substrate but much higher concen-
trations (100–500 times) of pharmaceuticals (Larsen et al. 2004). This fact can help
to achieve more cost-effective removal of various pharmaceutical residues from
human urine by ozonation (Ferre-Aracil et al. 2016; Li et al. 2016). The researchers
predicted that the pilot-scale treatment of hospital wastewater with ozone, following
the treatment in a membrane biological reactor, would cost 2.4–2.7 €/m3. In com-
parison, the reports on the exploitation of municipal wastewater treatment plants in
Switzerland, which use ozonation as an additional stage after conventional biolog-
ical treatment, stated the cost of ca.1.8 €/m3 (Kovalova et al. 2013).

Until now, the available data have been inadequate to conclude whether current
water treatment processes are successful in preventing the various polar residues of
cytostatics from entering tap water and threatening public health. Based on present
knowledge, we can propose that the by-products generated during the water treat-
ment processes (e.g., ozonation, chlorination) might be even more toxic than their
parent compounds.

9.4.3 Chlorination

It was determined that the neutral and deprotonated 5-FU interacts readily with free
chlorine, HOCl, and OCl�, while the protonated and deprotonated forms of the drug
dominate the bromination process. In the presence of chloramine, 5-FU is stable.
However, the drug degrades relatively rapidly in the pH range between 7 and
8, especially in the presence of bromide, which forms more kinetically active species
of bromine when bromide is oxidized by chlorine. However, under real conditions,
this effect can be insignificant due to potentially fast consumption of bromine by
organic matter present in wastewater effluents (Tanumihardj 2013; Li et al. 2015). In
addition, increased NaCl concentration results in an increase in the chlorination rate.
The chlorination of 5-FU proceeds via chlorine incorporation at the sixth carbon in
the heterocyclic pyrimidine ring of this drug followed by the formation of mono- and
dihalogenated 5-FU products. Next, the halogenated products are decomposed into
simple organic and inorganic compounds. The authors suggested that the obtained
results can be used for predicting the behavior of 5-FU during the treatment of
wastewater and drinking water (Tanumihardj 2013). The fate of 5-FU in chlorinated
environment was currently studied by Hok et al. (2018). EC50 value obtained for
5-FU in test with Daphnia magna was 50% higher than that after the chlorination
process, in which a chlorohydrin 5-chloro-5-fluoro-6-hydroxy-5,6-dihydrouracil
was formed. 2-chloro-2-fluoro-3,3-dihydroxypropanoic acid was identified as a
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final product, with toxicity parameter EC50 more than twice lower compared to the
parent 5-FU (Hok et al., 2018).

The study of the fate of other cytostatic drugs MTX and tamoxifen during
chlorination was investigated, respectively, by Roig et al. (2014) and by Negreira
et al. (2015). Methotrexate was rapidly eliminated (t1/2 of 21 min) from water and the
formation of mono-chlorinated by-products of parent drug was identified. But
tamoxifen was fairly stable in chlorination conditions. On the other hand, its
metabolites 4-hydroxy-tamoxifen and 4-hydroxy-N-desmethyl-tamoxifen were
quickly degraded, and thirteen mono- or di- chlorinated by-products were tentatively
identified (Negreira et al. 2015).

9.4.4 Adsorption

During the water treatment, adsorption to activated carbon (AC) can be an important
sink of contaminating pharmaceuticals. For this purpose, the activated carbon is used
in the form of powder activated carbon (PAC) and granulated activated carbon
(GAC). The removal via AC adsorption largely depends on the adsorbent dosage
and the value of octanol–water partition coefficient (logKo/w) of the adsorbates being
separated, especially in the case of hydrophobic species (see substances with log Ko/

w > 2 in Fig. 9.2) (Westerhoff et al. 2005). Chen et al. (2008) demonstrated that the
PAC adsorption capacity for TMX (logKo/w ¼ 7.88) was better than for other
cytostatic drugs, such as irinotecan (logKo/w ¼ 3.73) and CP (logKo/w ¼ 0.63), but
it also depended on the initial dose of PAC. In the literature review published by
Verlicchi et al. (2015), it was stressed that the removal of hydrophobic CP and IF
from hospital WWTPs by means of PAC was only possible for high doses of
adsorbent (150–450 mg/L). Capecitabine (logKo/w ¼ 0.56), the prodrug of 5-FU,
also showed low removal efficiency even at high doses of adsorbent (<NORIT SEA
of 40%), while the batch-scale experiments confirmed the poor sorption of 5-FU and
CTB to Norit SAE Super in a municipal WWTP effluent. A 30 mg/L dose of the
adsorbent, sufficient to completely eliminate hydrophobic micropollutants
(bisphenol A with logKo/w ¼ 3.32, and 17-α-ehinyl-estradiol with logKo/

w ¼ 3.67), removed only 25% and 65% of CT and 5-FU, respectively (Kazner
et al. 2008). GAC seems to be a more effective adsorbent than PAC. Lenz et al.
(2007) coupled an MBR with a GAC adsorption column to treat the effluent from the
oncological ward of a hospital in Vienna, managing to remove cancerostatic plati-
num compounds (CPCs) and 5-FU, and thus reaching the high elimination efficiency
of the process. After the MBR step, 5-FU was removed below the detection limit,
while the GAC column allowed for the removal of CPCs (Lenz et al. 2007). The
GAC filtration was also successfully employed to almost completely remove the
neutral form of CP from pretreated surface water (Verliefde et al. 2007a, b). On the
other hand, the results of the study on 5-FU adsorption on montmorillonite and
saponite indicate that the interaction between 5-FU and the clay fraction is possible
by direct or indirect coordination (via water molecules) to the Lewis acidic centers
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through water bridges (Akalin et al. 2007). However, since many water-soluble
cytostatic drugs are readily protonated or deprotonated in water at a neutral pH and
are characterized by the low logKo/w, AC adsorption as a stand-alone unit does not
seem suitable and economically justified for a satisfactory removal of these drugs
from water or industrial wastewater.

9.5 Conclusions

The existing WWTPs are not able to efficiently remove pharmaceuticals, including
the cytostatic drugs, as they have been principally designed to eliminate nutrients
and macropollutants present in water at the mg/L levels. For this reason, some
countries started to raise awareness about the environmental danger due to
micropollutants in water. For example, in Switzerland, a new water treatment step
aimed at the removal of micropollutants, consisting of ozonation and/or adsorption
on activated carbon, has become mandatory for the WWTPs in 2016.

Cytotoxic compounds diluted in wastewater and surface water seem to be suc-
cessfully eliminated by the advanced treatment processes such as AOPs, NF/RO,
MBR, adsorption on activated carbon and their combination.

Photocatalytic processes are used in the most advanced technologies, and it is
likely that they will be applied on the industrial scale in the future. Electrochemical
processes are a promising method for treating pharmaceutical wastewater, especially
when such wastewater contains relatively high concentrations of salts. The applica-
tion of AOPs, such as the photo-Fenton process or photocatalytic oxidation, fre-
quently improves the biodegradability of effluent and reduces its ecotoxicity and/or
mutagenicity.

Until now, the combination of advanced and conventional treatments for water
reuse and wastewater treatment applications remains very uncommon in practice.
This situation might be connected to the high investment and exploitation costs of
such ventures.

Acknowledgment The authors would like to acknowledge the financial support of the Polish
Ministry of Research and Higher Education, Poland under the Grant DS530-8626-D596-18.

References

Agenson KO, Urase T (2007) Change in membrane performance due to organic fouling in
nanofiltration (NF)/reverse osmosis (RO) applications. Sep Purif Technol 55(2):147–156

Akalin E, Akyuz S, Akyuz T (2007) Adsorption and interaction of 5-Xuorouracil with montmoril-
lonite and saponite by FT-IR spectroscopy. J Mol Struct 834–836:477–481

Barek J, Cvacka J, Zima J, Meot MDE, Lagett M, Michelon J, Castegnarot M (1998) Chemical
degradation of wastes of antineoplastic agents Amsacrine, azathioprine, Asparaginase and
Thiotepa. Ann Occup Hyg 42:259–266

214 E. M. Siedlecka



Barisci S, Dimoglo A (2016) Chapter 12: Review on the stability of ferrate (VI) species in aqueous
medium and oxidation of Pharmaceuticals and Personal Care Products (PPCPs) by ferrate (VI):
identification of transformation by-products. In: Ferrites and ferrates: chemistry and applications
in sustainable energy and environmental remediation. American Chemical Society, pp 287–335.
https://doi.org/10.1021/bk-2016-1238.ch012

Barisci S, Turkay O, Ulusoy E, Dimoglo A (2015) Degradation of the cytostatic methotrexate by
electrosynthesized ferrate (VI): identification of oxidation by-products. Conference paper,
https://www.researchgate.net/publication/288416292

Bellona C, Drewes JE (2007) Viability of a low-pressure nanofilter in treating recycled water for
water reuse applications: a pilot-scale study. Water Res 41(17):3948–3958

Bellona C, Drewes JE, Xu P, Amy G (2004) Factors affecting the rejection of organic solutes during
NF/RO treatment—a literature review. Water Res 38(12):2795–2809

Bernhard M, Müller J, Knepper TP (2006) Biodegradation of persistent polar pollutants in waste-
water: comparison of an optimised lab-scale membrane bioreactor and activated sludge treat-
ment. Water Res 40:3419–3428

Besse JP, Latour JF, Garric J (2012) Anticancer drugs in surf waters: what can we say about the
occurrence and environmental significance of cytotoxic, cytostatic and endocrine therapy drugs.
Environ Int 39:73–86

Bielski BHJ (1991) Studies of hypervalent iron. Free Radic Res Commun 12:469–477
Brillas E, Sires I (2015) Electrochemical removal of pharmaceuticals from water streams: reactivity

elucidation by mass spectrometry. Trends Anal Chem 70:112–121
Česen M, Kosjek T, Laimou-Geraniou M, Kompare B, Širok B, Lambropolou D, Heath E (2015)

Occurrence of cyclophosphamide and ifosfamide in aqueous environment and their removal by
biological and abiotic wastewater treatment processes. Sci Total Environ 527–528:465–473

Chen Z, Park G, Herckes P, Westerhoff P (2008) Physicochemical treatment of three chemotherapy
drugs: irinotecan, tamoxifen, and cyclophosphamide. J Adv Oxid Technol 11:254–260

Clara M, Strenn B, Gans O, Martinez E, Kreuzinger N, Kroiss H (2005) Removal of selected
pharmaceuticals, fragrances and endocrine disrupting compounds in a membrane bioreactor and
conventional wastewater treatment plants. Water Res 39:4797–4807

Cui L, Wang Y, Niu M, Chen G, Cheng Y (2009) Synthesis and visible light photocatalysis of
Fe-doped TiO2 mesoporous layer deposited on hollow glass microbeads. J Solid Sate Chem
182:2785–2790

de la Cruz N, Giménez J, Esplugas S, Grandjean D, de Alencastro LF, Pulgarín C (2012)
Degradation of 32 emergent contaminants by UV and neutral photo-Fenton in domestic
wastewater effluent previously treated by activated sludge. Water Res 46:1947–1957

de Wever H, Weiss S, Reemtsma T, Vereecken J, Müller J, Knepper T, Rörden O, Gonzalez S,
Barcelo D, Hernando MD (2007) Comparison of sulfonated and other micropollutants removal
in membrane bioreactor and conventional wastewater treatment. Water Res 41(4):935–945

Delgado LF, Dorandeu C, Marion B, Gonzalez C, Faucet-Marquis V, Schetrite S, Albasi C (2009)
Removal of a cytostatic drug by a membrane bioreactor. Desalin Water Treat 9(1–3):112–118

Delgado LF, Faucet-Marquis V, Schetrite S, Pfohl-Leszkowicz A, Paranthoen S, Albasi C (2010)
Effect of cytostatic drugs on the sludge and on the mixed liquor characteristics of a cross-flow
membrane bioreactor: consequence on the process. J Membr Sci 347:165–173

Delgado LF, Faucet-Marquis V, Pfohl-Leszkowicz A, Dorandeu C, Marion B, Schetrite S, Albasi C
(2011) Cytotoxicity micropollutant removal in a crossflow membrane bioreactor. Bioresour
Technol 102:4395–4401

Dodd MC, Zuleeg S, von Gunten U, Pronk W (2008) Ozonation of source-separated urine for
resource recovery and waste minimization: process modeling, reaction chemistry, and opera-
tional considerations. Ozonation source separated urine resource. Recovery waste minimization
process model. React Chem Oper Consider 42:9329–9337

Escher BI, Pronk W, Suter MJF, Maurer M (2006) Monitoring the removal efficiency of pharma-
ceuticals and hormones in different treatment processes of source-separated urine with bio-
assays. Environ Sci Technol 40:5095–5101

9 Removal of Cytostatic Drugs from Water and Wastewater: Progress in. . . 215

http://pubs.acs.org/isbn/9780841231870
http://pubs.acs.org/isbn/9780841231870
https://doi.org/10.1021/bk-2016-1238.ch012
https://www.researchgate.net/publication/288416292


Fabiańska A, Białk-Bielińska A, Stepnowski P, Stolte S, Siedlecka EM (2014) Electrochemical
degradation of sulfonamides at BDD electrode: kinetics, reaction pathway and eco-toxicity
evaluation. J Hazard Mater 280:579–587

Fabiańska A, Ofiarska A, Fiszka-Borzyszkowska A, Stepnowski P, Siedlecka EM (2015)
Electrodegradation of ifosfamide and cyclophosphamide at BDD electrode: decomposition
pathway and its kinetics. Chem Eng J 276:274–282

Feng L, van Hullebusch ED, Rodrigo MA, Esposito G, Oturan MA (2013) Removal of residual
anti-inflammatory and analgesic pharmaceuticals from aqueous systems by electrochemical
advanced oxidation processes. A review. Chem Eng J 228:944–964

Ferre-Aracil J, Valcárcel Y, Negreira N, de Alda ML, Barceló D, Cardona SC, Navarro-Laboulais J
(2016) Ozonation of hospital raw wastewaters for cytostatic compounds removal. Kinetic
modelling and economic assessment of the process. Sci Total Environ 556:70–79

Fiszka Borzyszkowska A, Pieczyńska A, Ofiarska A, Nikiforow K, Stepnowski P, Siedlecka EM
(2016) Bi-B-TiO2-based photocatalytic decomposition of cytostatic drugs under simulated
sunlight treatments. Sep Purif Technol 169:113–120

Franquet-Griell H, Gómez-Canela C, Ventura F, Lacorte S (2015) Predicting concentrations of
cytostatic drugs in sewage effluents and surface waters of Catalonia (NE Spain). Environ Res
138:161–172

Ganzenko O, Oturan N, Sires I, Huguenot D, van Hullebusch ED, Esposito G, Oturan MA (2017)
Fast and complete removal of the 5-fluorouracil drug from water by electro-Fenton oxidation.
Environ Chem Lett. https://doi.org/10.1007/s10311-017-0659-6

Garcia-Ac A, Broséus R, Vincent S, Barbeau B, Prévost M, Sauvé S (2010) Oxidation kinetics of
cyclophosphamide and methotrexate by ozone in drinking water. Chemosphere 79:1056–1063

Governo M, Santos MSF, Alves A, Madeira LM (2017) Degradation of the cytostatic 5-fluorouracil
in water by Fenton and photoassisted oxidation processes. Environ Sci Pollut Res 24:844–854

Hafez HS (2009) Synthesis of highly-acitve single-crystalline TiO2 nanorods and its application in
environmental photocatalysis. Mater Lett 63:1471–1474

Hansel S, Castegnaro M, Sportouch MH, De Meo M, Milhavet JC, Laget M, Dumenil G (1997)
Chemical degradation of wastes of antineoplastic agents: cyclophosphamide, ifosfamide and
melphalan. Int Arch Occup Environ Health 69:109–114

Helbling DE, Johnson DR, Honti M, Fenner K (2012) Micropollutant biotransformation kinetics
associate with WWTP process parameters and microbial community characteristics. Environ Sci
Technol 46:10579–10588

Hernández C, Ramos Y, Fernández LA, Ledea O (2008) Ozonation of cisplatin in aqueous solution
at pH 9. Ozone Sci Eng 30:189–196

Hirose J, Kondo F, Nakano T, Kobayashi T, Hiro N, Ando Y, Sano K (2005) Inactivation of
antineoplastics in clinical wastewater by electrolysis. Chemosphere 60:1018–1024

Hok L, Ulm L, Tandari T, Krivohlavek A, Šakič D, Vrček V (2018) Chlorination of 5-fluorouracil:
reaction mechanism and ecotoxicity assessment of chlorinated products. Chemosphere
207:612–619

Ide Y, Koike Y, Ogawa M (2011) Molecular selective photocatalysis by TiO2/nanoporous silica
core/shell particulates. J Colloid Interface Sci 358(1):245–251

Johnson AC, Jurgens MD, Williams RJ, Kummerer K, Kortenkamp A, Sumpter JP (2008) Do
cytotoxic chemotherapy drugs discharged into rivers pose a risk to the environment and human
health ? An overview and UK case study. J Hydrol 44:167–175

Judd SJ (2004) A review of fouling of membrane bioreactors in sewage treatment. Water Sci
Technol 49(2):229–235

Judd SJ (2008) The status of membrane bioreactor technology. Trends Biotechnol 26(2):109–112
Kazner C, Lehnberg K, Kovalova L, Wintgens T, Melin T, Hollender J, Dott W (2008) Removal of

endocrine disruptors and cytostatics from effluent by Nanofiltration in combination with
adsorption on powdered activated carbon, 5-th IWA leading-edge Conference on Water and
Wastewater Technologies , 1–4 June 2008 Zurich, Switzerland

Kim I, Yamashita N, Tanaka H (2009) Chemosphere Photodegradation of pharmaceuticals and
personal care products during UV and UV/H2O2 treatments. Chemosphere 77:518–525

216 E. M. Siedlecka

https://doi.org/10.1007/s10311-017-0659-6


Kimura K, Amy G, Drewes JE, Heberer T, Kim TU, Watanabe Y (2003) Rejection of organic
micropollutants (disinfection by-products, endocrine disrupting compounds, and pharmaceuti-
cally active compounds) by NF/RO membranes. J Membr Sci 227:113–121

Kiso Y, Sugiura Y, Kitao T, Nishimura K (2001) Effects of hydrophobicity and molecular size on
rejection of aromatic pesticides with nanofiltration membranes. J Membr Sci 192(1):1–10

Klavarioti M, Mantzavinos D, Kassinos D (2009) Removal of residual pharmaceuticals from
aqueous systems by advanced oxidation processes. Environ Int 35:402–417

Kobayashi T, Hirose J, Sano K, Hiro N, Ijiri Y, Takiuchi H, Nakano T (2008) Evaluation of an
electrolysis apparatus for inactivating antineoplastics in clinical wastewater. Chemosphere
72:659–665

Köhler C, Venditti S, Igos E, Klepiszewski K, Benetto E, Cornelissen A (2012) Elimination of
pharmaceutical residues in biologically pre-treated hospital wastewater using advanced UV
irradiation technology: a comparative assessment. J Hazard Mater 239–240:70–77

Koltsakidou A, Antonopoulou M, Sykiotou M, Evgenidou E, Konstantinou I, Lambropoulou DA
(2017) Photo-Fenton and Fenton-like processes for the treatment of the antineoplastic drug
5-fluorouracil under simulated solar irradiation. Environ Sci Pollut Res 24:4791–4800

Kosjek T, Heath E (2011) Occurrence, fate and determination of cytostatic pharmaceuticals in the
environment. Trends Anal Chem 30:1065–1087

Kovalova L, Siegrist H, von Gunten U, Eugster J, Hagenbuch M, Wittmer A, Moser R, McArdell
CS (2013) Elimination of micropollutants during post-treatment of hospital wastewater with
powdered activated carbon, ozone, and UV. Environ Sci Technol 47(14):7899–7908

Lai WW-P, Lin HH-H, Lin AY-C (2015) TiO2 photocatalytic degradation and transformation of
oxazaphosphorine drugs in an aqueous environment. J Hazard Mater 287C:133–141

Larsen TA, Lienert J, Joss A, Siegrist H (2004) How to avoid pharmaceuticals in the aquatic
environment. J Biotechnol 113:295–304

Lenz K, Mahnik SN, Weissenbacher N, Mader RM, Krenn P, Hann S, Koellensperger G, Uhl M,
Knasmu¨ lS, Ferk F, Bursch W, Fuerhacker M (2007) Monitoring, removal and risk assessment
of cytostatic drugs in hospital wastewater. Water Sci Technol 56:141–149

Lester Y, Avisar D, Gozlan I, Mamane H (2011) Removal of pharmaceuticals using combination of
UV/H2O2/O3 advanced oxidation process. Water Sci Technol J Int Assoc Water Pollut Res
64:2230–2238

Li W, Tanumihardj J, Masuyama T, Korshin G (2015) Examination of the kinetics of degradation of
the antineoplastic drug 5-fluorouracil by chlorine and bromine. J Hazard Mater 282:125–132

Li W, Nanaboina V, Chen F, Korshin GV (2016) Removal of polycyclic synthetic musks and
antineoplastic drugs in ozonated wastewater: quantitation based on the data of differential
spectroscopy. J Hazard Mater 304:242–250

Lin HH-H, Lin AY-C (2014) Photocatalytic oxidation of 5-fluorouracil and cyclophosphamide via
UV/TiO2 in an aqueous environment. Water Res 48:559–568

Lin AY-C, Hsueh JH-F, Hong PKA (2015) Removal of antineoplastic drugs cyclophosphamide,
ifosfamide, and 5-fluorouracil and a vasodilator drug pentoxifylline from wastewaters by
ozonation. Environ Sci Pollut Res 22:508–515

Lutterbeck CA, Baginska E, Machado EL, Kümmerer K (2015a) Removal of the anti-cancer drug
methotrexate from water by advanced oxidation processes: aerobic biodegradation and toxicity
studies after treatment. Chemosphere 141:290–296

Lutterbeck CA, Machado EL, Kümmerer K (2015b) Photodegradation of the antineoplastic cyclo-
phosphamide: a comparative study of the efficiencies of UV/H2O2, UV/Fe2+/H2O2 and
UV/TiO2 processes. Chemosphere 120:538–546

Lutterbeck CA, Wilde ML, Baginska E, Leder C, Machado EL, Kümmerer K (2015c) Degradation
of 5-FU by means of advanced (photo)oxidation processes: UV/H2O2, UV/Fe2+/H2O2 and
UV/TiO2 – comparison of transformation products, ready biodegradability and toxicity. Sci
Total Environ 527–528:232–245

Mahnik SN, Lenz K, Weissenbacher N, Mader RM, Fuerhacker M (2007) Fate of 5-fluorouracil,
doxorubicin, epirubicin, and daunorubicin in hospital wastewater and their elimination by
activated sludge and treatment in a membrane-bio-reactor system. Chemosphere 66(1):30–37

9 Removal of Cytostatic Drugs from Water and Wastewater: Progress in. . . 217



Negreira N, Regueiro J, Lopez de Alda M, Barcelo D (2015) Transformation of tamoxifen and its
major metabolites during water chlorination: identification and in silico toxicity assessment of
their disinfection byproducts. Water Res 85:199–207

Nghiem LD, Schäfer AI, Elimelech M (2004) Removal of natural hormones by nanofiltration
membranes: measurement, modeling, and mechanisms. Environ Sci Technol 38:1888–1896

Nghiem LD, Schafer AI, Elimelech M (2005) Pharmaceutical retention mechanisms by
nanofiltration membranes. Environ Sci Technol 39(19):7698–7705

Ofiarska A, Pieczyńska A, Fiszka Borzyszkowska A, Stepnowski P, Siedlecka EM (2016) Pt–TiO2-
assisted photocatalytic degradation of the cytostatic drugs ifosfamide and cyclophosphamide
under artificial sunlight. Chem Eng J 285:417–427

Quintana J, Weiss S, Reemtsma T (2005) Pathways and metabolites of microbial degradation of
selected acidic pharmaceutical and their occurrence in municipal wastewater treated by a
membrane bioreactor. Water Res 39:1664–2654

Radjenović J, PetrovićM, Ventura F, Barceló D (2008) Rejection of pharmaceuticals in nanofiltration
and reverse osmosis membrane drinking water treatment. Water Res 42(14):3601–3361

Roig B, Marquenet B, Delpla I, Bessonneau V, Sellier A, Leder C, Thomas O, Bolek R, Kummerer
K (2014) Monitoring of methotrexate chlorination in water. Water Res 57:67–75

Rush JD, Bielski BHJ (1986) Pulse radiolysis studies of alkaline Fe(III) and Fe(VI) solutions.
Observation of transient ion complexes with intermediate oxidation states. Am Chem Soc
108:523–525

Seiraa J, Sablayrolles C, Montréjaud-Vignoles M, Albasi C, Joannis-Cassan C (2016) Elimination
of an anticancer drug (cyclophosphamide) by amembrane bioreactor: comprehensive study of
mechanismsJordan. Biochem Eng J 114:155–163

Somensi CA, Simionatto EL, Dalmarco JB, Gaspareto P, Radetski CMA (2012) A comparison
between ozonolysis and sonolysis/ozonolysis treatments for the degradation of the cytostatic
drugs methotrexate and doxorubicin: kinetic and efficiency approaches. J Environ Sci Health A
Tox Hazard Subst Environ Eng 47:1543–1550

Stieber M, Putschew A, Jekel M (2011) Treatment of pharmaceuticals and diagnostic agents using
zero-Valent Iron – kinetic studies and assessment of transformation products assay. Environ Sci
Technol 45:4944–4950

Tadkaew N, Sivakumar M, Khan SJ, McDonald JA, Nghiem LD (2010) Effect of mixed liquor
pH on the removal of trace organic contaminants in a membrane bioreactor. Bioresour Technol
101(5):1494–1500

Tanumihardj J (2013) Examination of the degradation of the antineoplastic drug 5-fluorouracil by
chlorine at varying treatment conditions. Msc thesis, University of Washington

Ternes TA, Joss A, Siegrist H (2004) Scrutinizing pharmaceuticals and personal care products in
wastewater treatment. Environ Sci Technol 38(20):392A–399A

Tran NH, Urase T, Ngo HH, Hu J, Ong SL (2013) Insight into metabolic and co-metabolic activities
of autotrophic and heterotrophic microorganisms in the biodegradation of emerging trace
organic contaminants. Bioresour Technol 146:721–731

Urase T, Kagawa C, Kikuta T (2005) Factors affecting removal of pharmaceutical substances and
estrogens in membrane separation bioreactors. Desalination 178(1–3):107–113

Verlicchi P, Al Aukidy M, Zambello E (2015) What have we learned from worldwide experiences
on the management and treatment of hospital effluent? – an overview and a discussion on
perspectives. Sci Total Environ 514:467–491

Verliefde A, Cornelissen E, Amy G, Van der Bruggen B, van Dijk H (2007a) Priority organic
micropollutants in water sources in Flanders and the Netherlands and assessment of removal
possibilities with nanofiltration. Environ Pollut 146(1):281–289

Verliefde ARD, Heijman SGJ, Cornelissen ER, Amy G, Van der Bruggen B, van Dijk JC (2007b)
Influence of electrostatic interactions on the rejection with NF and assessment of the removal
efficiency during NF/GAC treatment of pharmaceutically active compounds in surface water.
Water Res 41(15):3227–3240

218 E. M. Siedlecka



Verliefde ARD, Cornelissen ER, Heijman SGJ, Verberk JQJC, Amy GL, Van der Bruggen B, van
Dijk JC (2008) The role of electrostatic interactions on the rejection of organic solutes in
aqueous solutions with nanofiltration. J Membr Sci 322(1):52–66

Verliefde ARD, Cornelissen ER, Heijman SGJ, Petrinic I, Luxbacher T, Amy GL, Van der
Bruggen B, van Dijk JC (2009) Influence of membrane fouling by (pretreated) surface water
on rejection of pharmaceutically active compounds (PhACs) by nanofiltration membranes. J
Membr Sci 330(1–2):90–103

von Gunten U (2003) Ozonation of drinking water: part I. Oxidation kinetics and product formation.
Water Res 37(7):1443–1467

Wang L, Albasi C, Faucet-Marquis V, Pfohl-Leszkowicz A, Dorandeu C, Marion B, Causserand C
(2009) Cyclophosphamide removal from water by nanofiltration and reverse osmosis mem-
brane. Water Res 43(17):4115–4122

Weiss S, Reemtsma T (2008) Membrane bioreactors for municipal wastewater treatment—a viable
option to reduce the amount of polar pollutants discharged into surface waters? Water Res
42:3837–3847

Weissbrodt D, Kovalova L, Ort C, Pazhepurackel V, Moser R, Hollender J, Siegrist H, McArdell
CS (2009) Mass flows of X-ray contrast media and cytostatics in hospital wastewater. Environ
Sci Technol 43:4810–4817

Westerhoff P, Yoon Y, Snyder S, Wert E (2005) Fate of endocrine-disruptor, pharmaceutical, and
personal care product chemicals during simulated drinking water treatment processes. Environ
Sci Technol 39:6649–6663

Wu R-J, Chen C-C, Lu C-S, Hsu P-Y, Chen M-H (2010) Phorate degradation by TiO2

photocatalysis: parameter and reaction pathway investigations. Desalination 250:869–875
Yangali-Quintanilla V, Sadmani A, McConville M, Kennedy M, Amy G (2009) Rejection of

pharmaceutically active compounds and endocrine disrupting compounds by clean and fouled
nanofiltration membranes. Water Res 43(9):2349–2362

Yoon Y, Westerhoff SA, Snyder EC, Wert J, Yoon J (2007) Removal of endocrine disrupting
compounds and pharmaceuticals by nanofiltration and ultrafiltration membranes. Desalination
202(1–3):16–23

Zhang C, Gu L, Lin Y, Wang Y, Fu D, Gu Z (2009) Degradation of X-3B dye by immobilized TiO2

photocatalysis coupling anodic oxidation on BDD electrode. J Photochem Photobiol A Chem
207:66–72

Zhang X, Wu F, Deng N (2010) Degradation of paracetamol in self assembly β-cyclodextrin/TiO2

suspension under visible irradiation. Catal Commun 11:422–425
Zhang J, Chang VWC, Giannis A, Wang J-Y (2013) Removal of cytostatic drugs from aquatic

environment: a review. Sci Total Environ 445–446:281–298

9 Removal of Cytostatic Drugs from Water and Wastewater: Progress in. . . 219



Chapter 10
Occurrence of Cytostatics in Different
Water Compartments

Paola Verlicchi, Aina Campos Garrigós, and Mustafa Al Aukidy

Abstract The chapter deals with the occurrence of a selection of anticancer drugs in
different water environments: hospital wastewater, wastewater treatment plant influ-
ents and effluents, surface water, sea water, and drinking water. Unfortunately, no
data are available for groundwater up to now. The chapter presents and discusses
measured environmental concentrations of anticancer drugs collected in 56 peer-
reviewed papers referring to investigations carried out in 18 countries all over the
world. It focuses on the variability of observed concentrations in the different
environments, and it highlights the importance of planning efficient sampling
strategies in order to obtain representative water samples.

The highest concentrations in hospital effluents were found for platinum-based
compounds and 5-fluorouracil (> 105 ng L�1), in the influent for ciprofloxacin (>
103 ng L�1), in the effluent for platinum-based compounds, ifosfamide and
bicalutamide (> 103 ng L�1), and in surface water for cyclophosphamide, tamoxifen,
ciprofloxacin, and bicalutamide (> 102 ng L�1). In addition, a comparison is
provided between measured and predicted concentrations of some anticancer drugs
and a brief discussion of the strengths and weaknesses of the two approaches is
reported.
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10.1 Introduction

In the last few years, researchers and scientists have paid increasing attention to
investigating the occurrence, fate, and distribution of new pollutants as well as
their cocktails in the different water matrices: ground, surface and rainwater,
municipal and industrial wastewater, treatment plant effluents, and drinking
water. The development of new analytical techniques and the possibility to detect
compounds at the ng/L level permitted the search for contaminants of emerging
interest in water occurring at very low concentrations, so-called micropollutants.
This group includes a multitude of substances of different natures and uses (flame
retardants, pharmaceuticals and personal care products, endocrine disruptor com-
pounds, etc.). Among these, diagnostic agents (iodinated contrast media), disin-
fectants, and pharmaceuticals (PhACs) have been the object of many studies due to
increasing concern regarding their disposal and potential ecotoxic and human
health impact. These substances are worthy of attention, although they are not
yet included in any list of compounds subjected to periodic monitoring and control
in water due to their adverse effects on the environment, with the exception of the
substances included in a watch list (for instance, that set by the European Com-
munity, according to the recent Decision (EU) 2018/840). Each of these drugs was
conceived of and then administered in order to exert a specific function: as a
disinfectant, an antibiotic, a hormone, an antimetabolite, etc. When administered,
its action takes place within the human body. A fraction of the compound is
excreted via urine or feces as an unchanged compound or/and as its metabolites
and released into the sewer, thus entering the water cycle. Its activity continues in
both the public sewer and the receiving water compartment, and aquatic organisms
might be susceptible to its toxicity.

Among pharmaceuticals, the class of drugs used in cancer treatment is the object
of worldwide investigations. There are over 100 different compounds regularly used
in developed countries; new drugs are entering the market and some others are
administered differently based on changes in medical practices, and therefore some
compounds are less used while others are increasingly used (Kümmerer et al. 2016).
The demand for chemotherapy treatment in developed countries is increasing at
around 10% per year (Besse et al. 2012). The growing interest is related to the
awareness that most of them (the antineoplastic agents) exert cytotoxic, genotoxic,
mutagenic, carcinogenic, or teratogenic effects on aquatic life. In addition, as they
often interact with the structure and functions of DNA, all eukaryote organisms
might be the target of their toxicity (Besse et al. 2012). Other anticancer drugs have
hormonal and antihormonal properties, and because of this they require adequate
consideration. The term “anticancer drugs” is used when accounting for the follow-
ing types of molecules: cytostatics, cytotoxic, and hormonally active drugs.

Due to the wide spectrum of compounds belonging to this group, attempts to
classify them have been made in recent years. Among them, Espinosa et al. (2003),
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Besse et al. (2012), and Kümmerer et al. (2016) proposed a scheme starting from
the Anatomical Therapeutic Chemical (ATC) classification and developing into a
tree (Table 10.1).

The main sources of antineoplastics in the environment are households and
hospitals, depending on the compound and on its administration mode.

Consumption of these compounds may vary from one country to another and
from one year to another. For instance, the specific consumption of cyclophospha-
mide, a cytotoxic alkylating agent, was 0.002 mg/(d person) in Denmark, 0.003 mg/
(d person) in Austria, 0.012 mg/(d person) in Germany, 0.013 mg/(d person) in
France, and 0.056 mg/(d person) in Switzerland (Kümmerer et al. 2016). Moreover,
in Germany, the consumption of all the anticancer drugs (class L) was about
22,000 kg in 2001, 42,000 kg in 2008, and 50,000 kg in 2012.

In order to provide a snapshot of the observed concentration ranges of selected
anticancer drugs in water cycle segments, this chapter deals with an overview of
literature data on measured environmental concentrations (MECs) in the following
different water environments: hospital effluents, wastewater treatment plant
(WWTP) influents and effluents, surface water, marine water, groundwater, and
tap water. Data is provided from 56 peer-reviewed papers referring to investigations
carried out between 1990 and 2017 in 18 different countries all over the world. The
chapter also includes a section dealing with studies that evaluate the predicted
environmental concentrations (PECs) of selected anticancer drugs and presents a
comparison between PECs and MECs in the different compartments for the com-
pounds of interest.

Table 10.1 Classification of anticancer drugs

ATC Class Mechanism of action

Cytotoxic drugs that directly interact with
DNA

Alkylating agents

Pt-based compounds

Intercalating agents

ATC L01: Antineoplastic
agents

Cytotoxic drugs with indirect interaction
with DNA

Antimetabolites

Antitumor antibiotics

Topoisomerase
inhibitors

Mitotic inhibitors

Cytostatics Kinase inhibitors

Monoclonal
antibodies

Hormones Steroids

LH–RH analogs

ATC L02 Endocrine
therapy

Hormone inhibitors Estrogen inhibitors

Androgen inhibitors

Aromatase agent
inhibitors
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10.2 Occurrence of Cytostatic Drugs in Aquatic Media

The occurrence of cytostatic drugs in different water compartments has been inves-
tigated by different authors in the last two decades. Table 10.2 reports them together
with the monitored compartment: surface water (SW) (including lakes, rivers, and
channels), hospital wastewater (HWW), municipal wastewater treatment plant
(WWTP) influent and effluent, drinking water (DW), and seawater (SeaW).
Twenty-three studies have dealt with cytostatic drugs in hospital effluents, 22 in
WWTP influents, 31 in WWTP effluents, 21 in SW, 5 in DW, and 3 in SeaW.

Most of the studies were carried out in European countries: fifteen in Spain, six in
the United Kingdom, five in Italy, four in Austria and Germany, three in Switzer-
land, two in France and Slovenia, and one in the Netherlands, Norway, Romania,
and Serbia; few studies were carried out in other countries: three in China and Japan,
two in the United States, and one in Australia, Canada, and Thailand. The investi-
gations dealing with monitoring of groundwater compartments did not address any
of the anticancer drugs.

10.2.1 The Studied Compounds in Published Papers

Investigations reported in Table 10.2 refer to the compounds reported in Table 10.3,
where they are grouped into classes according to their mechanism of action. Some
compounds (in italics in Table 10.3) were always found below the corresponding
limit of detection (LOD) in the studies included in this review. This is the case for
mitomycin in WWTP influent and effluents (Martín et al. 2014) and imatinib in
drinking water (Mendoza et al. 2016).

10.3 Excretion factor

The occurrence of pharmaceuticals in the water cycle is primarily related to the
amount administered in a specific place and to excretion via urine or feces as
unchanged form or as their metabolites. Other parameters contributing to the
definition of the concentration level, as discussed in the final section of this
chapter, are treatment removal efficiency, dilution in the SW, and attenuation
processes within the receiving water body. Excretion rates vary widely among
compounds. As an example, it was found that the excretion rate is less than 2% for
erlotinib and nearly 100% for carboplatin. Moreover, for most of the compounds,
the excretion data, reported in the literature, varies greatly. This is because it
depends on different factors such as patient health, age and gender, and
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Table 10.2 Studies referring to the occurrence of cytostatic drugs in different countries and
investigated water environments (●)

Country References HWW Influent Effluent SW DW SeaW

Australia Busetti et al. (2009) ●

Austria Lenz et al. (2007) ● ●

Austria Mahnik et al. (2004) ●

Austria Mahnik et al. (2006) ●

Austria Mahnik et al. (2007) ●

Canada Rabii et al. (2014) ● ●

China Liu et al. (2010) ● ● ●

China Yang et al. (2011) ●

China Yin et al. (2010) ●

France Catastini et al. (2008) ● ● ●

France Coetsier et al. (2009) ● ●

Germany Kümmerer et al. (1997) ● ● ●

Germany Steger-Hartmann et al.
(1996)

●

Germany Steger-Hartmann et al.
(1997)

● ● ●

Germany Ternes (1998) ● ●

Italy Al Aukidy et al. (2012) ●

Italy Castiglioni et al. (2005) ●

Italy Verlicchi et al. (2012) ● ● ● ●

Italy Zuccato et al. (2000) ● ● ●

Italy Zuccato et al. (2005) ●

Japan Azuma et al. (2015) ● ● ● ●

Japan Azuma et al. (2016) ●

Japan Matsuo et al. (2011) ● ●

Norway Thomas et al. (2007) ● ● ●

Romania Moldovan (2006) ●

Serbia Petrović et al. (2014) ● ●

Slovenia Isidori et al. (2016) ● ● ●

Slovenia Kosjek et al. (2013) ● ●

Spain Ferrando-Climent et al.
(2013)

● ● ●

Spain Ferrando-Climent et al.
(2014)

● ●

Spain Franquet-Griell et al.
(2017)

● ● ● ●

Spain Gómez-Canela et al.
(2014)

●

Spain Isidori et al. (2016) ●

Spain López-Serna et al. (2010) ● ● ●

Spain López-Serna et al. (2011) ●

(continued)
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administration mode. Table 10.4 compiles the values available in the literature and
adopted by some research groups for 35 different substances.

Most cytostatic drugs are administered to outpatients in a hospital and more than
70% of the administered amount is expected to be excreted out of the hospitals. For
example, Weissbrodt et al. (2009) found that only 5.5% of the expected excreted
amount of 5-fluorouracil was recovered in the hospital sewer. Its half-life in plasma
varies in the range of 5–20 min, whereas for gemcitabine, it is only 8 min. With
regard to this compound, 5% of the total administered amount is excreted,
unchanged in urine during the first 6 h after treatment and 60% of the administered
substance is excreted as a metabolite within 24 h. The authors also reported that for
5-fluorouracil the duration of full excretion is around 6 h.

Table 10.2 (continued)

Country References HWW Influent Effluent SW DW SeaW

Spain López-Serna et al.
(2012a)

●

Spain López-Serna et al.
(2012b)

●

Spain Martín et al. (2011) ● ● ●

Spain Martín et al. (2014) ● ●

Spain Mendoza et al. (2016) ●

Spain Negreira et al. (2013) ●

Spain Negreira et al. (2014) ● ● ●

Spain Valcárcel et al. (2011) ●

Switzerland Buerge et al. (2006) ● ● ●

Switzerland Kovalova (2009) ●

Switzerland Tauxe-Wuersch et al.
(2005)

● ●

Thailand Usawanuwat et al. (2014) ●

The
Netherlands

Houtman et al. (2013) ●

UK Aherne et al. (1990) ● ● ●

UK Ashton et al. (2004) ●

UK Llewellyn et al. (2011) ●

UK Roberts and Thomas
(2006)

● ● ● ●

UK Thomas and Hilton
(2004)

●

UK Vyas et al. (2014) ●

USA Furlong et al. (2017) ●

USA Yu et al. (2012) ● ●

Number of
studies

56 23 22 31 21 5 3
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Table 10.3 The investigated compounds included in this overview and the corresponding class

Class Compounds

Alkylating agents (A) Carboxy-cyclophosphamide, Chlorambucil, Cyclophosphamide (CP),
Ifosfamide, Keto-Cyclophosphamide (Keto-CP),
N-Dechloroethylcyclophosphamide (N-declCP), Pt-based drugs (sum of
Cisplatin, Carboplatin, Oxaliplatin)

Antimetabolites (B) 5-fluorouracil, 20,20-difluorodeoxyuridine (dFdU), Azathioprine,
Capecitabine, Cytarabine, Gemcitabine, Hydroxycarbamide (Hydroxy-
urea), Hydroxy-methotrexate, Methotrexate, Tegafur

Antitumor antibiotics
(C)

Bleomycin, Ciprofloxacin, Doxorubicin, Epirubicin, Mitomycin C,
Mycophenolic acid

Topoisomerase inhib-
itors (D)

Etoposide, Irinotecan

Mitotic inhibitors (E) Docetaxel, Paclitaxel, OH-Paclitaxel (OH-PAC), Vincristine,
Vinorelbine

Hormones (F) Anastrozole, Bicalutamide, Endoxifen (OH-D-TAM), Letrozole,
Megestrol, OH-tamoxifen, Tamoxifen,

Kinase inhibitors (G) Erlotinib, imatinib

Total compounds 38

Table 10.4 Excretion rates of cytostatic drugs found in the literature

Class Compound References Excretion rate [%] Range

A Carboplatin Besse et al. (2012) 100 32–100

Booker et al. (2014) 54

Kovalova (2009) 45–75

Rowney et al. (2009) 32–65

Weissbrodt et al. (2009) 70

Cisplatin Booker et al. (2014) 33 25–45

Franquet-Griell et al.
(2015)

60

Kovalova (2009) 25–45

Rowney et al. (2009) 27–65

Weissbrodt et al. (2009) 40

Cyclophosphamide Besse et al. (2012) > 25 15–68

Booker et al. (2014) 21

Kovalova (2009) 15–25

Kümmerer et al. (2016) < 25

Ortiz de García et al.
(2013)

15

Rowney et al. (2009) 30–68; < 20

Tauxe-Wuersch et al.
(2005)

50

Usawanuwat et al.
(2014)

25

Weissbrodt et al. (2009) 20 (urine)

(continued)
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Table 10.4 (continued)

Class Compound References Excretion rate [%] Range

Ifosfamide Besse et al. (2012) 50 12–90

Booker et al. (2014) 26

Kovalova (2009) 15–45

Kümmerer et al. (2016) < 50

Ortiz de García et al.
(2013)

61

Tauxe-Wuersch et al.
(2005)

12–90

Weissbrodt et al. (2009) 34

Oxaliplatin Booker et al. (2014) 40 5–75

Franquet-Griell et al.
(2015)

50

Kovalova (2009) 45–75

Rowney et al. (2009) 5–50

B 5-fluorouracil Besse et al. (2012) 20 5–20

Booker et al. (2014) 18

Kovalova (2009) 5–15

Kümmerer et al. (2016) 10

Rowney et al. (2009) 7–11

Tauxe-Wuersch et al.
(2005)

< 20

Usawanuwat et al.
(2014)

20

Weissbrodt et al. (2009) 10

Azathioprine Franquet-Griell et al.
(2015)

2 2

Capecitabine Besse et al. (2012) 3 0.5–84

Booker et al. (2014) 3

Kümmerer et al. (2016) 84

Rowney et al. (2009) 7–11

Tauxe-Wuersch et al.
(2005)

0.5

Cytarabine Besse et al. (2012) < 10 5–15

Booker et al. (2014) 10

Kovalova (2009) 5–15

Gemcitabine Besse et al. (2012) 10 < 5–15

Booker et al. (2014) 8

Kovalova (2009) 5–15

Ortiz de García et al.
(2013)

10

Rowney et al. (2009) < 10 (urine);
< 5 (feces)

Weissbrodt et al. (2009) 5

(continued)
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Table 10.4 (continued)

Class Compound References Excretion rate [%] Range

Hydroxycarbamide
(hydroxyurea)

Besse et al. (2012) 50 30–60

Booker et al. (2014) 58

Tauxe-Wuersch et al.
(2005)

30–60

Usawanuwat et al.
(2014)

50

Hydroxy-methotrexate Besse et al. (2012) 15 15

Methotrexate Besse et al. (2012) 90 50–90

Booker et al. (2014) 83

Kovalova (2009) < 75

Lienert et al. (2007) 81 (urine);
15 (feces)

Tauxe-Wuersch et al.
(2005)

50–80

Weissbrodt et al. (2009) 81 (urine);
15 (feces)

Tegafur Booker et al. (2014) 20 5–20

Franquet-Griell et al.
(2015)

5

C Bleomycin Booker et al. (2014) 62 15–62

Kovalova (2009) 15–25

Ciprofloxacin Ortiz de García et al.
(2013)

70 55–70

Pal et al. (2010) 70

Ternes and Joss (2006) 55

Doxorubicin Besse et al. (2012) 50 5–50

Booker et al. (2014) 14

Kovalova (2009) 5–15

Rowney et al. (2009) 12–45

Weissbrodt et al. (2009) 10 (urine);
45 (feces)

Epirubicin Booker et al. (2014) 11 < 5–20

Kovalova (2009) < 5

Rowney et al. (2009) 6–20

Mitomycin C Besse et al. (2012) 10 10–25

Booker et al. (2014) 10

Kovalova (2009) 15–25

Ortiz de García et al.
(2013)

10

Mycophenolic acid Franquet-Griell et al.
(2015)

63 63

D Etoposide Besse et al. (2012) 93 25–93

Booker et al. (2014) 43

Kovalova (2009) 25–45

(continued)
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Table 10.4 (continued)

Class Compound References Excretion rate [%] Range

Weissbrodt et al. (2009) 50

Irinotecan Besse et al. (2012) > 50 15–>
50Booker et al. (2014) 16

Kovalova (2009) 15–25

Weissbrodt et al. (2009) 22 (urine);
33 (feces)

E Docetaxel Besse et al. (2012) < 8 < 5–75

Booker et al. (2014) 7

Ferrando-Climent et al.
(2014)

6 (urine); 75 (feces)

Franquet-Griell et al.
(2015)

14

Kovalova (2009) < 5

Paclitaxel Besse et al. (2012) 18 < 5–18

Booker et al. (2014) 7

Kovalova (2009) < 5

Vincristine Kovalova (2009) 25–45 25–45

Vinorelbine Besse et al. (2012) 11 11–25

Booker et al. (2014) 13

Kovalova (2009) 15–25

F Anastrozole Franquet-Griell et al.
(2015)

10 10

Bicalutamide Besse et al. (2012) 55 55

Letrozole Franquet-Griell et al.
(2015)

6 6

Tamoxifen Coetsier et al. (2009) 30 13–50

Franquet-Griell et al.
(2015)

13

Ortiz de García et al.
(2013)

50

Tauxe-Wuersch et al.
(2005)

20

Megestrol Franquet-Griell et al.
(2015)

78 78–92

Ortiz de García et al.
(2013)

92

G Erlotinib Besse et al. (2012) < 2 < 2–6

Booker et al. (2014) 6

Imatinib Besse et al. (2012) 25 9–25

Booker et al. (2014) 9
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10.4 Occurrence of Cytostatics in Hospital Effluents

Great attention has been paid in recent years to the monitoring of hospital effluents
as they were considered the major source of cytostatic drugs released into the
environment, whereas in more recent years this fact has been questioned
(Kümmerer et al. 2016). The first study included in this overview dates back
1990 and was carried out by the biochemistry department of the University of
Surrey in United Kingdom, which sampled water from activated sludge effluents,
rivers, and DW to analyze the occurrence of bleomycin (Aherne et al. 1990). In
1996, a research group of the Institute of Environmental Medicine and Hospital
Epidemiology in Freiburg, Germany, proposed a method of detecting concentra-
tions of ifosfamide and cyclophosphamide at a ppt level in a hospital effluent
(Steger-Hartmann et al. 1996). In the following years, other research groups
mainly from Switzerland, Austria, Spain, Japan, and Italy carried out monitoring
investigations on hospital effluents. Their collected results are reported in Fig. 10.1
as a box-plot graph with the compounds reported according to their therapeutic
classes (A–G). Sampling mode and frequency varied in the different studies and
measured concentrations refer to both grab samples or composite samples. In total,
28 compounds were detected in HWWs in a wide range of concentrations: from 0.2
to 266,000 ng/L. The ranges of variability were 0.85–266,000 ng/L for alkylating
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Fig. 10.1 Occurrence of cytostatic drugs in hospital effluents
Data from (Steger-Hartmann et al. 1996,1997; Kümmerer et al. 1997; Tauxe-Wuersch et al. 2005;
Mahnik et al. 2004, 2006, 2007; Lenz et al. 2007; Catastini et al. 2008; Weissbrodt et al. 2009; Liu
et al. 2010; Yin et al. 2010; Verlicchi et al. 2012; Ferrando-Climent et al. 2013, 2014; Kosjek et al.
2013; Negreira et al. 2014; Gómez-Canela et al. 2014; Vyas et al. 2014; Azuma et al. 2016; Isidori
et al. 2016)
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agents, 0.24–124,000 ng/L for anti-metabolites, 5–21,000 ng/L for antitumor
antibiotics, 0.70–5000 ng/L for topoisomerase inhibitors, 2.75–99.70 ng/L for
mitotic inhibitors, and 0.2–133.40 for hormones.

The most frequently investigated compounds were cyclophosphamide,
ifosfamide, methotrexate, 5-fluorouracil, platinum-based drugs (cisplatin +
carboplatin + oxaliplatin), tamoxifen, ciprofloxacin, and etoposide.

The highest concentrations in HWWs were found for platinum-based drugs
(266,000 ng/L), 5-fluorouracil (124,000 ng/L), ifosfamide (86,200 ng/L), carboxy-
cyclophosphamide (60,600 ng/L), methotrexate (28,700 ng/L), cyclophosphamide
(22,100 ng/L), and ciprofloxacin (21,000 ng/L).

It is important to underline that micropollutant concentration may vary widely on a
daily basis and also on a weekly basis. In planning sampling mode and frequency,
these aspects must be taken into account. In this context, the profile provided by
Weissbrodt et al. (2009) of the mass flow (i.e., concentration x flow rate) of
5-fluorouracil and gemcitabine in the hospital effluent versus daily hours and versus
the days in a typical week may be quite useful. It was shown that peak mass load
occurred at 1 pm for 5-fluorouracil and at 4 pm for gemcitabine. During the night, their
mass flow was always very low, mainly due to very low concentrations. The authors
also found differences in the measured mass flow over the observation periods (8–9
consecutive days), depending on the administration protocols and on the number of
treated patients. Due to the pulse concentrations of these micropollutants, selection of
the sampling mode (grab samples or composite samples and, in this case, flow-, time-,
or proportional composite samples) and frequency (weekdays and weekend) is crucial
in order to reduce the uncertainty associated with direct measurements. In this context,
Weissbrodt et al. (2009) found that in their investigation, the overall uncertainty of the
measured load was in the range of 74–123%.

10.5 Occurrence in WWTP Influents and Effluents

Many studies investigated the occurrence of cytostatic drugs in WWTP influents and
effluents (Table 10.2), where grab or composite samples were analyzed. In total,
25 compounds were detected in the urban influents and 22 compounds in the treated
effluent with a range of concentrations varying from 0.12 to 3700 ng/L for the urban
influents and from < LOD to 144,000 ng/L for the effluents (Figs. 10.2 and 10.3).

The ranges in WWTP influents were 0.30–400 ng/L for alkylating agents,
0.25–366 ng/L for antimetabolites, 2.1–3700 ng/L for antitumor antibiotics,
0.6–83 ng/L for topoisomerase inhibitors, 0.13–219 ng/L for mitotic inhibitors,
and 0.12–663 ng/L for hormones.

Figure 10.3 shows the range of variability observed in the effluent of different
WWTPs, which was 0.10–144,000 ng/L for alkylating agents, 0.04–75.70 ng/L for
antimetabolites, 0.05–1100 ng/L for antitumor antibiotics, 0.2–55 ng/L for topo-
isomerase inhibitors, 0.05–2014 ng/L for mitotic inhibitors, and 0.05–694 ng/L for
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Fig. 10.2 Occurrence of cytostatic drugs in WWTP influents
Data from (Kümmerer et al. 1997; Steger-Hartmann et al. 1997; Tauxe-Wuersch et al. 2005; Buerge
et al. 2006; Roberts and Thomas 2006; Catastini et al. 2008; Liu et al. 2010; Matsuo et al. 2011;
Verlicchi et al. 2012; Ferrando-Climent et al. 2013, 2014; Kosjek et al. 2013; Martín et al. 2014;
Negreira et al. 2013, 2014; Rabii et al. 2014; Azuma et al. 2016; Isidori et al. 2016)
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Fig. 10.3 Occurrence of cytostatic drugs in WWTP effluents
Data from (Aherne et al. 1990; Kümmerer et al. 1997; Steger-Hartmann et al. 1997; Ternes 1998;
Ashton et al. 2004; Castiglioni et al. 2005; Zuccato et al. 2005; Buerge et al. 2006; Roberts and
Thomas 2006; Lenz et al. 2007; Catastini et al. 2008; Coetsier et al. 2009; López-Serna et al. 2010;
Liu et al. 2010; Llewellyn et al. 2011; Al Aukidy et al. 2012; Verlicchi et al. 2012; Ferrando-
Climent et al., 2014; Martín et al. 2014; Rabii et al. 2014; Azuma et al. 2015, 2016; Isidori et al.
2016)
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hormones. The most commonly studied compounds were capecitabine, ciprofloxa-
cin, cyclophosphamide, ifosfamide, methotrexate, and tamoxifen.

Based on the collected data and considering 1000 ng/L as a threshold value,
ciprofloxacin had the highest concentration in the urban influent (3700 ng/L), which
was expected due to its wide use as an antibiotic, and, concerning the WWTP
effluents, the highest concentrations were found for Pt-based drugs (144,000 ng/L),
ifosfamide (2900 ng/L), bicalutamide (2010 ng/L), and ciprofloxacin (1100 ng/L).

The high concentrations of Pt-based drugs in the effluent are due to the fact that
they also include values of the effluent of a specific treatment plant (an MBR)
installed within a hospital in Austria, which is fed with wastewater from the
oncological ward (Lenz et al. 2007). If we only consider municipal WWTPs, the
concentration for platinum-based drugs was always found to be below the limit of
detection (Isidori et al. 2016).

A comparison between HWW and WWTP influents highlights that 28 cytostatics
were detected in both matrices, and for 19 substances median concentrations in
HWW were higher than those found in WWTP influents. In particular, the ratio
between median concentrations in HWW and the corresponding WWTP influents
was in the range of 1–10 for 10 compounds, in the range of 11–100 for 4 compounds,
and greater than 100 for 5 substances (5-fluorouracil, carboxy-CP, doxorubicin,
N-decl-CP, and Pt-based substances). For 9 compounds, the median concentrations
in HWWs were lower than the concentrations detected in WWTP influents.

With regard to WWTP influent and effluent concentrations, the comparison refers
to 32 substances detected in both water compartments. The median concentration of
22 compounds was higher in the influent than in the effluent and the ratio between
influent and effluent median concentrations was in the range of 1–10 for 15 com-
pounds and greater than 10 for 4 substances: docetaxel, ciprofloxacin, azathioprine,
and methotrexate.

Eight compounds exhibited higher median concentrations in the effluent than in
the influent: cyclophosphamide, mitomycin C, anastrazole, OH-tamoxifen,
ifosfamide, gemcitabine, 5-fluoroucail, doxorubicin, and vinrelbine. Platinum-
based compounds were excluded from this analysis as data referring to the effluent
also included the WWTP (MBR) effluent fed with HWW (Lenz et al. 2007).

10.6 Occurrence in Surface Water

Measured concentrations refer to grab samples with one exception—the study by
Roberts and Thomas (2006), which refers to a final representative composite sample
obtained as a mixture of samples withdrawn every 2 h over a 12-h period.

The occurrence and fate of cytostatic drugs released into SW have been investi-
gated by different authors (Table 10.2). A limited number of compounds was
detected and the observed variability ranges were < LOD–1907 ng/L for alkylating
agents, 0.10–56 ng/L for antimetabolites, 0.05–224 ng/L for antitumor antibiotics,
and 0.05–533 ng/L for hormones. Detected compounds with only one or two data are
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not reported in Fig. 10.4 (this was the case of 5-fluorouracil (578 ng/L),
hydroxycarbamide (788 ng/L), megestrol (6 ng/L), cytarabine (13 ng/L),
gemcitabine (2.4 ng/L), and mycophenolic acid (8.6 and 656 ng/L) (Usawanuwat
et al. 2014; Franquet-Griell et al. 2017; Martín et al. 2011).

As previously mentioned, WWTP effluents represent the main sources of cytostatic
drugs in the environment, but in some cases farms and livestock activities might
consistently contribute to river contamination. In this context, two anticancer drugs
were detected in SW in Girona (Spain), prior to the local WWTP discharge point and
downstream of a farm location (Ferrando-Climent et al. 2014). The drugs in question
were ciprofloxacin, which is used as an antibiotic in farms and tamoxifen, also used for
veterinary treatment, such as reproduction control or hormonal treatment.

10.7 Occurrence in Other Water Compartments

Very few studies have investigated the occurrence of cytostatic drugs in
DW. Recently, Furlong et al. (2017) examined source and treated waters from
25 drinking-water treatment plants from across the United States. None of the
selected cytostatic drugs (namely, methotrexate, prednisone, prednisolone,
fadrozolef) were detected.

1,E-02

1,E-01

1,E+00

1,E+01

1,E+02

1,E+03

1,E+04

C
hl

or
am

bu
ci

l 

C
yc

lo
ph

os
ph

am
id

e 

Ifo
sf

am
id

e 

C
ap

ec
ita

bi
ne

 

M
et

ho
tre

xa
te

 

Te
ga

fu
r 

Bl
eo

m
yc

in
 

C
ip

ro
flo

xa
ci

n 

Bi
ca

lu
ta

m
id

e 

Ta
m

ox
ife

n 

L/ gn
noitart necn o

C

BA C F

A: Alkylating agents; B: Anti-metabolites; C: Anti-tumor antibiotics; F: Hormones

Fig. 10.4 Occurrence of cytostatic drugs in surface water
Data from (Aherne et al. 1990; Ternes 1998; Zuccato et al. 2000; Buerge et al. 2006; Moldovan
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Mendoza et al. (2016) investigated the occurrence of 17 compounds in DW from
the Madrid region (Central Spain). Their results show that all the selected cytostatic
drugs were found at levels below their corresponding LOD. Similar results were
obtained in previous studies referring to cyclophosphamide and ifosfamide in tap
water in Italy (Zuccato et al. 2000), in France (Mompelat et al., 2011) and in Spain
(Valcárcel et al. 2011, 2013). Bleomycin was detected in tap water at a maximum
concentration of 13 ng/L in United Kingdom (Aherne et al. 1990).

Fabbri and Franzellitti (2016) reviewed the presence of pharmaceuticals in marine
water from different parts of the world. Tamoxifen was the only cytostatic drug
included in this review. Its observed range was between 27 and 212 ng/L in the Tyne
river estuary in the United Kingdom (Roberts and Thomas 2006), between 13 and
71 ng/L in five estuaries from the United Kingdom (Thomas and Hilton 2004), and
between 120 and 224 ng/L in the Yangtse estuary and coastal area in China (Yang
et al. 2011).

With regard to groundwater, the concentration values of cytostatic drugs are not
available in the literature.

10.8 Considerations About Water Sampling

It is important to underline that the measured concentrations are affected by uncer-
tainties related to water sampling, sample conservation, and analytical methods
(Weissbrodt et al. 2009; Kovalova 2009; Ort et al. 2010a, b; Verlicchi et al. 2014).
In the case of compounds administered to outpatients in hospitals, a part of their
excretion takes place once they have left the hospital and are at home. In the case of
HWW, Weissbrodt et al. (2009) found that all the mass load of 5-fluorouracil and
gemcitabine was between 11 a.m. and 10 p.m., whereas during the night the mass
load was equal to 0. This leads to the suggestion of monitoring cytostatics in this
daily period. In monitoring WWTP influents, the adopted sampling mode should
“catch” the flushing containing the cytostatics excreted at home by the patients and,
in this case, should also cover the night due to the travelling time necessary for the
released drugs to reach the WWTP through the sewer network. With regard to SW,
grab samples were generally analyzed and monitoring campaigns included different
days of the week.

10.9 Predicted Environmental Concentrations

Another approach that can be used to estimate the concentrations of cytostatics in the
different water compartments is based on the adoption of predictive models. They
require knowledge of different parameters, in particular the annual consumption of
the specific drug Cons (g/year); the excretion factor; the daily water demand per
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inhabitant WWinh (L/inh d); the removal efficiency R at the WWTP, and the dilution
factor D once the treated effluent is released into the SW body.

Figure 10.5 represents the most adopted model in its complete expression
(Verlicchi et al. 2014) in estimating the concentration in raw wastewater, treated
effluents, and SW. Figure 10.5 shows the parameters that are necessary to estimate
the concentration in the influent (PECinf), in the effluent (PECeff), and in surface
water (PECSW).

As deduced from Eq. 10.1, PECinf depends on drug consumption, population,
water demand, and excretion factor; PECeff also requires knowledge of the removal
efficiency R at the WWTP and for PECSW it is necessary to know the dilution factor
D, that is the ratio between effluent flow rate and surface water flow rate, following
mixing. With regard to drug consumption, data is quite often available in terms of
costs on an annual basis but not in terms of amounts or daily defined doses of the
specific active principle. Moreover, it generally refers to the whole population in a
country and not in a specific area or region.

Table 10.5 reports PECs for some of the studied compounds together with direct
measured concentrations (MECs) in the investigated water environment.

It emerges that:

– Studies dealing with a comparison between the PEC andMEC of cytostatic drugs
were carried out in a few countries: in Spain (the majority), Italy, France, United
Kingdom and Thailand.

– The comparisons were more frequently evaluated for influent concentrations
(15 cases), followed by surface water concentrations (12 cases) and only in
three cases for effluent concentrations.

– Consumption of the same compound may differ from one country to another
(e.g., tamoxifen) or even within the same country in different years (e.g.,
cyclophosphamide).

– The assumed value of excretion factor for a compound may vary from study to
study. Some of them assumed total excretion (E ¼ 100%), others a value
provided by previous studies.

Fig. 10.5 Models used for the estimation of the predicted concentrations
PECinf predicted concentration in the influent, PECeff predicted concentration in the effluent,
PECSW predicted concentration in surface water, Cons drug consumption (g/year), P population,
WWinhwater demand per day per inhabitant (L/inh d), E excretion factor, R removal efficiency at the
WWTP, D dilution factor D

10 Occurrence of Cytostatics in Different Water Compartments 237



T
ab

le
10

.5
P
E
C
s
of

cy
to
st
at
ic
s
in
cl
ud

ed
in

th
is
re
vi
ew

an
d
co
m
pa
ri
so
n
w
ith

th
e
co
rr
es
po

nd
in
g
M
E
C
in

th
e
W
W
T
P
in
fl
ue
nt
,e
ffl
ue
nt
,a
nd

su
rf
ac
e
w
at
er
(/
¼d

at
a
no

ta
va
ila
bl
e)

A
T
C

C
om

po
un

d
C
ou

nt
ry

Sp
ec
ifi
c
C
on

s
m
g/
(i
nh

ye
ar
)

E %

W
W

L
/(
in
h

d)
P
E
C
in
f

ng
/L

M
E
C
in
f
ng

/L
R %

P
E
C
ef
f

ng
/L

M
E
C
ef
f

ng
/L

D
P
E
C
S
W

ng
/L

M
E
C
S
W

ng
/L

R
ef
er
en
ce
s

A
C
hl
or
am

bu
ci
l

S
pa
in

0.
11

2
1

13
0

/
/

2
/

/
1.
2

0.
02

1.
7–
4.
8

F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)

C
yc
lo
ph

os
ph

am
id
e

S
pa
in

1.
71

4
10

0
10

3
45

6
<
L
O
D
-2
.1
3

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)

C
yc
lo
ph

os
ph

am
id
e

S
pa
in

0.
59

8
25

13
0

/
/

0
/

/
1.
2

2.
57

5–
13

.7
F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)

C
yc
lo
ph

os
ph

am
id
e

T
ha
ila
nd

1.
7e
-5

25
25

0
/

/
0

/
/

14
0

57
50

19
07

U
sa
w
an
uw

at
et
al
.(
20

14
)

If
os
fa
m
id
e

S
pa
in

1.
30

10
0

10
3

34
.5

12
.3

/
/

/
/

/
M
ar
tin

et
al
.

(2
01

4)

If
os
fa
m
id
e

S
pa
in

0.
99

7
50

13
0

/
/

0
/

/
1.
2

8.
48

10
.1
–
13

.9
F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)

B
5-
fl
uo

ro
ur
ac
il

S
pa
in

16
.5
7

10
0

10
3

44
08

<
L
O
D
-3
8.
4

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)

5-
fl
uo

ro
ur
ac
il

T
ha
ila
nd

3.
7e
-5

20
25

0
/

/
0

/
/

14
0

78
90

57
8

U
sa
w
an
uw

at
et
al
.(
20

14
)

C
ap
ec
ita
bi
ne

S
pa
in

78
.0
7

11
13

0
/

/
15

/
/

1.
2

12
6

< L
O
D
-2
.9

F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)

C
yt
ar
ab
in
e

S
pa
in

0.
81

6
10

0
10

3
21

.7
15

1
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

G
em

ci
ta
bi
ne

S
pa
in

2.
43

10
0

10
3

64
6

44
.2

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)



M
et
ho

tr
ex
at
e

S
pa
in

0.
55

7
10

0
10

3
14

.8
21

.8
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

H
yd

ro
xy

ca
rb
am

id
e

T
ha
ila
nd

2.
26

e-
5

50
25

0
/

/
0

/
/

14
0

35
64

78
8

U
sa
w
an
uw

at
et
al
.(
20

14
)

C
D
ox

or
ub

ic
in

S
pa
in

0.
05

9
10

0
10

3
1.
56

<
L
O
D
-4
.1
5

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)

E
pi
ru
bi
ci
n

S
pa
in

0.
09

29
10

0
10

3
2.
47

<
L
O
D
-3
.7

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)

M
yt
om

ic
in

C
S
pa
in

0.
03

43
10

0
10

3
0.
91

<
L
O
D
-1
.6
6

/
/

/
/

/
M
ar
tín

et
al
.

(2
01

4)

C
ip
ro
fl
ox

ac
in

It
al
y

37
0

55
20

0
27

80
22

00
71

81
0

63
0

/
5.
35

25
V
er
lic
ch
i

et
al
.(
20

14
)

M
yc
op

he
no

lic
ac
id

S
pa
in

31
3

63
13

0
/

/
41

/
/

1.
2

20
18

8.
6–
65

6
F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)

D
E
to
po

si
de

S
pa
in

0.
14

4
10

0
10

3
3.
84

30
.5

/
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

Ir
in
ot
ec
an

S
pa
in

0.
12

4
10

0
10

3
3.
31

<
L
O
D
-1
.1

/
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

E
D
oc
et
ax
el

S
pa
in

0.
10

6
10

0
10

3
2.
81

<
L
O
D
-1
.8
9

/
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

P
ac
lit
ax
el

S
pa
in

0.
29

1
10

0
10

3
7.
75

<
L
O
D
-0
.2

/
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

V
in
or
el
bi
ne

S
pa
in

0.
04

43
10

0
10

3
1.
18

< L
O
D
-L
O
D
5.
18

/
/

/
/

/
/

M
ar
tín

et
al
.

(2
01

4)

F
T
am

ox
if
en

F
ra
nc
e

5.
32

5
30

20
0

/
/

0
22

26
.5

(m
ed
)

/
7
(m

ed
)

11
(m

ed
)

C
oe
ts
ie
r
et
al
.

(2
00

9)

T
am

ox
if
en

U
K

/
10

0
15

0
/

/
0

/
/

10
63

< L
O
D
-1
0

A
sh
to
n
et
al
.

(2
00

4)

T
am

ox
if
en

S
pa
in

7.
3

13
13

0
/

/
93

/
/

1.
2

1.
13

0.
2–
25

.1
F
ra
nq

ue
t-

G
ri
el
l
et
al
.

(2
01

7)



– Water consumption varies from country to country: Table 10.5 reports values in
the range of 100–250 L/inh d.

– With regard to removal efficiency, in some studies, no removal was assumed,
even though literature data suggested other values.

– Dilution factor varies from 1.2 to 140.

In the influent, predicted concentrations for cyclophosphamide, 5-fluorouracil,
and gemcitabine were found to be 1 or 2 orders of magnitude higher than the
corresponding MECs, whereas for cytarabine and etoposide, PECs were 1 order
lower than MECs (see characters in bold in Table 10.5).

With regard to effluent concentration, there was quite good agreement in both
cases. Finally, in surface water, PECs were of the same order of magnitude in all
cases with the exception of 5-fluorouracil, capecitabine, hydroxycarbamide, and
mycophenolic acid, for which PECs were found to be 1–2 orders of magnitude
higher than MECs.

As discussed in the literature, both approaches present strengths and weaknesses
(see, for instance, Verlicchi et al. 2014; Verlicchi and Zambello 2016) leading to
different levels of uncertainties.

Unless MEC values can be extrapolated to a longer period characterized by
identical PhAC consumption patterns and environmental conditions (including
flow rate, constant consumption and meteorological conditions, and constant
removal efficiencies at the WWTP), they can only be considered valid for a
particular observation period. However, to obtain annual data, monitoring cam-
paigns would become even more complex and expensive. On the other hand,
irrespective of the model used, PEC values extrapolated from annual data (annual
values assumed for each variable in the commonly used models) can only be
considered theoretical values. Predictive models might include terms accounting
for possible degradation processes occurring in the receiving water body (mainly
photocatalytic and biological reactions) or to “generation” mechanisms (mainly
due to desorption of the PhAC or reactions among its metabolites leading to the
parent compound itself).

In the case of new compounds or for those for which analytical techniques are not
available or too expensive and time-consuming, predictions represent the only way
to estimate concentrations.
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Chapter 11
Photodegradation of Cytostatic Drugs
in Low-Pressure UV Photoreactor Through
Direct and Indirect Pathways

Yiqing Zhang and Teik-Thye Lim

Abstract Various advanced technologies have been suggested to remove the
biorefractive and recalcitrant cytostatic drugs (CSDs) in aquatic environment, such
as membrane biofiltration, electrolysis, ozonation, and UV-based technologies. This
chapter focuses on the photodegradation of CSDs in low-pressure UV photoreactor
through direct and indirect pathways. UV photolysis was applied to investigate the
degradation effect of eight CSDs, including azathioprine (AZA), cyclophosphamide
(CP), cytarabine (CYT), doxorubicin (DOX), methotrexate (MET), 5-fluorouracil
(5FU), flutamide (FLU), and mitotane (MIT). Six CSDs were degraded by less than
10% using UV dose of 400 mJ�cm�2, indicating the ineffectiveness of UV photolysis
toward most of the studied CSDs. UV/H2O2 and UV/persulfate (PS) processes were
then evaluated to compare the removal of CSDs. With the addition of H2O2 or PS,
the degradation rates of CSDs increased significantly. The main degradation path-
ways of AZA were proposed based on its identified intermediates. The operating
costs of different processes for AZA degradation were also calculated.

Keywords UV photolysis · UV/H2O2 · UV/persulfate · Degradation pathway

11.1 Overview of Advanced Wastewater Treatment
Technologies for Cytostatic Drugs

A large number of cytostatic drugs (CSDs) have been found at ng�L�1 to μg�L�1

levels in surface water bodies worldwide, exhibiting potential threats to both human
health and aquatic ecosystem. Conventional wastewater treatment processes may
exhibit low removal efficiency toward CSDs (Kosjek and Heath 2011). Therefore,
developing effective technologies to remove these biorefractive and recalcitrant
pharmaceuticals from contaminated water is urgently required. Advanced
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wastewater treatment technologies have been investigated for CSDs removal as
shown in Table 11.1, such as membrane bioreactor (MBR), electrolysis, ozonation,
and UV-based technologies (Zhang et al. 2013).

MBR technology combines membrane filtration with a conventional biological-
activated sludge process as a unified system for secondary wastewater treatment.
Mahnik et al. (2007) indicated that fluorouracil, doxorubicin, epirubicin, and
daunorubicin in a hospital effluent could be removed effectively using a pilot-scale
MBR system through biodegradation and/or adsorption. However, MBR technology
becomes inefficient toward less biodegradable CSDs. For example, Kovalova et al.
(2012) reported a low removal rate of merely 20% for cyclophosphamide degrada-
tion in hospital effluent using MBR technology.

Due to the generation of hypochlorite from sodium chloride, electrolysis has been
applied to inactivate microorganisms and degrade chemicals. Thus, the cytotoxicity,
mutagenicity, and antibacterial activity of epirubicin hydrochloride in hospital
wastewater could be removed completely within 6 h by electrolysis process (Hirose
et al. 2005). However, human carcinogens such as trihalomethanes could be accu-
mulated during the electrolysis process (Pérez et al. 2010).

Ozonation process includes both direct and indirect reactions with the compounds
present in a certain aquatic environment. Direct ozonation process can degrade
organic compounds efficiently by reacting with their unsaturated bonds. Somensi
et al. (2012) indicated that direct ozonation process could degrade methotrexate and
doxorubicin, with the second-order rate constants of 0.0267 and 0.3373 min�1,
respectively. Garcia-Ac et al. (2010) also demonstrated that direct ozonation process
could remove methotrexate from contaminated water efficiently with second-order
rate constant of more than 3.6 � 103 M�1�s�1, while higher ozone dose and longer
reaction time were required for cyclophosphamide degradation with second-order
rate constant of 3.3� 0.2 M�1�s�1. Recently, indirect ozonation processes have been
investigated due to the highly effective radicals generated. Free HO• can be gener-
ated through the process and react with compounds effectively, but ozonation is
highly affected by the pH and NOM of the water matrix. In addition, the disinfection
by-products can also be generated during ozonation process, such as bromate,
haloacetaldehydes, and halonitromethanes (Li and Mitch 2018).

11.2 UV Photolysis

UV photolysis using electromagnetic radiation with wavelengths of 10–400 nm has
been recognized as a cost-effective water treatment process for pathogen disinfec-
tion, by, e.g., damaging their nucleic acids and disabling their cellular functions. As
a chemical-free technology, UV technology shows environmental-friendliness when
compared with other chemical-based disinfection technologies. In addition, UV
irradiation does not influence the aesthetic quality (e.g., taste and odor) of the treated
water, as compared with other treatment processes such as chlorination or ozonation
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Table 11.1 Removal of cytostatic drugs using advanced wastewater treatment technologies

Methods Target CSDs Matrices

Water
treatment/
mechanism References

MBR Fluorouracil, doxoru-
bicin, epirubicin, dau-
norubicin, cisplatin,
carboplatin,
cyclophosphamide

Oncologic
wastewater,
domestic
wastewater,
hospital
wastewater

Combination
of biological
treatment and
membrane
filtration

Mahnik et al.
(2007), Lenz et al.
(2007), Delgado
et al. (2011) and
Kovalova et al.
(2012)

Electrolysis Epirubicin, irinotecan,
vincristine,
mitomycin C, pacli-
taxel, methotrexate,
cisplatin

Clinic waste-
water, urine

Generation of
hypochlorite

Hirose et al. (2005)
and Kobayashi et al.
(2012)

Ozonation Cyclophosphamide,
irinotecan, tamoxifen,
methotrexate,
doxorubicin

Pure water,
biologically
treated water,
drinking water

Selective reac-
tion with
unsaturated
bonds

Kim et al. (2009),
Garcia-Ac et al.
(2010) and Somensi
et al. (2012)

UV
photolysis

Azathioprine, cyclo-
phosphamide,
cytarabine, doxorubi-
cin, fluorouracil,
flutamide, methotrex-
ate, mitotane

DI water Homolytic
bond cleavage

Zhang et al. (2017),
Miolo et al. (2011)
and Lutterbeck et al.
(2016)

UV/H2O2 Cyclophosphamide MilliQ water,
tap water,
pre-treated
water

Hydrogen
abstraction,
electron trans-
fer, and elec-
trophilic
addition

Wols et al. (2013)
and Lutterbeck et al.
(2015)

UV/H2O2/
O3

Cyclophosphamide,
ifosfamide

DI water, hos-
pital
wastewater

Hydrogen
abstraction,
electron trans-
fer, and elec-
trophilic
addition

Lester et al. (2011)
and Česen et al.
(2015)

UV/Fe2+/
H2O2

Cyclophosphamide Ultrapure
water

Hydrogen
abstraction,
electron trans-
fer, and elec-
trophilic
addition

Lutterbeck et al.
(2015)

UV/TiO2 Cyclophosphamide,
fluorouracil

MilliQ water Hydrogen
abstraction,
electron trans-
fer, and elec-
trophilic
addition

Lin and Lin (2014)
and Lutterbeck et al.
(2015)

UV/
persulfate

Azathioprine DI water Electron
transfer

Zhang et al. (2016)
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(Oppenländer 2003). UV technology has also been applied as an effective purifica-
tion method for certain organic compound degradation in water.

11.2.1 Kinetics Determination

The photolysis of CSDs can be described using a pseudo-first-order kinetic model:

lnðC0=CÞ ¼ kt � t ð11:1Þ

where C0 and C are the CSDs concentrations before and after UV photolysis
treatment (μg�L�1), kt is the time-based pseudo-first-order rate constant for direct
UV photolysis (min�1), and t is the reaction time (min).

The photolysis rates of CSDs are significantly influenced by the molar absorption
coefficient and quantum yield. Molar absorption coefficient (ελ, M

�1�cm�1) mea-
sures the probability that a chemical absorbs photon of λ wavelength, while quantum
yield (Φλ, mol�E�1) indicates the ratio of photons that destroy the chemical normal-
ized by the amount of photons absorbed.

Zhang et al. (2017) compared the UV photolysis effect of eight frequently used
CSDs, including azathioprine (AZA), cyclophosphamide (CP), cytarabine (CYT),
doxorubicin (DOX), fluorouracil (5FU), flutamide (FLU), methotrexate (MET), and
mitotane (MIT). The physicochemical properties are summarized in Table 11.2. The
direct photolytic rates of the eight CSDs followed the order of
5FU > DOX > AZA > MET > CYT > MIT � FLU > CP. Their degradation rates
varied significantly from 0.31 � 10�2 min�1 (CP) to 3.32 � 10�2 min�1 (5FU).
Removal rates R (%) of the CSDs by direct UV photolysis were also calculated.
According to Table 11.2, ε254 of the eight CSDs vary significantly from 7 to
10,037 M�1�cm�1. The insignificant removal of CP and MIT can be explained by
their extremely low ε254, which are 7 and 300 M�1�cm�1, respectively. In addition,
the negligible degradability of FLU can be ascribed to its low Φ254 of
0.19 � 10�3 mol�E�1. Applying a UV dose of 400 mJ�cm�2 (ten times higher
than the typically used UV dose for disinfection), only DOX and 5FU was degraded
by more than 10%, while the removal of the other six CSDs was negligible. This
indicates that most CSDs are resistant toward direct UV photolysis.

11.2.2 Proposed Pathways

Table 11.3 shows the hypothetical photolytic degradation pathways of the CSDs
based on their detected by-products. It can be concluded that most of the studied
chemicals are degraded by aromatic ring cleavage under direct UV photolysis
(Zhang et al. 2017).
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Table 11.3 Proposed degradation pathways of the CSDs during UV photolysis (Zhang et al. 2017)

Compound Proposed degradation pathway

AZA

CP

CYT

DOX O

O O O

O

O

OH

OH

OH

NH2

OH

H

OH
O

O

O

O

OH

OH OH

OH

H

OH

MET

5FU�

FLU

MIT

�(a) direct UV photolysis, (b) NO3
�-induced irradiation and (c) DOM-induced irradiation
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The indirect photolytic degradation pathways with the addition of important
natural water components NO3

� or dissolved organic matter (DOM) were also
investigated. Various radical species, such as HO• and NO2

•, can be formed in the
presence of NO3

� according to Eqs. (11.2, 11.3, 11.4, 11.5 and 11.6). The single
state (1DOM�) and triplet state (3DOM�) of sensitizer molecule (DOM) can be
converted from its ground state during the irradiation according to Eq. (11.7). Singlet
molecular oxygen (1O2) can be formed from O2 by the deactivation of reactive
species 3DOM� Eq. (11.8). As a high-energy form of O2,

1O2 can react efficiently
with various organic chemicals:

NO3
� þ hν ! NO2

� þ O ð11:2Þ
NO3

� þ hν ! O •� þ NO2
• ð11:3Þ

2NO2
• þ H2O ! NO2

� þ NO3
� þ 2Hþ ð11:4Þ

Oþ H2O ! 2HO • ð11:5Þ
O •� þ H2O ! HO • þ HO� ð11:6Þ

DOMþ hν ! 1DOM� ! 3DOM� ð11:7Þ
3DOM� þ O2 ! DOMþ 1O2 ð11:8Þ

The direct and indirect photolysis pathways of 5FU were compared, due to its high
photolytic degradation efficiency. In the direct UV photolysis, the reaction opens the
nucleophilic ring of 5FU. The carbon-centered radical 5FU� and the corresponding
final product are formed as a result of bond cleavage. However, in the NO3

�-induced
photolysis, an additional hydroxylation step occurs on the unsaturated site of 5FU.
NO2

• can also react with 5FU to form nitrated derivative compound. In addition, in the
DOM-induced photolysis, a charge-transfer interaction takes place between excited
HA and the nitrogen atom of 5FU, followed by the transition of hydrogen atom to
form a carbon radical intermediate, and the addition of HO group.

11.3 UV-Based AOPs

11.3.1 Degradation Effect

Considering the low removal rate of CSDs (Sect. 11.2.1), UV photolysis is mostly
insufficient to be an effective removal technology. Therefore, UV-based advanced
oxidation processes, including UV/H2O2 and UV/persulfate (PS, S2O8

2�), were
applied to remove CSDs. UV/H2O2 has been widely studied in micropollutant
photodegradation and microorganism inactivation due to the formation of highly
reactive species HO• Eq. (11.9). It can react with various pollutants through e�

transfer, H abstraction, or electrophilic addition reactions with non-selectivity
(Baxendale and Wilson 1957).
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H� O� O� Hþ hν ! 2HO • Φ ¼ 1:0 mol � E�1
� � ð11:9Þ

UV/PS has also been investigated recently in pharmaceutical degradation due to
the generation of SO4

•� Eq. (11.10). The degradation efficiency of UV/PS process
seems to be higher than that of UV/H2O2 for chemicals such as azathioprine (Zhang
et al. 2016).

�SO3 � O� O� SO3
� þ hν ! 2SO4

•� Φ ¼ 1:4� 1:8 mol � E�1
� � ð11:10Þ

As shown in Fig. 11.1, the overall degradation rates of CSDs increase with
addition of 0.1 mM H2O2 or PS, indicating the significant contribution of the
oxidant. For four CSDs, including AZA, CYT, DOX, and MET, their degradation
rates in UV/PS process are much higher than that in UV/H2O2 process. The reason
may be due to the electron-donor functional groups contained in these chemicals.
SO4

•� can attack the electron-donor groups of CSDs selectively via electron
transfer. In contrast, the degradation efficiency of CP in UV/PS process is lower
than that in UV/H2O2 process. The

+NR3 and -Cl groups in CP are both electron
withdrawing, leading to the slow reaction between CP and SO4

•�. The degradation
rates of other three CSDs (5FU, FLU, and MIT) in the two UV-AOPs systems are
comparable, due to their mixture composition of electron-donor groups and
electron-withdrawing groups.

11.3.2 Proposed Pathways

Due to its high photoresistance and also toxicity, AZA was chosen as a model but
representative CSD for the mechanistic and economic comparison of UV/H2O2 and
UV/PS processes. The degradation pathways of AZA in the two UV-AOP processes
were proposed according to its identified by-products (Fig. 11.2a). The degradation
product C9H7N7O3S (m/z 294) of AZA as detected in both UV-AOP systems

Fig. 11.1 First-order rate
constants comparison of
various CSDs by UV,
UV/H2O2, and UV/PS
processes
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indicates a possible pathway of hydroxylation (+16 Da). During a HO•-induced
oxidation, carbon atom at the purine ring is typically the major target, leading to the
generation of hydroxyl adduct (AZA-OH)• and AZA¼O. In the UV/PS system,
electron transfer is the main mechanism. A radical cation AZA•+ is converted from
AZA, followed by the deprotonation and oxidization to form AZA¼O (Fig. 11.2b).

The degradation product C8H5N7O2S (m/z 264) of AZA identified only in
UV/H2O2 system suggests another possible degradation pathway of demethylation
(�14 Da). As shown in Fig. 11.2c, a carbon-centered radical is initially generated by
hydrogen abstraction of the methyl chain. After electron release and hydrolysis, the
carbon-centered radical can be converted into an AZA hydroxymethyl intermediate
compound, followed by the demethylation of the compound (Zhang et al. 2016).

11.3.3 Economic Comparison

To compare the cost-efficiency of the three UV-based processes and to determine the
optimal oxidant concentration, total cost per order (Cost/Ototal) was evaluated based
on the 90% removal of AZA. Cost/Ototal refers to the total cost required to degrade a
pollutant by one order of magnitude in 1 m3 of contaminated water, which is
determined by the oxidant dose, oxidant price, and electricity price through
Eqs. (11.11, 11.12 and 11.13):

Cost=Ototal ¼ Cost=OUV þ Cost=Oox ð11:11Þ

EE=OUV ¼ 1:45Pt

V log Ci
C f

� � ¼ 5:57� 10�2P

Vk
kWh �m�3 � order�1
� � ð11:12Þ

Fig. 11.2 (a) Proposed degradation pathways of AZA, and mechanism of the (b) hydroxylation
and (c) demethylation
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Cost=OUV $ �m�3 � order�1
� � ¼ EE=OUV kWh �m�3 � order�1

� �
� electricity cost $ � kWh�1

� � ð11:13Þ

where Cost/OUV and Cost/Oox are the costs of electricity and oxidants
($�m�3�order�1), respectively, EE/OUV is the electrical energy per order
(kWh�m�3�order�1), P is the UV lamp output power (kW), t is the degradation
time (h), V is the volume (m3) of treated water, k is the first-order rate constant
(min�1); Ci and Cf are the initial and final concentrations (mg�L�1) of AZA,
respectively. This study considered following values for calculations: US$0.10
kWh�1 for electricity price, US$1.5 kg�1 for H2O2, and US$0.74 kg�1 for PS.

Figure 11.3 shows that the Cost/Ototal decreases significantly with the increasing
oxidant concentration from 0 to 200 μM and increases slightly with excess oxidant
due to self-scavenging and high chemical cost. At low oxidant concentration (less
than 200 μM), the Cost/Ototal of UV/PS process is lower than that of UV/H2O2

process. Since a low PS dose is sufficient for complete AZA removal, UV/PS
process is the most cost-effective in AZA degradation compared with UV photolysis
and UV/H2O2 (Zhang et al. 2016).

11.4 Conclusions

UV photolysis generally exhibits insignificant degradation effect toward most CSDs,
i.e., CSDs were degraded by less than 10% at UV dose of 400 mJ�cm�2. Direct UV
photolysis degrades most of the studied CSDs by cleaving their aromatic ring, while
NO3

�-induced and DOM-induced photolysis eliminated the compounds by radical
addition and electron transfer reaction, respectively. The overall degradation rates of
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CSDs increased significantly with addition of H2O2 or PS. For CSDs with electron-
donor groups, their degradation rates in UV/PS process were higher than that in
UV/H2O2. Two main photodegradation pathways were proposed for AZA degrada-
tion, including hydroxylation and demethylation. The treatment costs of UV/H2O2

and UV/PS process decrease significantly compared with that of UV photolysis,
where UV/PS process is more cost-effective than UV/H2O2 for AZA degradation.
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Chapter 12
Analysis, Occurrence, and Fate
of Cyclophosphamide and Ifosfamide
in Aqueous Environment

Marjeta Česen, Tina Kosjek, and Ester Heath

Abstract Among numerous active pharmaceutical ingredients registered for che-
motherapy, two of the oldest, cyclophosphamide (CP) and ifosfamide (IF), are still
widely prescribed. Their administration can result in side effects such as cytotoxic-
ity, genotoxicity, mutagenicity, and teratogenicity, which might affect aqueous biota
once introduced into the environment. These compounds, which are excreted from
the human body as parent compounds and metabolites, find their way into the
environment via the sewerage system from hospitals and from homes, where cancer
outpatients live. Concentrations of CP and IF in hospital wastewaters (WW),
wastewater treatment plant (WWTP) influents and effluents, and surface waters
(SW) range from ng L�1 to μg L�1. To reduce the burden of CP and IF residues
in wastewater and consequently surface and drinking water (DW), the development
and optimization of biological and abiotic water treatment technologies is essential,
especially since both compounds are recalcitrant. Studies report complete removal of
CP and IF during certain advanced oxidation processes; however, these treatments
are still not available due to the high costs involved. In addition, understanding the
degradation pathways of these compounds is important, since their transformation
products (TPs) could exhibit higher toxicity toward aquatic ecosystems than the
parent compounds. Finally, several studies describing the analysis, occurrence, and
formation of CP and IF transformation products during various water treatments are
discussed in this chapter.
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12.1 Methodology for Determining CP and IF in Water
Samples

Cyclophosphamide (CP) and ifosfamide (IF) are two cytostatic agents used to treat
cancer patients. In particular, CP is used to treat different types of leukemia,
malignant lymphoma, some malignant solid tumors with or without metastases,
Ewings’ sarcoma, for various progressive autoimmune diseases (e.g., rheumatoid
arthritis, erythematosus lupus, and myasthenia gravis) and as immunosuppressive
therapy after organ transplantations. Ifosfamide is used to treat bronchial carcinoma,
ovarian cancer, some testicular cancer tumors, soft tissue sarcomas, breast cancer,
pancreatic carcinoma, renal cell cancer, carcinoma of the endometrium, and malig-
nant lymphomas. Once excreted from our bodies, CP and IF residues reach SW and
ground waters via treated WW. For quantitative analysis of cytostatic residues in
aqueous samples, analytical methods typically employ solid-phase extraction (SPE)
as sample preparation step followed by either gas chromatography (GC) or liquid
chromatography (LC) coupled to mass spectrometry (MS). In the case of GC-MS,
derivatization step is also applied, which was in the case of CP and IF successfully
achieved by acylation with trifluoroacetic anhydride (Momerency et al. 1994;
Steger-Hartmann et al. 1996; Česen et al. 2015).

Sample preconcentration for trace analysis of CP and IF is typically performed
with N-vinylpyrrolidone and divinylbenzene (Oasis HLB™) copolymers (Ferrando-
Climent et al. 2013, 2015; Gómez-Canela et al. 2012; Kovalova et al. 2012; Köhler
et al. 2012; Martín et al. 2011; Moldovan 2006; Valcárcel et al. 2011) or surface-
modified styrene-divinyl benzene (Strata X™) cartridges (Buerge et al. 2006; Busetti
et al. 2009; Delgado et al. 2010; Garcia-Ac et al. 2010; Llewellyn et al. 2011).
Several studies have extracted CP and IF using “on-line” SPE also with
N-vinylpyrrolidone and divinylbenzene copolymer sorbent, proving that this tech-
nique is highly applicable for routine analysis of water samples (Garcia-Ac et al.
2009; Kovalova et al. 2012; Negreira et al. 2013). In these studies, multianalyte
analysis was performed and the optimal conditions were determined for all investi-
gated compounds.

Several studies report the use of GC or LC coupled to MS for determining the
occurrence of CP and IF in aqueous environment. Among them, only two studies use
GC-MS technique for their quantification (Table 12.1). Despite different instrumen-
tation, the limits of detection (LODs) and quantification (LOQs) are comparable (all
in low ng L�1 range), suggesting the adequate sensitivity of these methods for trace
analysis, with the only exception being a study by Kiffmeyer et al. (1998), who used
an UV detector (Table 12.1). In the case of GC-MS analysis, HP-5MS (5% diphenyl/
95% dimethylpolysiloxane) and Permabond SE-52-DF (5% phenyl/95%
methylpolysiloxan) columns were used for separation (Moldovan 2006; Steger-
Hartmann et al. 1996). In both cases, ionization and mass analysis were based on
EI and single quadrupole (Q; Table 12.1). Studies based on LC-MS used mainly
reversed phase (RP) C18 columns and water in combination with either methanol
(MeOH) or acetonitrile (ACN) as mobile phases (MPs). In addition, acidification of
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Table 12.1 Studies reporting quantitative analysis of CP and IF in aqueous samples

Comp. Matrix

Quantitative analysis LOQ/LOD References

Separation Detection

CP, IF WW GC: on-column
injection
(Permabond SE-52-
DF); carrier gas:
helium

Single Q; electron
ionization (EI) at
70eV; detection
mode: selected ion
monitoring (SIM)

LODs:
6 ng L�1

(CP) 7 ng L�1

(IF)

Steger-
Hartmann
et al.
(1996)

CP, IF River
water,
WW

RP HPLC: C18 col-
umn;
MP: water/ACN
with addition of
10 mM ammonium
acetate (pH ¼ 5.7)

QqQ-MS;
ESI(+);
detection mode:
multiple reaction
monitoring
(MRM)

LODs:
10 ng L�1

(CP and IF)

Ternes
(1998)

CP SW RP HPLC: C18 col-
umn; MP: phos-
phate buffer
(pH ¼ 3)/MeOH

UV detector
(200 nm)

LOD:
200 μg L�1

Kiffmeyer
et al.
(1998)

CP WW RP HPLC: C8 col-
umn. MP: 0.1%
formic acid
(pH ¼ 2)/ACN

QqQ MS;
ESI(+); detection
mode: multiple
reaction monitor-
ing (MRM)

LOQ:
1.9 ng L�1

Castiglioni
et al.
(2005)

CP WW, SW RP HPLC: C8 col-
umn MP: 0.1%
formic acid
(pH ¼ 2)/ACN

QqQ MS;
ESI(+) detection
mode: MRM

n.a. Zuccato
et al.
(2005)

CP, IF WW, SW RP HPLC: C18 col-
umn. MP: 0.1%
formic acid/0.1%
formic acid in
MeOH

QqQ MS;
ESI(+); detection
mode: MRM

LODs:
0.02 ng L�1

(SW; CP and
IF)
0.3 ng L�1

(WW; CP and
IF)

Buerge
et al.
(2006)

CP SW GC: HP-5MS col-
umn;
carrier gas: n.a.

Single Q;
EI mode at 70 eV;
detection mode:
SIM

LOQ:
30 ng L�1

Moldovan
(2006)

CP, IF WW RP UPLC: C18 col-
umn;
MP: 0.1% formic
acid/ACN

QqQ MS;
ESI(+); detection
mode: MRM

LODs:
2 ng L�1

(CP and IF)

Yin et al.
(2010b)

CP, IF WW RP HPLC: C18 col-
umn;
MP: 0.1% formic
acid/0.1% formic
acid in MeOH

QqQ MS;
ESI(+) and APCI;
detection mode:
selected reaction
monitoring (SRM)

LOQs:
0.11–
0.4 ng L�1

(CP) 0.16–
0.24 ng L�1

(IF)

Llewellyn
et al.
(2011)

CP, IF WW RP UPLC: C18 col-
umn; MP: 0.1%
formic acid/ACN

QqQ-LIT;
ESI(+);
detection mode:
2 SRMs for each
compound

LOQs:
3.6 ng L�1

(CP)
5.8 ng L�1 (IF)

Ferrando-
Climent
et al.
(2013)

(continued)



MP with formic acid was often applied and the ionization was operated in
electrospray ionization (ESI) positive mode with triple quadrupole (QqQ) being
the most commonly used mass analyzer, followed by either QqQ-LIT (triple quad-
rupole Linear Ion-Trap) or Orbitrap (Table 12.1).

There are only few published studies concerning the formation of CP and IF TPs
(Table 12.2). Separation of TPs was achieved in all cases using an RP C18 column.
For ionization, ESI was used, while the applied mass analyzers differed (Table 12.2).

Table 12.1 (continued)

Comp. Matrix

Quantitative analysis LOQ/LOD References

Separation Detection

CP, IF WW RP UPLC: C18 col-
umn;
MP: 0.1% formic
acid/ACN

QqQ-LIT;
ESI(+);
detection mode:
MRM

LOQs:
1.3 ng L�1

(CP)
1.7 ng L�1 (IF)

Ferrando-
Climent
et al.
(2015)

CP WW RP HPLC: C18 col-
umn; MP: 0.1%
formic acid/0.1%
(v/v) formic acid in
MeOH

Orbitrap
ESI(+); detection
mode:
full scan and
HRMS (resolving
power ¼ 50,000)

LOQ:
0.35 ng L�1

Gómez-
Canela
et al.
(2012)

CP, IF WW On-line solid-phase
extraction (SPE)-RP
HPLC: C18 col-
umn; MP: MeOH,
ACN, 0.1% formic
acid

QqQ
ESI(+);
detection mode:
SRM

LOQs:
10–84 ng L�1

(CP)
2–17 ng L�1

(IF)

Kovalova
et al.
(2012)

CP, IF SW, WW RP HPLC: C18 col-
umn; MP: 0.1%
formic acid in
ACN/15 mM
ammonium formate
containing 0.1%
formic acid

QqQ;
ESI(+);
detection mode:
2 MRMs

LOQs:
1.7–2.3 ng L�1

(CP)
1.1–1.7 ng L�1

(IF)

Martín
et al.
(2011)

CP, IF SW, tap
water

RP HPLC: C18 col-
umn;
MP: ACN/0.1%
formic acid

QqQ-LIT;
ESI(+);
detection mode:
two SRMs

LOQs:
4 ng L�1 (CP)
1 ng L�1 (IF)

Valcárcel
et al.
(2011)

CP, IF WW RP HPLC: C18 col-
umn;
MP: 0.4% formic
acid/1% formic acid
in MeOH

QqQ;
ESI(+);
detection mode:
MRM

LOQs:
310 pg on col-
umn
(CP) 454 pg on
column (IF)

Busetti
et al.
(2009)

CP Drinking
water

On-line SPE-RP
HPLC: C18 col-
umn;
MP: 0.2% acetic
acid/ACN

QqQ;
ESI(+);
detection mode:
SRM

LOQ:
3.2 ng L�1

Garcia-Ac
et al.
(2010)
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The suitability of these analyzers (QTOF, IT, QqQ, and Orbitrap) for the identifica-
tion of unknown TPs is discussed in a review paper by Kosjek et al. (2007).
Interestingly, only Česen et al. (2016), Fernández et al. (2010), and Venta et al.
(2005) used hyphenated techniques enabling both, MSn experiments and HRMS.

12.2 Environmental Occurrence and Transformations

12.2.1 Sources and Physicochemical Parameters
of Cyclophosphamide and Ifosfamide

The current trend in chemotherapy is toward outpatient treatment, that is, patients go
home once they have received their therapy at the hospital. This reduces the cost of
cancer therapy and increases patient comfort. These patients may excrete cytostatic
residues including CP and IF in the hospital, since intravenous treatment can last
several hours or at home due to their long half-lives in the body (Kosjek and Heath
2011). In addition, there is still a number of hospitalized patients receiving chemo-
therapy with CP and IF, which makes hospitals an important source of anticancer
drug residues that end up in WW (Kümmerer 2001). There have been several
attempts to reduce pollution from hospitals by separating urine, but the emergence
of outpatient therapies has meant that this strategy has not been implemented to any
significant degree (Janssens et al. 2017).

Table 12.2 Qualitative analysis for identification of CP and/or IF TPs

Comp. Qualitative analysis Reference

Separation Detection

CP RP LC: C18 column MP: water/ACN Q-TOF;
ESI(+)

Fernández et al.
(2010) and Venta
et al. (2005)

CP RP LC: C18 column MP: 0.1% formic acid/ACN IT; Lutterbeck et al.
(2015)ESI(+)

CP, IF RP LC: C18 column MP: 0.1% formic acid for
positive mode and 5 mM ammonium acetate for
negative mode(A); 0.1% formic acid in MeOH for
positive mode and 5 mM ammonium acetate in
MeOH for negative mode (B)

QqQ; Lai et al. (2015)

ESI
(+/�)

CP, IF RP LC: C18 column MP: water/ACN HCT
Ultra IT
(+/�)

Ofiarska et al.
(2016)

CP, IF RP LC: C18 column MP: 0.1% formic acid/0.1%
formic acid in ACN

LTQ
Orbitrap-
XL

Česen et al. (2016)

CP RP LC: C18 column MP: 0.1% formic acid/0.1%
formic acid in MeOH

QqQ; Zhang et al. (2017)

ESI (+)
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Once in the environment, physicochemical properties, namely, solubility, dissoci-
ation constant (pKa), bioconcentration factor (BCF), sorption constant (Kd), octanol–
water (Kow) and organic carbon–water (Koc) partition coefficients, and Henry’s law
constant (HLC), will dictate distribution and fate of a certain compound. The solubility
of CP and IF is significantly higher than their environmental concentrations; hence, it
does not limit their occurrence in the aquatic compartment (Table 12.3). Based on their
pKa values, both compounds act as weak acids and are partially dissociated in neutral
environment suggesting low sorption to organic matter. This agrees with their Koc

values that also indicate only partial adsorption onto organic matter in the soil and
sediment compartments, for example, humus (Table 12.3). Moreover, the log Kow

value determines the distribution of a compound between water and organic matter, in
particular, lipids and fats. In the case of CP and IF, their log Kow values are <1,
indicating their high polarity and, consequently, a tendency to distribute into the water
phase (Table 12.3). In addition, the bioconcentration factor (BCF) predicts the poten-
tial of a compound to accumulate in aquatic organisms. For CP and IF, their BCF
values (Table 12.3) indicate low potential for bioaccumulation. The data for sorption
of CP and IF on solids like sludge, sediment, and soil are very scarce. Mioduszewska
et al. (2016) report the low sorption potential of CP and IF onto soil and rapid leaching
from soils once exposed to aqueous environment. However, the authors do not give
the Kd values of CP and IF. It is known that CP and IF do not sorb onto activated
sludge at wastewater treatment plants (WWTPs), suggesting limited elimination from
WW by this mechanism (Kümmerer et al. 1997). Finally, reported HLC values
(Table 12.3) suggest CP and IF have low volatility.

Table 12.3 Physicochemical characteristics of the investigated compounds

Structure
Solubility
(g L�1) pKa

log
Kow

and
Koc BCF Kd

HLC
(atm � m3

mole�1) References

40 6.00 0.63 3 n.a.a 1.4 � 10�11 Mahoney et al.
(2003) and
Kosjek and
Heath (2011)

52

38 3.75 0.86 3 n.a. 1.36 � 10�11 Mahoney et al.
(2003)
andKosjek and
Heath (2011)

70

an.a. not available
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12.2.2 Occurrence of Cyclophosphamide and Ifosfamide
in Wastewaters and Surface Waters

Physicochemical properties of CP and IF suggest that they will occur mainly in the
aqueous environment; however, a number of additional factors are also important for
quantifying their presence in the environment. They include their consumption,
disposal, pharmacokinetics, and fate during WW treatment. Table 12.4 gives the
detected concentrations of CP and IF in various WWs (hospital WW and WWTP
influents and effluents) and SWs as determined concentration ranges or, where these
data was not available, as the mean value � SD (standard deviation). The first
studies, reporting the levels of CP and IF in SW and WW, were published
20 years ago (Ternes 1998; Steger-Hartmann et al. 1996, 1997). The presence of
CP and IF in either ground water or tap water remains to be evaluated.

The highest concentrations of CP and IF are in hospital WWs, followed by
WWTP influents and effluents (< LODs or LOQs to μg L�1) and the lowest in
SWs (Table 12.4). The low concentrations in SWs (< LODs or LOQs to ng L�1) can
be attributed to effluent dilution once it is introduced into the receiving SW. Except
for Gómez-Canela et al. (2012) and Ternes (1998), who reported levels of
CP � 13,100 ng L�1 and of IF �2900 ng L�1 in WWTP effluent, respectively,
the reported concentrations in influents and effluents ranged from below the LOD to
ng L�1 (Table 12.4). In addition, several studies report comparable concentrations of
CP and IF in pairs of WWTP influents and effluents, suggesting only limited
biodegradation of these compounds (Buerge et al. 2006; Česen et al. 2015; Negreira
et al. 2014; Franquet-Griell et al. 2017b). Recently, Franquet-Griell et al. (2017b)
reported the occurrence of CP in WW effluent using novel macroporous ceramic
passive samplers. The authors report comparable concentrations of CP in effluent
using either passive or grab sampling approach, confirming the former as a useful
tool for monitoring time-weighted average concentrations of CP in WWs
(Table 12.4).

12.2.3 Environmental Transformations

The rate at which chemical (hydrolysis, oxidation), microbiological, and/or physi-
cochemical (photodegradation) degradation occurs depends on many factors, includ-
ing ambient temperature, the amount of solar irradiation, pH, the presence of other
species, and the nature of the compound of interest. For example, Khetan (2007)
found that seasonal variations in temperature and light intensity affect the fate of
pharmaceutical residues in SW.

The environmental fate of CP and IF has been rarely reported. Haddad et al.
(2015) reviewed all the available data on transformation products (TPs) of
cytostatics, but no CP and IF TPs, formed under environmental conditions, are
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Table 12.4 The occurrence of CP and IF in WW and SW

Type of
water

Sampling (flow-proportional, time-
proportional or grab and number of
samplings)

Concentration
(ng L�1) References

CP Hospital
WW

24 h time-proportional 19–4500 Steger-
Hartmann
et al. (1997)

n ¼ 7

24 h time-proportional 146 Steger-
Hartmann
et al. (1996)

n ¼ 1

Grab < LOD (2) – 21 Thomas et al.
(2007)n ¼ 12

Grab 6–2000 Yin et al.
(2010a)n ¼ 65 (21 hospitals)

24 h time-proportional 5730 Gómez-
Canela et al.
(2012)

n ¼ 1

Grab < LOQ (3.6) –
200.7

Ferrando-
Climent et al.
(2013)

n ¼ 1 (4 hospitals)

24 h time-proportional < LOQ (3.0) –
100.0

Negreira et al.
(2014)n ¼ 7

Grab < LOD (0.78) –
22,000

Česen et al.
(2015)n ¼ 1 (5 hospitals)

Grab 76–2680 Česen et al.
(2016)n ¼ 7

3 grab samples/day – mixed together Effluent 1:
114–1187

Olalla et al.
(2018)

n ¼ 1 (2 effluents from one hospital, 5 days
in a row)

Effluent 2:
46–3000

CP WWTP
influent

8 h time-proportional < LOD (6) –
143

Steger-
Hartmann
et al. (1997)

n ¼ 2 < LOD (6) – 8

Flow-proportional (24 h) 2–11 Buerge et al.
(2006)

n ¼ 5 (3 WWTPs)

24 h time-proportional < LOD (2) Thomas et al.
(2007)n ¼ 2

24 h time-proportional < LOQ (7.1) Martín et al.
(2011)n ¼ 1

24 h time-proportional < LOD (0.35) –
13,100

Gómez-
Canela et al.
(2012)

n ¼ 2 (3 WWTPs)

Grab < LOQ (3.6)–
25.5

Ferrando-
Climent et al.
(2013)

n ¼ 2 (3 WWTPs)

(continued)
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Table 12.4 (continued)

Type of
water

Sampling (flow-proportional, time-
proportional or grab and number of
samplings)

Concentration
(ng L�1) References

24 h time-proportional < LOQ (3.0) –
43.8

Negreira et al.
(2014)n ¼ 1 (12 WWTPs)

24 h time-proportional < LOD (0.55) –
27

Česen et al.
(2015)n ¼ 1 (3 WWTPs)

24 h time-proportional < LOD (2.3) Česen et al.
(2016)n ¼ 1

Grab 15 � 9 Franquet-
Griell et al.
(2017b)

n ¼ 4

WWTP
effluent

8 h time-proportional 6–17 Steger-
Hartmann
et al. (1997)

n ¼ 2 8–15

Grab < LOD (10) –
20

Ternes (1998)

n ¼ 1

24 h time-proportional < LOQ (1.9) –
9

Castiglioni
et al. (2005)n ¼ 9 (different WWTPs)

Flow-proportional (24 h) 2–10 Buerge et al.
(2006)n ¼ 5 (3 WWTPs)

24 h time-proportional Median: 0.6 Zuccato et al.
(2005)n ¼ 1 (8 WWTPs)

24 h time-proportional < LOD (2) Thomas et al.
(2007)n ¼ 2

24 h time-proportional and grab < LOQ (5) Busetti et al.
(2009)n ¼ 3 (2 WWTPs)

24 h time-proportional < LOQ (7.7) Martín et al.
(2011)n ¼ 1

Grab 0.19–3.7 Llewellyn
et al. (2011)n ¼ 3 (2 WWTPs)

24 h time-proportional < LOD (0.35) Gómez-
Canela et al.
(2012)

n ¼ 2 (3 WWTPs)

24 h time-proportional < LOQ (SM) –
25.0

Negreira et al.
(2014)n ¼ 1 (12 WWTPs)

24 h time-proportional < LOD (0.55) –
17

Česen et al.
(2015)n ¼ 1 (3 WWTPs)

24 h time-proportional < LOD (2.3) Česen et al.
(2016)n ¼ 1

Grab 17 � 4 Franquet-
Griell et al.
(2017b)

n ¼ 4

Passive sampling with macroporous ceramic
passive sampler

19 � 3

n ¼ 3

(continued)
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Table 12.4 (continued)

Type of
water

Sampling (flow-proportional, time-
proportional or grab and number of
samplings)

Concentration
(ng L�1) References

SW Grab < LOD (10) Ternes (1998)

n ¼ 1

Grab 0.05–0.17 Buerge et al.
(2006)n ¼ 5 (3 SWs)

2.5 h time-proportional < LOD (not
available)

Zuccato et al.
(2005)n ¼ 1 (2 SWs)

Grab < LOQ (30) –
65

Moldovan
(2006)n ¼ 2 (4 SWs)

Grab < LOQ (5.5) Martín et al.
(2011)n ¼ 1

Grab < LOD (3) Valcárcel
et al. (2011)n ¼ 5 (5 rivers)

Grab < LOQ (10) de Jongh et al.
(2012)n ¼ 7 (7 rivers)

IF Hospital
WW

Grab < LOD (6) –
1914

Kümmerer
et al. (1997)

24 h time-proportional 24 Steger-
Hartmann
et al. (1996)

n ¼ 1

Grab < LOD (2) –
338

Thomas et al.
(2007)n ¼ 12

Grab 4–10,647 Yin et al.
(2010a)n ¼ 65 (21 hospitals)

Grab < LOQ (5.8) –
227.9

Ferrando-
Climent et al.
(2013)

n ¼ 1 (4 hospitals)

24 h time-proportional < LOQ (2.0) –
19.4

Negreira et al.
(2014)n ¼ 7

Grab < LOD (2.8) –
6800

Česen et al.
(2015)n ¼ 1 (5 hospitals)

Grab 26–47 Česen et al.
(2016)n ¼ 7

3 grab samples/day – mixed together Effluent 1: <
LOD (0.2) – 31

Olalla et al.
(2018)

n ¼ 1 (2 effluents from one hospital, 5 days
in a row)

Effluent 2:
58–4761

WWTP
influent

6 h time-proportional 7–29 Kümmerer
et al. (1997)n ¼ 2 < LOD (6) –

29

Flow-proportional (24 h) < LOD (0.3) –
15

Buerge et al.
(2006)n ¼ 5 (3 WWTPs)

24 h time-proportional < LOD (2) Thomas et al.
(2007)n ¼ 2
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Table 12.4 (continued)

Type of
water

Sampling (flow-proportional, time-
proportional or grab and number of
samplings)

Concentration
(ng L�1) References

24 h time-proportional 3.5 � 0.1 Martín et al.
(2011)n ¼ 1 (mean � SD)

Grab < LOQ (5.8) –
130.1

Ferrando-
Climent et al.
(2013)

n ¼ 2 (3 WWTPs)

24 h time-proportional < LOQ (2.0) –
27.9

Negreira et al.
(2014)n ¼ 1 (12 WWTPs)

24 h time-proportional < LOD (0.36) Česen et al.
(2015)n ¼ 1 (3 WWTPs)

24 h time-proportional < LOD (4.8) Česen et al.
(2016)n ¼ 1

Grab < IDLa

(0.009 ng)
Franquet-
Griell et al.
(2017b)

n ¼ 4

WWTP
effluent

6 h time-proportional 10–40 Kümmerer
et al. (1997)n ¼ 2 < LOD (6) –

43

Grab < LOD (10) –
2900

Ternes (1998)

n ¼ 1

Flow-proportional (24 h) 1.7–6 Buerge et al.
(2006)n ¼ 5 (3 WWTPs)

24 h time-proportional < LOD (2) – 71 Thomas et al.
(2007)n ¼ 2

24 h time-proportional and grab < LOQ (25) Busetti et al.
(2009)n ¼ 3 (2 WWTPs)

24 h time-proportional 1.2 � 0.1 Martín et al.
(2011)n ¼ 1 (mean � SD)

Grab < LOQ (0.24) Llewellyn
et al. (2011)n ¼ 3 (2 WWTPs)

24 h time-proportional < LOQ (2.0) –
15.9

Negreira et al.
(2014)n ¼ 1 (12 WWTPs)

24 h time-proportional < LOD (0.36) Česen et al.
(2015)n ¼ 1 (3 WWTPs)

24 h time-proportional < LOD (4.8) Česen et al.
(2016)n ¼ 1

Grab < IDL
(0.009 ng)

Franquet-
Griell et al.
(2017b)

n ¼ 4

Passive sampling with macroporous ceramic
passive sampler

< IDL
(0.009 ng)

n ¼ 3

SW Grab < LOD (10) Ternes (1998)

n ¼ 1

(continued)
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reported. To the author’s knowledge, only two studies address the environmental
degradation of CP and/or IF in Switzerland and Taiwan, both in synthetic and natural
SWs (Buerge et al. 2006; Lin et al. 2013). Lin et al. (2013) investigated the
degradation of CP, while Buerge et al. (2006) investigated the fate of both com-
pounds. Both studies suggest limited environmental biodegradation and that direct
photodegradation plays only a minor (if any) role in the degradation of CP and/or IF
in the environment. This agrees with the findings from a recent study by Franquet-
Griell et al. (2017a), who also report low degradation (< 20%) during artificial solar
irradiation experiments for both compounds. However, the authors report an increase
in photochemical degradation, which correlates to an increase in •OH formation in
the presence of NO3-N, a naturally present photosensitizer. They conclude that the
highest degradation of CP and/or IF occurs in shallow, clear, NO3-N-rich natural
waters (Buerge et al. 2006; Lin et al. 2013).

12.3 Removal and Transformation During Various Water
Treatments

Various WW treatment technologies exist, which are designed to remove com-
pounds, particles, dissolved gasses, and pathogens fromWW (Jjemba 2008). Certain
compounds that are resistant to biodegradation, including CP and IF, can pass
through the WWTPs either partially or completely unchanged (Eggen et al. 2015).
The research toward upgrading existing conventional biological treatment has led to
the development of new treatment technologies. The efficiency of conventional and
advanced treatment techniques in terms of removal of CP and IF is discussed in the
following paragraphs.

Table 12.4 (continued)

Type of
water

Sampling (flow-proportional, time-
proportional or grab and number of
samplings)

Concentration
(ng L�1) References

Grab 0.05–0.14 Buerge et al.
(2006)n ¼ 5 (3 SWs)

Grab < LOQ (4.4) Martín et al.
(2011)n ¼ 1

Grab < LOD (1) – 41 Valcárcel
et al. (2011)n ¼ 5 (5 rivers)

Grab < LOQ (10) de Jongh et al.
(2012)n ¼ 7 (7 rivers)

aIDL instrumental detection limit
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12.3.1 Biological Treatment

The results of published studies concerning the removal of CP and IF during
biological treatment are given in Table 12.5. In general, both compounds show
limited removal under experimental conditions with either suspended biomass or
fungi. Despite different concentrations of CP and IF applied in the studies (ng L�1

to mg L�1 range), their highest removal efficiency was reported for conventional
treatment, that is, 17% and 15%, respectively. In addition, these tests, lasting days
to months, revealed no improvement in removal efficiency with prolonged time
(Table 12.5). Four studies report the removal efficiency for CP using the MBR with
inconsistent results (Delgado et al. 2011; Kovalova et al. 2012; Köhler et al. 2012;
Seira et al. 2016). Delgado et al. (2011) and Seira et al. (2016) reported significant
removal (� 80% and 60%, respectively), while Kovalova et al. (2012) and Köhler
et al. (2012) reported lower removals (< 20%). One reason for this discrepancy
could be the use of different matrices, that is, hospital WW with varying amounts
of contaminants that could affect biomass activity (real situation) versus artificial/
semiartificial WW, that is less contaminated and has a constant composition to
which biomass adapts. On the contrary, Česen et al. (2015) reports higher removal
using attached growth biomass in the case of hospital WW compared to an artificial
WW matrix (Table 12.5). However, the duration of experiments described by
Česen et al. (2015) differs significantly (artificial WW: 120 days and hospital
WW: 2 days). Higher removal (35%) in this study was observed also for IF,
when hospital WW was introduced into bioreactors. To the author’s knowledge,
this the highest reported IF removal during biological WW treatment.

12.3.2 Abiotic Treatment

Various abiotic treatment technologies like UV irradiation, ozonation, advanced
oxidation processes (AOPs), and physical treatment can be used to disinfect and/or
remove not readily biodegradable compounds like CP and IF from water (Glaze et al.
1987; Huber et al. 2005; Legrini et al. 1993). A review of such treatments is given in
the following paragraphs.

12.3.2.1 UV Irradiation

UV irradiation can be used for disinfection and removal (complete or partial
degradation) of organic compounds in water. The latter can be achieved by direct
and indirect photolysis (Klavarioti et al. 2009; Legrini et al. 1993). A review of the
literature reveals four studies on the removal of CP and IF by UV irradiation. All
four studies report similar results (Table 12.6). These compounds do not absorb
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Table 12.5 The removal efficiency for CP and IF during various biological treatments

Treatment type Type of water Conc. Duration Removal References

CP Modified Zahn-
Wellens test
(OECD 302 B)

OECD
medium +
activated
sludge
(AS) from
WWTP

160 mg L�1 28 days None Steger-
Hartmann
et al.
(1997)

Simulated
WWTP

Synthetic
WW + AS
from WWTP

10 μg L�1 42 days Poor (�
17%)

Steger-
Hartmann
et al.
(1997)

OECD Confirma-
tory test (Degra-
dation and
Accumulation,
1992)

Synthetic
WW + AS
from WWTP

375 mg L�1

750 mg L�1
10 days None

(0 � 5%)
Kiffmeyer
et al.
(1998)150 mg L�1 14 days

Simulated
WWTP

Influent + AS
from WWTP

90 ng L�1

900 ng L�1
24 h None Buerge

et al.
(2006)

Membrane biore-
actor (MBR)

Synthetic
WW + AS
from WWTP

5 μg L�1 139 days
115 days

� 80% Delgado
et al.
(2011)

MBR Hospital WW 161 ng L�1 1 year < 20% Kovalova
et al.
(2012)

MBR Hospital WW Data not
provided

5 days � 12% Köhler
et al.
(2012)

Biological treat-
ment with fungi
Trametes
versicolor

Hospital WW 10 mg L�1

100 μg L�1
8 days None Ferrando-

Climent
et al.
(2015)

Bioreactors with
attached biomass
on Mutag™
carriers

Artificial
WW + AS
from WWTP

10 μg L�1 120 days 42 � 12% Česen et al.
(2015)

Hospital
WW + AS
from WWTP

5.3 μg L�1 2 days 59 � 15% Česen et al.
(2015)

MBR Semi-syn-
thetic WW

5 μg L�1 77 days 60% Seira et al.
(2016)

Sequential batch
reactors

WW effluent +
AS from
WWTP

50 μg L�1 2 days � 15% Franquet-
Griell et al.
(2017a)

IF Modified Zahn-
Wellens test
(OECD 302 B)

DW + AS
from WWTP

160 mg L�1 42 days None Kümmerer
et al.
(1997)Hospital

WW + AS
from WWTP

4.3 mg L�1

(continued)
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photons under UV irradiation (due to the lack of aromatic rings or C ¼ C bonds),
which means that removal is poor regardless of the experimental conditions
applied (Russo et al. 2017).

12.3.2.2 Ozonation

Ozonation is a treatment process, where ozone (O3) is introduced into water. Similar
to UV irradiation, it can be used for disinfecting and/or removing compounds from
water via direct or indirect degradation processes.

Seven studies report the removal efficiency of CP and IF by ozonation using
varying O3 concentrations (Table 12.7). In general, removal efficiencies >60% can
be achieved in up to 30 min regardless of the matrix type (deionized water or hospital
WW) and initial CP or IF concentration. Only Česen et al. (2015) and Li et al. (2016)
report lower removal, which can be related to the lower O3 concentration used in
their experiments (10 mg L�1 and 0.25–5 mg L�1, respectively) compared to other
studies. Table 12.7 also shows how pH plays an important role in removal. For
example, Venta et al. (2005) report 20% removal of CP at pH 7 and 60% at pH 9.
The crucial role played by pH in the removal is described also by Fernandez et al.
(2010) and Lin et al. (2015) for both compounds (Table 12.7). These outcomes
suggest that ozonation is a promising technique, especially for highly contaminated
hospital WWs; however, installation and maintenance costs are high and further
detailed operational costs of this treatment are needed (Ferre-Aracil et al. 2016).

Table 12.5 (continued)

Treatment type Type of water Conc. Duration Removal References

Simulated
WWTP

Effluent
+ AS from
WWTP

11.4 μg L�1 56 days < 3% Kümmerer
et al.
(1997)

Simulated
WWTP

Influent + AS
from WWTP

120 ng L�1

1200 ng L�1
24 h None Buerge

et al.
(2006)

Biological treat-
ment with fungi
Trametes
versicolor

Hospital WW 10 mg L�1

100 μg L�1
8 days None Ferrando-

Climent
et al.
(2015)

Bioreactors with
attached biomass
on Mutag™
carriers

Artificial
WW + AS
from WWTP

10 μg L�1 120 days 18 � 11% Česen et al.
(2015)

Hospital
WW + AS
from WWTP

6.8 μg L�1 2 days 35 � 9.3% Česen et al.
(2015)

Sequential batch
reactors

WW effluent +
AS from
WWTP

50 μg L�1 2 days � 15% Franquet-
Griell et al.
(2017a)
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Table 12.7 The removal efficiency for CP and IF during ozonation treatment experiments

O3

concentration
Type of
water pH Conc. Removal References

CP 45 mg L�1 Pure water 7
9

261 mg L�1 � 20% (pH ¼ 7,
after 12 min); �
60% (pH ¼ 9,
after 12 min)

Venta
et al.
(2005)

32 mg L�1 Pure water 5.6
9
11

5 mg L�1

20 mg L�1
61% (pH ¼ 5.6;
after 30 min)–
100% (pH ¼ 11;
after 5 min) not
concentration
dependent

Lin et al.
(2015)

Hospital
WW

7.8 20 mg L�1 100% after
20 min

6–15 mg L�1 Pure water 8.1 100 ng L�1 87% after 2 min
100% after
30 min

Garcia-Ac
et al.
(2010)

DW Ambient 96% after �
5 min

30 mg L�1

45 mg L�1
Buffered
water

7
9
11

130.5 mg L�1

261 mg L�1
75% (pH ¼ 7)
and 90% (pH¼ 9
or 11) after
40 min not con-
centration
dependent

Fernández
et al.
(2010)

10 mg L�1 Artificial
WW

7 10 μg L�1 42% after
120 min

Česen
et al.
(2015)

0.25–
5 mg L�1

Diluted
treated
WW with
ultrapure
water

7.2 5 μg L�1 � 10–70% after
30 min (O3 dose
dependent)

Li et al.
(2016)

60 mg L�1 Hospital
WW

8.9 0.14–
1187 μg L�1

(native
concentrations)

97–100% after
10 min (O3 dose
dependent)

Ferre-
Aracil
et al.
(2016)

IF 3 g O3 h
�1 Deionized

water
5.6
9
11

5 mg L�1

20 mg L�1
79% (pH ¼ 5.6;
after 30 min) –
100% (pH ¼ 11;
after 5 min) not
concentration
dependent

Lin et al.
(2015)

Hospital
WW

7.8 20 mg L�1 100% after
20 min

10 mg L�1 Artificial
WW

7 10 μg L�1 36% after
120 min

Česen
et al.
(2015)

(continued)



12.3.2.3 Advanced Oxidation Processes

Glaze et al. (1987) defined advanced oxidation processes as “those which involve the
generation of hydroxyl radicals (•OH) in sufficient quantity to affect water purifica-
tion.” They described only O3/H2O2, UV/O3, and UV/H2O2 as AOPs. Nowadays,
also other AOPs such as UV/TiO2, Fe2+/H2O2 (Fenton), UV/Fe2+/H2O2

(photoassisted Fenton), and UV/O3/H2O2 represent efficient DW and WW treatment
technologies (Linden and Mohseni 2014; Saharan et al. 2014; Fabiańska et al. 2015).
During AOP, the formation of •OH is followed by their reaction with the organic
compounds present. These interactions lead to a series of complex oxidation reac-
tions, which results in either their partial or complete degradation (Saharan et al.
2014). The high costs involved means that AOPs as WW treatment technologies can
be applied as a tertiary treatment for WW containing high amounts of proteins or
sugars, which are degraded during biological treatment, while the remaining
biorecalcitrant organic matter can be degraded by an AOP (Oller et al. 2011).

The formation of •OH is common to all AOPs; however, the mechanism of their
“synthesis” differs. For example, in the case of the Fenton process, •OH are formed
due to the oxidation of Fe2+ to Fe3+. This is a metal-catalyzed oxidation, in which iron
acts as a catalyst (Saharan et al. 2014). A number of photoassisted AOP treatments
also exist, such as UV/TiO2, UV/H2O2, UV/O3, UV/O3/H2O2, and UV/Fe2+/H2O2

(photoassisted Fenton AOP), which is an advanced version of Fe2+/H2O2 with a
higher •OH formation rate (Legrini et al. 1993; Saharan et al. 2014; Glaze et al. 1987;
Andreozzi et al. 1999). Except for UV/TiO2, which is a photocatalytic process, others
can be described as photoactivated chemical reactions, where interactions between
photons with sufficient energy levels and H2O2 or O3 result in the formation of free
radicals (mostly •OH), which react with the compounds present in water (Saharan
et al. 2014). To achieve homolytic cleavage of H2O2, an UV irradiation (254 nm) is
usually applied. When UV is used in combination with O3, it is also recommended to
use UV light with awavelength of 254 nm (Andreozzi et al. 1999). An alternative way
to produce •OH is by photo-catalytic oxidation with UV/TiO2, where •OH are formed
on the surface of a semiconductor catalyst, for example, titanium dioxide (TiO2). The
absorption of UV irradiation and consequent formation of electron–hole pairs on the
catalyst’s surface reduces the dissolved O2 to the superoxide radical (O2

�) ion and
H2O and OH� to •OH (Saharan et al. 2014).

Table 12.7 (continued)

O3

concentration
Type of
water pH Conc. Removal References

0.25–
5 mg L�1

Diluted
treated
WW with
ultrapure
water

7.2 5 μg L�1 � 10–70% after
30 min (O3 dose
dependent)

Li et al.
(2016)

60 mg L�1 Hospital
WW

8.9 0.016–
0.031 μg L�1

(native
concentrations)

100% after
10 min (regard-
less of the O3

dose)

Ferre-
Aracil
et al.
(2016)
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Besides UV/O3, there are also other O3-based AOPs: O3/H2O2 and UV/O3/H2O2. It
is known that decomposition of O3 in an aqueous solution is accompanied by the
formation of both H2O2 and •OH (Legrini et al. 1993). The rate of •OH formation can
be increased by adding H2O2 and by applying UV irradiation (Legrini et al. 1993).

To the author’s knowledge, there are 15 AOP-based studies (Table 12.8), within
which four report low removal efficiency of CP and/or IF (Wols et al. 2013; Lai et al.
2015; Zhang et al. 2017; Česen et al. 2015). Wols et al. (2013) report 10–15%
(CP) and 10–30% (IF) removal efficiency during UV/H2O2 treatment in tap water
and WWTP effluent (Table 12.8). This contradicts Kim et al. (2009a), who used
similar experimental conditions, that is, WWTP effluent as a matrix, similar initial
H2O2 concentration and UV dose, and reported �90% CP removal (Table 12.8).
However, the initial CP concentration reported by Kim et al. (2009a), 3 ng L�1, is far
less than what is reported in the other cases. In addition, this value was below the
LOD, which was determined using standard solutions, directly analyzed by LC-MS/
MS without taking into account the concentration factor of SPE. This represents an
additional ambiguity in their determination of CP removal. The two studies that
report high CP removal efficiency (� 90%) from WWTP effluent with similar initial
CP concentrations used considerably higher UV and H2O2 doses (Kim et al. 2009b;
Köhler et al. 2012).

Another study reporting low IF removal was described by Lai et al. (2015), who
investigated the removal efficiency of IF during UV/TiO2 treatment in one hospital
WW, whereas higher removal was achieved in another hospital WW, deionized
water and two WWs coming from pharmaceutical industry. The authors report a
DOC-dependent removal efficiency, resulting from 10% for hospital WW with
highest DOC value (29 mg L�1) to 100% removal efficiency in deionized water
with the lowest DOC value (data not provided) within 120 min of treatment (Lai
et al. 2015). Although significantly shorter UV/H2O2 treatment (3 min) was
performed by Zhang et al. (2017), the authors also report matrix-dependent removal
efficiency with the lowest CP removal from treated WW (� 45%). Interestingly, in
Lai et al. (2015)’s study, who addressed IF, removal can be compared to that of
Hui-Hsiang et al., (2013), who investigated CP removal using UV/TiO2. Similar
matrices (purified water) and initial CP/IF concentrations were applied in both cases
(Table 12.8). The only difference was the TiO2 concentration (20 and 100 mg L�1),
which accounts for the decrease in the time needed to remove 100% of either CP
(2 h) or IF (10 min; Table 12.8).

Česen et al. (2015) also report low CP and IF removal during O3/H2O2 treatment,
that is, 30–40% and 26–39% after 120 min of treatment, respectively (Table 12.8).
The authors report comparable or even decreased removal with an increased amount
of H2O2. On the contrary, Ferre-Aracil et al. (2016) achieved complete CP removal
using the same treatment of hospital WW in only 20 min for similar CP concentra-
tions, but with higher O3 and a significantly lower H2O2 concentration
(Table 12.8). It can be assumed that in the first study, the high amount of H2O2

acted as scavenger of •OH produced by ozonation, which resulted in low CP and IF
removal.
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Fernandez et al. (2010), who also investigated CP removal during O3/H2O2,
observed a decrease in removal efficiency at elevated pH values. This differs from
ozonation treatment, where higher pH values result in more •OH being produced and
consequently enhanced degradation (von Gunten and von Sonntag 2012). The
authors explain the reverse phenomenon observed within the experiments, where
the added H2O2 acts as a scavenger of the •OH produced at higher pH values. The
same observation was reported by Venta et al. (2005), who reports complete CP
removal within 15 min, but with a lower amount of H2O2 compared to Fernandez
et al. (2010).

Within the UV-based AOPs (Table 12.8), the most efficient is photo-Fenton
(UV/Fe2+/H2O2), where CP was completely degraded in less than 2 min (Lutterbeck
et al. 2015). This is comparable to O3-based AOP, that is, O3/H2O2, conducted at an
environmentally relevant initial CP concentration, 100 ng L�1 (Garcia-Ac et al.
2010). In the latter study, the amount of H2O2 used is relatively small (2.5 mg L�1

compared to 333 mg L�1); however, O3-based treatment technologies are more
costly compared to UV-based AOPs (von Gunten and von Sonntag 2012; Saharan
et al. 2014). Wols et al. (2013), Zhang et al. (2017), and Franquet-Griell et al.
(2017a) also achieved 100% CP and IF removal within only few min of UV/H2O2

treatment (comparable UV doses; Table 12.8), where low amounts of H2O2 (20, 6.8,
and 15 mg L�1, respectively) were applied. In all studies, environmentally relevant
concentrations of CP and IF in pure water were used. In addition, the authors report a
drop in removal efficiency with increased matrix complexity (Table 12.8). This can
be explained by CP/IF competition with other species present in WW for reaction
with •OH (Zhang et al. 2017; Wols et al. 2013).

A direct comparison among the different studies (Table 12.8) in terms of cost-
efficiency for real-world applications is not possible at this point since the described
experimental conditions vary significantly. For example, studies were performed in
different matrices and volumes of samples (laboratory to pilot-scale experiments)
using varying instrumentation and were conducted at different initial concentrations
of CP and IF.

12.3.3 Physical Treatment

Adsorption on activated carbon (AC), nanofiltration (NF), and reverse osmosis
(RO) are common physical treatment technologies, which can improve the quality
of WW (Jjemba 2008). The main disadvantage of these techniques is that retained
compounds are not degraded and require further treatment (Rakić et al. 2015).

The data on CP and IF removal using physical treatment are scarce (Table 12.9).
A study by Chen et al. (2008) reports a carbon dose–dependent removal efficiency of
CP (AC dose of 100 mg L�1 resulted in � 90% removal). In addition, a correlation
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between matrix complexity and removal efficiency was also reported, with CP
removal between 28% and 70% depending on tested matrix (de Ridder et al. 2009).

Nanofiltration and RO can be also used to treat WW by physically removing the
dissolved compounds. In case of NF, particles with a diameter > 1 nm are retained,
whereas in RO, only particles <0.1 nm in diameter can pass through the membrane.
Pretreatment is also necessary to remove any solid particles that could affect the
rejection efficiency of NF and RO (Ravikumar et al. 2014; Radjenović et al. 2008;
von Gunten et al. 2006). Wang et al. (2009) studied the rejection efficiency of CP in
pure water and treated WW by NF and RO. For NF, the rejection efficiency was
matrix dependent (Table 12.9), where the lower rejection efficiency for untreated
WW was correlated to membrane fouling by the organic matter present. The authors
report over 90% rejection efficiency of CP by RO regardless of the matrix type
(Table 12.9).

12.3.4 Transformations

Compounds undergo similar transformation reactions during water treatment as in
the environment, that is, chemical, physicochemical, and/or microbiological trans-
formations. However, these processes are typically more intense during treatment,
where degradation and formation of TPs strongly depend on the applied conditions
(Mompelat et al. 2009; Saharan et al. 2014). The transformations of CP and IF
during biological treatment have not been studied yet, most likely due to their poor
biodegradability, whereas TPs formed during abiotic treatments have been exten-
sively investigated (Table 12.10). Seven studies have looked at CP degradation and
identified 16 different TPs, whereas three studies report 17 different IF TPs
(Tables 12.10 and 12.11). O3-based treatments of CP produced one TP, a keto-CP.
Ketonization was the most common reaction also during UV treatment and
UV-based AOPs. Apart from keto-CP, there are several other reports of TPs that
share the same molecular structure as known CP and IF human metabolites,

Table 12.9 Removal efficiency of CP during various physical treatments (data for IF is
unavailable)

Treatment CP conc. Matrix type Removal References

AC (0.1–100 mg L�1) 10 μg L�1 Pure water � 1–90% Chen et al. (2008)

AC (22 mg L�1) 2 μg L�1 Pure water 70% de Ridder et al. (2009)

SW 55%

Effluent 28%

NF 1–10 μg L�1 Pure water 20–40% Wang et al. (2009)

Effluent 60%

RO 1–10 μg L�1 Pure water > 90%

Effluent > 90%
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Table 12.10 Reported TPs of CP during various AOPs

AOP Identified TPs Reference

O3/H2O2 Venta et al. (2005)

O3, pH ¼ 9 Fernández et al. (2010)

UV/H2O2

UV/TiO2

Lutterbeck
et al. (2015)

UV/TiO2 Lai et al.
(2015)

(continued)
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Table 12.10 (continued)

AOP Identified TPs Reference

UV and
UV/H2O2

Česen et al.
(2016)

UV/TIO2 and
UV/Pt-TiO2

Inorganic species:
NH4+

PO4
3�

Cl�

Unidentified TP
[M + H]+ ¼ 213

Ofiarska
et al. (2016)

UV and
UV/H2O2

Zhang et al.
(2017)



Table 12.11 Reported TPs of CP during various AOPs

AOP Identified TPs Reference

UV/TiO2 Lai et al.
(2015)

UV and
UV/H2O2

Česen et al.
(2016)

IF-TP7

(continued)



namely, 2- and 3-dechloroethyl and imino derivatives of CP and IF formed during
UV/H2O2 and UV/TiO2 treatments (Tables 12.10 and 12.11). Certain treatments
result in the same TPs, which is expected due to the similarity in the chemical
structure CP and IF. These include, for example, a short chain TP
(2-chloroethylamine), CP-TP4/IF-TP5 and CP-TP5/IF-TP7 (Table 12.10). Inter-
estingly, Ofiarska et al. (2016) identified IF-TP9, which has the same molecular
weight as CP-TP8, a TP identified by Zhang et al. (2017). Both TPs were identified
as the hydroxylation products of parent compounds, where Ofiarska et al. (2016)
left the exact position of hydroxyl group undetermined. Since no spectra are
available for the comparison of both TPs, it is hard to conclude whether they
share the same structural formula or not. As CP and IF typically occur together, the
amount and potency of the formed species might be higher than one would assume
based on the degradation of the individual compound. This should be investigated
by studies addressing toxicity, where both compounds shall be treated simulta-
neously. Interestingly, Ofiarska et al. (2016) report the formation of NH4+, PO4

3�,
and Cl� formed from CP and IF when using UV/TiO2 (Tables 12.10 and 12.11). As
these inorganic species might have an adverse effects on aqueous biota, further
studies addressing their formation during other treatments and an evaluation of the
toxicity of UV/TiO2-treated samples shall be studied in the future.

12.4 Conclusions

This chapter describes the analysis, occurrence, removal efficiency, and
transformations of two cytostatic drug residues, CP and IF, in the aqueous environ-
ment. The most common method for the determination of CP and IF in aqueous
samples is SPE with further LC-MS analysis. Their presence has been confirmed in

Table 12.11 (continued)

AOP Identified TPs Reference

UV/TIO2 and
UV/Pt-TiO2

Inorganic species:
NH4+

PO4
3�

Cl�

Ofiarska
et al. (2016)
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WWs on a global scale, while in SW, levels are typically below the LOD. Both
compounds are recalcitrant to biodegradation and, for this reason, a number of
studies have addressed their removal efficiency during abiotic treatments. So far,
AOPs seem to be the most promising; however, their suitability for WW treatment is
limited due to the high costs involved. Therefore, they require further optimization
before they can be used in real world applications, for example, to treat highly
contaminated hospital WWs. In addition, stable TPs have been confirmed during
various abiotic treatments, which have structures similar to that of the parent
compounds. These species might, besides CP and IF, also have adverse effects on
aqueous biota. Therefore, environmental occurrence, fate, and effects of all CP and
IF residues including identified TPs must be assessed in the future in order to
evaluate the overall risks they pose to the environment.
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Chapter 13
Fate and Effects of Cytostatic
Pharmaceuticals in the Marine
Environment

Maria João Bebianno and Tainá Garcia da Fonseca

Abstract Extensive efforts have been devoted to assessing the environmental fate,
effects, and risks associated with the presence of pharmaceutical compounds in the
marine environment. Higher standards of living combined with aging and the
increase of the world population contribute to frequent and highly diverse needs
for the use of pharmaceutical compounds. Therefore, inputs of these substances has
begun to be detected in the marine environment. Their sources are hospital, indus-
trial, and sewage effluents in which these compounds cannot be properly treated.
Therefore, the substances reach the marine environment in their chemical form or
metabolized, and their fate in the aquatic systems, after long-term exposure to
organisms at environmentally relevant concentrations, should be assessed. One of
the groups of these pharmaceutical compounds includes cytotoxic pharmaceuticals
applied in chemotherapy. These compounds, although having mutagenic, genotoxic,
and teratogenic properties, have received less attention in environmental risk assess-
ment, despite the progressive enhancement of their use with the increase of cancer
incidence in the human population. Cytotoxic drugs have variable chemical struc-
tures and are used to kill tumor cells or inhibit their proliferation by different modes
of action (MoA). The aim of this chapter is to report data regarding acute and chronic
responses of cytotoxic drugs on nontarget organisms. An integrative approach of
molecular and cellular effects is reported as a result of single or mixture exposures to
assess the ecotoxicological potential, synergistic, additive, and antagonist effects of
these drugs in biological systems of nontarget species at realistic environmental
concentrations. These data are integrated to contribute to the environmental risk
assessment of these compounds in the marine environment. Furthermore, recom-
mendations are made for suitable biological models to assess the ecotoxicological
effects of these compounds in marine organisms.
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13.1 Introduction

About 41% of the world population lives near the coast, where two thirds of the
megacities (i.e., cities containing more than 10 million habitants) are located
(UN 2016), and settlement is still growing rapidly (Burke et al. 2001; Martínez
et al. 2007). Demographic projections indicate that by 2030 there will be 662 cities
with at least 1 million residents, and 41 of these will be megacities, which corre-
sponds to an increase of about 30% compared to 2016 (UN 2016) (Fig. 13.1).

Projections based on population growth indicate that human burden on the coast
will increase to 3.1 billion people by 2025, and about 300 million people will settle in
coastal megacities (Martínez et al. 2007; Von Glasow et al. 2013). Low-elevation
coastal zones (LECZ), areas 10 m above sea level, represent about 2% of total land
area where 13% of the global population inhabits (Barbier 2015). LECZ are expanding
faster than any other area through immigration and demographic changes (Fig. 13.2).

This increase of population will broaden socioeconomic, cultural, and environmen-
tal impact underlying determinants fitted by risk factors, individually managed (e.g.,
inappropriate diet, tobacco, physical inactivity, harmful use of alcohol, infectious
agents) or not (e.g., age, heredity) that are decisive in the distribution and occurrence
of chronic noninfectious or noncommunicable diseases (NCDs) (Jemal et al. 2011;

Fig. 13.1 Cities with 1 million or more inhabitants in 2016 and projections for 2030 (Adapted from
UN 2016)
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WHO2005). NCDs include cardiovascular and respiratory chronic illnesses, as well as
neoplastic diseases (Ferrando-Climent et al. 2014), and accounted for 67.9% of total
deaths worldwide in 2012. Neoplastic diseases are the most representative and
concerning diseases, after cardiovascular illness, accounting for 21.7% of deaths and
with worrying projections of increases by 2030 (WHO 2014) (Fig. 13.3).

With the improvement of living standards and the increase in diseases, the
production and use of pharmaceutical compounds follow the same trend. Conse-
quently, complex mixtures of parental molecules and metabolic products of phar-
maceuticals are excreted and introduced into water bodies, predominantly via
untreated, partially treated, or treated urban, hospital, and industrial effluents, with
inadequate disposal of unused drugs, and from landfill leachates (Vieno et al. 2005;
Claessens et al. 2013; Moreno-González et al. 2015; Heath et al. 2016; Isidori et al.
2016). Such continuous loads cause drugs to become persistent and ubiquitous in the
aquatic environment (Kümmerer 2010) and, for that reason, are considered emerging
contaminants of concern (Petrie et al. 2015).

Fig. 13.2 Representation of urban settlement in low-elevation coastal zones (LECZ), where 13%
of the world population lives

Fig. 13.3 Projection of
cancer cases between 2012
and 2030 (millions of
people). All types of cancer
are considered, with the
exception of non-melanoma
skin cancer (Data extracted
from GLOBOCAN; Ferlay
et al. 2015)
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In spite of significant efforts devoted to understanding the occurrence of phar-
maceuticals in aquatic systems (e.g., lakes, rivers, marshlands, groundwater, and
drinking water), their behavior and fate may change by virtue of abiotic and biotic
transformations that may occur before they reach the marine environment (Weigel
et al. 2002).

Pharmaceuticals are designed to provide therapeutic effects in biological systems
by their key molecular structures, the active pharmaceutical ingredients (APIs),
which are configured to persist through metabolic degradation processes to exert
their function properly (Anderson et al. 2004; Kümmerer 2010). The wide range of
drugs displayed by the pharmaceutical industry are grouped by different criteria
(Daughton and Ternes 1999). Often, these drugs are classified according to their API
and purpose, such as antibiotics, analgesics, lipid regulators, and the particular class
of anticancer drugs also denominated anti-neoplastics (Kümmerer 2008).

The drugs applied in chemotherapy possess broad biological performance
devoted to access and harm many cellular components such as DNA, RNA, proteins,
membrane phospholipids, cytoskeletal microfilaments, and specific signaling path-
ways, ultimately causing irreversible harm effects, interruption of cell division, and
cell death (Gonzalez et al. 2001; Emadi et al. 2009; Gorrini et al. 2013). The current
and particular environmental concern regarding these compounds is that they inter-
fere not only with target tumor cells, but also with normal proliferating cells, such as
those of nontarget organisms present in water bodies (Mater et al. 2014).

The combination of socioeconomic structure, analytical technologies, and toxi-
cological assessment can depict a hallmark of the anticancer drugs issue in the
environment. It is possible to link the increase of cancer incidence in recent years
with the rise and new application of drug production, reflected in global spending on
oncology medicine, including treatment and supportive care (Fig. 13.4). Based on
spending on oncology medicine throughout 2018, it is expected that this amount will
grow annually, in the 6–8% range, compared to 6.5% during the past 5 years, as the
demand for new therapy options is growing (Aitken and Kleinrock 2015). The input
of such compounds to the aquatic environment worldwide could be neglected if
sewage treatment plant technology could efficiently eliminate parent compounds and
reactive by-products, because these chemicals may exert cytotoxic and cytostatic
potential on every eukaryotic organism, even at trace levels (Johnson et al. 2008;
Besse et al. 2012).

In this sense, the aim of this chapter is to report data regarding acute and chronic
responses of cytotoxic drugs on marine nontarget organisms. An integrative
approach of molecular and cellular effects is reported as a result of either single or
mixture exposures to assess the ecotoxicological potential, synergistic, additive, and
antagonist effects of these drugs in biological systems of nontarget species, at
realistic environmental concentrations. These data are integrated to contribute to
the environmental risk assessment of these compounds in the marine environment.
Furthermore, recommendations are made about suitable biological models to assess
the ecotoxicological effects of these compounds in marine organisms.
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13.2 Pharmaceutical Compounds in the Marine
Environment

The occurrence of pharmaceuticals in the marine environment is relatively well
documented, at levels ranging from nanograms per liter (ng l�1) to micrograms per
liter (μg l�1) in coastal lagoons (Moreno-González et al. 2015), estuaries (Ashton
et al. 2004), and marine waters (Buser et al. 1999; Weigel et al. 2002; Ashton et al.
2004; Togola and Budzinski 2008; Vidal-Dorsch et al. 2012; Zhang et al. 2012;
Afonso-Olivares et al. 2013; Zhang et al. 2013a, b; Jiang et al. 2014; Pereira et al.
2016), and at nanograms per gram (ng g�1) range in marine sediments (Silva et al.
2011; Long et al. 2013; Beretta et al. 2014; Lara-Martín et al. 2014; Moreno-
González et al. 2015). The therapeutic groups most reported are antibiotics, anti-
hypertensives, psychiatric drugs, nonsteroidal antiinflammatory drugs (NSAIDs),
and analgesics, including household and hospital medicines, and those applied in
livestock treatments and fish farms (Gonzalez-Rey and Bebianno 2012). Overall,
pharmaceuticals consist of polar and highly ionizable molecules, with one or more
dissociable functional groups, ranging from acid to alkaline. Electrolytes exist either
as neutral or ionic molecules, depending on their dissociation constant (pKa) and the
pH of the water in which they are dissolved (Rendal et al. 2011). Therefore, part of
the available information on physicochemical parameters is estimated by theoretical
calculations based on their chemical structures (Zhang et al. 2013a, b). Neutral and
non-ionized species indicate lower polarity and higher permeability into membranes
and fatty acids compared to ionic forms (Rendal et al. 2011; Fu et al. 2009).
Ibuprofen is anionic at pH 7 (above its pKa), thus hydrophilic, and almost not sorbed
onto sediments because of its negative charge, leading to an electrostatic repulsion
(Oh et al. 2016).

Fig. 13.4 Global forecast of spending on oncology pharmaceuticals: EU5 (Germany, Italy, France,
Spain, UK); United States; Japan; pharmerging countries (Brazil, Mexico, Venezuela, Argentina,
China, India, Indonesia, Vietnam, etc.); and ROW (rest of the world) (Adapted from Aitken and
Kleinrock 2015)
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Once in the marine environment, pharmaceutical compounds go through different
biotic and abiotic processes (Fig. 13.5) that are significantly different from limnic
waters with different salinity, pH, temperature, turbidity, organic compounds, and
microbial populations that may affect their chemical stability and persistence
(Weigel et al. 2002; Kümmerer 2008; Lara-Martín et al. 2014). Because sorption
mechanisms can be pH dependent and change from hydrophobic to ionic interaction,
the sorption behavior of pharmaceuticals is often poorly predicted by the estimation
of the octanol–water partition coefficient (Kow) (Franco et al. 2009; Lara-Martín
et al. 2014). In this sense, the application of lipophilicity corrected to pH (log D) is a
more reliable strategy that enhances the prediction of environmental behavior of
ionizable species (Schaffer et al. 2012). In contrast, sorption is strongly induced by
hydrophobicity and neutral forms generated at pH below pKa (Bui and Choi 2009).
Moreover, drug distribution depends on currents and tidal events and on the prox-
imity from point sources in such a way that levels in coastal waters may be orders of
magnitude lower compared to the source (e.g., wastewater, river water) (Kim et al.
2017), reflecting the dilution that these compounds undergo in the marine environ-
ment (Vidal-Dorsch et al. 2012). As such, concentrations of pharmaceuticals are
higher during ebb and low tide and reach minimum values during flood and high tide
(Lara-Martín et al. 2014). Therefore, a clear negative relationship exists between
pharmaceutical compound concentration and salinity, demonstrated by the decrease
of the beta-blocker metoprolol upstream to downstream (from 16 ng l�1 to 8 ng l�1)
and the antiepileptic drug carbamazepine (10 ng l�1 to 6 ng l�1, respectively) (Lara-
Martín et al. 2014).

Although pharmaceuticals may be detected at low levels (ng l�1), these concen-
trations may be significant to induce different consequences by virtue of transfor-
mation products (TPs) and combined effects that can occur independently of a

Fig. 13.5 Fate and behavior of pharmaceutical compounds, including anticancer drugs, in the
marine environment
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similar or dissimilar mode of action (MoA) (Cleuvers 2003). TPs are formed in the
environment from parent compounds and metabolites, through physicochemical
(e.g., photodegradation, hydrolysis, redox reactions) and biological
(e.g. biodegradation) pathways (Mompelat et al. 2009). Despite their potential
importance, the formation and fate of TPs from pharmaceuticals have scarcely
been investigated (Mompelat et al. 2009). Although a significant number of drugs
are excreted and released as inactive conjugates, such as glucoronates and sulfates,
deconjugation in the aquatic environment reverses metabolites to the biologically
active parent compounds (Noppe et al. 2007; Behera et al. 2011). These species can
also be as toxic or even more toxic than their parent compounds (Loffler et al. 2005;
Li et al. 2014). Those effects can be a simple addition of a toxic effect (i.e., additive),
less than the sum of the separate constituents (i.e., antagonism), or significantly
higher than the sum of their individual toxic effects (i.e., synergism) (Láng and
Kőhidai 2012; Daughton 2016). Conversely, it is important to establish whether
toxicity effects on biota differ over an environmental pH change (Bostrom and
Berglund 2015). Bioassays conducted with ionizable pharmaceutical compounds
(2,4-dichlorophenol, 2,4,6-triclorophenol, pentachlorophenol, ibuprofen, fluoxetine)
at different experimental environmental pHs (from 6 to 9) indicate that toxicity
depends on the more toxic uncharged fraction (Nakamura et al. 2008; Xing et al.
2012), but when the ionic fraction increases, detrimental contributions may be
shifted toward the ionic form (Bostrom and Berglund 2015).

The processes to which pharmaceuticals and respective products are subjected,
after excretion until reaching marine waters, should not be disregarded because they
are accountable for changing the kinetic and reactivity of drugs, particularly in
respect to ionization, which is likely to contribute to unexpected behavior in aquatic
compartments. Differing from many organic contaminants historically studied (e.g.,
persistent organic pollutants), the partitioning dynamics of the majority of pharma-
ceuticals are not only caused by hydrophobic interactions, but are also influenced by
hydrogen bonding, cation exchange, cation bridging, and surface complexation,
which hinder environmental modeling approaches of exposure, uptake (i.e., inges-
tion, dermal exposure, respiration exchange, larval stage hazard), trophic transfer,
and bioaccumulation (Yamamoto et al. 2009; Du et al. 2014; Ribeiro et al. 2015).

Furthermore, there is a high possibility that hydrophobic drugs may be trapped in
sediments in estuary or coastal conditions by high salinity. The settling of pharma-
ceuticals in sediments despite decrease from the water column represent another
source of exposure to biota, mainly benthonic species (Oh et al. 2013) (Fig. 13.5).
Thus, fine-grained sediments tend to accumulate large amounts of pharmaceutical
compounds because of the high sorptive capacity.

Physical disturbances of sediments may occur during weather events, incoming
tides, sediment transport, rainfall, and bioturbation by benthic organisms, in addition
to dredging, fishing, and shipping. Those events remobilize contaminants and
resuspend them back to the water column (Ferguson et al. 2013). More oxidative
conditions to which contaminants are exposed in overlying water could result in
desorption and transformation into more bioavailable or toxic compounds (Eggleton
and Thomas 2004).
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13.3 Cytotoxic Pharmaceutical Compounds

As the presence of pharmaceuticals in the environment increased during the past
decades, new questions and issues began to emerge (Haddad et al. 2015), with recent
attention given to drugs applied in anticancer therapies. Anticancer drugs are
classified according to the anatomical therapeutic classification (ATC), where they
are ranked as antineoplastic and immunomodulating agents, at Class L (Kovalova
2009; Booker et al. 2014). Further, four subgroups of anticancer drugs exist: L01
(antineoplastic agents); L02 (endocrine therapy); L03 (immunostimulants); and L04
(immunosuppressants), as seen in Table 13.1.

Antineoplastic agents are designed to interact directly or indirectly with DNA, by
damaging its structure, or inhibiting, altering, and disrupting the mechanisms of its
transcription, replication, and synthesis. Derivatives of nitrogen mustards were
developed, including the DNA alkylators cyclophosphamide, chlorambucil, cis-
platin, and melphalan, all of which are currently used in clinical therapeutics (Xie
2012; Cheung-Ong et al. 2013). Other examples of DNA-alkylating agents used in
cancer treatment include nitrosoureas (e.g., carmustine, lomustine, semustine) and
triazenes (e.g., dacarbazine, temozolomide) (Cheung-Ong et al. 2013). Most of these
pharmaceuticals do not strictly act over tumor drivers, but also in mechanisms
regarding all growing cells (Caley and Jones 2006; Kosjek and Heath 2011;
Toolaram et al. 2014; Heath et al. 2016), usually leading to detrimental effects in
patients from adverse toxicity to nontargeted tissues. Anti-metabolites represent a
class of anticancer drugs that exert their activity by blocking nucleotide metabolism
pathways and DNA replication, including the pyrimidine analogues 5-fluorouracil
(5-FU), capecitabine, floxuridine, and gemcitabine, and the purine analogues
6-mercaptopurine, 8-azaguanine, fludarabine, and cladribine. In general, these com-
pounds have great curative effects and prolong survival among patients, although not
being effective for all types of cancer.

In contrast, there are compounds accountable for the disruption of biological
processes through mechanisms of blocking cell replication factors, or indirectly by
recruiting macrophages and monocytes cells (Besse et al. 2012; Caley and Jones
2012), thus, not directly involved with DNA. Endocrine therapy manipulates
hormone-dependent receptors with tissue-selective interactions that lead to agonist
or antagonist activities, represented by the group of selective estrogen receptor
modulators (SERMs), such as tamoxifen, whose action is not elicited at DNA
level (Paterni et al. 2014; An 2016). Attachment of these endocrine-disrupting
compounds (EDCs) to respective binding sites acts competitively and subsequently
inhibits the transcription of estrogen-responsive genes responsible for cell replica-
tion of estrogen receptor-positive cells, such as seen in breast and prostate cancer
(Xie 2012; Pinto et al. 2014). Currently, the aforementioned groups of drugs are the
main group used in cancer treatments. The evolution of drug discovery contributed
to finding drug pathways downstream of checkpoint blockage, based on the insight
that cancer is monitored by the immune system (Mahoney et al. 2015; Dhanak et al.
2017). A subset of cancer mutations generates sequences of protein during
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mutagenesis called neoantigens that can be processed into peptide antigens and
recognized as foreign by T cells. Targeting immune checkpoints such as
programmed cell death protein 1 (PD1), programmed cell death 1 ligand
1 (PDL1), and cytotoxic T-lymphocyte antigen 4 (CTLA4) has achieved noteworthy
benefit in multiple cancers by blocking immune inhibitory signals and enabling
patients to produce an effective anti-tumor response (Mahoney et al. 2015; Guillerey
et al. 2016; Dhanak et al. 2017).

Most chemotherapy regimes in clinical practice consist of a combination of
several agents from different pharmaceutical groups, in an attempt to provide
additive or synergistic effects to achieve maximal tumor cell death and avoid
resistance (Caley and Jones 2006). In spite of their overall application in chemo-
therapy, there are strong differences in the chemical structure of the several antican-
cer groups that also have distinct MoA.

13.4 Sources and Cytotoxic Drugs in the Marine
Environment

Cancer treatment is shifting from hospital treatment and medical facilities (where
80% of chemotherapies are administered in hospitals and medical facilities, mainly
via intravenous or oral drug ingestion) to home treatment (i.e., as outpatients)
(Johnson et al. 2008; Kosjek and Heath 2011; Besse et al. 2012). The generalization
of home treatment and the availability of molecules in pharmacies are increasing to
improve patient treatment comfort. Consequently, more diffuse parental and metab-
olized cytotoxic drugs are prone to succeed during home treatment compared to
discharges from hospital wastewater effluents that are directly introduced into
wastewater treatment plants (WWTPs) (Kümmerer 2008; Kümmerer 2010; Zhang
et al. 2013a, b; Mater et al. 2014) (Fig. 13.6). Therefore, other inputs of cytotoxic
drugs into the marine environment are through wastewater effluents of manufactur-
ing processes, disposal of unused or expired drug products, and accidental spills
during manufacturing or distribution (Díaz-Cruz et al. 2003).

WWTPs were not designed to treat complex mixtures of these compounds (Lenz
et al. 2005; Rowney et al. 2009; Besse et al. 2012; Parrella et al. 2014b). Therefore,
the extent to which WWTPs are successful in removing such mixtures depends on
their technology and on the physicochemical properties of the effluent (Kümmerer
2008). Besides this scenario, sanitation in developing countries still relies on poorly
managed septic tanks with direct discharges into the ground, and on surface waters
that ultimately reach estuarine and marine ecosystems, most of the time untreated
(Abessa et al. 2005; Pessatti et al. 2016). Currently, developing and underdeveloped
regions are struggling with other more immediate problems such as infectious
diseases, water supply, sanitation, waste disposal, war, and famine; thus, environ-
mental problems of cytotoxic drugs may not be a major issue in the current scenario
(Rahman et al. 2009). Installation and development of advanced wastewater
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treatment technology require significant investment and skilled labor for operation,
which is not considered a governmental priority in low-income regions (Rahman
et al. 2009; Gaw et al. 2014). In those areas, because of landfill disposal of waste and
insufficient removal of pharmaceuticals in WWTPs, chemicals may leach into
groundwater aquifers and harm drinking water supplies or be introduced directly
into marine systems. Additionally, those regions present higher trends of cancer risk
factors with projections of new cases accounting for 60% (WHO 2014).

Therefore, most of the information available about the presence of cytotoxic
molecules in aquatic systems focuses on the detection of these compounds at their
source, such as hospital influents/effluents and sewage wastewater effluents (Steger-
Hartmann et al. 1996, 1997; Ternes 1998; Castiglioni et al. 2005; Lenz et al. 2005;
Buerge et al. 2006; Moldovan 2006; Mahnik et al. 2006, 2007; Kovalova 2009; Yin
et al. 2010; Martín et al. 2011; Isidori et al. 2016) where they were detected at levels
ranging from 6 to 7973 ng l�1 for methotrexate and ciprofloxacin, respectively.
These compounds undergo transformation and degradation in the influent, through
the WWTPs, and in the effluent, until they reach surface waters and the marine
environment (Ferrando-Climent et al. 2014). The percentage of removal achieved at
the end of a batch bioreactor WWTP for tamoxifen, ciprofloxacin, and etoposide is

Fig. 13.6 Sources and pathways for anticancer drugs into coastal waters. (Adapted from Besse
et al. 2012)
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approximately 91%, 84%, and 100%, respectively. In contrast, ifosfamide, cyclo-
phosphamide, vincristine, docetaxel, and paclitaxel are shown to be recalcitrant
because of their inefficient elimination through the biological treatment in
WWTPs. Moreover, Martín et al. (2012) identified removal rates of cytotoxic
drugs in WWTPs to range from 0% (e.g., doxorubicin, gemcitabine, paclitaxel,
cisplatin, cyclophosphamide, vinorelbine) to 100% (e.g., etoposide, fluorouracil,
methrotrexate). The alkylating agent cyclophosphamide is considered resistant to
conventional biological treatments and was detected in WWTP effluents in a range
from 0.19 to 125 ng l�1 (Česen et al. 2015), also withstanding degradation processes
over the aquatic pathway until concentrations detected in surface waters reach 0.15
to 17 ng l�1 (Buerge et al. 2006; Moldovan 2006; Busetti et al. 2009). Therefore,
combinations of advanced and nonconventional technologies in WWTPs and water
reclamation are considered alternatives to increase the percentage of removal of
chemotherapy drugs: these include electrolysis, UV radiation with H2O2, ozonation,
and membrane bioreactors (MBR) (Zhang et al. 2013a, b).

13.5 Presence of Cytotoxic Drugs in the Marine
Environment

The first publication regarding the presence of anticancer drugs in the aquatic
environment dates from the 1980s and depicted the distribution profile of several
classes of pharmaceuticals in different aquatic compartments (e.g., sewage influent
and effluent, surface waters and drinking water (Aherne et al. 1985; Richardson and
Bowron 1985). These authors outlined that anticancer drugs are likely to yield risk,
particularly to surface waters that receive discharges from WWTPs, or by the
hazards identified in nurses after occupational exposure from pharmaceutical manip-
ulation. Following the improvement of analytical technologies a set of cytotoxic
pharmaceuticals were identified in environmental screening in the range of ng l�1 or
less (Kummerer et al. 1997; Buerge et al. 2006; Zuccato et al. 2006; Kovalova et al.
2009; Toolaram et al. 2014). Data available to identify the fate and behavior of
cytotoxics and to predict their pathways in aquatic compartments are based on their
chemical structure, pKa, bioconcentration factor (BCF), Kow, organic carbon parti-
tion coefficient (Koc), solubility, Henry’s coefficient (KH), and vapor pressure
(Kosjek and Heath 2011; Xie 2012; Toolaram et al. 2014). In addition, the search
for metabolites and TPs, as well as mixtures of parental forms, recently has been
evaluated (Fatta-Kassinos et al. 2011; Toolaram et al. 2014; Haddad et al. 2015;
Zhang et al. 2017). Kovalova et al. (2009), Negreira et al. (2013, 2014a, 2014b,
2015), and Zhang et al. (2013a, b) contributed to the advances in analytical chem-
istry and processes that underline technologies in WWTPs able to remove anticancer
drugs, and conform to molecule physicochemical properties, stability, and metabo-
lism. By evaluating a set of parameters that may explain their mobility and partition
into water, activated sludge, suspended solids, and sediments, it is possible to ensure
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that there are disparities in profiles of solubility and adsorption, even for compounds
inside the same therapeutic group; thus, the evaluation of anticancer drug behavior
must consider compounds individually. For instance, low levels of Kow indicate
chemicals to be permanent in solution and not prone to sorb onto a solid compart-
ment or to bioaccumulate, as observed for cyclophosphamide and etoposide, with
Kow levels of 0.63 and 0.6, respectively. In this sense, these drugs are expected to
pass unaltered through WWTPs into the receiving waters (Kosjek and Heath 2011).
However, despite the low Kow levels, cyclophosphamide was detected in sewage
sludge (20 ng g�1), indicating a capacity to bind to a solid organic matrix, so that
according to coastal waters dynamics, aggregation and settling onto the bottom may
become possible.

In UK estuaries, levels of tamoxifen range between 13 and 71 ng l�1, suggesting
that the physicochemical properties of this compound are such that it will persist for
a long time in this ecosystem (Thomas and Hilton 2004). Also, cisplatin, which is
relatively inert, once in aqueous solutions of low electrolyte concentration (as an
intracellular medium), the chlorine ligands are gradually replaced by water in a
stepwise process to form more reactive aqueous species (i.e., mono- and
diaquacisplatin) (Curtis et al. 2010; Turner and Mascorda 2014). Similarly, electro-
static interactions in low-salinity environments provide a predominance of reactive
complexes, whereas in seawater the ionic strength and presence of chlorine reduces
their activity and induces adsorption onto estuarine particles (Curtis et al. 2010). This
reaction decreases the levels in water and toxicity (Turner and Mascorda 2015),
although bioavailability in deposit feeders may potentialize intake. Therefore, it is
crucial to assess whether in marine waters these compounds become more or less
reactive and what processes drive their bioavailability and toxicity.

13.6 Ecotoxicological Effects of Anticancer Drugs
on Marine Organisms

Evidence of the unselective MoA of anticancer drugs triggered concern about their
potential risks to nontarget aquatic organisms, even though they are prescribed in
much lower quantities compared to other groups of pharmaceuticals. Occurrence in
the environment is either below or at the current limits of analytical detection (below
ng l�1) (Johnson et al. 2013; Heath et al. 2016). Because the chemical MoA affects
not only target cells, but also nontumor cells, any non human cells could be
vulnerable to genetic impairment and DNA damage (Zounková et al. 2007; Parrella
et al. 2014a), with potential effects even at trace levels (Bound and Voulvoulis 2004;
Johnson et al. 2008; Kosjek and Heath 2011; Parrella et al. 2014b).

As mentioned previously, endocrine drugs applied in combination with cyto-
toxics in chemotherapy can act as EDCs in aquatic populations. Eventual homolo-
gies between hormone receptors of vertebrates and nontarget organisms that bind
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with respective molecules and induce antagonist or agonist mechanisms are reflected
in alteration of metabolism, homeostatic control, or reproduction.

The application of a battery of selected biomarkers to access cytotoxic effects has
the potential to offer additional and valuable information regarding impairments
caused by anticancer drugs on nontarget marine organisms. This information should
include the global impact of genotoxic insults caused by exposure to multiple
chemotherapy agents (Suspiro and Prista 2011). Alterations in the set of scavenging
systems [glutathione (GSH), superoxide dismutase (SOD), catalase (CAT)] and
oxidative stress are the first line of action of those drugs, thus mandatory for
assessing further processes that involve cell damage and death. Abnormalities
affecting chromosome numbers or structure during mitosis, DNA strand breaks,
and incomplete excision repair sites, together with cell viability, are representative
approaches for studying mutagenicity, genotoxicity, and cytotoxicity caused by
conventional anticancer drugs.

Although the application of some biomarkers may be nonspecific to reflect the
influence of multiple environmental stress factors, the evaluation of biochemical and
genotoxic alterations is rather consistent for monitoring anticancer drug purposes
(Suspiro and Prista 2011). Clues for understanding how exposure and the effects of
anticancer drugs are associated to respective cellular signaling pathways and inter-
actions to specific receptors should be further evaluated through multiple gene
transcriptional patterns (Sun et al. 2011). For full comprehension of toxicity and
association of molecular effects of complex mixtures of cytotoxic compounds, large
databases comprising expression profiles of individual pure chemicals are required.
Transcriptomics and proteomics are complementary tools when combined and
should be applied to reflect genomic changes and functional disturbance.

The generation of reactive oxygen species (ROS) in cancer cells, especially
hydrogen peroxide (H2O2), is crucial to mediate particular signaling pathways in
cell growth, proliferation, differentiation, protein synthesis, metabolism, and cell
survival (Trachootham et al. 2009; Lord and Ashworth 2012; Gorrini et al. 2013). In
contrast, such oxidative stress is counteracted by elevated antioxidant defense
mechanisms from cancerous cells (Gorrini et al. 2013). Therefore, it is important
to highlight that chemotherapeutic drugs are designed to exceed cellular ROS levels
and overwhelm antioxidant defenses, aiming to induce irreparable damage and
subsequently trigger tumor cell apoptosis (Liou and Storz 2010) (Fig. 13.7). Even
cellular antioxidant mechanisms may be unable to prevent the interference of ROS
provided by drugs on critical cellular mechanisms (Conklin 2004), combined with
enhancement of lipid peroxidation products (LPO), inhibition of non enzymatic
molecules (i.e., glutathione, flavonoids, vitamins A, C, E), and antioxidant enzymes
(Gorrini et al. 2013). Taxanes (i.e., paclitaxel and docetaxel), vinka alkaloids
(vincristine and vinblastine), and anti-metabolites (5-FU) induce ROS generation
by the release of cytochrome c from mitochondria, leading to disruption of the
electron transport chain and resulting in the production of superoxide radicals
(Cairns et al. 2011). In addition, therapies that block glutathione (GSH) synthesis
are also applied as a chemotherapy complement to modulate cancer cell sensitivity to
drugs (Conklin 2004; Cairns et al. 2011), because GSH metabolism is actively
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involved in resistance mechanisms against anticancer compounds (i.e.,
anthracyclines, alkylating agents, and platinum-containing drugs).

Platinum-based compounds and alkylating agents are also known to increase
ROS to extremely high levels in such a way that mitochondrial metabolism is
impaired and may lead to caspase activation and cell death, DNA being a critical
target for cytotoxicity (Liou and Storz 2010; Dasari and Bernard Tchounwou 2014).
Reactive parental cytotoxic drugs or metabolites may covalently bind to DNA bases
and cause alterations by single or cross-linked interactions (Lawley and Phillips
1996; Helleday et al. 2008), although cell ability to resist and repair is widely
divergent over the exposed eukaryotic groups (Kondo et al. 2010). Lesions caused
by direct contact of drugs with DNA, such as base alterations, cross-links, and
single-strand breaks, may originate chromosome aberrations and further subsequent
malignancies (Suspiro and Prista 2011). Although anticancer therapies widely aim to
prevent cell replication through different cell cycle phases, the DNA damage
following S-phase provides the ideal arrest of cell cycle because the replication of
damaged DNA causes further cell deaths (Helleday et al. 2008).

Numerous studies were performed with marine species, using several classes of
cytotoxic drugs, by exposing them individually, or as mixtures, prodrugs, metabo-
lites, or TPs, via water or spiked into sediments (Aguirre-Martínez et al. 2013;
Gonzalez-Rey and Bebianno 2014; Maranho et al. 2015; Aguirre-Martínez et al.
2016a, b; Pires et al. 2016; Trombini et al. 2016b). Information is still scarce
regarding the ecotoxicological effects of anticancer agents and their metabolites in

Fig. 13.7 Balance of induction and scavenging of reactive oxygen species (ROS) levels in cancer
cells. Mutations and adaptations provide means for cancer cells to regulate ROS to moderate levels
(blue), avoiding detrimental effects and cell death (purple) through strong antioxidant mechanisms,
but also under ROS-mediated mutagenic events to promote tumorigenesis. The role of anticancer
therapy is to overwhelm antioxidant levels and kill cancer cells via oxidative stress and apoptosis.
(Adapted from Cairns et al. 2011)
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marine organisms, illustrating a critical discrepancy compared with freshwater biota
(Fig. 13.8). Fortunately, despite the quantitative disparity, and the contrasts in the
quality of the acquired data for marine and freshwater organisms and endpoints
analyzed, marine experiments were aimed to assess biochemical effects to under-
stand the conditions of oxidative stress that occur under chemotherapy and corrob-
orate effects at relevant levels in the environment (Table 13.2).

In the marine eel Anguilla anguilla L. exposed to cisplatin (6.25–100 mg l�1), an
increasing number of sister chromatid exchanges (SCE) per metaphase occurs
(Santos and Pacheco 1995), although concentrations are environmentally unrealistic.
SCE results from symmetrical exchange of DNA replication products between sister
chromatids at a given locus represent a sensitive test to detect genotoxic effects. The
interruption of cell division caused by chemotherapy agents may also generate
separation of nuclear material and dispersion in the cytoplasm in a small collection
of micronuclei, as observed in freshwater fishes exposed to trace levels of 5-FU,
bleomycin, and mytomicin (Grisolia and Cordeiro 2000; Kovacs et al. 2015).

Antioxidant system defenses [i.e., SOD, CAT, and glutathione peroxidase
(GPX)] of the mussel Mytilus galloprovincialis exposed to 100 ng l�1 cisplatin for
14 days were shown to be a reliable scavenger mechanism that recovered LPO
products to basal levels, in both gills and digestive glands. However, direct contact
of reactive cisplatin products (monoaqua- and diaquacisplatin) to DNA indicated
formation of intra- and interstrand breaks and DNA–protein cross-links (Trombini
et al. 2016a). CisPt is designed to act over N7 centers of purine residues, especially
guanine, mainly generating 1,2-intrastrand and 1,2-intrastrand adducts, besides the
enhancement of oxidative stress and damage in mitochondrial proteins, which result
in an overall failure of cellular function and apoptosis (Chu 1994; Dasari and

Fig. 13.8 Number of papers published from 1995 until December 2017 regarding ecotoxicological
data of anticancer drugs using freshwater (FW) and seawater (SW) organisms
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Bernard Tchounwou 2014). In contrast, no genotoxicity was observed in the benthic
polychaete Nereis diversicolor exposed to the same CisPt concentration, as an
outcome of the nucleophilic trapping capacity of metal-like proteins and GSH to
the drug, widely recognized as a mechanism of drug resistance (Fonseca et al. 2017).
In addition, inhibition of the antioxidant activity defense systems SOD, CAT, and
GPX, and biotransformation of GST, do not give enough protection against ROS
formation, thus altering the behavior of this species and contributing to neurotoxicity
and oxidative damage. A 10-day sediment toxicity test, spiked with methotrexate
(10, 100, and 1000 ng g�1), showed significant relationships between amphipod
mortality, biochemical disruption by induction of enzymes involved in oxidative
stress (GR, GPx), in metabolism of phase I (EROD) and II (GST), membrane
damage (LPO), and genotoxicity (DNA strand breaks) (Moreira et al. 2016).

To date, the chemotherapeutic drug with more available information is the
selective estrogen-receptor modulator (SERM) tamoxifen (TAM). With these mul-
tiple activities, TAM is a SERM of the triphenylethylene chemical family that
possess the ability to antagonize the proliferative action of estrogen through com-
petitive binding to its respective receptor (Goldstein et al. 2000). TAM has become
the most prescribed clinical drug in hormone therapy of primary and recurrent breast
cancer around the world, irrespective of menopausal state. It has shown an extensive
success on overall survival in clinical trials in women whose tumors are estrogen
receptor positive and is effective in therapies of metastatic breast cancer. Its MoA is
based on stable complex bindings with the receptors of 17 β-estradiol, causing sites
for the respective molecule to bind to be unavailable. The drug has estrogen receptor
antagonist properties, with no activation of the receptor to which it is attached, and
finally counteracts the proliferative mechanism of estrogen. Nevertheless, it also has
an agonist action in other tissues, with full activation of the binding receptor. TAM is
metabolized in two more potent molecules, hydroxyl-dismethyltamoxifen and
4-hydroxytamoxifen (Besse et al. 2012), which are also disposed in the marine
environment and are highly pertinent for ecotoxicity evaluation.

The clam Ruditapes philippinarum showed a decline in health status after a
14-day exposure to TAM (50 μg l�1) by decrease in lysosomal membrane stability
(LMS) followed by neurotoxicity, induction of antioxidant responses, and LPO
(Aguirre-Martínez et al. 2016a, b). Environmental levels of TAM (10 ng l�1) also
caused teratogenic effects in larval development of the sea urchin Paracentrotus
lividus after 48 h of exposure (Aguirre-Martínez et al. 2016a, b). Pagano et al. (2001)
found that at therapeutic levels of the drug (10�6 M or 0.37 mg l�1), in a dose-related
manner, ROS formation and oxidation of DNA in P. lividus are likely to contribute
to cytogenetic aberrations and cytolysis throughout embryogenesis. Responses were
similar in the species Strongylocentrotus purpuratus, although binary incubations of
TAM with other endocrine disruptor compounds [i.e., estradiol, ethynylestradiol
(EE2), bisphenol A, octyphenol], at 0.02 ng ml�1, significantly diminished the
efficiency of their estrogenic activity and attenuated teratogenic potential on larval
development, suggesting an antagonist and “protective” activity over estrogen
receptors (ERs) (Roepke et al. 2005). Similarly, in the gilthead seabream Sparus
aurata L. in which a diet containing a mixture of TAM (100 μg g�1 food) and EE2
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(5 μg g�1 food), for 25 days, stable binding of TAM to ERs was indicated, thus
retaining fewer available sites for EE2 docking (García-Hernández et al. 2016).
Transcription of vitellogenin (VTG1, VTG2) and ERα were downregulated in a
drug-dependent manner in females of freshwater Oryzias latipes exposed to a
combination of TAM (30 μg l�1) and EE2 (20 ng l�1), in contrast to males where
mRNA transcription was stimulated (Sun et al. 2011). Little is known about the
interference of TAM with ligand-receptor binding of invertebrates. However, as
extensively described for mammals, mechanisms of interaction of TAM in inverte-
brates were proposed to depend on organism gender, concentration, and tissue, and
the amount of ER ligands to form stable complexes with the drug (Pagano et al.
2001; Chikae et al. 2004; Sun et al. 2011; García-Hernández et al. 2016), although
this should be fully demonstrated.

These endpoints across different levels of biological organization reinforce the
problem of anticancer agents as emergent contaminants of concern and the need to
assess risks of priority molecules according to their hazardous impacts (Rowney
et al. 2009; Ortiz de García et al. 2014; Lolic et al. 2015).

13.7 Environmental Risk Assessment of Cytotoxic
Pharmaceuticals in the Marine Environment

An environmental risk assessment (ERA) is a set of tools to characterize the nature
and magnitude of risk to human and ecological health from chemical contaminants
and other stressors that may be present in the environment. Risk managers use this
information to help to define protection measures (US EPA 1998). The ERA of
active pharmaceutical ingredients (APIs) involves a two-tiered approach. Although
anticancer drugs act by a distinctive MoA, they should also be integrated as part of
the stepwise approach proposed by Environmental Risk Assessment of Medicinal
Products for Human Use (EMEA), so that their commercialization may be autho-
rized (EMEA 2006). However, EMEA guidelines only require environmental
assessment for newly authorized pharmaceutical compounds (Besse et al. 2012).
Therefore, several classes of anticancer agents that were introduced in the market
before 2006 were not subjected to ERA procedures (EMEA 2006; Aguirre-Martínez
et al. 2016a, b). Furthermore, ERA is only focused on pharmaceutical use and
excludes storage, disposal, synthesis, and manufacture (Aguirre-Martínez et al.
2016a, b). ERA of pharmaceutical compounds covers sewage works and freshwater
compartments, but the environmental risk in marine ecosystems is not addressed.
The Marine Strategy Framework Directive (Directive 2008/56/2008) of the
European Union aims to protect, by 2020, the coastal resources based upon which
marine-related economic and social activities, according to the particular features of
each European region, should identify and assess pharmaceuticals as a predominant
pressure. The monitoring of prioritized pharmaceuticals and relevant metabolites in
coastal aquatic resources may also be part of a global effort to achieve the sustainable
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development goals, proposed by the Agenda 2030 of the United Nations (Osborne
et al. 2015), intersecting with other sustainable development goals of access to safe
water and sanitation to marine life conservation.

In the first phase of the two-tiered ERA approach, the predicted environmental
concentration (PEC) in the aquatic environment is calculated based on persistence,
bioaccumulation, and toxicity (Koschorreck and de Knecht 2004). However, PEC
only provides a rough insight of the overall situation at national or regional level
(Zhang et al. 2013a, b) because it only accounts for the following parameters: annual
drug consumption (mg year�1), rates of metabolism and excretion from patients,
dilution factors from effluents, predicted drug partitioning, and susceptibility to
biotransformation/degradation, which can induce a slight overestimation and pro-
vide unreal and “worst-case” scenarios (Steger-Hartmann et al. 1996; Coetsier et al.
2009; Zhang et al. 2013a, b). Conversely, measured environmental concentrations
(MECs) in water bodies (Buerge et al. 2006; Coetsier et al. 2009) represent a more
realistic approach for performing a reliable ERA (Blasco and Delvalls 2008).
Contaminant concentration surveys used to assess risk may also be achieved either
by mathematical models that compile hydrological properties of catchments, chem-
ical emissions profiles, and underlying assumptions used in fate and distribution
calculations, or in monitoring data reflecting the real environmental complexity and
hydrodynamic and chemical processes (i.e., MEC) (Versteeg et al. 2005). In general,
PEC calculations assume that technologies for chemical removal and hospital
infrastructure are similar among developed countries (Booker et al. 2014; Martín
et al. 2014). The array of molecules likely to be present in the final effluent and to be
released into receiving waters are considered for prioritization of potential risks
before implementing a monitoring program (Johnson et al. 2008; Besse et al. 2012;
Booker et al. 2014; Isidori et al. 2016; Santos et al. 2017). For both screening
approaches, wide knowledge regarding pharmaceuticals inputs into the environment
is required, including the form in which they are released, their removal and
transformation, as well as their pathways and transport that ultimately determine
their concentration in different compartments in the environment. Therefore, PECs
of cytotoxic agents are important for decision making and for risk assessment, with
acceptable compatibility and consistency. As all aquatic compartments are
interconnected, an integrated analysis of overall matrices is necessary, subsidizing
data gaps in the marine environment. The estimation of the behavior of each
compound may also provide inferences about its bioavailability and routes of
exposure to a range of organisms (Besse and Garric 2008; Johnson et al. 2008;
Frédéric and Yves 2014) inhabiting the benthic and water column habitats.

If PEC or MEC is below 10 ng l�1, according to EMEA, or below 1 μg l�1

according to FDA, the assessment stops because it is assumed that no environmental
risk is expected (Koschorreck and de Knecht 2004). However, the present informa-
tion about cytotoxic drugs in the marine environment suggests that these levels
might be unrealistic for protecting the marine environment. Lists of priority anti-
cancer drugs that were established based on PEC and MEC indicate that the
following drugs may pose risk to surface waters: the alkylating agents ifosfamide
and cyclophosphamide; the anti-metabolites capecitabine and methotrexate; the
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tyrosine kinase inhibitor imatinib; the anti-androgen bicalutamide; methotrexate;
and the anti-estrogen tamoxifen (TAM) (Besse et al. 2012; Aguirre-Martínez et al.
2016a, b). In addition, the Canadian Environmental Protection Act (CCME 1999)
identified TAM and its metabolites as priority for aquatic assessment because of their
bioaccumulation, toxicity, and carcinogenicity for human and non human health.

If levels are equal or higher than those recommended by EMEA or FDA, phase II
of the tiered approach is required, and should include the environmental fate and
effects of cytotoxic compounds (Toolaram et al. 2014). Screening data of occur-
rences of active metabolites of anticancer drugs are compiled to ecotoxicity data,
based on the lowest concentration of the compound accountable for adverse effects
on wildlife (i.e., predicted no effect concentration, PNEC) (Schowanek et al. 2001;
Länge and Dietrich 2002). Therefore, in this second phase, estimation of the hazard
quotient that corresponds to the ratio between PEC and PNEC for various environ-
mental compartments is needed. Although there is the possibility that MEC is not
available to estimate PEC for several APIs, it is difficult to calculate PNEC for most
of them because ecotoxicological data based on results of acute and chronic toxicity
tests are still too scarce. Extrapolation of acute responses to predict chronic
responses are performed, depicting an unrealistic paradigm when low concentrations
and long-term exposures are likely to occur in the environment, thus limiting
efficient and robust outcomes (EMEA 2006).

However, as environmental safety data for anticancer drugs are limited, and there
are no safety thresholds for compounds with this MoA, which provide uncertainties
and gaps in the ERA of some anticancer drugs, assessment with chemotherapy
compounds is also incipient with only scarce ecotoxicological data available (Lenz
et al. 2007; Besse et al. 2012). In addition, evaluations do not include transformation
products and relevant active metabolites, often more toxic than parent compounds,
and also responsible for the cytotoxic role. This integrated approach is important to
subsidize management measures and focus on respective priorities efforts, proposing
appropriate precautionary and safety measures in administration and disposal of
products (EMEA 2006; Frédéric and Yves 2014). The European Medical Agency
(EMEA 2006) proposes that PNEC should be estimated from chronic assays with
organisms of each trophic level (fish, aquatic invertebrates, algae), and the lowest
value should be used for risk characterization. Although subtle effects have been
registered, together with acute endpoints, most of the studies have been performed
with general toxicity responses, rather than a specific endpoint corresponding to the
specific drug MoA (Bound and Voulvoulis 2004; Ferrando-Climent et al. 2014). If
the PEC/PNEC ratio is less than 1, interpretation relies on an environmental con-
centration lower than levels resulting in adverse effects for wildlife. Alternatively, if
the PEC/PNEC ratio is more than 1, levels present in environment exceed those
likely to harm biota, wherefore subsequent approaches must be taken to analyze risk
management options (Grung et al. 2008).

A need for risk assessment of genotoxic compounds is rare for (legal) residues,
because in most cases genotoxicity is a criterion for exclusion of a legal approval
(and thus use) of a chemical. In contrast, anticancer drugs may be genotoxic
(carcinogen) and are not always completely unavoidable in consumer products, so
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that risk assessment approaches for this class of compounds had (and have) to be
developed especially with marine species as a result of anticancer drug exposure.
Genotoxicity and cytotoxicity may be triggered by long-term exposure to very low
levels and have an inheritable and delayed-onset nature that may lead to major
consequences at the population level (Llorente et al. 2012). A battery of genotoxicity
bioassays is of particular importance for such assessments, but currently only
mutagenicity tests performed with micronuclei in human lymphocytes, a bacterial
reverse mutation test conducted with Salmonella typhimurium (Ames test), and
Escherichia coli (SOS chromotest) are standardized (Giuliani et al. 1996; Yasunaga
et al. 2006).The OSPAR commission reviews the genotoxicity tests with surface
water and wastewater samples and lists the use of cell lines of fishes, algae, and
protozoa to be evaluated by the Comet assay and sister chromatid exchange. So far
only a few bioassays have been conducted with marine organisms exposed to
anticancer agents, including genotoxic responses (Moreira et al. 2016; Trombini
et al. 2016a; Fonseca et al. 2017), although studies assessing the impact of conven-
tional pharmaceuticals have shown the reliable application of the following marine
species: polychaete (Maranho et al. 2014), amphipod (Maranho et al. 2015), shrimp,
bivalves (Aguirre-Martínez et al. 2016a, b; Mezzelani et al. 2016), and fish (Barreto
et al. 2017) to evaluate DNA damage at low environmental levels.

Because they act in cell factors and on DNA structure and function, anticancer
drugs possess mutagenic, cytotoxic, genotoxic, teratogenic, and carcinogenic prop-
erties that generally ensure the absence of safe doses in laws and environmental
regulations, and as well no threshold values for lowest effect concentrations can be
estimated (Kosjek and Heath 2011). In addition, the European Community bans the
discharge of any chemicals and metabolites with carcinogenic or mutagenic potential
into the wastewater system (EU Council Directive 2006). As the chemical MoA
affects not only target cells, but also nontumor cells, any nonhuman cells could be
vulnerable to genetic impairment and DNA damage (Zounková et al. 2007; Parrella
et al. 2014a), with potential effects even at trace concentrations (Bound and
Voulvoulis 2004; Johnson et al. 2008; Kosjek and Heath 2011; Parrella et al.
2014c). It is important to bear in mind that eukaryotic cells cover a broader range
of genetic effects than prokaryotic cells, and interpretations are likely to be limited
when the ERA is based only on bacteria. Levels of the tyrosine kinase inhibitor
imatinib able to induce the SOS repair system were at least two orders of magnitude
higher than those causing genotoxicity in daphniids, by Comet assay (Parrella et al.
2015). Fish cell lines (RTG-2 and ZFL) have been shown to be sufficiently or even
more sensitive than mammalian cells in respect to genetic damage caused by
imatinib (Novak et al. 2016), cyclophosphamide, ifosfamide, 5-FU, cisplatin, and
their mixtures (Novak et al. 2017).

ERA on pharmaceuticals is concentrated in northern or central European countries
as well as in the United States and Canada, where frameworks and guidelines for
environmental assessment and monitoring of toxic compounds exist, although limited
information is available in Mediterranean countries (Aguirre-Martínez et al. 2015). In
spite of this, there is a marked absence of data and ERA for pharmaceuticals in
developing regions, as notably Africa, South America, and small island nations in
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Oceania, and in the marine environment in particular (Gaw et al. 2014). Cytotoxics
are, therefore, far from being a priority group in these national environmental screen-
ing programs and for this reason there is a lack of information about the presence of
cytotoxic drugs in these ecosystems (Besse and Garric 2008). Therefore, it is
recommended that ERA be adapted and applied more in depth to cytotoxic drugs.

13.8 Conclusions

Evidence of escalation in cancer incidence over the world depicts a worrying
situation in the health status of low-income and high-income nations, notwithstand-
ing the environmental issues brought, especially in coastal zones. The increasing
settlement of populations in coastal areas is associated with high volumes of
anticancer drugs entering the marine environment. Progress regarding the potential
risks of different therapeutic groups for anticancer purposes has filled gaps in
comprehension of analytical detection of these compounds in aquatic compartments,
physicochemical properties, and the eventual detrimental effects in nontarget biota
after sequential processes occurred after human excretion until the chemicals reach
water bodies. Unfortunately, although the focus on anticancer drugs in the environ-
ment is still expanding, detection of chemicals at trace levels in marine compart-
ments (e.g. water, interstitial water, sediment, and biota) still demand improvement
in analytical devices and diffusion of technologies. In addition, marine ecotoxico-
logical assessment should consider that these compartments are subjected to ocean-
ographic and hydrographic features that transport pharmaceuticals far from their
point source and yield complex interactions in the trophic chain, including
bioaccumulation, subtly harming key species of high ecological and economical
relevance in coastal ecosystems.

Therefore, further approaches should integrate the cytotoxic effects related to the
drug MoA, including mixtures and TPs, employing environmentally relevant con-
centrations by considering parameters that influence drug speciation and bioavail-
ability to marine organisms. Efforts conducted to genotoxicity endpoints using
species that live in the water column and in sediments, from tropical and temperate
environments, support the interpretation of sensitivity on anticancer drugs in differ-
ent maritime areas, subjected to different environmental protection frameworks,
environmental priorities, and technologies for efficient effluent treatment containing
anticancer drugs and hence contributing to improved ERA of anticancer drugs.
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Chapter 14
5-Fluorouracil and Its Prodrug
Capecitabine: Occurrence, Fate and Effects
in the Environment

Milka Ljoncheva, Tina Kosjek, Marina Isidori, and Ester Heath

Abstract In this chapter, we examine the available literature on the cycling and
effects of 5-flourouracil (5-FU) and capecitabine (CAP) residues in the aqueous
environment. The aim is to understand better their environmental occurrence, fate
and potential toxic effects. Physicochemical properties of 5-FU and CAP suggest that
they are more likely to remain in aqueous environment than adsorbed to solid particles.
Detectable levels have been reported in hospital effluents (< 122 μg/L) and in
municipal wastewaters (< 280 ng/L), but rarely in surface waters (only 5-FU in one
study: < 160 ng/L). Among different water treatments available, the most promising
for removing 5-FU and CAP are the advanced oxidation processes (AOPs). So far,
indirect photolysis has been most widely applied and is capable of almost completely
removing both compounds (to < LOD) and in some cases resulting in complete
mineralization. However, these treatments have been mostly tested in MilliQ or
potable water and their suitability for complex matrices like wastewaters is question-
able and biodegradation is still treatment of choice for these matrices. In other studies,
a variety of transformation products has been identified adding to the overall environ-
mental burden. Toxicity tests on single parent compounds have shown that they may
have effects above the concentrations of environmental relevance. The studies of
complex mixtures of parent compounds highlight that the actual ecological risk
posed by mixtures of these compounds is difficult to evaluate. Overall, the main
finding from this review is that a real need exists for further studies on the chemical
and toxicological effects of environmental mixtures of cytotoxic compounds.
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14.1 Introduction

5-fluorouracil (5-FU) and its prodrug capecitabine (CAP) are among the most widely
prescribed cytostatic agents worldwide (Kosjek et al. 2013; Kosjek and Heath 2011).
The Food and Drug Administration Agency (FDA) approved their use for treating
adjuvant and colon cancer, metastatic breast cancers, pancreatic endocrine cancers,
and head and neck cancers (Faßbender and Braunbeck 2013). 5-FU is also applied
topically for treating actinic sun keratosis and skin basal cell cancers. According to
The Anatomical Therapeutic Chemical Classification System with Defined Daily
Doses (ATC/DDD) (WHO 2018), both agents are classified as antimetabolites,
pyrrolidine analogues. Their mechanism of action is based on inhibition of DNA
synthesis, achieved through inhibition of thymidylate synthetase, an enzyme driving
the biosynthesis of desoxythymidine monophosphate, thereby obstructing thymidine
synthesis and ultimately blocking normal DNA replication. It also causes the
synthesis of faulty DNA through incorporation of 5-FU in lieu of pyrimidine
bases. Both mechanisms lead to cell apoptosis and subsequent slowing of tumor
growth (Walko and Lindley 2005). The mean European consumption of 5-FU in
2012 was 0.0297 mg/cap/day and 0.0259 mg/cap/day for CAP (Johnson et al. 2013).
While 5-FU is commonly administered intravenously, CAP is developed as a
prodrug of 5-FU in order to improve patient tolerability and therefore quality of
life. CAP undergoes tumor-specific conversion to 5-FU, and has fewer side effects,
such as gastrointestinal toxicity, neutropenia and stomatitis due to cytotoxic
nonselectivity (Kosjek and Heath 2011; Walko and Lindley 2005). This has led to
a shift towards prescribing CAP over 5-FU (Mahnik et al. 2004).

5-FU is typically administered in hospitals intravenously. After administration,
the drug is excreted in urine and feces as unchanged parent compound and metab-
olites. This means hospital effluents can be an important point source of cytostatic
drug residues. Since 75% of outpatients leave hospitals within hours after receiving
chemotherapy and an increasing number of outpatients receive oral chemotherapy at
home (CAP), important amounts of administered drugs and metabolites are excreted
into municipal sewage (Kosjek and Heath 2011). In both cases, wastewaters
containing mixtures of parent compounds and metabolites, either from hospitals or
households, arrive at wastewater treatment plants (WWTP). If not removed, they
will end up in the aquatic environment, possibly even in drinking water supplies,
posing a risk to human and aquatic organisms (Kosjek and Heath 2011).

Since 2011, the occurrence and effects of cytostatic agents in the environment
have been extensively studied as part of two EU FP7 projects: CytoThreat and
Pharmas. However, to date, no one has had the confidence to say whether cytostatic
drugs have an impact on the environment even though the potential is there. This
chapter gives an overview of the current scientific knowledge regarding the occur-
rence, cycling and fate of 5-FU and CAP in the environment, addressing also the
analytical methods used and potential risk they pose to organisms.
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14.2 Pharmacokinetical and Physico-Chemical Properties
of 5-FU and CAP

5-FU is 5-fluoro-2,4-(1H,3H)-pyrimidindione, a fluorinated pyrimidine developed
by Roche in the United States in 1957 and is still being used widely in systemic and
local cancer treatment. CAP (5-deoxy-5-fluoro-N4-pentyloxycarbonyl cytidine) is a
fluoropyrimidine carbamate prodrug of 5-FU (Fig. 14.1 and Table 14.1).

14.2.1 Pharmacokinetics

5-FU can be administered by intravenous (i.v.) bolus, by infusion, orally, or
dermally due to variable gastrointestinal adsorption and its rapid degradation in
daily doses of 750–3900 mg/day depending on the type of cancer (Drugbank 2018).
Its plasma elimination half-life varies from 5–20 min after i.v. bolus (Weissbrodt
et al. 2009), during which time rapid metabolism occurs. Between 60% and 90% of
5-FU is metabolized and excreted in a dose-dependent rate during 24 h as
α-fluoro-β-alanine, FBAL (80%) (Fig. 14.1), as α-fluoro-β-ureidopropionic acid
(10%) and as unchanged 5-FU (2–39%) (Johnson et al. 2013; Besse et al. 2012).
Fecal excretion is negligible (Straub 2007).

CAP is administered orally in daily doses of 2000 mg/m2 body surface, is readily
absorbed from the gastrointestinal tract (~70–100%) and enzymatically converted to
active 5-FU in tumor tissues, offering tumor-preferential activation of CAP
(DrugBank 2018). Metabolism of CAP to 5-FU proceeds rapidly, resulting in a
short CAP (t1/2¼38-45 min) and metabolite half-lives (t1/2~46 min for 5-FU and t1/
2~3 h 15 min for FBAL) (Walko and Lindley 2005). Between 84–95% of CAP is
excreted within 24 h mainly through the kidneys as FBAL (51–60% of the dose
excreted), CAP (2.6–2.9%) and 5-FU (0.54%). Total fecal excretion of CAP is also
negligible (2.6%) (Walko and Lindley 2005; DrugBank 2018; Straub 2007).

5-FU, when converted from CAP, seems to have a prolonged overall half-life and
undergoes increased metabolism compared with 5-FU as the parent drug. This is due
to tumor- and liver-specific conversion and that there is less free 5-FU in the
bloodstream, that can be rapidly excreted. This is evidenced by a 10-fold decrease
in 5-FU excreted after CAP administration (0.5% of CAP corresponds to 1.4% of
converted 5-FU), compared to when 5-FU is administered directly (2–39%) (Straub
2007). Based on 5-FU and CAP pharmacokinetics, a mixture of parent compound
and its metabolites, mostly FBAL and, to a lower extent, α-fluoro-β-ureidopropionic
acid, are excreted from body and can potentially enter the environment.
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Fig. 14.1 Human metabolism of CAP and 5-FU. 5-FU fluorouracil, 5’-DFCR 5’-deoxy-5-
fluorocytidine, 5’-DFUR 5’-deoxy-5-fluorouridine, CAP capecitabine, dFUTP deoxyfluorouridine
triphosphate, FdUMP fluorodeoxyuridine monophosphate, FBAL α-fluoro-β-alanine, FUH2

dihydrofluorouracil
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14.2.2 Physico-chemical Properties

Physico-chemical properties are the most relevant factors for predicting the envi-
ronmental distribution and fate of chemical substances (Kosjek and Heath 2011).
Table 14.2 lists the most important parameters. The dissociation constant describes
the degree of dissociation of a compound at a particular pH. Generally, as dissoci-
ation increases, so does the mobility of organic compounds in water. 5-FU
(pKa1 ¼ 7.93, pKa2 ¼ 13.0) and CAP (pKa ¼ 8.8) are weak acids and are not
expected to be dissociated at an environmental pH (~7) (Toxnet 2018; Poyatos et al.
2009; Hoerger et al. 2009; Kovalova 2009; Roche 2007). Sorption process is also an
important factor controlling cycling of organic compounds in the aqueous environ-
ment and is a function of the compound’s chemical structure. It is defined by the
octanol-water partition coefficient (log Kow) and the soil organic carbon-water
partitioning coefficient (Koc). CAP’s and 5-FU’s log Kow values suggest their high
polarity and low adsorption to soil/sediment. In combination with their high water
solubility (11.1 g/L for 5-FU and 0.8–26 g/L for CAP) (Toxnet 2018; Hoerger et al.
2009; Kovalova 2009; Roche 2007; Lin et al. 2014a; Zhang et al. 2013; Roche 2008;
Gómez-Canela et al. 2014), 5-FU and CAP are more likely to be present in the
aqueous environment than adsorbed on soil or sediments. In addition,
low bioconcentration factor (BCF) values indicate a low potential for uptake
(bioconcentration) of a chemical in aquatic organisms from surrounding

Table 14.1 Classification and chemical structure of 5-FU and CAP

Cytostatic agent 5-FU CAP

ATC code L01BC02 L01BC06

Group Antimetabolite: pyrimidine
analogue

Antimetabolite: pyrimidine
analogue

IUPAC name 5-fluoro-1H-pyrimidine-
2,4-dione

Pentyl N-[1-[(2R,3R,4S,5R)-
3,4-dihydroxy-5-
methyloxolan-2-yl]-5-fluoro-
2-oxopyrimidin-4-yl]
carbamate

CAS 51-21-8 154631-50-9

Elemental formula/ monoisotopic
mass

C4H3FN2O2 130.078
g/mol

C15H22FN3O6 359.354
g/mol

Chemical structure

14 5-Fluorouracil and Its Prodrug Capecitabine: Occurrence, Fate and. . . 335



environment. Other parameters, such as the Henry’s law constant and vapor pressure
have a minor effect on 5-FU and CAP’s environmental distribution. Volatilisation of
5-FU or CAP is negligible.

5-FU and CAP absorb light at wavelengths 256–266 nm and 310 nm (Toxnet
2018), respectively, and are susceptible to direct photolysis by sunlight. The atmo-
spheric OH rate coefficient indicates the potential for indirect photolysis by describ-
ing the rate of reaction between a compound and hydroxyl radicals (•OH) (Poyatos
et al. 2009). A comparison of the OH rate coefficients of 5-FU and CAP with other
cytostatic drugs, suggests a medium potential for indirect photolysis and other
advanced oxidation processes (Kosjek and Heath 2011).

14.3 Analytical Methods

14.3.1 Sampling Techniques

For determining the true concentration profile of an organic contaminant in an
environmental compartment, selecting and applying an appropriate sampling tech-
nique is crucial. In addition, population size (or more precisely number of patients
receiving the drug), the excretion rate of non-metabolized drugs subjected to inter-
and intra-individual variability and the amount of water entering the sewage system
are important factors (Steger-Hartmann et al. 1996). Grab sampling, based on the
collection of discrete samples at a specific point in time, is commonly applied in

Table 14.2 Physico-chemical properties of 5-FU and CAP

Cytostatic agent 5-FU CAP

pKa pKa1 ¼ 7.93, pKa2 ¼ 13.0 8.8

logKow �0.69–(�1.85) �4.5–(�1.0)

Koc 4.0–8.0 4.5–8.0

BCF 3.0–3.6 1.3–3.0

Solubility (g/L) 11.1 0.8–26

Henry’s law
constant
(atm � m3/
mole)

1.66 � 10�10 2.9 � 10�19

UV absorbance 256–266 nm 310 nm

Vapor pressure
at 25 C (mm Hg)

2.68 � 10�6 1.12 � 10�12

Atmospheric
OH rate (cm3/
molecule � s)

5.8 � 10�12 8.3 � 10�11

References Steger-Hartmann et al. (1996), Straub
(2007), Poyatos et al. (2009), Besse
et al. (2012), Lin and Lin (2014),
Franquet-Griell et al. (2017), DrugBank
(2018), TOXNET (2018)

Mahnik et al. (2007), Poyatos et al.
(2009), Besse et al. (2012), Lin and
Lin (2014), Barışçı et al. (2018),
DrugBank (2018), TOXNET
(2018)
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water sampling (Kosjek et al. 2013; Mahnik et al. 2007; Kovalova et al. 2009; Yu
et al. 2012; Heath et al. 2015; Mendoza et al. 2016). The main reason is its simplicity
of application, despite having significant drawbacks, i.e., the ‘snapshot’ does not
represent the conditions either where levels of pollutants fluctuate or are not
homogenous.

In the case of 5-FU and CAP, most studies use composite sampling, namely,
time- or flow-proportional sampling (TPS or FPS). TPS (Kosjek et al. 2013; Gómez-
Canela et al. 2014; Yu et al. 2006; Martín et al. 2011, 2014; Negreira et al. 2013a;
Ferre-Aracil et al. 2016) consists of a collection of numerous individual discrete
samples taken at regular intervals over a period of time, usually 24 h. FPS (Lin et al.
2014a; Gómez-Canela et al. 2014; Kovalova et al. 2009; Mahnik et al. 2004; Mullot
et al. 2009; Tauxe-Wuersch et al. 2006; Negreira et al. 2014a) is based on sample
collection at defined volume interval, i.e. aliquots are taken at fixed/uniform incre-
ments of volume metered past a flow measurement point. The final sample is
prepared by combining a series of grab samples (aliquots) over the interval.
Although frequently used, composite sampling techniques do not provide a true
average of the concentration of the contaminants (Kosjek and Heath 2011). Rather,
they represent only the average of snapshots in time and do not mimic the continuous
discharge of contaminants.

An alternative technique is passive sampling, based on the continuous collection
of analytes in situ, resulting in a time-weighted average (TWA) sorption and
preconcentration of pollutants over time. Different types of passive sampling devices
exist. Most common passive sampling devices are POCIS, a polar organic chemical
integrative sampler, which allows for the in situ collection of a time-integrated
average of hydrophilic organic contaminants and Chemcatcher - a highly versatile
and cost-effective passive sampling device for monitoring a wide variety of pollut-
ants in water (Kosjek and Heath 2011). So far, however, their use has neither been
fully validated nor applied to the sampling of 5-FU and CAP.

Environmental samples must be stored correctly. In wastewater, 5-FU is stable at
�20 �C and 4 �C for 2 months and at 25 �C for 9 days, whereas at 4 �C and 25 �C
CAP is unstable (3 days). The acidification of samples is widely used to prevent the
growth of bacteria that could biodegrade the compounds of interest. For instance,
after acidification with HCl (pH ¼ 2), 5-FU is stable at 25 �C for 9 days and at 4 �C
and�20 �C for 3 months, while CAP is degraded at 4 �C (~30%) in 9 days (Negreira
et al. 2014b).

14.3.2 Sample Preparation Methods

Environmental analysis requires the appropriate choice of sample extraction method.
For aqueous samples this is usually solid-phase extraction (SPE). Cartridges with
different SPE sorbents (reversed-phase or ion exchange), binding strength (degree of
hydrophobicity), and binding capacities are available for selection, along with
different solvents for cartridge conditioning, washing and elution.

Reversed-phase SPE (RP-SPE) are used for sample preparation prior to 5-FU and
CAP analysis (Table 14.3). Despite RP-SPE sorbents not being the most appropriate
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choice for extraction of highly polar compounds, namely, 5-FU and CAP
(Table 14.2), they are frequently used in multiresidual analyses, when samples
contain many analytes with significant structural diversity (Gómez-Canela et al.
2014; Yu et al. 2012; Heath et al. 2015; Mendoza et al. 2016; Martín et al. 2011,
2014; Negreira et al. 2013a, b, 2014a). Most commonly applied RP sorbents are
Oasis HLB (Gómez-Canela et al. 2014; Martín et al. 2011, 2014) and Isolute ENV+

(Kosjek et al. 2013; Weissbrodt et al. 2009; Mahnik et al. 2004, 2007; Kovalova
et al. 2009; Heath et al. 2015; Mullot et al. 2009; Tauxe-Wuersch et al. 2006). Isolute
ENV+ has higher affinity for polar compounds due to a retention mechanism based
on specific interactions with the solvent and the analyte (Tauxe-Wuersch et al.
2006). Under optimized experimental conditions (sorbent mass, pH, etc.) (Kosjek
et al. 2013), Isolute ENV+ can be successfully applied for the analysis of 5-FU. Some
studies investigating 5-FU have also used Strata X (Yu et al. 2006, 2012) for
RP-SPE, but with no success in detection of the compound, possibly implying on
low method sensitivity, which might be a result of improper selection of sorbent. In
addition, when extracting 5-FU, the negative impact of matrix complexity on
extraction efficiency has been noted (Kosjek et al. 2013).

When a sample contains ionic components that are very hydrophilic and RP-SPE
retention can be problematic, it is suggested to use ion-pairing (IP-SPE). By adding
an ion-pair reagent with an ionic end and a hydrophobic tail to the mobile phase, the
hydrophobic tail of the reagent is retained by the stationary phase resulting in
increasing retention of polar compounds. This principle has been applied when
using an Isolute ENV+ sorbent to extract 5-FU from surface water by the addition
of IP agent, Bu4NCl. In total, an ~20% increase in extraction efficiency was achieved
at pH > 10, however, IP extraction failed for more complex matrices like wastewa-
ters (Kosjek et al. 2013).

Ion exchange SPE (IE-SPE) is a suitable alternative to RP-SPE for ionisable
compounds, e.g. 5-FU at pH � 10 (Lin et al. 2014a). Despite their potential, anion
exchange sorbents (e.g. Oasis MAX) are inefficient except for low-volume simple
matrix samples and even a slight increase in matrix complexity or ionic strength
radically reduces extraction efficiency (Kosjek et al. 2013).

Alternatives for achieving satisfactory extraction of 5-FU include positioning a
specific cartridge such as a Speedisk H2O-philic SA-DVB after RP-SPE (Isolute
ENV+) (Kovalova et al. 2009) or applying dual layer SPE employing SupercleanTM

ENVI-Carb/NH2 (Lin et al. 2014a). The former, when applied to a complex matrix –
a hospital effluent, yielded LOD of 5 ng/L (Straub 2007). For the latter, the method
failed to achieve the necessary sensitivity for extracting 5-FU from environmental
samples (LOD ¼ 250 ng) (Lin et al. 2014a).

Recent studies have also included online SPE for CAP extraction using a Sym-
biosis TM Pico device with a cross-linked styrene-divinylbenzene polymer (PLRP)
sorbent (Mendoza et al. 2016; Negreira et al. 2013a, 2014a; Ferre-Aracil et al. 2016).
There are advantages to this technique such as automation of the extraction process,
overall costs and the samples require less manipulation.

Usually, extracting disks are a viable alternative to conventional cartridges, as
they allow enrichment of sample volumes as large as 12 L, resulting in enrichment
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factors (EF) of up to 75,000, compared to an EF of 250 for conventional cartridges
(Kiffmeyer et al. 1998). To date, extracting disks have not been applied to the
analysis of cytostatic compounds in natural waters, but for 5-FU, being so polar
that extraction efficiency becomes much lower at higher volumes of extractions,
disks do not seem a viable alternative.

14.3.3 Instrumental Analysis

14.3.3.1 GC-coupled Techniques

5-FU is frequently determined in environmental matrices using gas chromatography
(GC) as separation technique coupled to mass spectrometry (MS) (Kosjek et al. 2013;
Yu et al. 2006, 2012; Mullot et al. 2009; Tauxe-Wuersch et al. 2006). GC separation
requires sufficient volatility and thermal stability of the analytes, which, for certain
non-volatile compounds can be achieved by incorporating a derivatization step into
the method. 5-FU can be analyzed by GC in its underivatized form, but with low
method sensitivity and poor peak shape (Tauxe-Wuersch et al. 2006).
Pentafluorobenzyl bromide (PFBBr) is the most commonly used derivatization agent
for 5-FU. Completeness and repeatability of the derivatization reaction is achieved by
adding different catalysts, e.g., K2CO3 (Yu et al. 2006, 2012; Tauxe-Wuersch et al.
2006). 5-FU undergoes syliation with syliating agents N-tert-butyldimethylsilyl-N-
ethyltrifluoroacetamide (MTBSTFA) (Kosjek et al. 2013; Heath et al. 2015) and N,
O-bistrifluoroacetamide/trimethylchlorosilane (BSTFA/TMCS) (Mullot et al. 2009),
forming tert-butyl dimethyl silyl (TBDMS) and trimethylsilyl (TMS) derivatives,
respectively. A major limitation of derivatization is the influence of the sample matrix
complexity on the repeatability of the derivatization yield, which in turn affects the
precision and accuracy of the analysis (Kosjek and Heath 2011).

The column typically used for the separation of 5-FU TMS- and PFB-ethers is a
DB-5MS, which is ideal for GC-MS because of its low bleed characteristics (Kosjek
et al. 2013; Yu et al. 2006, 2012; Heath et al. 2015). As an alternative, low polarity
columns, such as a VF-5MS (Mullot et al. 2009) and RTX-5 column (Tauxe-
Wuersch et al. 2006) can be used.

Different ionization techniques can be applied after GC separation, including
electron-impact ionization (EI) (Kosjek et al. 2013; Heath et al. 2015; Yu et al. 2006,
2012; Mullot et al. 2009; Tauxe-Wuersch et al. 2006) and chemical ionization
(CI) (Tauxe-Wuersch et al. 2006) in negative mode. EI results in extensive com-
pound fragmentation suitable for identification purposes, along with robustness and
sufficient sensitivity at low (ng/L) concentration ranges. CI in negative mode is more
sensitive for detecting 5-FU due to high electronegativity of fluorine in its structure
(Tauxe-Wuersch et al. 2006). A favourable derivatization agent in this case is
PFBBr. To date, GC-coupled techniques have not been applied in the investigation
of CAP. The likely reason is CAP being thermally labile at increased temperatures in
GC injectors, where sugar cleaves off.
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5-FU and CAP can be analyzed using GC fitted with a flame ionization detector
(FID) and, because of the presence of a fluorine atom in their structure, an electron
capture detector (ECD). Despite the better sensitivity, especially in case of ECD,
these detectors do not offer the required specificity. In addition, with a FID, the
sample is destroyed making it unsuitable for preparative analysis, while the ECD
gives highly nonlinear responses. Nowadays, most GC based methods for 5-FU and
CAP analysis employ low-resolution mass analyzers, such as the single quadrupole
(Q) (Yu et al. 2006, 2012; Tauxe-Wuersch et al. 2006), ion trap (IT) (Kosjek et al.
2013; Heath et al. 2015) and triple quadrupole mass analysers (QqQ) (Mullot et al.
2009). The obtained limits of detection do not depend solely on the analyser, but
also, especially in the case of polar compounds like 5-FU, on sample preparation.
The lowest LOD / LOQ for 5-FU were 0.48 ng/L/1.6 ng/L in WW and 0.16 ng/L/
0.54 ng/L in SW analysed by GC-IT-MS/MS (Kosjek et al. 2013). The IT is the only
mass analyzer that can be coupled to GC and perform multiple stage (MSn) analysis,
together with the possibility of varying the reaction time in MRM mode. Regarding
sensitivity, IT has higher sensitivity in product ion-scan mode, while the sensitivity
of the QqQ’s is higher in multiple reaction monitoring (MRM) mode.

14.3.3.2 LC-coupled Techniques

Liquid chromatography (LC) coupled techniques are mostly applied for 5-FU
(Weissbrodt et al. 2009; Lin et al. 2014a; Kovalova et al. 2009; Heath et al. 2015;
Martín et al. 2011, 2014; Kiffmeyer et al. 1998) and CAP (Gómez-Canela et al.
2014; Negreira et al. 2013a; Ferre-Aracil et al. 2016) analysis in aqueous matrices. In
LC, separation of strongly polar analytes, such as 5-FU is less effective on C18

reverse-phase (RP) HPLC columns (Lin et al. 2014a; Heath et al. 2015; Mendoza
et al. 2016; Martín et al. 2011, 2014; Kiffmeyer et al. 1998). For highly polar
compounds, elaborated RP columns are used, namely, Purospher Star RP-18e for
5-FU and CAP (Mendoza et al. 2016; Negreira et al. 2013a, 2014a; Ferre-Aracil
et al. 2016), Sunfire C18 for 5-FU (Lin et al. 2014a) and Luna C18 for CAP (Gómez-
Canela et al. 2014). All three columns are suitable for the analysis of polar com-
pounds, Sunfire C18 being preferable for separations at low pH (2–8), while the other
two columns have a broad working pH range (1.5–10). Hydrophilic interaction
liquid chromatography (HILIC) columns have also been widely used for hydrophilic
compounds including 5-FU (Kovalova et al. 2009; Weissbrodt et al. 2009). HILIC
uses semi-aqueous mobile phases, usually containing a high content of organic
solvent (40–97%) in water and stationary phases comprised of bare silica or zwit-
terionic sulfobetaine groups bound to silica. The system retains polar compounds
based on the hydrophilic partitioning of compounds into the water layer formed on
the surface of the stationary phase or by weak electrostatic interactions with the
zwitterions (Kosjek and Heath 2011).

LC coupled to MS offers a variety of different ionization techniques,
i.e. atmospheric pressure ionization (API), atmospheric pressure photoionization
(APPI), atmospheric pressure chemical ionization (APCI), matrix-assisted laser
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desorption / ionization (MALDI) and electrospray ionization (ESI). ESI remains the
most commonly applied technique for 5-FU and CAP analysis (Weissbrodt et al.
2009; Lin et al. 2014a; Gómez-Canela et al. 2014; Kovalova et al. 2009; Heath et al.
2015; Mendoza et al. 2016; Martín et al. 2011, 2014; Negreira et al. 2013a, 2014a;
Ferre-Aracil et al. 2016), offering good sensitivity (LOQ in low ng/L range) despite
the expected poor fragmentation and high matrix influence (Martín et al. 2011). Poor
fragmentation can be advantageous in the sense that the molecular ion (or more
accurately a pseudo molecular ion) is always observed, however very little structural
information can be gained from the simple mass spectrum obtained. This disadvan-
tage can be overcome by coupling ESI with tandem mass spectrometry (ESI-MS/
MS). Both ESI (+) and (�) modes have been used to analyze 5-FU, although, in
contrast to most cytostatic agents, it is more readily ionized in the negative ion mode
(Kosjek and Heath 2011; Negreira et al. 2013b).

For HPLC less expensive UV detection is also an option (Kiffmeyer et al. 1998).
However, the higher amount of noise in the HPLC-UV system affects selectivity,
accuracy and sensitivity and is the reason why it has been widely replaced by MS
analyzers such as QqQ (Weissbrodt et al. 2009; Kovalova et al. 2009; Martín et al.
2011, 2014) and QTRAP (Mendoza et al. 2016; Negreira et al. 2013a, 2014a; Ferre-
Aracil 2016). Despite the higher sensitivity and selectivity of QqQ and QTRAP over
UV, some of published LC-QqQ (Weissbrodt et al. 2009; Kovalova et al. 2009;
Martín et al. 2011, 2014) and LC-QTRAP (Mendoza et al. 2016; Negreira et al.
2014a) methods still fail to detect 5-FU in aqueous environmental samples, what is
the consequence of demanding extraction and chromatography of this compound.
LC can also be coupled to a high-resolution (HR) mass analyzer, such as a LTQ
Orbitrap mass spectrometer (Gómez-Canela et al. 2014). However, HR MS instru-
ments are more commonly applied to identify novel transformation products
(see Sect. 14.6).

The main drawback of LC-coupled techniques is the influence of matrix com-
pounds on the method specificity, which causes a significant degree of ion suppres-
sion or enhancement of the analytes of interest. Matrix effects are a major problem in
the analysis of CAP in environmental samples such as WWTP influent and effluent
compared to groundwater and river water (Negreira et al. 2013a). Even though
comparable LOD/Q are achieved by both methods, e.g. LC-MS and GC-MS
(Table 14.3), LC-MS is still the analytical instrument of choice for analyzing polar
compounds including 5-FU and CAP in environmental samples.

14.3.3.3 Other Instrumental Techniques

Capillary Electrophoresis
Capillary electrophoresis has also been used to detect 5-FU in hospital WW samples
(Table 14.3), and has LODs in the low μg/L range (Mahnik et al. 2004, 2007). The
performance of a CE method strongly depends on the composition of the CE buffer.
Since, 5-FU is a weak acid with a pKa1 of 7.9 (Table 14.2), it requires buffer pH
values between 9.0 and 11.0 (Mahnik et al. 2004) in order to dissociate and gain
effective electrophoretic mobility. Despite its higher separation efficiency, its
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sensitivity is not comparable to either GC- and LC-coupled methods, and the
concentration of many cytostatic agents is three orders of magnitude lower than
method’s LOQ (8.6 μg/L) (Mahnik et al. 2007). In addition, since there is little room
to enhance further CE separation, improving detection may be an alternative. This
could be achieved by replacing the stock UV or UV-Vis detector with a mass
spectrometer (Kosjek and Heath 2011).

14.4 Occurrence in Waste Water and the Environment

Concentrations of cytostatic agents in hospital effluents depend upon the hospital’s
daily water consumption, number of patients, types of cytostatic agents used, dosing
and excretion rates, and on the type and severity of specific neoplastic diseases.
Hospital effluents are rarely treated prior to discharge into the sewage systems
(Zhang et al. 2013). With the growing number of outpatients, household discharge
is also becoming an important source of cytostatic drugs. In hospital effluents, 5-FU
and its major urinary metabolites account for <30% of the total administered 5-FU
(Kosjek and Heath 2011; Weissbrodt et al. 2009; Mahnik et al. 2007). This may
seem as a paradox, since 5-FU and CAP have short half-lives and we would expect
them to be excreted to a great extent during the patients’ stay in the hospital. This
deficit is, however, a likely result of 5-FU and CAP being excreted away from the
hospital or, as in the case of CAP, a result of oral administration at home. Pharma-
ceutical production waste is also a potential source of these compounds, but data
regarding discharges from pharmaceutical manufacturers and their environmental
relevance is scarce (Zhang et al. 2013).

5-FU is commonly detected in hospital effluents (Kosjek et al. 2013; Weissbrodt
et al. 2009; Mahnik et al. 2004, 2007; Kovalova et al. 2009; Heath et al. 2015; Lin
et al. 2014a; Mullot et al. 2009) (Table 14.4). Concentrations as high as 122 μg/L
have been detected in a hospital effluent from Austria (undiluted wastewater)
(Mahnik et al. 2004), while lower levels: 8.3–440 ng/L, 90–4000 ng/L and
46–1500 ng/L and up to 27 ng/L, have been reported in Slovenian (Kosjek et al.
2013; Heath et al. 2015), French (Mullot et al. 2009), Taiwanese (Lin et al. 2014a)
and Swiss hospital effluents, respectively (Weissbrodt et al. 2009). Several studies
report levels of 5-FU as below LOD (Tauxe-Wuersch et al. 2006). Overall, the levels
of 5-FU reported depend on not only the source characteristics, but also on the
sensitivity of the analytical method used.

Considering that hospital effluent is about 10–100 times more concentrated than
municipal WW (Weissbrodt et al. 2009; Ferre-Aracil et al. 2016), concentrations
lower by one to two orders of magnitude are expected in these waters. As a result,
many studies fail to detect 5-FU in WWTP influents (Kiffmeyer et al. 1998;
Weissbrodt et al. 2009; Yu et al. 2006, 2012; Martín et al. 2011, 2014; Tauxe-
Wuersch et al. 2006) and effluents (Kiffmeyer et al. 1998; Kosjek et al. 2013;
Weissbrodt et al. 2009; Yu et al. 2006, 2012; Martín et al. 2011, 2014; Tauxe-
Wuersch et al. 2006). Only two studies (Table 14.4) report levels of 5-FU above the
LOD in WWTP influents: < 280 ng/L (Kosjek et al. 2013; Lin et al. 2014a) and
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Table 14.4 Occurrence of 5-FU and CAP in aqueous environmental compartments

Cytostatic
agent Matrix Sampling Concentration Country References

5-FU Hospital
effluent

Grab
sampling

3.9–112.8 μg/L Austria Mahnik
et al. (2007)

Hospital
effluent

/ 20–122 μg/L Austria Mahnik
et al. (2004)

WWTP influent Composite:
24 h time-
proportional

< LOD Spain Kiffmeyer
et al. (1998)WWTP effluent < LOD

Hospital
effluent

Composite:
24 h flow-
proportional

< LOQ-27 ng/L Switzerland Kovalova
et al. (2009)

Hospital
effluent

Grab
sampling

35–92 ng/L Slovenia Kosjek
et al. (2013)< LOD

WWTP influent Composite:
24 h time-
proportional

14–47 ng/L

WWTP effluent Composite:
24 h time-
proportional

< LOD

Hospital
effluent

Composite:
24 h flow-
proportional

90–4000 ng/L France Mullot et al.
(2009)

Hospital
effluent

Composite:
24 h flow-
proportional

< LOD Switzerland Tauxe-
Wuersch
et al. (2006)WWTP influent < LOD

WWTP effluent < LOD

WWTP influent Composite:
24 h time-
proportional

< MDL Spain Martín et al.
(2011)WWTP effluent < MDL

River water < MDL

WWTP influent Grab
sampling

< MDL USA Yu et al.
(2012)WWTP effluent < MDL

River water < MDL

WWTP influent Composite:
24 h time-
proportional

< LOD Spain Martín et al.
(2014)WWTP effluent < LOD

Hospital
effluent

Composite:
24 h flow-
proportional

48–1500 ng/L 46–510 ng/ L Taiwan Lin et al.
(2014a)

River water 5–70 ng/L 35–160 ng/L

WWTP influent 280 ng/L NR

WWTP effluent 80 ng/L

Hospital
effluent

Composite:
18 h, 6 h and
24 h flow-
proportional

< 5–27 ng/L Switzerland Weissbrodt
et al. (2009)

WWTP influent < LOD

WWTP effluent Composite:
24 h flow-
proportional

< LOD

(continued)
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effluents: 80 ng/L (Lin et al. 2014a). Reported levels of 5-FU in surface waters are
from 5–160 ng/L (Lin et al. 2014a), but more frequently it is below the LOD (Yu et al.
2012; Martín et al. 2011, 2014). A recent study attempted to detect CAP in tap water
with no success (Mendoza et al. 2016). So far, CAP has only been reported in
Spanish hospital effluents (< LOD to 1139 ng/L) (Gómez-Canela et al. 2014; Ferre-
Aracil et al. 2016; Negreira et al. 2014a), WWTP influents (< LOD to 72.6 ng/L)
(Gómez-Canela et al. 2014; Negreira et al. 2013a, 2014a) and WWTP effluents (<
LOQ to 36 ng/L) (Gómez-Canela et al. 2014; Negreira et al. 2014a).

PECs in hospital effluents are 0.008–95 μg/L and 0.012–0.117 μg/L for 5-FU and
CAP, respectively (Straub 2007). PECs for WWTP effluents are much lower, i.e.,
0.36–4.4 ng/L for 5-FU and 8.5–223 ng/L for CAP and even lower in European
rivers: 0.01 ng/L for 5-FU and 0.21 ng/L for CAP (Johnson et al. 2013; Straub 2007;
Gómez-Canela et al. 2014; Franquet-Griell et al. 2015). The measured

Table 14.4 (continued)

Cytostatic
agent Matrix Sampling Concentration Country References

Spiked river
water�

Grab
sampling

150 ng/L 19 ng/L Slovenia Heath et al.
(2015)

Spiked hospital
effluent��

560–610 ng/L 47–364 ng/L

Spiked WWTP
effluent���

150 ng/L 38–41 ng/L

Hospital
effluent

400–440 ng/L 8.3–15 ng/L

WWTP influent Composite:
24 h time-
proportional

< LOD USA Yu et al.
(2006)WWTP effluent < LOD

Tap water Grab
sampling

< LOD Spain Mendoza
et al. (2016)

CAP WWTP influent Composite:
24 h time-
proportional

< LOD-27 ng/L Spain Negreira
et al.
(2013a)

Hospital
effluent

Composite:
12 h time-
proportional

< LOD-1139 ng/L Spain Ferre-
Aracil et al.
(2016)

WWTP influent Composite:
24 h flow-
proportional

< LOQ-72.6 ng/L Spain Negreira
et al.
(2014a)

WWTP effluent < LOQ-36 ng/L

Hospital
effluent

< LOQ

WWTP influent Composite:
24 h time-
proportional

< LOQ-49 ng/L Spain Gómez-
Canela
et al. (2014)

WWTP effluent < LOQ

Hospital
effluent

< LOQ

�River water spiked with 43 ng/L 5-FU; ��Hospital WW spiked with 454 ng/L 5-FU; ���WWTP effluent
spiked with 66 ng/L 5-FU; LOD limit of detection, LOQ limit of quantification, MDL method detection
limit, NR not reported

14 5-Fluorouracil and Its Prodrug Capecitabine: Occurrence, Fate and. . . 347



concentrations of 5-FU and CAP in all three aqueous compartments are generally
higher than their PECs, reflecting the variability and unpredictability in discharge
patterns.

The most likely reasons why some studies fail to detect 5-FU and CAP in hospital
effluents (Tauxe-Wuersch et al. 2006; Negreira et al. 2014a; Gómez-Canela et al.
2014), municipal WW (Kiffmeyer et al. 1998; Tauxe-Wuersch et al. 2006; Martín
et al. 2011, 2014; Yu et al. 2006, 2012; Weissbrodt et al. 2009), surface waters
(Martín et al. 2011; Yu et al. 2012) and tap water (CAP) (Mendoza et al. 2016) is low
method sensitivity, that 5-FU and CAP at the time of sampling were not being
administered, and/or they were eliminated completely during sewage treatment. A
low administration dose, partial excretion rates in urine and natural attenuation
(dilution, biodegradation and photodegradation) are other reasons for the low levels
of 5-FU and CAP (Mendoza et al. 2016). Further investigations are needed regarding
their presence in groundwater and drinking water, as well as in landfill leachates.

14.5 Environmental Fate of 5-FU and CAP

14.5.1 Biodegradation

The overall susceptibility of 5-FU and CAP to biodegradation correlates with their
physico-chemical properties, e.g., hydrophobicity and BCF (Table 14.2), and with
experimental conditions (biomass concentration, acclimation, and reaction time).
Since both 5-FU and CAP are hydrophilic (log Kow<2), they are more likely present
in the aqueous environment than sorbed to sediments / soil or bioaccumulated and
are thus more susceptible to biodegradation.

Biodegradation studies (Table 14.5) show that 5-FU is biodegraded in activated
sludge (AS) (Kosjek et al. 2013; Roche 2007; Mahnik et al. 2007; Yu et al. 2006;
Kiffmeyer et al. 1998; Onesios and Bouwer 2012; Lutterbeck et al. 2016) and imply
that biodegradation is the main removal mechanism in batch AS experiments
(Mahnik et al. 2007). Its removal during a non-standardized biodegradation process
in AS inoculated bioreactor, a sewage inoculate biofilm column or a simulated
sewage treatment plant (Kosjek et al. 2013; Mahnik et al. 2007; Yu et al. 2006;
Onesios and Bouwer 2012), and in a series of standardized OECD tests (OECD
301D (Lutterbeck et al. 2016), 303A (Kiffmeyer et al. 1998; Roche 2007) and
308 (Roche 2007) is from 35% to 99% within 1–256 days. The process is dependent
on both concentration of 5-FU and AS (Kosjek et al. 2013; Kiffmeyer et al. 1998). Its
removal follows a concentration-dependent rate: the higher the initial concentration
of 5-FU, the slower the degradation. For example, an AS concentration of 0.67 g/L
resulted in a t1/2 ¼ 8 h for 5-FU. Decreasing the AS concentration by 5 and 50-fold,
the biodegradation slowed down even further to give a t1/2 ¼ 11 h and 16 h for 0.14
and 0.014 g/L AS, respectively (Kosjek et al. 2013).

Some studies report different results showing that 5-FU in a closed bottle test
(OECD 301D) remained undegraded after 28 days (Lutterbeck et al. 2015) and
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40 days (Roche 2007), although later studies report 35–44% biodegradation
(Lutterbeck et al. 2016). The Zahn-Wellens test (OECD 302B) found negligible
biodegradation (2%) after 28 days of inoculation (Kümmerer and Al-Ahmad
1997; Roche 2007). This inconsistency in the data is due to different experimental
conditions. Also, almost all of the studies used levels of 5-FU between
0.001–854 mg/L (Table 14.5). In this range 5-FU is cytotoxic to AS microorgan-
isms, potentially leading to a false negative results (Straub 2007). In addition, all
tests showing rapid biodegradation were performed at higher concentrations of
biomass (2.5 g/L dry mass (Roche 2007) and 5.4 g/L (Kosjek et al. 2013)), while
the OECD 301D test is characterized by having a low bacterial density (500 CFU/
mL), which may account for the discrepancies in the results. Therefore, the low
biodegradability of 5-FU is likely associated with low bacteria density rather than
toxicity to AS microorganisms (Martín et al. 2014). In addition, in hospital effluents,
the presence of other cytostatic agents and antibiotics, that can have either antago-
nistic or synergistic effects on the cytotoxicity of 5-FU to AS microorganisms, can
significantly affect biodegradation (Negreira et al. 2013a).

CAP is also biodegradable (Table 14.5), with 15–100% being removed
(1–84 days) in standardized OECD tests (Roche 2008; ETT 2004; Studer 2005;
Häner 2006) or in batch reactors with AS (Kosjek et al. 2013; Franquet-Griell et al.
2017). OECD 302C-like tests also report significant mineralization of CAP (58%,
(ETT 2004) and 68%, Häner 2006) within 28 days and 84 days, respectively.
Interestingly, one study reported CAP as being almost non-biodegradable in an AS
inoculum (Guo et al. 2015). The experiment, however, only lasted for 6 h. Again,
inconsistency in results from biodegradation experiments can be explained with the
wide concentration range of CAP and biomass (variety of microorganisms and their
concentration) used in different studies, e.g. CAP concentrations ranged from 0.001
to 100 mg/L (Table 14.5) Again, as concluded for 5-FU, higher concentrations of
CAP may lead to false negative results (Kosjek et al. 2013).

Only one study compared 5-FU and CAP under similar experimental conditions
and found that the rate of biodegradation of CAP was lower than 5-FU (t1/2 ¼ 77 h),
i.e., with >99% removal of CAP after 11 days compared with >99% of 5-FU within
40 h (Kosjek et al. 2013). This finding agrees with the majority of published studies.
A plausible explanation is the presence of less biodegradable sugar molecule
attached to pyrimidine ring (Kümmerer and Al-Ahmad 1997).

14.5.2 Adsorption and Mobility in Sludge, Sediment and Soils

Studies investigating the adsorption of 5-FU and CAP onto solids are sparse and
contradictory, although the physico-chemical properties (Table 14.2) of both 5-FU
and CAP suggest that adsorption to AS is unlikely to be an important sink during
WW treatment. In contrast to the prediction, adsorption of 5-FU to WWTP biomass
is reported as high as Kd �4786 L/kg (Fürhacker et al. 2006) (Table 14.5). Alterna-
tively, other studies find that adsorption of 5-FU is limited, e.g., < 10% in raw
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wastewater, 2–5% on AS (Mahnik et al. 2007), or there is no adsorption on AS
during the Zahn-Wellens test (Kümmerer and Al-Ahmad 1997). In addition, there is
no evidence of accumulation or the prolonged half-life of 5-FU in sediments (Straub
2007). CAP was shown to be either partially adsorbed (Kd ¼ 272 L/kg AS) (Häner
2006) or not adsorbed to AS (Hoerger et al. 2009; Studer 2005).

14.5.3 Direct Photolysis, Indirect Photolysis and Advanced
Treatment Processes

Sunlight-mediated photodegradation in environmental compartments occurs via
direct and indirect pathways. Direct photolysis occurs when the compound adsorbs
light directly, leading to chemical bond cleavage. In natural aqueous compartments,
light can also interact with dissolved organic matter (DOM), chloride (Cl�), bicar-
bonate (HCO3

�), sulfates (SO4
2�) and nitrates (NO3

�) to produce transient reactive
species, such as singlet oxygen (1O2),

•OH, and triplet state natural organic matter
(NOM) that react with contaminants in a process known as indirect photolysis. DOM
can also absorb UV light and reduce UV transmittance, HCO3

� reacts with •OH and
forms less reactive species, while Cl� gives rise to the photodegradation of 5-FU
(Zhang et al. 2017).

5-FU and CAP are susceptible to direct photolysis by sunlight (Table 14.2). At
pH>7, the protonated form of 5-FU additionally absorbs light at 280–320 nm (Li et al.
2015). The differing experimental conditions described in literature make it difficult,
if not impossible, to compare reported photodegradation rates, half-lives and
removal percentages for 5-FU and CAP. For example, most studies attempt to
simulate natural sunlight (SNS), i.e., 200–600 nm, while others concentrate on
using UV light (UV C: 100–280 nm, UV B: 280–315 nm, UV A: 315–400 nm),
what makes results difficult to compare due to different intensity of these light
sources. Additionally, times of irradiation (12 min-14 h) and cytostatic concentra-
tions (5-FU: 0.00027-49.43 mg/L and CAP: 0.05-1000 mg/L, Table 14.6) vary
greatly between the experiments, confirming the complexness of the studies.

For 5-FU, the reported and calculated (where possible) values for photolytic rate
constant are from 0.00016 min�1 to 0.16 min�1, half-lives from 0.071 h–71 h and
photolytic removal efficiencies of 24.32–100% (Kosjek et al. 2013; Lutterbeck et al.
2015, 2016; Zhang et al. 2017; Lin et al. 2013; Gomez-Canela et al. 2017;
Koltsakidou et al. 2017; Governo et al. 2017; Miolo et al. 2011). Such wide ranges
are a result of different experimental conditions, but indicate that with optimization,
high removal rates and even mineralization of 5-FU could be achieved. Only three
papers address direct photolysis of CAP (Kosjek et al. 2013; Franquet-Griell et al.
2017; Guo et al. 2015). They show that CAP degrades faster, when irradiated with
UV light (half-lives: 0.023 h–0.76 h) (Kosjek et al. 2013; Franquet-Griell et al. 2017;
Guo et al. 2015), than with simulated sunlight (4.81 h) (Franquet-Griell et al. 2017),
and is either partially (Kosjek et al. 2013; Franquet-Griell et al. 2017) or completely
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(Guo et al. 2015) removed. Again, intensity of the light sources and times of
irradiation differ greatly and make the results difficult to compare.

Advanced oxidation processes (AOPs) are treatment strategies designed to
remove recalcitrant organic contaminants. They include photochemical degradation
(UV/O3, UV/H2O2), photocatalysis (TiO2/UV, TiO2/UV/H2O2, ZnO/UV, UV/Fe

2

+/H2O2, photo-Fenton), chemical oxidation (O3, O3/H2O2, H2O2/Fe
2+), electrochem-

ical oxidation and electro-Fenton. All AOPs produce •OH radicals - reactive species
with low selectivity and capable of removing many of the most recalcitrant organic
contaminants. However, even partial decomposition of non-biodegradable organic
pollutants can lead to biodegradable intermediates (Poyatos et al. 2009).

The most studied AOP regarding the removal of 5-FU is UV/H2O2. Indirect
photolysis rate constants are from 0.0369 min�1 to 0.919 min�1. The half-lives are
from 0.0126 h to 0.313 h and removal rates are between 94 and 100% (Table 14.6).
Mineralization is from 26–100% (Kosjek et al. 2013; Lutterbeck et al. 2015; Zhang
et al. 2017; Governo et al. 2017). In comparison, direct UV irradiation (200–400 nm)
results in comparable removal rates (~93%) but in low mineralization (~5–40%)
during UV treatment (Lutterbeck et al. 2015, 2016; Lin et al. 2013; Koltsakidou et al.
2017; Governo et al. 2017). Ozonation (O3) is also efficient at removing 5-FU from
distilled water within in 2–45 min (Lin et al. 2014b; Rey et al. 1999) and in real
wastewater samples at natural pH (~7) (Lin et al. 2014b). This is due to the presence
of electron-rich sites on the 5-FU molecule that can directly react with O3, or,
alternatively by producing •OH radicals. Other efficient AOPs for removing 5-FU
are Fenton oxidation (Governo et al. 2017), photo-Fenton reaction (Governo et al.
2017), photocatalytic degradation with TiO2 (Lutterbeck et al. 2015; Lin and Lin
2014), ZnO (Lin and Lin 2014), co-doped-N/S-TiO2 with SNS (Koltsakidou et al.
2017) and electro-Fenton reaction (Ganzenko et al. 2017). These are all capable of
completely removing 5-FU within 6–360 min. Regarding mineralization, photo-
Fenton and electro-Fenton are the two most efficient AOPs. Studies reported 5-FU
to be 75% mineralized after 256 min of photo-Fenton treatment (Governo et al.
2017) and 94% mineralized with electro-Fenton oxidation within 3 h (Ganzenko
et al. 2017). Unfortunately, there are no studies investigating the electrochemical
oxidation of 5-FU. 5-FU also interacts readily with free chlorine and bromine and is
completely degraded within 30 min, while in absence of background bromide, 50%
of 5-FU is removed within 1 h at pH~7.3 and the reaction follows second-order
kinetics (Li et al. 2015). Bromination of 5-FU occurs at rate 2–3 orders of magnitude
faster (Li et al. 2015). From the available published studies investigating the removal
of CAP, UV/H2O2 (>97% in max. 10 min) (Kosjek et al. 2013; Franquet-Griell et al.
2017) and O3/H2O2 (100% in 10 min) (Ferre-Aracil et al. 2016) were reportedly
more successful at removing CAP than electrochemical oxidation with Ti/IrO2 –

RuO2 (85% within 30 min) (Barışçı et al. 2018).
Based on mainly laboratory scale studies, it is evident that optimized advanced

treatments can achieve high removal rates of both, 5-FU and CAP. Complete
mineralization, however, is rarely achieved and various transformation products of
5-FU (Kosjek et al. 2013; Lutterbeck et al. 2015, 2016; Zhang et al. 2017; Lin et al.
2013; Gomez-Canela et al. 2017; Koltsakidou et al. 2017; Miolo et al. 2011; Lin and
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Lin 2014; Franquet-Grill et al. 2017) and CAP (Kosjek et al. 2013; Barışçı et al.
2018) have been reported (see Sect. 14.6). The removal of 5-FU and CAP by direct
and indirect photolysis and other AOPs at environmentally relevant concentrations
still require investigation since current findings are based on unrealistically high
concentrations (1–20 mg/L). Overall, data suggests that AOPs are very promising
and more efficient at removing 5-FU and CAP than direct photolysis under UV light
and SNS, but have mostly been applied in simple matrices like MilliQ and potable
water and have neither been applied nor are suitable for complex matrices like
wastewaters.

14.6 Transformation Products of 5-FU and CAP

In 2011, a review paper on the occurrence, fate and determination of cytostatic drugs
in the environment found only three studies identifying three human metabolites and
one TP for all cytostatic drugs (Kosjek and Heath 2011). Of these, the authors
confirmed only one TP in a real sample, namely, a hospital effluent. Since then, the
number of studies has increased significantly and there have now been 11 studies
investigating the formation of 5-FU and/or CAP TPs during water treatment.

Many of the laboratory-scale advanced treatments investigated either
direct (UV only) (Kosjek et al. 2013; Lin et al. 2013; Lutterbeck et al. 2016;
Gomez-Canela et al. 2017; Miolo et al. 2011) or indirect (addition of H2O2, TiO2,
or Fe2+/H2O2) photolysis (Kosjek et al. 2013; Lutterbeck et al. 2015; Zhang et al.
2017; Koltsakidou et al. 2017; Lin and Lin 2014; Barışçı et al. 2018) (Table 14.7)
and confirmed the presence of TPs as a result of either no or incomplete minerali-
zation (Negreira et al. 2013b; Lutterbeck et al. 2015; Lin et al. 2013; Governo et al.
2017; Lin and Lin 2014) and/or changes in acute toxicity of treatment mixture
(Lutterbeck et al. 2015, 2016; Guo et al. 2015; Miolo et al. 2011; Barışçı et al. 2018).

The most commonly identified phototransformation reactions of 5-FU are the
addition of water, defluorination, hydroxylation and the formation of diastereomeric
photoproducts. The first step in the transformation of 5-FU is hydroxylation, with
addition of a single water molecule on the C5-C6 bond. This single hydroxylation
step forms the most commonly detected TP during water treatment with a charac-
teristic MS fragment with a m/z of 148, representing the two isomers, 5-fluoro-6-
hydroxy-5,6-dihydrouracil and 5-fluoro-5-hydroxy-5,6-dihydrouracil (Kosjek et al.
2013; Lutterbeck et al. 2015, 2016; Koltsakidou et al. 2017) or with m/z 147 (Kosjek
et al. 2013; Lutterbeck et al. 2015; Zhang et al. 2017). Further dihydroxylation
occurs at the C5-C6 bond, forming cis/trans-5,6-dihydroxyuracil (m/z 143) (Kosjek
et al. 2013; Gomez-Canela et al. 2017; Koltsakidou et al. 2017; Miolo et al. 2011), or
alternatively, on the C6-N1 bond, forming TP-165 (Lutterbeck et al. 2015)
(Table 14.7). This reaction may be followed by the opening of the pyrimidine ring
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and the formation of dicarboxylic acid TPs with a m/z of 152 and 168 ( Lutterbeck
et al. 2015), as well as with a m/z of 163 (Koltsakidou et al. 2017).

Another transformation pathway begins with defluorination, forming
5-hydroxyuracil (m/z 127) (Kosjek et al. 2013; Lutterbeck et al. 2016; Gomez-
Canela et al. 2017), followed by a C5-hydroxylation (Kosjek et al. 2013),
subsequent deamination (Lutterbeck et al. 2015), reduction of ketone group
(TP-131) or its loss (TP-115) (Gomez-Canela et al. 2017), and the formation of a
carboxylic acid TP (m/z 104/5) in the final step during SNS, UV, UV/H2O2 and
UV/TiO2 treatment (Lutterbeck et al. 2015, 2016; Zhang et al. 2017; Lin et al. 2013;
Lin and Lin 2014). This is the most commonly identified TP of 5-FU. Also, a dimer
of 5-hydroxyuracil is formed, with a m/z 253 (Kosjek et al. 2013). Table 14.7 lists
the reported TPs of 5-FU during photolysis.

Of the two studies investigating the TPs of CAP, one involves indirect photolysis
(direct: UV, indirect: with UV/H2O2) (Kosjek et al. 2013) and one electrochemical
oxidation (Barışçı et al. 2018). The different treatments produced different TPs.
During UV/H2O2 photolysis, a variety of TPs have been identified as a result of
ribofuranose cleavage (TP-244), subsequent dissociation of the pentyl chain
(TP-174) and the dissociation of CO2, forming 5-FU as secondary TP of CAP.
Alternatively, after cleavage of the ribofuranose ring, defluorination (TP-226) and
the subsequent hydroxylation (TP-242) or dissociation of the pentyl chain (TP-156)
can occur (Kosjek et al. 2013). Photoaddition of water on the 5-fluoropyrimidin-2-
(1H)-one segment in CAP molecule gives three TPs with a m/z 378 (Kosjek et al.
2013). Diastereoisomer of CAP (ISO-CAP) is also identified (Kosjek et al. 2013).

Alternatively, electrochemical oxidation of CAP led to identification of produced
5-deoxy-fluorocytidine and 5-FU (Barışçı et al. 2018). Finally, none of the TPs
identified during 5-FU transformation are observed during CAP transformation.
During final transformation, both 5-FU and CAP are expected to be transformed
into tartronic acid and mesoxalic acid before complete mineralization (Koltsakidou
et al. 2017).

Since in most cases mineralization of the parent drugs is incomplete, identifying
stable TPs is important because they could contribute to overall toxicity. In addition,
these compounds could have clinical significance (Kosjek et al. 2013). Unfortu-
nately, the majority of TPs have only been tentatively identified and more work is
needed to identify their structure including their isolation, concentration and identi-
fication using MS and complementary analytical methods such as nuclear magnetic
resonance spectroscopy (NMR) as well as the synthesis of authentic standards.

Even though many 5-FU and CAP TPs have been recently proposed, their
occurrence in waste and environmental waters is yet to be determined. There is
also limited knowledge regarding their acute toxicity, since few studies test the
toxicity of treatment effluents (photolysis). Generally, TP mixtures of 5-FU have
lower (Lutterbeck et al. 2015, 2016; Barışçı et al. 2018) or unchanged (Lutterbeck
et al. 2015, 2016) toxicity when compared to 5-FU. TPs of CAP formed during UV
irradiation are reported to be more toxic than CAP (Guo et al. 2015), while TPs
formed during electrochemical oxidation are significantly less toxic (Barışçı et al.
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2018). To our knowledge, no attempts have been made to determine single TP
toxicity, which is mostly due to the lack of authentic standards.

14.7 Ecotoxicity

Based on 5-FU and CAP mechanism of action, these compounds may exert acute
and/or chronic toxic effects in non-target organisms. Drug development and mam-
malian toxicity data confirm that both 5-FU and CAP are carcinogenic and muta-
genic (Gómez-Canela et al. 2014). CAP is also suspected to be teratogenic in
mammals, and 5-FU has been shown to be embryotoxic and teratogenic in mammals
(Roche 2007, 2008). Unspecific effects of 5-FU have also been reported. For
example, it can affect the surface properties of algae cells disrupting cell aggregation
(Elersek et al. 2016). Such an effect could have consequences for aquatic
ecosystems.

14.7.1 Acute Toxicity

Fish Toxicity
5-FU and CAP are barely toxic for rainbow trout (Oncorhynchus mykiss), with
NOEC > 800 mg/L during 48 h- and 96 h-exposure (Roche 2007, 2008).

Invertebrate/daphnid Toxicity
5-FU is reported as harmful for the planktonic crustaceans (Daphnia magna),
causing growth impairment and/or immobilization (Poyatos et al. 2009; Zounkova
et al. 2007, 2010; Parrella et al. 2014a), and EC50 values between 15 and 36 mg/L
during 48 h-exposure. Its main urinary metabolite, FBAL is nontoxic to crustaceans
(Zounkova et al. 2010). However, 5-FU has higher toxicity to D.magna than
cytarabine and gemcitabine (Zounkova et al. 2010), cyclophosphamide
(CP) (Zounkova et al. 2007), CAP (Parrella et al. 2014a), cisplatin (CDDP), doxo-
rubicin (DOX), etoposide (ET) (Zounkova et al. 2007), tamoxifen (TAM) (Białk-
Bielińska et al. 2017) and the main urinary metabolite FBAL (Zounkova et al. 2010).
On the contrary, 5-FU does not show any acute toxicity below 100 mg/L towards D.
magna (Białk-Bielińska et al. 2017). 5-FU is very toxic to another freshwater
crustacean, Thamnocephalus platyurus (EC50 ¼ 0.26–0.29 mg/L) (Parrella et al.
2014a).

Toxicity studies of CAP report an acute effect at hundreds of mg/L in
Ceriodaphnia dubia and Daphnia magna (Mahnik et al. 2007; Lutterbeck et al.
2016), with a NOEC ¼ 500 mg/L (Roche 2008). In Thamnocephalus platyurus the
EC50 95% confidence range was from 174.7 to 223 mg/L (Parrella et al. 2014a), but
no effects at levels below 500 mg/L were observed for the rotifier Brachionus
calycifluorus (Parrella et al. 2014a).
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Algal Toxicity
5-FU is very toxic to algae and inhibits the growth of green microalgae
Pseudokirchneriella subcapitata. After 72 h, EC50 values are from 0.075 to
0.13 mg/L (Roche 2007; Brezovšek et al. 2014; Ud-Daula et al. 2012) and after
96 h 0.11 mg/L (Zounkova et al. 2007). 5-FU is less toxic to the green algae
Scenodesmus vacuolatus (NOEC ¼ 0.08 mg/L, 72 h) (Ud-Daula et al. 2012) and
to Synechococcus leopoliensis (NOEC ¼ 0.12 mg/L, 72 h) (Brezovšek et al. 2014).

5-FU is more toxic to Desmodesmus subspicatus (EC50 of 48 mg/L, 72 h) than
cytarabine (Zounkova et al. 2007) and CDDP, CP, DOX and ET to P. subcapitata
(Zounkova et al. 2010). 5-FU is also more toxic than the main urinary metabolite
FBAL to D. subcapicatus (Zounkova et al. 2007).

CAP was reported as not toxic to microalgae (NOEC ¼ 14 mg/L, 72 h) (Roche
2008).

Microorganism Toxicity
5-FU (Zounkova et al. 2007, 2010) is more toxic to bacteria Pseudomonas putida
(EC50: 0.027–0.044 mg/L) than cytarabine, gemcitabine (Zounkova et al. 2007),
CDDP, CP, DOX and ET (Zounkova et al. 2010). This contradicts previous studies
that report 5-FU having no effect on the growth of Pseudomonas putida in the range
1–256 mg/L (Kümmerer and Al-Ahmad 1997).

As expected, 5-FU is highly toxic to rapidly dividing photosynthesizing bacteria,
such as cyanobacteriae Anabaena flosaquae (growth rate: EC50 ¼ 24 μg/L, 72 h)
(Straub 2007) and Vibrio fischeri (EC50 ¼ 122 μg/L, 24 h) (Backhaus and Grimme
1999), although recent studies report its lack of acute toxicity (Białk-Bielińska et al.
2017; Załęska-Radziwiłł et al. 2014). Microbial assays used for toxic risk assess-
ment, reveal that 5-FU is also toxic to many human pathogenic and non-pathogenic
bacteria. It is harmful to Brevundimonas diminuta and toxic to Comamonas
testosteroni and Staphylococcus warneri, very toxic to Pseudomonas aurantiaca,
Citrobacter freundii, Pichia anomala, Serratia rubidaea, Delftia acidovorans,
Microbacterium spp., Enterococcus casseliflavus, Pseudomonas fluorescens and
Kurthia gibsonii, which agrees with the EU’s criteria of harmfulness to aquatic
biocenoses (Załęska-Radziwiłł et al. 2014).

Studies find that CAP does not inhibit bacterial respiration of aerobic bacteria
(Roche 2008; ETT 2004).

Toxicity to Other Organisms
5-FU has been shown to impair the reproductive and embryonic development of the
nematode Caenorhabditis elegans, with induced cell-cycle arrest and apoptosis of
germline cells, reduction in the number of mitotic nuclei, a dose-dependent decrease
in body size, germ cell death, vulval defects and embryonic and larval development
defects at levels of ~0.6 mg/L (Kumar et al. 2010). Metaestodes of tapeworm
(Echinococcus granulosus) exhibit tumor-like properties, which is evidenced by
their seemingly unlimited growth, proliferation potential and their ability to modu-
late their immune response and to form metastases. 5-FU reduces cell viability,
number and size of tapeworm cells in a dose- and time-dependent manner (Pensel
et al. 2014).

14 5-Fluorouracil and Its Prodrug Capecitabine: Occurrence, Fate and. . . 365



14.7.2 Chronic Toxicity

Chronic toxic effects of 5-FU and CAP on the reproduction and growth of aquatic
organisms are more limited, but more consistent. Generally, studies on invertebrates
(Daphnia magna, Ceriodaphnia dubia and Brachionus calyciflorus) and fish (Danio
rerio) report significant effects on reproduction and embryonal development, respec-
tively, at much lower concentrations than reported in acute toxicity studies.

Chronic exposure to 5-FU caused reproduction inhibition in D. magna at
EC50 ¼ 0.1 mg/L (Negreira et al. 2013b) and 0.026 mg/L (Parrella et al. 2014a),
after 21 days, several orders of magnitude lower than EC50 values observed in acute
toxicity studies. 5-FU is also very toxic to the crustacean Ceriodaphnia dubia and to
the rotifer Brachinous calyciflorus, with EC50 values of 0.003 mg/L (7 days) and
0.322 mg/L (48 h), respectively (Parrella et al. 2014a).

5-FU is nontoxic to zebrafish (Danio rerio), with lowest effective concentration
for overall subchronic effects of 100 mg/L (Straub 2007).

Only one study reported the chronic toxicity of CAP as harmful to D. magna
(EC50 ¼ 20.5 mg/L), and B. calyciflorus (EC50 ¼ 15.4 mg/L) and toxic to C. dubia
(EC50 ¼ 2.4 mg/L), 2–3 orders of magnitude higher than 5-FU, CDDP, DOX, ET
and IM (imatinib mesylate) EC50s (Parrella et al. 2014a).

The EU Commission Directive 93/67/EEC (1993) classifies chemical substances
according to their EC50 values against aquatic organisms into very toxic
(EC50 < 1 mg/L), toxic (1 � EC50 � 10 mg/L) and harmful
(10 � EC50 � 100 mg/L) and substances with an EC50 > 100 mg/L are classified
as non-toxic. Following these criteria, acute toxicity data are considered when
chronic data are not available. Thus, 5-FU is classified as:

• Very toxic to P. aurantiaca, C. freundii, P. anomala, S. rubidaea,
D. acidovorans, Microbacterium spp., E. casseliflavus, P. fluorescens and
K. gibsonii (Załęska-Radziwiłł et al. 2014), A. flos-aquae (Straub 2007),
P. putida (Zounkova et al. 2010), D. subscapicatus (Zounkova et al. 2007),
P. subcapitata (Roche 2007; Ud-Daula et al. 2012), B. calyciflorus (Parrella
et al. 2014a), D.magna (Straub 2007; Kümmerer and Al-Ahmad 1997; Parrella
et al. 2014a) and C. dubia (Parrella et al. 2014a);

• Toxic to C. testosteroni and S. warneri (Załęska-Radziwiłł et al. 2014),
S. leopoliensis (Brezovšek et al. 2014);

• Harmful to B.diminuta (Białk-Bielińska et al. 2017; Załęska-Radziwiłł et al.
2014), and S.vacuolatus (Ud-Daula et al. 2012);

• Non-toxic to: O. mykiss (Roche 2007) and V. fischeri (Załęska-Radziwiłł et al.
2014)

CAP is generally less toxic than 5-FU, since it is classified as toxic to C. dubia
(Parrella et al. 2014a), harmful to P. subcapitata (Mahnik et al. 2007), B. calyciflorus
(Parrella et al. 2014a) and D. magna (Parrella et al. 2014a), non-toxic to O. mykiss
(Mahnik et al. 2007) and T. platyurus (Parrella et al. 2014a).
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Based on the available data here shown, 5-FU and CAP are toxic to decomposers
(bacteriae), producers (green algae), primary and secondary consumers (crustaceans
and fish). Acute (Straub 2007; Roche 2007, 2008; Elersek et al. 2016; Zounkova
et al. 2007, 2010; Białk-Bielińska et al. 2017; Ud-Daula et al. 2012; Pensel et al.
2014; Novak et al. 2017; Parrella et al. 2015; Gačić et al. 2014) and chronic toxicity
data (Parrella et al. 2014a; Kumar et al. 2010; Kovács et al. 2015) have been
compared to 5-FU and CAP PECs (Johnson et al. 2013; Gomez-Canela et al.
2014; Franquet-Griell et al. 2015) depicting a potential risk to aquatic organisms.
Nevertheless, other studies state that these compounds do not pose any environmen-
tal risk (Johnson et al. 2013; Straub 2007; Brezovšek et al. 2014).

14.7.3 Toxicity of 5-FU in Mixture with Other Cytostatic
Agents

In the aquatic environment, cytostatic drugs are expected to occur in mixtures which
can exert antagonistic, additive or synergistic toxic effects in concentrations a few
orders of magnitude lower than the effective concentrations of the individual cyto-
static agents (Elersek et al. 2016; Ud-Daula et al. 2012; Parrella et al. 2014b; Kovács
et al. 2015). For example, exposure of Daphnia magna to a combination of 0.27 μg/
L of CDDP and 5.0 μg/L of 5-FU produced the same response as observed at single
exposures of 0.5 μg/L of CDDP and 12.2 μg/L of 5-FU (Parrella et al. 2014b). Even
though the concentration of the individual compounds might be low, their effects in
mixtures might be of ecotoxicological significance (Ud-Daula et al. 2012). This is
relevant because many cancer treatments use multiple combinations of cytostatic
agents to achieve an increased therapeutic effect. The possibility of mixtures of
cytostatic drugs occurring in the environment will, therefore, potentially increase the
threat posed to non-target organisms (Besse et al. 2012).

A triple mixture of 5-FU + IM + ET in different concentrations (Elersek et al.
2016) caused comparable levels of growth inhibition in green algae and
cyanobacteria as a mixture of 5-FU + IM (Elersek et al. 2016; Brezovšek et al.
2014). This is a likely result of ET’s ability to suppress the toxic activity of 5-FU
(Franquet-Griell et al. 2015). This antagonism is confirmed for binary mixtures of
5-FU and ET on the crustacean Ceriodaphnia dubia (Parrella et al. 2014b).

The mixture of CP, IF, CDDP and 5-FU in environmentally relevant concentra-
tions (all: 0.09–120 μg/L, 5-FU: 0.09–0.9 μg/L) showed no cytotoxicity in a
zebrafish liver cell line after 72 h (Novak et al. 2017).
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14.8 Genotoxicity

Cytostatic drugs, interfering directly or indirectly with DNA, may affect non-target
organisms. In particular, 5-FU is genotoxic to early-stage zebrafish (Danio rerio) in
concentrations above 32 mg/L during a 35-day early life-stage exposure (Straub
2007). Furthermore, exposure in a two-generation zebrafish assay to 5-FU at relevant
environmental concentrations (0.01–100 μg/L) DNA strand breaks, micronuclei,
whole transcriptome changes and histopathological changes were observed. A
dose-dependent increase in the number of differentially expressed DNA-damage
responsive genes and oncogenes was also observed, leading to lipidosis, regressive
liver degeneration and oncogenesis (Kovács et al. 2015). Strong DNA damage in
liver and blood cells were confirmed with liver cell line studies (Novak et al. 2017).

Lower down the aquatic trophic chain, genotoxic damage caused by 5-FU and
CAP were observed in mussels and crustaceans. 5-FU induced DNA strain breaks at
concentrations � 52 μg/L after 72 h treatment in vivo in freshwater mussels Unio
pictorum and Unio tumidis (Gačić et al. 2014). Regarding crustaceans, 5-FU caused
DNA strain breaks in Ceriodaphna dubia, after 24-h exposure with the lowest
observed adverse effect concentration (LOAEC) in the order of tens of ng/L lower
than that of CDDP, ET, IM and CAP on the same organism (Parrella et al. 2015). A
LOAEC of hundreds of ng/L was observed for 5-FU in D. magna. In the yeast
S. cerevisiae, 5-FU caused genotoxic effects at 0.02 mg/L (Zounkova et al. 2010).

5-FU and CAP determined DNA damages in microorganisms at high concentra-
tions (mg/L). CAP showed genotoxicity in Escherichia coli at concentrations
� 75 mg/L (Parrella et al. 2015). 5-FU was genotoxic towards Escherichia coli
starting from 1.4 mg/L (Martín et al. 2011) and 2.5 mg/L (Parrella et al. 2015),
whereas its metabolite FBAL was genotoxic to Salmonella cholarasius subsp. Chol
at 667 mg/L (Zounkova et al. 2010).

CAP exerted a mutagenic activity in Salmonella typhimurium from 300 mg/L,
while 5-FU was mutagen at concentration � 10 mg/L after 72 h exposure (Parrella
et al. 2015).

Unlike the prodrug CAP, that showed the lowest genotoxic activity when com-
pared to other cytostatic drugs such as CDDP, IM and ET, its active metabolite 5-FU
was the most active compound. The enzymatic metabolization of CAP in 5-FU in
non-target organisms is still unknown, so that the direct exposure of such organisms
to 5-FU could rapidly induce DNA strand breaks and other DNA lesions, causing its
stronger genotoxicity.

Genotoxicity of 5-FU in Mixture with Other Cytostatic Agents
Genotoxic effects of mixtures of cytostatic agents are generally compound-, dose-
and organism-dependent, and many contradicting results are found in the literature.
An example is the 5-FU and IM mixture, which has synergistic genotoxic effects on
green algae (P. subcapitata) and cyanobacterium (S. leopoliensis) (Brezovšek et al.
2014), but expresses antagonistic genotoxicity to the crustacean D. magna (Kundi
et al. 2015). Synergistic genotoxic effects are confirmed for binary mixtures of 5-FU
and CDDP on green algae and cyanobacteria (Brezovšek et al. 2014), while
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antagonistic effects were observed in C. dubia and additivity was found in D. magna
(Kundi et al. 2015). Indeed, when D. magna was exposed to a combination of
0.07 μg/L CDDP and 10 μg/L 5-FU, the same response was observed as for single
exposures of 1.1 μg/L CDDP or 106 μg/L 5-FU (Kundi et al. 2015). The synergism
arises from the interaction of 5-FU with CDDP via 5-FU mediated suppression of the
repair of CDDP-induced DNA adducts and crosslinks, which in turn increases the
cytotoxicity of CDDP.

Antagonism is confirmed for binary mixtures of 5-FU and ET in C. dubia (Kundi
et al. 2015).

Since residues of anticancer drugs are released into the environment as complex
mixtures of parent compounds and their metabolites, some studies have focused on
investigating genotoxic effects of multiple combinations of different anticancer
drugs. For example, a mixture of CP, IF, CDDP and 5-FU at environmentally
relevant concentrations (all: 0.09–120 μg/L, 5-FU: 0.09–0.9 μg/L) revealed no
genomic instability after 72 h to zebrafish liver cell lines, but induced a significant
increase in the formation of DNA strand breaks at concentrations several orders of
magnitude lower from the ones effective when tested as individual compounds
(Novak et al. 2017).

14.9 Conclusion

5-FU and CAP are polar compounds, which, according to their physico-chemical
properties, are expected to be present in aquatic environment and are unlikely to
bioconcentrate or sorb onto organic matter. Sensitivity of the analytical methods for
determining 5-FU and CAP in aqueous samples vary depending on the specific
method (sample preparation, instrumentation) and complexity of the investigated
matrix. Sensitivity ranges from μg/L (HPLC-UV) to low ng/L range (GC-MS and
LC-MS) and performance of analytical methods is further improved in terms of
sensitivity, selectivity and structural information, when high resolution mass ana-
lyzers are applied. Despite relatively limited data on their occurrence in the aqueous
environment, point sources include hospital effluents (μg/L) and municipal waste-
waters (ng/L). With one exception, where 5-FU was determined in a Taiwanese
surface water, 5-FU and CAP are yet to be determined in surface waters. This is a
result of low levels of these compounds in WW effluents and high dilution factors
resulting in concentrations of cytostatic drug residues in surface waters typically
below the limits of detection of existing methods.

Between the most commonly applied wastewater treatments for removing 5-FU
and CAP, UV based treatments (direct and indirect photolysis) and ozonation have
been the most studied and give the highest removal and mineralization rates. Again,
these treatments are neither studied nor suitable for complex matrices like wastewa-
ters. Recent studies have also reported the formation of stable transformation product
of 5-FU and CAP indicating defluorination, mono/poly-hydroxylation, pyrrolidine
ring opening and sugar cleavage, pentyl chain dissociation and CO2 removal as main
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transformation mechanism of 5-FU ad CAP, respectively. The environmental rele-
vance of these transformation products is yet to be confirmed.

Both predicted and measured concentrations of 5-FU and CAP in the aquatic
environment are lower than those expected to cause adverse effects in aquatic
organisms, where CAP is less toxic than its metabolite 5-FU. However, we should
be aware that environmental samples contain mixtures of pharmaceuticals residues
(including cytostatic drugs), their metabolites and transformation products, what can
result in synergistic and additive effects resulting in lower effect concentrations than
those determined for single compound.

Although few studies suggest that there is no exposure level of concern in the
aquatic environment for CAP and 5-FU and that they do not pose any risk, on the
other hand, many available data show that these drugs are toxic to different trophic
levels of ecosystems. Comparing 5-FU and CAP concentrations used in acute and
chronic toxicity studies to their respective PECs and experimentally obtained results,
it appears that 5-FU and CAP exert a potential risk to aquatic organisms. However, it
is premature to conclude that environmental concentrations of 5-FU and CAP are
safe, without further long-term exposure studies on non-target organisms. Moreover,
single compound toxicity data are not sufficient for predicting the toxicity of
anticancer drug mixtures frequently present in the environment.
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Part IV
Toxicity (Effects)



Chapter 15
Toxicity of Anticancer Drug Residues
in Organisms of the Freshwater Aquatic
Chain

Chiara Russo, Margherita Lavorgna, Concetta Piscitelli, and Marina Isidori

Abstract Antineoplastic drug residues released in the aquatic system represent a
potential risk to exposed non-target organisms. Antineoplastic drugs are present in
aquatic environments at lower concentration levels than in other therapeutic classes.
In particular, antineoplastic drugs are known for their continuous release and
subsequent exposure throughout the life span of aquatic organisms and will yield
long-term toxicity rather than pose an immediate threat to the environment and
human health. Furthermore, these drugs interfere directly or indirectly with DNA
and their eco-toxicological effects, such as reproductive inhibition, may modify
genetic material. In light of these observations, this chapter aims to investigate the
acute and chronic effects of the most commonly used anticancer drugs in organisms
of the freshwater trophic chain. The drugs investigated belong to the subgroup L01
of the Anatomical Therapeutic Chemical Classification System and have been
chosen considering their occurrence, chemical structures, and modes of action.

Keywords Antineoplastic drugs · Aquatic organisms · Acute toxicity · Chronic
toxicity · PEC

15.1 Introduction

It is known that pharmaceutical residues may induce a biological response in
non-target organisms that are environmentally exposed. Prioritization methodolo-
gies are fundamental to assess potential toxicity of pharmaceuticals.

Both the European Medicines Agency (EMA) and the American Food and Drug
Administration (FDA) have established guidelines on Environmental Risk Assessment
(ERA) of human drugs, setting a Predicted Environmental Concentration (PEC) as a
trigger value for environmental risk assessment. The trigger values set by EMA and
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FDA differ in two orders of magnitude: 0.01 μg/L and 1 μg/L, respectively. Antineo-
plastic drug residues occur in the aquatic environment at lower concentrations than in
other pharmaceuticals, and the EMA trigger value of 0.01 μg/L is rarely reached.
Nevertheless, antineoplastic drugs that directly or indirectly interfere with DNA pose a
significant hazard to the environment with sublethal chronic effects on non-target
organisms and human health through intake of drinking water. We, thus, need to
assess the relevance of trigger values for compounds that interfere directly or indirectly
with DNA affecting both cancerous and healthy cells. The consumption of anticancer
drugs will presumably increase considering an aging population, a potential increase in
cancer incidence (US National Institute of Health, www.cancer.gov), early diagnosis,
treatment duration in relation to survival time, and higher dosages to reduce side
effects (Suhail et al. 2012; Kümmerer et al. 2016). Antineoplastic residues are
therefore likely to occur at higher concentrations in the aquatic systems over the
next few years, and despite advances in analytical chemistry, which may detect such
compounds at increasingly low concentrations (ng/L), the assessment of the potential
risk to the aquatic environment of mutagenic, genotoxic, and carcinogenic compounds
is still required.

The various prioritization methodologies include risk-based approaches to iden-
tify drugs with unintended effects on non-target organisms (Burns et al. 2017). One
of the most common procedures is based on the estimation of the PEC or the
quantification of the Measured Environmental Concentration (MEC) compared to
the Predicted No-Effect Concentrations (PNEC). PEC value is based on the
consumption of pharmaceuticals, human metabolism, excretion fraction, removal
in wastewater treatment plants (WWTP), and dilution in the aquatic systems, while
MEC is the actual concentration detected in the environment obtained by chemical
analysis. PNEC is the concentration expected to be free of adverse effects and
considers acute and/or chronic toxicity data in non-target organisms from different
trophic levels.

Studies on the occurrence of antineoplastic drugs in aquatic systems have
increased considerably, with 121 papers published in 2002 and 303 in 2016.
However, few studies have investigated the acute and/or chronic effects of antineo-
plastic drugs in aquatic organisms with a total of 15 publications from 2007 to 2017
(www.scopus.com).

These studies have been performed on several organisms belonging to different
trophic levels of the freshwater aquatic chain, i.e., decomposers (bacteria), producers
(algae and aquatic plants), and consumers (rotifers, crustaceans, fish), in accordance
with the international standardization guidelines (ASTM, ISO, OECD) (Table 15.1).

Acute toxicity endpoints are expressed as median lethal or effect (i.e., immobi-
lization, luminescence inhibition, inhibition of growth) concentrations: L(E)C50,
while chronic toxic effects such as population growth inhibition or reproduction
inhibition at different times of exposure are expressed as EC50. In long-term toxicity
testing, the Lowest Observed Effect Concentration (LOEC) and the No Observed
Effect Concentration (NOEC) have been measured for specific adverse effects.

According to the Anatomical Therapeutic Chemical Classification System (ATC,
www.whocc.no), the active substances are divided into different groups based on the
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target organ and their therapeutic, pharmacological, and chemical properties. Anti-
neoplastic drugs, L01, are a subgroup of L (antineoplastic and immunomodulating
agents) and are subsequently divided into five subgroups as reported in Scheme 15.1.

Some antineoplastic drugs belonging to each subgroup of L01 are investigated in
this chapter. The subgroup L01A is represented by alkylating agents, which are able
to attach directly to an alkyl group (CnH2n+1) of the guanine base forming DNA
adducts causing cell growth inhibition or apoptosis stimulation. The antimetabolites
(L01B) are chemicals that alter the DNA replication process by incorporating
chemically altered nucleotides in genetic material or by depleting the supply of
deoxy-nucleotides. The subgroup of plant alkaloids and other natural products
(L01C) include drugs that interfere with the DNA replication as well as cell division,
inhibiting the topoisomerase enzymes, blocking the formation of the spindle in the
mitosis or inhibiting its removal.

Cytotoxic antibiotics and related substances (L01D) may bind tightly and inter-
calate into the double-stranded DNA and may interfere with RNA synthesis. In the
group of other antineoplastic agents (L01X), there are compounds with diverse
chemical structures, diverse specific activities, and different mechanisms of action,
i.e., protein kinase inhibitors targeting specific protein kinases and monoclonal
antibodies acting against cancer-specific antigens.

An extensive literature analysis was conducted herein to examine the ecotoxicity
of the antineoplastic drugs, reported in Table 15.2, selected according to their
chemical structures, modes of action, increasing consumption levels, and their
environmental measured concentration in waterbodies.

Table 15.1 International Standardization guidelines used for the evaluation of acute and chronic
toxicity of several organisms from different levels of the aquatic food chain

Toxicity Species Organism Guideline

Acute Bacteria Vibrio fischeri DIN 38412-L34 (1991)

Pseudomonas putida ISO 10712 (1995)

Rotifers Brachionus calyciflorus ASTM E1440-91 (2004)

Crustaceans Ceriodaphnia dubia US EPA-600-4-90 (1993)

Daphnia magna OECD 202 (2004); ISO 6341
(1996)

Thamnocephalus platyurus ISO 14380 (2011)

Fish Danio rerio OECD 203 (1992)

Chronic Bacteria Vibrio fischeri DIN 38412-L37 (1991)

Cyanobacteria Synechococcus leopoliensis OECD 201 (2011)

Algae Pseudokirchneriella
subcapitata

OECD 201 (2011)

Rotifers Brachionus calyciflorus ISO 20666 (2008)

Crustaceans Ceriodaphnia dubia ISO 20665 (2008)

Daphnia magna OECD 211 (2008); ISO 10706
(2000)

Plants Lemna minor OECD 221 (2006)
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15.2 Acute and Chronic Toxicity of Selected Antineoplastic
Drugs

15.2.1 L01A: Alkylating Agents

15.2.1.1 Subgroup L01AA: Cyclophosphamide and Ifosfamide

Cyclophosphamide (CP, L01AA01) and ifosfamide (IFO, L01AA06) belong to
nitrogen mustard analogues (L01AA), which are chemotherapeutics used to treat
various forms of cancer: lymphoma, leukemia, and several solid tumors such as
lung and bronchus, breast, and ovarian cancers (Xie 2012). CP and IFO are widely
used antineoplastic drugs in cancer therapy. They are polar compounds, highly
soluble in water, with a low octanol/water partition coefficient (log Kow of 0.6 and
0.9 for CP and IFO, respectively, Table 15.2) and low adsorption potential to
sewage sludge or sediments (Kosjek and Heath 2011; Xie 2012). Based on their
mode of action, CP and IFO are pro-drugs, which, following administration, are
metabolized and excreted together with their metabolites and released into the
sewage systems, subsequently entering the wastewater treatment plants. They are
only partially removed and eventually flow into the water bodies (Delgado et al.
2011; Köhler et al. 2012; Kovalova et al. 2012; Lutterbeck et al. 2015a). Indeed,

Scheme 15.1 Classification of antineoplastic drugs
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CP and IFO have been detected in different compartments including hospital
wastewaters, wastewater treatment plant influents, effluents, and surface water at
concentrations ranging from ng/L to μg/L (Brooker et al. 2014; Negreira et al.
2014; Česen et al. 2016a).

As regards CP and IFO, acute toxicity assays were performed using the
bioluminescent bacterium Vibrio fischeri with no luminescence inhibition after
30 min for each compound (Lutterbeck et al. 2014, 2015a; Białk-Bielińska et al.
2017). Furthermore, the Pseudomonas putida growth inhibition test was
performed on CP by Zounková et al. 2007, showing no change in the absorption
(590 nm) of bacterial culture after 16-h exposure. The acute toxic effect of these
two alkylating agents was also tested in primary consumers: the rotifer
Brachionus calyciflorus, the anostracan crustacean Thamnocephalus platyurus,
and the cladoceran crustaceans Daphnia magna and Ceriodaphnia dubia, with L
(E)C50 values at concentrations ranging from 196.4 to 1924 mg/L, several orders
of magnitude higher than concentrations found in the aquatic environment (Česen
et al. 2015; Isidori et al. 2016a; Białk-Bielińska et al. 2017; Russo et al. 2018).
Furthermore, IFO showed an increasing acute toxic effect along the aquatic
trophic chain (B. calyciflorus < T. platyurus < C. dubia) (Russo et al. 2018).

Regarding chronic toxicity, Russo et al. (2018) found that CP and IFO, at the
highest concentration tested (200 mg/L), showed no significant growth inhibition
compared to the negative control (after 72 h of incubation), when tested on the
green alga Pseudokirchneriella subcapitata (also known as Raphidocelis
subcapitata and Selenastrum capricornutum). These results are in line with data
presented in other studies (Zounková et al. 2007; Grung et al. 2008; Česen et al.
2016b; Białk-Bielińska et al. 2017). No toxic effect up to 320 mg/L was observed
in the cyanobacterium Synechococcus leopoliensis (Česen et al. 2016b). The
absence of toxicity found for reducers and primary producers may be due to the
fact that these drugs are pro-drugs requiring metabolic activation by liver enzymes.
Literature also reports chronic studies on primary consumers such as
B. calyciflorus and C. dubia considering offspring reduction over 48-h and 7-day
exposure, respectively, as the test endpoint. The chronic exposure results indicate
that IFO was more toxic than CP with a median offspring reduction at 15.84 mg/L
in C. dubia (vs. CP EC50¼ 58.03 mg/L) after 7-day exposure and at 76.05 mg/L in
B. calyciflorus (vs. CP EC50 ¼ 89.84 mg/L) after 48-h exposure. The higher
toxicity observed for crustaceans compared to primary producers could be
explained by the presence of the cytochrome P450 gene superfamily in daphnids,
as well as in other organisms of the phylogenetic tree such as insects and nema-
todes that play a fundamental role in the metabolism of and tolerance to anthro-
pogenic chemicals (Baldwin et al. 2009). Białk-Bielińska et al. (2017) conducted a
study on the toxicity of the CP and IFO in the aquatic plant Lemna minor and did
not observe any toxic effects up to 100 mg/L. The data of the described reports are
listed in Table 15.3.
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15.2.2 L01B: Antimetabolites

15.2.2.1 Subgroup L01BA: Methotrexate

Methotrexate (MTX, L01BA01) is an antimetabolite belonging to the class of folic
acid analogues widely used as a chemotherapeutic agent in the treatment of bron-
chial, breast, and ovarian cancers, lymphomas, and leukemia. It acts by inhibiting the
dihydrofolate reductase (DHFR), and blocking purine and pyrimidine bases path-
ways, crucial for DNA synthesis. Methotrexate is commonly used to treat autoim-
mune diseases. It is a polar compound (log Kow ¼ �1.8, Table 15.2), it is excreted
in the urine by 80–100%, and it is characterized by a high biodegradability and a
direct degradation by photolysis with few transformation products (Xie 2012;
Lutterbeck et al. 2015b). Due to its physical and chemical properties, MTX is
unlikely to be adsorbed by wastewater sludge or sediments and may be detected in
the water cycle (Lutterbeck et al. 2015b). In fact, this antimetabolite has been
observed in different environmental compartments including hospital and wastewa-
ter treatment plant effluents and surface waters at concentrations ranging from tens
of ng/L to μg/L (Isidori et al. 2016a). Considering its aquatic concentrations, MTX is
unlikely to pose a risk of acute toxicity on non-target organisms. In fact, testing the
parent compound up to 100 mg/L, no median short-term effects such as lumines-
cence inhibition during 30 min and immobilization during 48-h exposure were
observed in V. fischeri and D. magna, respectively (Białk-Bielińska et al. 2017).
On the contrary, the same authors found a long-term toxicity in P. subcapitata and
L. minor at concentrations in the order of units of mg/L and tens of μg/L, respec-
tively, as shown in Table 15.3. These results on aquatic plants may cause environ-
mental concern considering that MTX may be found at concentrations only one
order of magnitude lower than those causing growth inhibition after 7-day exposure.

15.2.2.2 Subgroup L01 BC: 5-Fluorouracil and Capecitabine

5-Fluorouracil (5-FU, L01 BC02) and its prodrug capecitabine (CAP, L01 BC06)
are two pyrimidine analogues with a potential to inhibit the DNA polymerase and the
DNA synthesis in the S phase, inducing cell cycle arrest and apoptosis (Straub
2010). CAP is used in the treatment of metastatic breast and colorectal cancers, and
after oral administration, it undergoes rapid enzymatic metabolization in the active
5-FU by thymidine phosphorylase mainly in tumor cells. Differently from CAP,
5-FU is administered intravenously and is used to treat breast, colorectal, esopha-
geal, stomach, pancreatic, and skin cancers. Of the administered CAP, 95% is
recovered in the urine (only 3% as an unchanged drug), while 5-FU is excreted in
the urine by 85–90% as metabolites, and the remaining 10–15% is unchanged. In
aqueous solution, both polar compounds show high solubility with low log Kow
values equal to �1 and 0.6, for 5-FU and CAP, respectively (Table 15.2), presenting
low adsorption to suspended solids and to sewage sludge and adequate
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biodegradability (Straub 2010; Xie 2012). These antimetabolites are found in hos-
pital effluents and wastewater treatment plants at concentrations in the order of units/
tens of ng/L for 5-FU and units/tens of μg for CAP (Straub 2010; Isidori et al. 2016a;
Olalla et al. 2018).

5-FU was particularly toxic to the microorganism P. putida with an acute EC50
value equal to 0.044 mg/L (Zounková et al. 2010), differently from V. fischeri that
did not show luminescence inhibition after 30-min exposure at concentrations up to
100 mg/L (Białk-Bielińska et al. 2017). In acute toxicity testing toward consumers,
5-FU was particularly toxic in T. platyurus with LC50 equal to 0.28 mg/L, while in
D. magna, the EC50 was found at a concentration of two orders of magnitude higher
(20.84 mg/L). CAP presented fewer toxic effects for all consumers tested with L(E)
C50 values two or three orders of magnitude higher than 5-FU (Straub 2010; Parrella
et al. 2014) in line with the results reported by Zounková et al. (2007, 2010).

As regards chronic toxicity, expressed as reproduction inhibition, very low EC50
values, in the order of μg/L and mg/L for 5-FU and CAP, respectively, were
observed in both rotifers and crustaceans.

In addition, 5-FU was able to inhibit the growth of green alga (Zounková et al.
2010; Brezovšek et al. 2014; Białk-Bielińska et al. 2017), L. minor (Załeska-
Radziwiłł et al. 2011; Białk-Bielińska et al. 2017), and cyanobacteria (Brezovšek
et al. 2014) although at concentrations higher than those found for rotifers and
crustaceans. Differently from the pro-drug CAP, which is of less environmental
concern due to its toxic effects at very high concentrations (mg/L), 5-FU is more
hazardous since, as reported by Xie (2012), it is converted into different metabolites
forming stable complexes that interfere with DNA synthesis.

15.2.3 L01C: Plant Alkaloids and Other Natural Products

15.2.3.1 Subgroup L01CB: Etoposide

Etoposide (ET, L01CB01) is a semisynthetic derivative of podophyllotoxin, a
chemotherapeutic agent prescribed in clinical therapy to treat a wide spectrum of
human cancers, especially small cell lung cancer and testicular cancer. ET is a
topoisomerase II inhibitor and, acting in the late S and early G2 phases of the cell
cycle, it binds the DNA forming a covalent cleavage complex, preventing DNA from
relegation, causing DNA damage due to the generation of permanent DNA strand
breaks and chromosomal translocations, which lead to cell apoptosis (Baldwin and
Osheroff 2005; Xie 2012). After administration, 5–22% of ET is excreted in the
urine in unchanged form (Zhang et al. 2013). This drug is neither a readily water-
soluble compound nor a highly biodegradable compound; in fact, under dark
conditions, ET is degraded for approximately 40% in 7 days and subjected to slow
hydrolysis in water (Kosjek et al. 2016), and its log Kow is equal to 0.6 (Table 15.2).
It is present in hospital effluents from 3.4 to 714 ng/L (Catastini et al. 2008; Yin et al.
2010; Ferrando-Climent et al. 2014). Acute toxicity was observed in crustaceans

15 Toxicity of Anticancer Drug Residues in Organisms of the Freshwater. . . 393



(D. magna, C. dubia, T. platyurus), rotifers (B. calyciflorus), and fish (D. rerio) and
was found at concentrations far higher (dozens-hundreds of mg/L) than those of
environmental concern (Zounková et al. 2007; Parrella et al. 2014; Kovács et al.
2016). Similarly, the inhibition of growth of the green alga P. subcapitata and of
different species of bacteria such as the cyanobacterium S. leopoliensis and the
gram-negative bacterium P. putida was found at concentrations in the order of
dozens-hundreds of mg/L (Zounková et al. 2007; Brezovšek et al. 2014). In addition,
according to Parrella et al. (2014) and Kovács et al. (2016), chronic toxicity
[evaluated as offspring reduction for crustaceans and rotifers or as embryo toxicity
for fish (OECD 2006)] was observed in D. magna (EC50 ¼ 0.239 mg/L), C. dubia
(EC50 ¼ 0.204 mg/L), B. calyciflorus (EC50 ¼ 3.7 mg/L), and D. rerio
(LC50 > 300 mg/L). The highest chronic toxic effects did not increase as the aquatic
trophic chain level increased, as expected, thus indicating the highest susceptibility
of crustaceans to ET.

15.2.4 L01D: Cytotoxic Antibiotic and Related Substances

15.2.4.1 Subgroup L01DB: Doxorubicin

Doxorubicin (DOX, L01DB01) is an anthracycline that is a cytotoxic antibiotic
mainly used in chemotherapy against several solid cancers. This drug consists in a
planar moiety intercalating between two base pairs and in a daunosamine moiety
forming a complex with the immediately adjacent base pairs to the intercalation site.
This particular structure allows DOX to interact with DNA, blocking DNA replica-
tion and preventing DNA relegation inhibiting the progression of the topoisomerase
II (Xie 2012). DOX is excreted 5–12% in urine and 40–50% in feces. DOX water
solubility is relatively low; the log Kow is equal to 1.27 (Table 15.2) and is easily
adsorbed to sewage sludge. This drug was measured in Austrian hospital wastewa-
ters in concentrations ranging from 0.26 μg/L to 1.35 μg/L (Lenz et al. 2007; Mahnik
et al. 2007), while in both Spanish and Slovenian municipal and hospital wastewa-
ters, DOX measured concentrations were below detection limit, LOD ¼ 0.7–0.8 ng/
L (Isidori et al. 2016a). Acute toxicity was observed in P. putida at high concentra-
tions (EC50 > 1000 mg/L) and in crustaceans at concentrations ranging from 0.31 to
5.18 mg/L (Zounková et al. 2007; Parrella et al. 2014). Rotifers were less susceptible
to DOX with EC50 found at few dozens of mg/L (Parrella et al. 2014).

The growth inhibition was observed in P. subcapitata at dozens of mg/L (Zounková
et al. 2007). The same order of magnitude in toxicity was found by Han and coauthors
(Han et al. 2015) in Danio rerio embryos (LC50 ¼ 16.96 mg/L). In addition, the
chronic toxicity in the rotifer B. calyciflorus was observed by Parrella et al. (2014) at
units of mg/L (EC50 ¼ 7.7 mg/L). DOX, as well as other anthracyclines, shows
ecotoxicity at relatively high concentrations in the spectrum of the species tested.
Moreover, anthracyclines may be effectively removed from wastewater treatment
plants and play a less significant role in the hazard of antineoplastic drugs.
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15.2.5 L01X: Other Antineoplastic Agents

15.2.5.1 Subgroup L01XA: Cisplatin or Cis-diamminedichloroplatinum

Cisplatin (CDDP, L01XA01) is a square planar Pt (II) complex used in chemother-
apy to treat ovarian, lung, head, and neck cancers and in particular testicular cancer.
After administration, one of the two chloride atoms is displaced by water to give the
aquo-complex cis-[PtCl(NH3)2(H2O)]+, which preferentially binds to guanine,
forming crosslinks between guanine bases, interfering with cell division during
mitosis, leading cell to apoptosis (Xie 2012). The drug is excreted in the urine and
accounts for 13–17% of the dose. The biodegradation of cisplatin is close to zero,
easily soluble in water, and polar with a very low log Kow equal to �2.2
(Table 15.2). According to Isidori et al. (2016a), CDDP was found in both Spanish
and Slovenian municipal and hospital wastewaters. In Spanish wastewaters, the
concentrations were below detection limit (LOD ¼ 0.7–0.8 ng/L), whereas in
Slovenian hospital effluents, total platinum compounds were found in the order of
magnitude of hundreds of ng/L. Furthermore, Vyas et al., in Vyas et al. 2014,
measured platinum-based anticancer drugs as total Pt compounds in the wastewaters
of a major UK hospital in concentrations ranging from 0.02 to 140 μg/L in the
oncology effluent. The median acute toxicity observed for CDDP in crustaceans and
rotifers (Table 15.3) ranged from 0.94 to 8.44 mg/L (Zounková et al. 2007; Parrella
et al. 2014), while in the fish D. rerio, LC50 was found at higher concentrations
equal to 64.5 mg/L (Kovács et al. 2016). In addition, the median growth inhibition in
P. putida, in P. subcapitata, and in S. leopoliensis was observed from few tenths to
units of mg/L (Zounková et al. 2007; Brezovšek et al. 2014). Furthermore, CDDP
was causing 50% of the offspring reduction in crustaceans at concentrations ranging
from 1.63 μg/L (EC50 – D. magna) to 16.8 μg/L (EC50 – C. dubia) and in rotifers at
concentrations in the order of hundreds of μg/L. Platinum compounds are, generally,
found among the most toxic antineoplastic drugs most likely for the direct DNA
strand breaks and ROS production. Furthermore, due to CDDP physico-chemical
properties, it is rapidly hydrolyzed in different residues forming new, stable, and
more toxic mixtures (Parrella et al. 2014).

15.2.5.2 Subgroup L01XE: Imatinib

Imatinib mesylate (IM, L01XE01) is a tyrosine kinase inhibitor mainly used in the
treatment of Philadelphia chromosome-positive chronic myeloid leukemia. IM,
binding an intracellular pocket located within tyrosine kinases, inhibits the ATP
binding and prevents phosphorylation and the subsequent activation of growth
receptors, resulting in decreased proliferation and enhancement of cell apoptosis
(An et al. 2010). IM is excreted in 81% in unchanged form, and the fecal to urinary
excretion ratio is approximately 5:1. This chemical is soluble in water (pH < 5.5) and
its log Kow is 2.89 (Table 15.2). In addition, Nageswari and collaborators
(Nageswari et al. 2012) did not observe degradation when IM was subjected to
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base hydrolysis (NaOH for 30 h), water hydrolysis, and light and heat conditions.
Scientific literature regarding the environmental characteristics, the occurrence, and
the toxicity of this chemical in the aquatic system is scarce. Nevertheless, according
to Isidori et al. (2016a), IM was found in Slovenian wastewaters at concentrations
lower than LOQ value (180 ng/L), but higher than LOD (54 ng/L). The PEC values
for IM refined by excretion rates ranged from 0.18 to 5.64 ng/L (Besse et al. 2012;
Booker et al. 2014; Santos et al. 2017). Acute toxicity was observed at L(E)C50
values ranging from 11.97 to 43.27 mg/L in the crustaceans D. magna, C. dubia, and
T. platyurus (Parrella et al. 2014), while in D. rerio, IM median lethal effect was
observed at 70.8 mg/L (Kovács et al. 2016).

As regards growth inhibition, 50% of the effect was found in P. subcapitata and
in S. leopoliensis after 72-h exposure at concentrations in the order of few mg/L
(Brezovšek et al. 2014; Białk-Bielińska et al. 2017). Furthermore, the concentrations
causing 50% inhibition of the reproduction were observed both in crustaceans and in
rotifers in the order of hundreds of μg/L (Parrella et al. 2014). As regards fish embryo
toxicity and the inhibition of reproduction in the plant L. minor, the lowest observed
effective concentration was observed at dozens of mg/L (Kovács et al. 2016; Białk-
Bielińska et al. 2017).

15.3 Are Acute and Chronic Toxicity Data Sufficient
to Identify Antineoplastic Drugs of Environmental
Concern?

On investigation of acute toxicity data toward non-target organisms, the selected
drugs, described herein, would not seem to be of environmental concern since
acute toxicity was found at the lowest value (EC50) of 0.044 mg/L for 5-FU in
P. putida, which are far from those of environmental concern, but are still relevant
regarding environmental risk assessment when chronic data are lacking. The
effects observed in chronic toxicity studies are shown in Table 15.4.
5-Fluorouracil and CDDP were found to be the most hazardous antineoplastic
drugs causing the inhibition of reproduction in the range from 1 to 10 μg/L.
Potential risk is not foreseeable when comparing chronic toxicity data of all
antineoplastic drugs to the respective MEC values, as the effective concentrations
are at least one or two orders of magnitude higher than the environmental drug
occurrence and crustaceans represented the most susceptible species. In Chap. 18,
the risk quotient (RQ), specifically the ratio between the PEC or the MEC value
and the Predicted No Effect Concentrations (PNEC), will be calculated as
suggested by EMA (2006), to assess the risk posed by antineoplastic drug residues
in the environment. The PNEC value is given by the ratio between the NOEC from
the long-term toxicity tests corrected by an assessment factor depending on the
number of trophic levels, taxonomic groups, and feeding strategies. Invertebrates,
along the trophic chain, hold a strategic role in the determination of the reproduc-
tive success because they constitute >90% of extant species (Jha 2008). In line with
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the same author, the reproductive success is the most relevant and important
ecotoxicological parameter since reproduction impairment at the whole organism
level depends on the genotoxic, mutagenic, and carcinogenic potentialities of
antineoplastic drugs, closely linked to the alterations in DNA.

Thus, for chemicals that challenge biological systems in various ways as do
antineoplastic drugs, a concurrent evaluation of toxicity and genotoxicity in the
same bioindicators may be of relevant environmental interest. Isidori et al. (2016b)
observed an increase of developmental malformations in the South African clawed
frog, Xenopus laevis, at concentrations of dozens of mg/L, testing 5-FU, ET, CAP,
and IM. Moreover, in Gačić et al. 2014, Gačić et al. found DNA damage in mussels
at dozens of μg/L. Unexpectedly, Parrella et al., in Parrella et al. 2015, identified
DNA strand breaks in crustaceans at concentrations in the order of dozens and/or
hundreds of ng/L for 5-FU, CDDP, DOX, and ET in D. magna and also for IM in
C. dubia confirming that daphnids are extremely sensitive primary consumers in the
aquatic food chain and in the detection of genotoxic alterations. These alarming
findings indicate that EMA and FDA guideline trigger values for environmental risk
assessment of drugs (0.01 μg/L and 1 μg/L, respectively) could underestimate
possible risks related to the presence in aquatic systems of such hazardous active
compounds as antineoplastic drugs. The consumption of antineoplastic drugs is
expected to increase in the near future, and considering their resistance to WWTP
removal, their concentration levels within the environment are most likely to rise.
Therefore, a safe level for non-target organisms and humans is difficult to establish
since genetic modification and cancer risk may exist at any level of exposure.
Furthermore, a trigger limit may not be set for DNA-damaging drugs, since drugs
are found in association with other parent drug residues, metabolites, biotic and
abiotic transformation products, and other pollutants in authentic samples causing
potential additive/synergistic effects. This is undoubtedly a harmful combination for
the environment and for human health.

Table 15.4 Chromatic table of the Long-term effects observed in producers and consumers for the
antineoplastic drugs with EC50 values (mg/L) in different orders of magnitude concentration ranges
in grayscale

Bacteria V. fischeri - - - - - - - -
Cyanobacteria S. leopoliensis

Algae
P. subcapitata -
D. subspicatus - - - - - - - -

Plants L. minor - - - -
Rotifers B. calyciflorus -

Crustaceans
D. magna - - -
C. dubia - -

CP IFO MTX 5-FU CAP ET DOX CDDP IM

NOT
EVALUATED

-
> 100 10-100 1-10 0.1-1 0.01-0.1 0.001-0.01
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Chapter 16
Genotoxicity of the Residues of Anticancer
Drugs: A Hazard for Aquatic Environment

Metka Filipič, Matjaž Novak, and Bojana Žegura

Abstract Anticancer drugs are a group of pharmaceuticals that are used in cancer
treatment. These drugs have high pharmacological potency and are designed to kill
tumour cells or to prevent and disrupt tumour cell division by interfering with
genetic material or processes that govern their replication. However, anticancer
drugs do not affect only cancer cells but also dividing normal cells. After human
consumption, anticancer drug residues are released into the environment as parent
compounds and their metabolites, where they might affect non-target environmental
organisms even at the level of sub- to few ng/L in particular during chronic exposure.
Recent ecotoxicological studies that included also detection of genotoxic effects of
selected anticancer drugs with different mechanisms of chemotherapeutic action
demonstrated high differences in the sensitivity of different aquatic organisms in
regard to lethal and reproductive effects. However, in all organisms, the concentra-
tions at which mortality and reproductive effects were observed were higher than the
concentrations that were detected or expected in the environmental samples. On the
contrary, the genotoxic effects of certain anticancer drugs were in crustacean and fish
detected at concentrations that may occur in the aquatic environment. Thus, potential
ecological risks for invertebrates and vertebrates cannot be ruled out. The results
clearly demonstrated that residues of certain anticancer drugs are hazardous for
aquatic environment; thus, further research and activities are needed that will enable
reliable environmental risk assessment and introduction of measures to reduce their
release into the environment.
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16.1 Introduction

Pharmaceuticals are a broad group of chemicals with different mechanisms of action
used to diagnose, treat, cure or even prevent various diseases in humans and animals.
These biologically active substances have brought great benefits to humanity in
terms of healthier and longer lives and improved the quality of life for human beings
and animals. Their overall consumption is substantial, and it is increasing globally
mainly due to population growth, aging and expiration of patents, leading to less
expensive and more available generics (Daughton 2002; Kummerer 2009). Scientific
as well as public concern regarding the occurrence of residues of pharmaceuticals as
environmental micropollutants has been increasing during the last two decades, as
their presence has been demonstrated across the aquatic and terrestrial environment,
where they have been consistently detected (Fent et al. 2006; Hughes et al. 2013;
Rodriguez-Mozaz and Weinberg 2010). After the consumption, pharmaceuticals are
excreted through faeces and urine as mixtures of metabolites and the unchanged
parent compounds. Predominantly, these compounds then enter the aquatic environ-
ment via effluents from hospital and municipal wastewater treatment plants and
landfill leakages and, to a minor extent, in the discharge from the pharmaceutical
industry. Due to their ubiquitous presence in the environment that arises from
their continual input into the aquatic compartment, they are considered as ‘pseudo’--
persistent pollutants (Hernando et al. 2006).

According to the purpose of use and biological activity, different groups of
pharmaceuticals can be classified such as antibiotics, analgetics, anticancer drugs,
anti-inflammatory drugs, oestrogens and hormonal drugs, antiepileptics, cardiovas-
cular pharmaceuticals, etc. (Kummerer 2009). Since 3000–10,000 different pharma-
ceutical preparations are currently in use (Boxall et al. 2012; Dong et al. 2013), it is
impossible to experimentally assess the hazards and risks of all of these compounds
in a timely manner. Therefore, different prioritization approaches have been used to
identify those groups that are likely to pose risk for the environment and need special
attention when dealing with environmental risk (Boxall et al. 2012; Kuster and Adler
2014). One such group are anticancer drugs (ACDs), which have been until recently
overlooked in the environmental risk assessments, mainly due to their low consump-
tion amounts, low predicted environmental concentrations and scarce information
regarding their occurrence in the environment (Besse et al. 2012; Kosjek and Heath
2011; Kummerer et al. 2014). However, many of these drugs are classified as
mutagenic, genotoxic, carcinogenic, embryotoxic and/or teratogenic, and it has
been postulated that they can cause adverse effects in aquatic ecosystem also at
low concentrations (Besse et al. 2012; Kosjek and Heath 2011; Kummerer et al.
2014; Toolaram et al. 2014).

The concentrations of the residues of anticancer drugs in the aquatic environment
are compared to the concentrations of the residues of many other pharmaceuticals
very low, at the level of pg/L to ng/L. Higher concentrations up to μg/L are detected
in hospital and municipal wastewaters (Kosjek and Heath 2011; Kummerer et al.
2014). In a recent paper, Toolaram et al. (2014) gave a comprehensive review on
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genotoxicity characterization of ACDs and their transformation products focusing
on their potential risk for the environment. The authors concluded that from an
environmental perspective, there is a lack of studies assessing genotoxicity of these
drugs in the aquatic organisms. In this chapter, we present the new findings on
potential adverse effects of the residues of ACDs to aquatic organisms and discuss
the relevance of these findings for the environmental risk assessment of ACDs.

16.2 Mechanisms of Therapeutic Action of Anticancer
Drugs

Anticancer drugs (ACDs) are mainly used in chemotherapy to fight cancer, a disease
involving uncontrolled multiplication of the body’s own cells and spreading abnor-
mal forms within the body. The Anatomical Therapeutic Chemical (ATC) Classifi-
cation System (http://www.whocc.no/atc_ddd_index/) classifies anticancer drugs
according to their chemical structures and therapeutic properties as Class L –

Antineoplastic and Immunomodulating Agents – with more than 260 drugs.
According to their mechanism of chemotherapeutic action, the antineoplastic agents
can be further classified into alkylating agents, antimetabolites, topoisomerase
inhibitors, mitotic spindle inhibitors and protein kinase inhibitors (Table 16.1).
Although the mechanisms of chemotherapeutic action of the different classes are
different, most of ACDs are designed to interact directly or indirectly with DNA
causing DNA damage and/or inhibit DNA synthesis resulting in inhibition of cancer
cell proliferation and cancer cell death. However, most of these mechanisms of
action are not very specific, and ACDs affect also normal cells, in particular those
rapidly dividing. Therefore, once the residues of ACDs are present in the environ-
ment, they might affect non-target environmental organisms.

16.3 Ecotoxicity of Anticancer Drugs

Ecotoxicity of ACDs is poorly investigated. The data are available mainly for those
ACDs that are consumed in high amounts or have been present on the market for
many years (Booker et al. 2014; Kummerer et al. 2014). Moreover, in most cases,
only acute ecotoxicity data are available, which however do not allow for prediction
of the adverse effects of life-cycle exposure to these compounds in aquatic
organisms.

Within the recently completed FP7 project, CytoThreat, the ecotoxicity of an
antimetabolite 5-fluorouracil (5-FU), an alkylating agent cisplatin (CDDP), a topo-
isomerase inhibitor etoposide (ET) and a tyrosine kinase inhibitor imatinib mesylate
(IM) has been evaluated. The four compounds with different mechanisms of che-
motherapeutic action also differ in their inherent genotoxic properties (Table 16.2).
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Table 16.1 Classification of anticancer drugs according to their mechanisms of chemotherapeutic
action

Class Representatives
Mechanism of
therapeutic action Major clinical uses

Alkylating
agents

Nitrogen mustard
analogues:

Formation of DNA
adducts and DNA alkyl-
ation of nucleic bases
within the same or com-
plementary DNA strands
forming intrastrand and
interstrand cross-links
that interfere with DNA
replication and transcrip-
tion (Fleming 1997;
Kelland 2007)

Lymphoma, breast and
ovarian cancer, small cell
lung cancer, testicular
cancer, head and neck
cancer, ovarian, multiple
myeloma

Cyclophosphamide,
ifosfamide

Platinum based:

Cisplatin, carboplatin

Antimetabolites Folic acid analogues:
Methotrexate

Inhibition key folate-
dependent enzymes
resulting in nucleotide
biosynthesis inhibition
and consequently inhibi-
tion of cell proliferation
and further damage that
lead to cell death (Hagner
and Joerger 2010)

Breast cancer, head and
neck cancer, leukaemia,
Burkitt lymphoma, lung
carcinoma, osteosar-
coma, bladder cancer

Purine and pyrimidine
analogues:
Thioguanine,
fludarabine,
5-fluorouracil,
capecitabine,
gemcitabine,
cytarabine

Inhibition of thymidylate
synthase that leads to
imbalance of
deoxynucleotides that
disrupt DNA repair and
synthesis, resulting in
lethal DNA damage

Breast, ovarian, cervi-
cal, bladder and prostate
cancer; gastrointestinal
adenocarcinomas; meta-
static pancreatic cancer;
small cell lung cancer

Misincorporation of
analogues into DNA
and RNA during the
DNA repair eventually
leads to DNA strand
breaks and cell death
and disruption of protein
synthesis, respectively
(Longley et al. 2003)

Topoisomerase
inhibitors

Topoisomerase I
inhibitors: Topotecan
and irinotecan

Interference with normal
functions of DNA
topoisomerases I and II
that are involved in con-
trolling, modifying and
maintaining structures
and topology of DNA,
leading to an increase in
DNA and chromosomal
breakage and cell death
(Pommier 2013)

Ovarian germ cell can-
cers, testicular cancer,
small cell lung cancer,
acute leukaemiaTopoisomerase II

inhibitors: Etoposide,
amascarine,
teniposide

(continued)
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In the standard genotoxicity assays, 5-FU, CDDP and ET are genotoxic in vitro and
in vivo. IM is not genotoxic in vivo, while the in vitro results are inconclusive.

The acute and chronic ecotoxicity of the four drugs was studied in algae,
crustacean and zebrafish using the standardized assays where available
(Table 16.3). In addition to standard lethal and sublethal toxic effects, the specific
genotoxicity endpoints such as DNA strand breaks and micronuclei induction were
evaluated as indicators of adverse long-term effects associated with damage of the
genetic material. DNA damage was determined with the comet assay, which is a
sensitive method for the detection of single-strand (and double-strand) breaks, alkali-
labile sites, DNA-DNA/DNA-protein cross-linking and single-strand breaks associ-
ated with incomplete excision repair (Tice et al. 2000). The micronucleus assay was
applied to determine chromosomal damage. Micronuclei are formed during cell

Table 16.1 (continued)

Class Representatives
Mechanism of
therapeutic action Major clinical uses

Mitotic spindle
inhibitors

Vincristine, vinblas-
tine, paclitaxel

Bind to tubulin dimers
causing dissolution, dis-
assembly or polymeriza-
tion of the microtubules,
which leads to the
destruction of the mitotic
spindle and arrest of the
cell cycle in metaphase
(Jackson et al. 1996)

Breast, ovarian, lung,
head and neck tumours;
leukaemia; paediatric
tumours; neuroblastoma

Tyrosine kinase
inhibitors

Imatinib, nilotinib,
lapatinib

Designed to inhibit cata-
lytic activity of the aber-
rantly expressed tyrosine
kinase by interfering
with the ATP, resulting
in the inhibition of pro-
liferation and induction
of apoptosis (Arora and
Scholar 2005)

Targeted cancer
treatment:

Chronic myeloid leu-
kaemia, colorectal
cancer

Table 16.2 Inherent genotoxic properties of 5-fluorouracil, cisplatin, etoposide and imatinib
mesylate

Genotoxicity assay

Genotoxicity

5-
Fluorouracil Cisplatin Etoposide

Imatinib
mesylate

Bacterial reverse mutation assay Positive Positive Negative Negative

In vitro mammalian cell mutation assay Positive Positive Positive Negative

In vitro mammalian cell clastogenicity
assay

Positive Positive Positive Positive/
negative

In vivo rodent clastogenicity assay Positive Positive Positive Negative

Carcinogenicity (IARC) Group 3 Group
2A

Group 1 Not classified
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division and can occur at different times after DNA damage, depending on the cell-
cycle kinetics and the mechanisms of induction (Bolognesi and Hayashi 2011). Both
of these assays have broad applicability in aquatic animals, and they have been
applied in numerous laboratory exposure and environmental monitoring studies
(Bolognesi and Hayashi 2011; Frenzilli et al. 2009).

In primary producers, alga Pseudokirchneriella subcapitata and cyanobacterium
Synechococcus leopoliensis, the four drugs showed different toxic potential, and the
two species examined showed differences in their susceptibilities towards the tested
drugs (Table 16.4). In P. subcapitata, the most toxic of these drugs was 5-FU,
followed by CDDP, IM and ET. In S. leopoliensis, the most toxic was CDDP,
followed by 5-FU and IM, while ET was not toxic at concentrations up to 351 mg/L
(Brezovšek et al. 2014). Although these assays are generally considered as acute
toxicity assays, they are in principle multigenerational assays and can be considered
as chronic toxicity tests. According to the EU Technical Guidance Document
(European Commission 2003), when the exposure is 72 h (or longer), the EC50 values
can be considered as parameter of acute toxicity, and the no observed effect concen-
tration (NOEC) values can be considered as chronic exposure parameter.

The concentrations at which growth inhibition was observed are rather high and
not relevant for environmental contamination except for 5-FU, which caused growth
inhibition at concentrations that have been detected in hospital wastewaters (Mahnik
et al. 2004) and in surface water in Taiwan (Lin et al. 2014) (Table 16.7).

Acute and chronic toxicity of the 5-FU, CDDP, ET, IM and capecitabine (CAP)
and doxorubicin (DOX) has been tested in primary consumers of the aquatic chain

Table 16.3 Ecotoxicity test systems used for the determination of acute and chronic toxicity and
genotoxicity of ACDs towards algae, crustacean and fish

Alga: P. subcapitata Crustacea: Fish:

Cyanobacteria: S. leopoliensis
D. magna and
C. dubia

Danio rerio
(zebrafish)

Acute
toxicity

Freshwater alga and
cyanobacteria, growth inhibi-
tion test (OECD TG
201 2011)

D. magna: Acute
immobilisation test
(OECD TG 202 2004):

Fish, acute toxicity
test: Limit test (OECD
TG 203 1992)

C. dubia: Acute mor-
tality assay (EPA-600-
4-90/027F 1993)

Fish embryo acute
toxicity (FET) test
(OECD TG 236 2013)

Chronic
toxicity

Reproduction
inhibition

Fish, early-life stage
toxicity test (OECD
TG 210 2013)D. magna: (OECD

TG 211 2008);

C. dubia (ISO 2008) Fish two-generation
toxicity test

Genotoxicity Comet assay Comet assay, micro-
nucleus assay

Gene
expression
analyses

Gene expression ana-
lyses: microarrays,
QRT-PCR
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Daphnia magna, Ceriodaphnia dubia, Brachionus calyciflorus and
Thamnocephalus platyurus. Acute ecotoxicological effects occurred at concentra-
tions in the range of mg/L (Table 16.4), whereas the growth inhibition after chronic
exposure was observed in the range of μg/L (Parrella et al. 2014) (Table 16.5). These
concentrations are for 5-FU, CDDP and ET in the range of concentrations that were
detected in hospital and municipal effluents (Table 16.7). The genotoxicity of the six
antineoplastic drugs was studied, applying the in vivo comet assay on cells from
whole organisms of Daphnia magna and Ceriodaphnia dubia (Parrella et al. 2015).
The results showed that all tested drugs induced DNA damage, in both organisms
(Table 16.6). It is notable that DNA damage determined after 24 h of exposure was
observed at concentrations that were orders of magnitude lower than the concentra-
tions at which inhibition of reproduction was observed. Parrella et al. (2015)
concluded that the evaluation of DNA damage after 24-h exposure in the whole
organisms of crustacean could be considered an early biomarker of the effect on
survival and/or reproductive toxicity representing a useful tool for environmental
monitoring and risk assessment of anticancer drugs.

In zebrafish (Danio rerio), the acute and sub-chronic toxicity of the four drugs
was low (Tables 16.4 and 16.5). In adult fish, 5-FU and ET were not toxic, while the
EC50 values for CDDP and IM were 64.5 and 70.8 mg/L, respectively. Also in the
zebrafish embryo toxicity test, the EC50 values were in the range of tens to hundreds
mg/L. The sub-chronic toxicity of 5-FU and IM was determined in the fish early life
stage toxicity test. Significant increase in mortality by both drugs was observed at
concentrations �10 mg/L (Table 16.4). 5-FU also affected body weight and length
that was significantly reduced at concentrations �1 mg/L (Kovacs et al. 2016).

However, none of these assays with zebrafish is appropriate to detect long-term
and delayed effects that may be associated with the genotoxic activity of ACDs.
Thus, 5-FU was tested in a two-generation study, which has not been performed
before with any ACD (Kovacs et al. 2015). The concentration ranges used were 0.01,
1 and 100 μg/L. In addition to standard toxicological endpoints, such as the survival,
growth and reproduction, the induction of DNA damage and micronucleus forma-
tion were determined as genotoxicity endpoints. The DNA damage was determined
in gills, liver, kidneys, gonads and blood cells using the comet assay. Complemen-
tary to the comet assay, the micronucleus assay was applied to determine chromo-
somal damage in erythrocytes. Both of these assays have broad applicability in
aquatic animals, and they have been applied in numerous laboratory exposure and
environmental monitoring studies. Furthermore, whole genome gene expression
profiling was performed on liver samples from F1 generation. Changes in gene
expression can either be related to adaptive processes or can be used as indicators of
toxic effects; they can indicate harmful impacts of chemicals in cases where classical
toxicological endpoints show no obvious adverse effects.

The study showed that the exposure to 5-FU did not affect survival, growth and
reproduction of the zebrafish; however, histopathological changes were observed in
the liver and kidney, along with genotoxic effects, at all 5-FU concentrations
(Table 16.5). Increases in DNA damage determined with the comet assay were
significant in the liver and blood cells, but not in the gills and gonads. In
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erythrocytes, a significant, dose-dependent increase in the frequency of micronuclei
was observed at all 5-FU concentrations (Table 16.6). Whole genome transcriptomic
analysis of liver samples of F1 generation zebrafish exposed to 0.01 μg/L and 1 μg/L
5-FU revealed dose-dependent increases in the number of differentially expressed
genes, including up-regulation of several DNA-damage-responsive genes and onco-
genes (i.e. jun, myca) (Kovacs et al. 2015). Although chronic exposure to environ-
mentally relevant concentrations of 5-FU did not affect the reproduction of the
exposed zebrafish, it cannot be excluded that 5-FU can lead to degenerative changes,
including cancers, which over long-term exposure of several generations might
affect fish populations.

16.4 Occurrence of the Residues of Anticancer Drugs
in the Environment

Since ACDs are not completely removed in conventional wastewater treatment
plants, they may remain in the dissolved phase in the aqueous effluents and leave
wastewater treatment plants only in partly reduced or even in unchanged concentra-
tions (Kosjek and Heath 2011; Zhang et al. 2013). Thus, it is considered that

Table 16.7 Predicted and measured environmental concentrations of 5-fluorouracil, etoposide,
cisplatin and imatinib mesylate

Anticancer
drug

PEC
(ng/L)a Matrix

Concentration
(ng/L) References

5-fluorouracil 7.91 Surface water 5–160 Lin et al. (2014)

– Hospital effluent < 5000–124,000 Mahnik et al. (2004)

Municipal water
effluent

< 1.6–17 Isidori et al. (2016)

Cisplatin 0.54 Surface water < LOQ Isidori et al. (2016)

Hospital effluent 10–50 Fuerhacker et al.
(2006)

Municipal water
effluent

3–25 Negreria et al.
(2014)

Etoposide 0.87 Surface water –

Hospital effluent 110–600 Catastini et al.
(2008)

Municipal plant
effluent

3–15 Martin et al. (2011)

Imatinib 4.99 Surface water –

Hospital effluent 75–577 Olalla et al. (2018)

Municipal plant
effluent

< 36 Negreira et al.
(2013)

aPEC predicted environmental concentration refined by excretion rates estimated by Besse et al.
(2012)
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effluents from wastewater treatment plants are the most important direct source of
ACDs into the aquatic environment. However, for the majority of ACDs, the
environmental burden is unknown, mainly because they have been ignored due to
their low concentrations in the environment and the lack of analytical techniques
sensitive enough to detect such low concentrations in complex environmental
matrices.

During the last years, new analytical methods are being developed; however, still
most of the studies are focused on the detection of the residues of ACD in waste-
waters, while the data on the concentrations of ACDs in surface waters is rather
limited. The most frequently detected ACDs in surface waters are CP and IF, ranging
from sub-ng/L up to 20 ng/L (Buerge et al. 2006; Ferrando-Climent et al. 2014;
Franquet-Griell et al. 2017; Zuccato et al. 2000). Also tamoxifen (up to 38 ng/L),
cytarabine (13 ng/L), ciprofloxacin (up to 102 ng/L) and bleomycin (17 ng/L) have
been found in aquatic environment at relatively high concentrations (> 10 ng/L)
(Aherne et al. 1990; Ferrando-Climent et al. 2014; Martin et al. 2011). In Thailand,
in Chao Phraya River, CP was detected at 1907 ng/L, hydroxycarbamide at 788 ng/L
and 5-FU at 578 ng/L (Usawanuwat et al. 2014), whereas in rivers in Taiwan, Lin
et al. (2014) reported concentrations of CP up to 96 ng/L and 5-FU up to 160 ng/L.

Since the data regarding the occurrence of ACDs in surface waters is limited, for
the purposes of environmental risk assessment, their predicted environmental con-
centrations (PECs) are often used. PEC values are calculated based on the consump-
tion data for ADCs in a given population and present the expected fraction of the
drug in surface waters once discharged and diluted. However, PECs usually do not
take into account local specificities and possible hot spots and thus provide only
rough estimation on national or regional scale (Zhang et al. 2013). Table 16.7
summarizes PEC values for 5-FU, CDDP, ET and IM published by Besse et al.
(2012) and recently published data on their detected concentrations in hospital and
municipal wastewater and in surface waters. For all compounds, it can be seen that
higher concentrations are present in hospital wastewaters than in the municipal ones.
In surface waters, only 5-FU and cisplatin were detected, while no data on the
eventual presence of ET and IM is reported.

16.5 Environmental Risk Assessment

For the environment risk assessment of pharmaceuticals, the European Medicines
Agency (EMA 2006) suggests to use the risk quotient (RQ) that is defined as the
ratio between predicted environmental concentration (PEC) and predicted no effect
concentrations (PNEC). The PNEC value is determined based on the lowest no effect
concentration (NOEC) result from the base set of long-term toxicity tests corrected
by the assessment factor (AF) 10 that takes into account uncertainties due to possible
interspecies and intraspecies differences in susceptibility. The RQ above 1 indicate
potential risk from the compound towards the environment. In the presented studies,
the most sensitive organisms were crustacean; thus, NOEC values for reproduction
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inhibition were used for calculating PNEC. It can be seen in Table 16.8 that the RQ
for all four drugs is <1. According to EMA (2006), it can be concluded that the
residues of these drugs are unlikely to represent the risk for the environment.
However, the amounts of FU, CDDP and ET in the hospital waste waters may be
2–3 orders of magnitude higher than the PEC. In some cases (i.e. 5-FU), they reach
the PNEC and even LOEC levels. Thus, locally near hospital effluents, it cannot be
excluded that these residues may affect reproduction of aquatic organisms.

It is notable that DNA damage (comet assay) in crustacean caused by short-
term treatment for 24 hrs and micronucleus assay in peripheral blood cells of
zebrafish chronically exposed to 5-FU through F0 and F1 generation were highly
sensitive endpoints. Therefore, we calculated the RQ for these endpoints. In
Table 16.8, it can be seen that the RQ values are in this case �1 for 5-FU,
CDDP and IM, but not for ET.

The data indicate that when considering reproductive effects as the most
sensitive toxicological endpoint, the four ACDs do not represent risk for the
environment. However, when genotoxicity is considered as the most sensitive
toxicological endpoint, 5-FU, CDDP and IM represent potential environmental
risks. It is notable that 5-FU at 0.01 μg/L in the two-generation study induced in
addition to micronuclei also histopathological changes in liver and kidney of
exposed fish as well as substantial changes in gene expression, including

Table 16.8 RQ for 5-fluorouracil, etoposide, cisplatin and imatinib mesylate calculated on the
basis of the NOEC/NOAEC results obtained in the most sensitive species in chronic exposure
toxicity and genotoxicity studies

Compound
PECa

(ng/L)
Test system with the lowest
NOECb/NOAECc

NOEC/
NOAEC
(ng/L)

PNECd

(ng/L) RQ

5-FU 7.91 Reproduction inhibition
D. magna

2060 206 0.04

Comet assay C. dubia 6 0.6 13.2
Micronucleus D. rerio 10 1 7.9

ET 0.87 Reproduction inhibition
C. dubia

97,600 9760 0.00009

Comet assay C. dubia 10 1 0.87

CDDP 0.54 Reproduction inhibition
D. magna

1000 100 0.005

Comet assay D. magna 1 0.1 5.4
IM 5.00 Reproduction inhibition

C. dubia
270 27 0.19

Comet assay C. dubia 30 3 1.7
aPEC (predicted environmental concentration) values are obtained from Besse et al. (2012)
bNOEC (no effect concentration) values for reproduction inhibition are from Parrella et al. (2014)
cNOAEC (no adverse effect concentration) values for genotoxicity for crustacean are from Parrella
et al. (2015) and for zebrafish from Kovacs et al. (2015)
dPNEC (predicted no effect concentration): NOEC or NOAEC/AF (assessment factor (AF) is 10)
(EMA 2006)
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up-regulation of DNA damage responsive genes and several oncogenes (Kovacs
et al. 2015). This result indicates that 5-FU can upon chronic exposure affect fish at
environmental concentrations. However, the reproductive parameters were not
affected, which raises the question of the significance of these effects in the context
of ecological risk assessment which is, on the contrary to human risk assessment
that is aimed to protect individuals, aimed to protect natural populations. Although
there is a clear evidence linking exposure of aquatic organisms to genotoxic
contaminants and adverse effects such as DNA damage, chromosome aberrations,
and cancer, it is still not clear how these effects are expressed as adverse effect at
the level of populations.

16.6 Conclusions

The EMA guideline (2006) describes a stepwise-tiered procedure for environmental
risk assessment for pharmaceuticals. The Phase I is a pre-screening assessment
aiming to estimate exposure and has an action limit for predicted environmental
concentration (PEC) at 0.01 μg/L. If the PEC in surface water is below this limit, it is
assumed that the compound is unlikely to represent a risk for the environment. If the
PEC value is equal to or above 0.01 μg/L, a Phase II environmental effect analysis
and fate has to be performed. The battery of ecotoxicological tests required in Phase
II is generally based on organisms from three different trophic levels of the aquatic
chain: algae (growth inhibition test), crustacean (inhibition of population growth),
and fish (early-life stage toxicity assay). The PEC values for ACDs are generally
below the action limit (0.01 μg/L) that would require Phase II environmental fate and
effect analysis, which may also explain why so far ACDs were not considered to be
of environmental relevance. However, the mechanism of action of these drugs is via
direct or indirect interference with genetic material. For genotoxic substances that
directly interact with DNA a linear dose–response relationship is assumed. In the
linear model, DNA damage induction is believed to be directly proportional to dose;
leading to the implication that direct acting genotoxic agents induce DNA damage
even at the lowest concentration and that no ‘safe’ dose range exists (Jenkins et al.
2010). This means that even exposure to very low concentrations of genotoxic ACDs
may represent a threat for exposed organisms and thus the limit PEC value at
0.01 μg/L may not apply for antineoplastic drugs.

Concurrent acute and chronic toxicity studies of 5-FU, CDDP, ET and IM that
included also detection of genotoxic effects indicated high differences in the sensi-
tivity of different aquatic organisms in regard to lethal and reproductive effects. The
most sensitive species were crustacean, whereas the least sensitive was zebrafish.
However, in all organisms the concentrations at which mortality and reproductive
effects were observed were higher than the concentrations that were detected or
expected in the environmental samples (RQ < 1). Based on these data it can be
concluded that residues of ACDs do not pose threat to the aquatic organisms. On the
contrary, the genotoxic effects in crustacean exposed to 5-FU, CDDP or IM were
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detected at concentrations that may occur in the aquatic environment (RQ >1). Thus
potential ecological risks of aquatic exposure of invertebrates to 5-FU, CDDP and
IM cannot be ruled out. Notably only ET did not induce genotoxic effects at
concentrations below the PEC values.

Of particular relevance for the future environmental risk assessment related to
genotoxicity of ACDs is the two-generation toxicity study of 5-FU in zebrafish,
which revealed histopathological changes in the liver and kidney, as well as
genotoxic effects and changes in gene expression at exposure concentration of
0.01 μg/L. It is known that DNA damaging agents have a significant ecological
relevance since they cause genetic alterations in somatic and germ cells that are
associated with serious adverse effects, which may occur even at low exposure levels
(Bolognesi and Cirillo 2014). This indicates that the trigger PEC (0.01 μg/L) for
Phase II studies proposed by EMA (2006) may not be relevant for genotoxic ACDs.

Due to lack of data on the occurrence of the residues of ACD in aquatic
environment, the environmental risk assessment for the four ACDs could be
performed only on the basis PEC values that may overestimate the real situation.
However, the consumption of ACDs is constantly increasing in developed countries
due to the population aging, earlier cancer diagnosis and better health care; thus,
also, increase in the residues of these drugs can be expected.

The results of the presented studies not only clearly demonstrated that residues of
ACDs are hazardous for aquatic environment but also revealed many knowledge
gaps that prevent more accurate environmental risk assessment as well as risk
management of ACDs. We recommend:

– The most consumed ACDs should be included into systematic monitoring across
EU countries to obtain reliable data on the occurrence of their residues in aquatic
environment.

– Further genotoxicity studies in aquatic organisms are needed with more ACDs.
– Studies are needed to explore the relevance of the observed genotoxic effects for

the effects at the level of environmental populations.
– In the guidelines for environmental risk assessment of pharmaceuticals (EMA

2006), the trigger PEC value (0.01 μg/L) for Phase II environmental effect and
fate analysis is not suitable for ACDs. Phase II environmental effect and fate
analysis should be for genotoxic ACDs required irrespective to the PEC values.

– The ecotoxicity tests proposed for Phase II environmental effect analysis of
ACDs should, in addition to conventional toxicological parameters, include
also genotoxicity endpoints in aquatic organisms.
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Chapter 17
Toxicity of Antineoplastic Drug Mixtures

Marko Gerić, Goran Gajski, and Verica Garaj Vrhovac

Abstract Securing potable water and preserving aquatic ecosystems are growing
problems that will become even more important in the near future. Well-defined
environmental pollutants such as pesticides, heavy metals, or organic matter have
been thoroughly examined, but over the recent decade, a spotlight was put on a new
and emerging group of pollutants – pharmaceuticals, antineoplastic drugs being
considered as the most hazardous ones among these. Patients’ excretion is the
most important routes by which antineoplastic residues end up in the effluents
from hospitals and households and reach freshwater where aquatic organisms can
be affected. Low concentrations of antineoplastic drug can be expected in occupa-
tional settings, and medical staff could be chronically exposed to these highly active
agents, representing a potential threat to their health.

The development of more sensitive analytical methods facilitated the detection of
lower concentrations of antineoplastic drugs in the environment, which triggered the
research of their toxicological effects on different organisms. Most studies usually
focus on single compound toxicity, but due to the complexity of environmental
exposure, the era of mixture testing has begun.

In this chapter, we will focus on the toxicity of mixtures of the most commonly
used antineoplastic drugs with different modes of action (5-fluorouracil, cisplatin,
etoposide, imatinib mesylate, cyclophosphamide, etc.) and their transformation
products toward different experimental models (bacteria, algae, animals, plants,
and human cells).
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17.1 Introduction

It is impossible to imagine life without water, yet pure water is often taken for
granted (Hrudey et al. 2006; Rush 2013). Recent UN Water Reports highlight the
need for urgent measures in order to sustain pure freshwater and ecosystems. Food
and energy production are the most common sectors where high volumes of water
are needed. If population growth is taken into account, by the middle of the twenty-
first century, the need for water will have increased dramatically. It is estimated that
in 2050 there will be 9 billion inhabitants, which will result in 70% more food
demand, more than 50% of energy demand, and higher freshwater demand. Entire
ecosystems are also threatened by an excessive water withdrawal, and they are
responsible for sustaining of water cycles and providing precious resources for
humans (UN WWAP 2012, 2015). Therefore, it is of top priority to promote
sustainable water systems and protection of ecosystems, especially aquatic ones.

Since cancer is one of the leading causes of human mortality responsible for more
than 8 million deaths annually, appropriate strategies to fight cancer have been
developed during the last few decades (Ferlay et al. 2013). The most commonly
used therapy, besides radiation and surgery, is still chemotherapy. Antineoplastic
drugs (usually named cytostatic drugs) are intended to inhibit division of cancer cells
and to promote cell death. Therefore, these pharmaceuticals are highly active
compounds aimed at different biomolecules and are usually not specific, which is
their greatest disadvantage (Arora and Scholar 2005; Heath et al. 2016).

So, where is the connection between antineoplastic drugs and the aquatic envi-
ronment? Large amounts of chemotherapy are given every day in many hospitals
worldwide, which is the first step toward the release of these pharmaceuticals into the
environment. Drug preparation and patients’ excretion are common routes by which
antineoplastic residues end up in the effluents from hospitals and households. To
some extent, releases from the pharmaceutical industry might also be expected.
Wastewater treatment plants (WWTPs) represent the sites that should lower the
amounts of pollutants discharged into the environment. There are several drawbacks
with WWTPs: they are usually not implemented in hospitals, several chemicals are
poorly degraded, and in some world regions wastewaters are released without
previous treatment (Besse et al. 2012; UN WWAP 2012; Zhang et al. 2013).

With the development of more sensitive and reliable methods, the residues of
antineoplastic drugs can be detected in the aquatic environment, usually in ng/L
scale, but their concentrations can reach hundreds of μg/L in hospital effluents. It has
to be taken into account that due to a constant release and presence in the environ-
ment, antineoplastic drugs are considered as pseudo-persistent pollutants (Hernando
et al. 2006; Kosjek and Heath 2011; Xie 2012; Zhang et al. 2013; Negreira et al.
2013a, b, 2014, 2015; Česen et al. 2015).

Although toxicity of antineoplastic drugs has been elucidated in many studies
using different study models, generally those studies dealt with single compound
toxicity (Gačić et al. 2014; Parrella et al. 2014b, 2015; Gerić et al. 2014; Kovács
et al. 2015; Kračun-Kolarević et al. 2015; Novak et al. 2016, 2017b; Isidori et al.
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2016b; Kovacs et al. 2016; Gajski et al. 2016b; Mišik et al. 2016b). However, in
the environment, the residues of antineoplastic drugs occur in complex mixtures;
thus, for an appropriate risk assessment of aquatic ecosystems, studies determin-
ing the effects of antineoplastic drugs mixtures were needed. Two most common
mathematical models applied for predicting the effects of more than one com-
pound on certain target molecule or tissue are concentration addition (CA) and
independent action (IA). The CA is a model applied when assuming that com-
pounds in a mixture act by the same mode of action, whereas the IA model is
applied when assuming that compounds in a mixture do not act by the same mode
of action. There are many tools in mixture toxicity assessment including the
relative potency factor (RPF) in which each compound is scaled relative to a
well-characterised index chemical, deriving mixture to single chemical; the toxic
equivalency factor (TEF) where concentrations of each compound and appropri-
ate factors are used to derive the impact of a mixture; the hazard index (HI) that is
based on known reference doses and concentrations of each compound in the
mixture; and the maximum cumulative ratio (MCR) which highlights the impact
of the most contributing chemical in the mixture (Monosson 2005; Ermler et al.
2014; Kienzler et al. 2016). However, many controversies remain in mixture
toxicity assessment since all of the approaches have some strengths and limita-
tions, hence not providing reliable assumptions when compared to
experimental data.

The aim of this chapter is to sum up up-to-date knowledge on the toxicity of
mixtures from the most commonly used antineoplastic drugs with different modes of
action (5-fluorouracil (5-FU), cisplatin (cDDP), etoposide (ET), imatinib mesylate
(IM), cyclophosphamide (CP), etc.) and their transformation products (TPs) toward
different experimental models.

17.2 Search Strategy and Inclusion/Exclusion Criteria

The extensive literature search was done using PubMed (US National Library of
Medicine, National Institutes of Health, Bethesda, MD, USA – http://www.ncbi.
nlm.nih.gov/PubMed) limiting search to papers published in English during recent
15 years (January 1, 2002–August 23, 2017). The search terms included “antineo-
plastic” or “cytostatic” or “anticancer”, “drug”, “mixture�” or “combined”, and
“toxic�”, excluding terms “therapy”, “radio�”, or “pesticide�”. Articles excluded
from the review (a) did not cover the toxicological assessment of antineoplastic drug
mixture, (b) had no chemical characterisation of mixture, (c) did not assess mixture
toxicity, but single compounds only, (d) provided a toxicological assessment with
non-cytostatic compound (such as natural products, other classes of pharmaceuti-
cals, etc.), (e) aimed at providing better therapy outcomes, or (f) examined the
toxicity of antineoplastics and radiation. Hence, a total of 12 papers were included
in this literature review.
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17.3 Environmental Toxicity of Antineoplastic Drug
Mixtures

The idea of investigating the toxicological potential of highly active chemicals
occurring in the environment at low concentrations has only recently been put in the
spotlight of research. Over the past 15 years, several studies assessed the occurrence,
fate, and effects of antineoplastic drugs mostly in aquatic environment in respect to
various organisms represented at different trophic levels from bacteria to human cells.
Moreover, ecotoxicity studies turned from single compound testing to mixture testing
in order to eliminate underestimations of the threat represented by mixtures.

The study by Brezovšek et al. (2014) showed that binary mixtures formed by
antineoplastic drugs with different modes of action (5-FU, cDDP, ET, IM) could
cause both synergistic and antagonistic growth inhibition in green algae
(Pseudokirchneriella subcapitata) and cyanobacteria (Synechococcus leopoliensis),
depending on the mixture (Table 17.1). More importantly, neither CA nor IA model
correctly predicted the actual effects retrieved experimentally. From the environ-
mental standpoint, the concentrations tested were somewhat higher than those found
or predicted in freshwater. However, due to the possibility of reaching such concen-
trations in wastewater and synergistic effects of some mixtures, growth inhibition of
primary producers cannot be ruled out. In fact, when three compounds (5-FU, ET,
and IM) were combined, the same decline in CA and IA models was observed,
showing an additive and synergistic response at lower effective concentrations
(EC) and an antagonistic response at high EC (Table 17.1). More importantly,
such mixture caused an abnormal algal cell aggregation as a consequence of changes
in cell surface properties (Eleršek et al. 2016). Furthermore, the aquatic environment
consists not only of parent compounds but also of metabolites and/or TPs, adding up
to this already complex puzzle. At the level of primary producers, cytotoxic and
genotoxic effects of ifosfamide (IF) and CP and their metabolites/TPs were observed
in S. leopoliensis and Salmonella typhimurium, while the effect was again
underestimated in the CA model (Česen et al. 2016). Just like algae are the most
contributing taxa for primary production in aquatic ecosystems, vascular plants are
major producers on land (Sigman and Hain 2012). The study on Tradescantia by
Mišik et al. (2016a) revealed that antineoplastic drugs in certain mixtures have
synergistic effects in the formation of micronuclei (MNi) in plant tetrads. This
trend was observed when IM (kinase inhibitor) was part of a binary mixture.
Interestingly, when studying the effects of single compounds on the induction of
pollen aberrations, the concentrations needed to show the effects were considerably
higher than those that could be found in the environment (Mišik et al. 2016b). Since
upon exposure to low concentrations of cytostatic drug/TPs mixtures the changes in
plant tetrads DNA integrity, growth, and positioning of algal cells were detected, it is
possible that the changes in producer biodiversity could lead to reduction in O2

production and CO2 uptake and to a decrease in inorganic nutrients removal. In other
words, this could lead to changes in the processes vital for sustaining ecosystems
(Cardinale et al. 2011).
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Moving up the food web and entering the first level of heterotrophs, the effects
of antineoplastic drug mixtures were assessed in planktonic crustaceans Daphnia
magna and Ceriodaphnia dubia as primary consumers. When exposed to a binary
mixture of commonly used antineoplastics with different modes of action (5-FU,
cDDP, ET, IM), cladocerans responded in offspring reduction and increase in
DNA damage. The application of the IA and CA models in these studies provided
good predictive power, providing under- and overestimation of mixtures only
occasionally. An independent action of active compounds can be expected at a
concentration lower than needed to achieve the same effect when acting as a single
compound (Parrella et al. 2014a; Kundi et al. 2016). Similar pattern was also
observed in Daphnia pulex treated with tamoxifen (TAM) and its TP 4-hydroxy-
tamoxifen mixture. A decrease in the reproductive performance was detected,
whereas exposure to single compounds in much higher concentration did not affect
reproduction (Borgatta et al. 2016). Another primary heterotroph that served as a
model for a toxicological study of an antineoplastic drug mixture was Drosophila
melanogaster. During their larval development, they were fed with 5-FU, cDDP,
and paclitaxel at two different concentrations. Such mixture was responsible for
the induction of recombination (~30%) and mutations (~70%), which were
detected using different parameters of the SMART assay (Danesi et al. 2010).
From the ecological point of view, so far we have reviewed the effects of antineo-
plastic residues on primary producers and consumers that are dominant in biomass
and demonstrated their vulnerability toward these pseudo-persistent pollutants.
Since they represent the basis of every ecosystem providing nutrients for higher
trophic levels, ignoring the changes at these levels of food web could disturb the
ecosystem’s development, productivity, stability, resilience, and other key pro-
cesses (Van Der Putten et al. 2004).

When exposing test models in in vitro study, the concentration range used
should be high enough to detect certain response (if possible), yet justified with
the data of the occurrence of particular compounds in the environment to get
relevant results. Another approach is to expose laboratory model organisms to
pollutants, in this case antineoplastic drug mixtures, sampled from the environ-
ment. Toxicity of a synthetic mixture derived from hospital ward effluents was
tested on zebrafish liver cell line (ZFL) (Novak et al. 2017a). The cytotoxic effects
of IF, CP, 5-FU, and cDDP mixture on ZFL were observed only when the
concentrations of antineoplastics were ten-fold higher than those observed in the
environment. However, the induction of DNA strand breaks was detected using the
comet assay, indicating possible genotoxicity of the studied mixture. The concept
of exposing models to environmental samples was applied in a study where
10 different wastewater samples from Spain and Slovenia were toxicologically
assessed using Tradescantia, Allium cepa, C. dubia, and zebrafish liver cell lines
(Isidori et al. 2016a). Among various antineoplastic drugs, their metabolites, and
transformation products analysed, kinase inhibitor erlotinib (ERL) was detected in
all wastewater samples in the range 2.0–7.2 ng/L, while carboxy-
cyclophosphamide was found at only two sites but in the range
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17,700–60,600 ng/L. At one sampling site, the cumulative concentrations of
antineoplastic drugs reached 100,000 ng/L. Several different hospital wastewaters
and an influent to WWTP induced an increase in the frequency of MNi in
Tradescantia tetrads but did not induce genotoxic effects in the test system with
Allium. The worthy information is that after the water treatment, WWTP effluent
did not induce DNA damage, highlighting the need of wastewater treatment before
its release into the environment. At the level of primary consumers, C. dubia was
less sensitive in the acute test compared to the reproduction test after chronic
exposure. While LD50 in acute tests ranged from 28.9% to 100%, the EC50 for
reproduction toxicity ranged from 1.4% to 15.9% dilution of the original sample.
Regarding the toxicity studies on ZFL cell lines, 20–30% diluted samples induced
significant DNA damage (Isidori et al. 2016a). After performing correlation and
regression analysis, the compounds detected in the wastewaters explain up to 50%
of the observed effects. Such estimation left many questions unanswered and
provided challenge for further research. According to literature, many pollutants
have recently been investigated for their occurrence, fate, and toxicological poten-
tial toward aquatic ecosystems including other pharmaceuticals, heavy metals,
pesticides, etc., representing mixture interactions that are even more complex
(Pal et al. 2010; Schriks et al. 2010; Tchounwou et al. 2012; Meffe and de
Bustamante 2014; Albuquerque et al. 2016; Balakrishna et al. 2017; Elzwayie
et al. 2017; Madikizela et al. 2017).

We have elucidated the negative effects of antineoplastic drug mixtures toward
organisms represented at different levels of the food web. The changes in the
ecosystem will indirectly influence human life, but the following question remains:
Can such mixtures have a direct impact on human health? The in vitro studies on
human cells, although they cannot be directly extrapolated to humans, are widely
used in the estimation of possible effects of certain compound. A toxicological study
on a mixture of 13 antineoplastic drugs (epirubicin, CP, methotrexate [MET],
cytarabine, 5-FU, irinotecan hydrochloride, vincristine sulfate, mitomycin C, etc.)
in mg/mL and μg/mL scale induced cytotoxic effects in human Molt-4
lymphoblastoid cells (Hirose et al. 2005). This study also provided practical solution
of electrolytic treatment of hospital wastewaters, thus reducing the concentrations of
antineoplastic drugs and their toxicity. Gajski et al. (2016a) examined antineoplastic
drug mixtures at environmentally relevant concentrations where human blood cells
were exposed to 5-FU, ET, and IM at concentrations from 1 ng/L upward. Mixture of
these drugs induced genotoxic effects at environmentally relevant concentrations
(formation of micronuclei, nucleoplasmic bridges, nuclear buds, and induction of
sister chromatid exchanges and abnormally sized tails in the comet assay), what was
not observed when testing single compounds (Novak et al. 2017b; Gajski et al.
2016b). Moreover, 5-FU, ET, and IM mixture induced oxidative stress at DNA
(fpg-sensitive sites), protein (protein carbonyls), and lipid level (malondialdehyde).
These results confirmed the potential threat these mixtures represent to the environ-
ment and also to human health, opening an interesting research field of how these
compounds influence occupationally exposed populations.
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17.4 Occupational Toxicity of Antineoplastic Drug
Mixtures

Biomonitoring of occupationally exposed populations aims at lowering the inci-
dence of occupationally related diseases. A specific subpopulation of people occu-
pationally exposed to antineoplastic drugs includes primarily nursing, pharmacy,
medical, and veterinarian personnel, physicians, and their assistants, and also waste
handlers, laundry workers, and other staff that come into contact with contaminated
surfaces (Connor 2006; Agbonifo et al. 2017; Walton and Rogers 2017). The process
of chemotherapy has several critical points during drug preparation, transport, and
administration at which unwanted exposure to anticancer drugs might occur.
Patients’ excretion after receiving therapy is a known route of environmental
exposure, but some body fluids might contaminate surrounding surfaces, as well
(Connor 2006; Zhang et al. 2013; Rioufol et al. 2014; Marie et al. 2017).

There are several protective measures used to reduce such unwanted exposure.
The use of personal protective equipment is gold standard in every guideline when
handling anticancer drugs. The use of protective clothing (gowns, masks) and
wearing thick double nitrile gloves which are frequently changed are the recom-
mendation for reducing dermal exposure during drug preparation (Landeck et al.
2015). More advanced systems include a centralised preparation of each therapy in
aseptic pharmaceutical isolators that reduce surface and air contamination to a
limited closed volume, while closed system drug transfer devices and robotic help
reduce surface contamination inside such isolators. Another advantage of using these
devices is the reduction of contamination of bags that are transported to patients and
avoidance of therapy spilling during administration, thus significantly reducing
unwanted anticancer drugs exposure (Wakui et al. 2013a, b; Simon et al. 2016;
Schierl et al. 2016).

Another important factor in keeping occupational safety at high levels is staff
education. Although there are guidelines for handling drugs and using protective
equipment that are designed to minimise health risks, the lack of appropriate
personnel trainings decreases the awareness of anticancer drugs hazard, leading to
lower adherence to standardised guidelines (Jeong et al. 2015; Boiano et al. 2016).
However, despite all the mentioned mechanisms of preventing exposure to antican-
cer drugs, workspace monitoring and staff biomonitoring reveal the presence and
adverse effects of these drugs in occupational settings (Dranitsaris et al. 2005; Hall
et al. 2013; Keat et al. 2013; Nersesyan et al. 2016).

There are several levels at which biomonitoring can be performed (Suspiro and
Prista 2011; Vyas et al. 2014). Some studies aimed at monitoring the workplace by
determining the traces of anticancer drug residues on working surfaces and equip-
ment. The percentage of samples in which drug residues were detected varied from
1% to 95% per study, while the concentration of anticancer drugs found ranged
from 0.005 ng/cm2 on countertops of patients’ checking area to 2110 ng/cm2 on
top of the biological safety cabinets. Additionally, the concentration on the internal
side of gloves from the staff working on cytostatic preparation and administration
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ranged 70–3770 ng (Sottani et al. 2012; Crul and Simmons-Sanders 2017; Marie
et al. 2017; Graeve et al. 2017). Another strategy is to monitor the effects in the
staff exposed to these drugs. The biomarkers of exposure, in this case anticancer
drugs and their metabolites, are usually determined in urine of the working
personnel. Positive urine samples from the staff handling anticancer drugs ranged
from 0% to 100% per certain study, while the concentration of drugs and TPs
ranged from 0.008 ng/mL to 462.8 ng/24 h urine (Suspiro and Prista 2011; Yoshida
et al. 2013; Hon et al. 2015; Poupeau et al. 2016). On the other hand, the bio-
markers of effect serve as the indicators of changes in the body that are associated
with unwanted exposure. In fact, many studies indicate that occupational exposure
to anticancer drugs has an impact on human genome integrity (Dranitsaris et al.
2005; Ursini et al. 2006; Cavallo et al. 2007; Kopjar et al. 2010; Suspiro and Prista
2011; Sottani et al. 2012; Ladeira et al. 2014; Moretti et al. 2015; Villarini et al.
2016). Irrespectively of the biomarker chosen, a lot of effort was invested in order
to describe and evaluate the risk of occupationally exposed population to antican-
cer drug mixtures. Further studies are aimed at assessing potential risks using
multibiomarker and -omics approach, as well as at minimising possible exposure
routes, thus preventing threats to human health.

17.5 Conclusion and Future Prospective

The studies reviewed in this chapter suggest that anticancer drug mixtures have a
potential to cause unwanted changes in the aquatic environment and to human
health. Although present at low concentrations, these pharmaceuticals are constantly
released into the environment having pseudo-persistent properties. When observing
the toxicological studies investigating such mixtures using different model organ-
isms, high species differences were detected. Another interesting piece of informa-
tion is the deviations from commonly used CA and IA models for predicting mixture
toxicities. Therefore, it is difficult to highlight the ideal model organism for
conducting further studies. It is definitely a good approach to cover different trophic
levels to explore the impact of mixtures on several compartments of the ecosystem.

Occupational exposure to anticancer mixtures is still a major issue in protecting
professionally exposed populations that include much more job positions than just
medical staff. It has to be underlined that staff education and appropriate modern
tools improve occupational health.

The complexity of mixtures is another issue in toxicology. As the literature
suggests, freshwater is polluted by many different organic and inorganic pollutants,
and it is difficult to assess the toxicological potential of all possible combinations.
Therefore, there is a need for further development of mathematical and computa-
tional models that will be supported by experimental results in order to improve
mixtures risk assessment.
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The application of appropriate wastewater treatment is crucial for reducing the
unwanted residues release into the environment. There is still a lot of space for
improvement of wastewater treatment, particularly in developing and third world
countries. Finally, there is an exciting era of new discoveries in mixture testing
ahead of us.
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Chapter 18
Environmental Metabolomics: A Powerful
Tool to Investigate Biochemical Responses
to Drugs in Nontarget Organisms

Giovanni Mastroianni, Monica Scognamiglio, Chiara Russo,
Antonio Fiorentino, and Margherita Lavorgna

Abstract Metabolomics is the analysis of endogenous and exogenous low molec-
ular mass metabolites within cells, tissues, or biofluids of an organism in response to
an external stressor. In this chapter, we highlight the importance of the subdiscipline
of environmental metabolomics, which investigates the interactions of organisms
with environmental stressors such as biotic and abiotic factors, xenobiotics, temper-
ature shifts, and chemical contaminants. Over the past decade, there has been
increasing scientific interest in environmental metabolomics, most likely attributable
to the comprehensive nature of nontargeted metabolomics. Hypotheses have there-
fore been developed on complex environmental stressor effects, especially those
with unknown modes of action. The availability of a wide variety of model organ-
isms such as freshwater organisms of the food chain has promoted the potential of
metabolomics to detect stress from an extensive range of external factors. Further-
more, these dynamics may shift from individuals to populations, contemplating the
traditional fields of the ecophysiology and ecology from instantaneous effects to
those over evolutionary timescales. In this chapter, we provide an overview of
analytical instrumentation, extraction methods, general experimental design, and
the statistical methods generally used in environmental metabolomics. Despite the
difficulty in understanding the consequences of environmental exposure due to inter-
and intra-individual variability, we believe that environmental metabolomics may
enrich our understanding of the responses of organisms to the numerous types of
environmental stressors.
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Abbreviations

CE-MS Capillary electrophoresis mass spectrometry
DIMS Desorption ionization mass spectrometry
FT-ICR-MS Fourier transform ion cyclotron resonance mass spectrometry
FT-IR Fourier transform infrared spectroscopy
GC/ToF-MS Gas chromatography–time-of-flight mass spectrometry
GC-MS Gas chromatography mass spectroscopy
H-NMR Proton nuclear magnetic resonance
LC-HRMS Liquid chromatography high resolution mass spectrometry
LC-MS Liquid chromatography mass spectrometry
MAS-NMR Magic angle spinning nuclear magnetic resonance
NMR Nuclear magnetic resonance
Q-TOF LC/MS Quadrupole time-of-flight liquid chromatography mass

spectrometry

18.1 Introduction

Great scientific change in molecular biology and biochemistry approaches and
techniques has begun since the sequencing of human genome in the 1990s. Auto-
mated micro-array methods to detect changes in gene expression and the ability to
assay and identify proteins by mass spectroscopy methods led respectively to two
new revolutionary disciplines: transcriptomics and proteomics which are useful for
the comprehension of the complex interactions between genetic make-up and envi-
ronmental factors. It is crucial to underline that the small molecules involved in
biochemical processes provide a wide range of information on the status of living
systems when studying changes in genes expression due to every variation in life
conditions and external perturbations. The process of monitoring and evaluating
such changes is termed “metabonomics” or “metabolomics” when mostly model
organism or plant system are studied (Lindon et al. 2006).

The use of NMR spectroscopy combined with multivariate statistic investigation of the
complex data sets led to the following definition: “the quantitative measurement of the
dynamic multiparametric metabolic response of living systems to pathophysiological
stimuli or genetic modification” by Jeremy Nicholson and colleagues (1999).

The metabolites, or small molecules, within a cell, tissue, organ, biological fluid,
or entire organism constitute the metabolome (Miller 2007). Metabolomic analyses
can be categorized as either nontargeted or targeted (Issaq et al. 2008; Verpoorte
et al. 2008). Nontargeted metabolomics is a nonbiased quantitative analysis of all—
or a large number of—metabolites found in a biological sample (Issaq et al. 2008).
By contrast, targeted metabolomics analyzes a specific group of metabolites (Issaq
et al. 2008; Verpoorte et al. 2008).

The complementary role of metabolomics in regard to other omic techniques may
actually provide a potential solution to the many weak points that are encountered
with other omic methods (Griffin and Bollard 2004; Bilello 2005; van Ravenzwaay
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et al. 2007). Indeed, despite the development of methods to detect changes in
genomic, transcriptomic, and proteomic profiles, key information needed to make
significant interpretations based on these data are usually not promptly available
(Ankley et al. 2006). Changes in gene expressions and protein synthesis due to
external stressor exposure of an organism usually cause the activation of homeostatic
controls and feedback mechanisms; these changes could be intensified at the
metabolome level (Nicholson et al. 2008; Ankley et al. 2006; van Ravenzwaay
et al. 2007). As a result, metabolomics could be considered a more sensitive and
reliable indicator of the external stress than other omic technologies (Nicholson et al.
2008; Ankley et al. 2006; van Ravenzwaay et al. 2007).

The popularity of metabolomics in many fields of scientific research like nutri-
tion, medicine, clinical pharmacology, and toxicology has grown considerably
thanks to the ability to detect subtle molecular changes and the comprehensive
nature of metabolite measurements (Lin et al. 2006; Chen et al. 2008; Fialho et al.
2008). As a result, metabolomics is nowadays considered a rapid and sensitive
technique that would be able of clear up relationships between metabolite levels
and an external stressor, be it contaminant exposure, nutritional deficit, or disease
(Miller 2007). For example, cancer cells’ metabolic profiles have been used to
monitor and comprehend tumor progression (Griffiths et al. 2002; Griffiths and
Stubbs 2003; Griffin and Shockcor 2004). Metabolomic investigations in
non-model organisms will be particularly exciting in the characterization of organ-
ism metabolic responses to anthropogenic (or manmade) stressors, such as pollutants
and climate changes, highlighting another important application of the environmen-
tal metabolomics. This approach would utilize “sentinel” (or representative) organ-
isms of a particular ecosystem to reveal the condition of the environment (Viant
2008b).

In the last decades, in order to understand the toxic effects of several kinds of
xenobiotic residues (pharmaceuticals, pesticides, nanoparticles, heavy metals) in the
environment and the related biological changes, various nontarget organisms of the
aquatic food chain have been selected as bioindicators for their suitable character-
istics. In fact, invertebrates such as bivalve molluscs Mytilus edulis and Mytilus
galloprovincialis (Tuffnail et al. 2009; Fasulo et al. 2012; Bonnefille et al. 2018),
crustaceans Daphnia magna and Gammarus pulex (Taylor et al. 2010; Gómez-
Canela et al. 2016; Kovacevic et al. 2016; Nagato et al. 2016; Wagner et al. 2017)
and vertebrates like fish such as Danio rerio and Oncorhynchus mykiss (Samuelsson
et al. 2006; De Sotto et al. 2017) represent a valid tool to study the
ecotoxicogenomics and the metabolomics. These bioindicators are chosen for
these kinds of studies because: they are important components of the aquatic
ecosystem, are easy to recognize, are sensitive to a wide range of stressors, are
abundant and widely distributed, and are suitable for laboratory experiments. In
addition, these aquatic nontarget organisms have been utilized by different scientific
environmental researchers (Brezovšek et al. 2014; Parrella et al. 2014, 2015; Isidori
et al. 2016a; Kundi et al. 2016; Russo et al. 2018; Kovács et al. 2015, 2016; Gačić
et al. 2014) through specific tests according to international standard guidelines not
only for highlighting physiological alterations (mortality, offspring reduction,
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inhibition of growth, malformations) but also for evaluating genotoxic, mutagenic
and teratogenic damages. Since there is not a clear relationship between biochemical
mode of action of xenobiotics and defined endpoints such as mortality and repro-
duction, a detection of the metabolic profile in aquatic sentinel organisms may be of
great scientific interest. In fact, significant variations in amino acids, in glucose and
other metabolite concentrations in cells, tissues, or biofluids (Kovacevic et al. 2016;
Wagner et al. 2017) may occur in organisms after sub-lethal exposure to hazardous
and pseudo-persistent contaminants like pharmaceuticals. Indeed, among all con-
taminants, pharmaceuticals are frequently detected in aquatic ecosystems because of
their high consumption and scarce removal efficiencies by wastewater treatment
plants (Negreira et al. 2014; Lenz et al. 2007; Isidori et al. 2016b).

Among pharmaceuticals, antineoplastic drugs are suspected to be hazardous for
aquatic nontarget species (Parrella et al. 2014, 2015; Isidori et al. 2016a; Kundi et al.
2016; Russo et al. 2018). To the best of our knowledge, there are no studies in
literature regarding the overall metabolomic responses in different nontarget organ-
isms exposed to antineoplastic drugs, while only few studies (Table 18.1) have
utilized metabolomics as a robust tool to evaluate the biological environmental
responses in the aquatic sentinel species exposed to other pharmaceutical classes.
On the other hand, in recent studies (Laith et al. 2017; Mumtaz et al. 2017; Ruiz-
Torres et al. 2017), metabolomic approach has been considered a good strategy to
identify, select, and provide secondary metabolites from natural promising sources,
such as plants and marine invertebrates and vertebrates, as new drugs for cancer
therapy, rather than using metabolomics for studying environmental biological
effects.

In this chapter, we provide an overview of the experimental design, analytical
techniques, and statistical methods used in environmental metabolomics as well as
an overview of recent studies using aquatic nontarget organisms in metabolomics to
demonstrate the potential of this technique to detect and understand the mechanisms
of exposure to some pharmaceuticals.

18.2 Experimental Design and Analytical Methods Used
in Environmental Metabolomics

The basic procedure used in an environmental metabolomics study is outlined in
Fig. 18.1. Furthermore, an accurate outline of the entire metabolomic experimental
scheme from the experimental design, to data mining and biological interpretation is
described by Wolfender et al. (2013).

The first step in any metabolomics experiment is the experimental design, which,
in case of environmental metabolomics, involves the selection of a model organism
or microorganism, a type of external stressor (e.g., exposure to contaminants, heat/
cold, starvation, or disease), and the mode/route of exposure. A good experimental
design mainly depends on the starting point and goals of the research. Focusing on
the biological question underpinning the research is the most crucial step, as
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Table 18.1 Summary of metabolomic responses to pharmaceuticals in aquatic organisms

Organism Pharmaceutical Metabolic response Method References

Mytilus
galloprovincialis
(Mussel)

Diclofenac Tyrosine and tryptophan
metabolism

LC-
HRMS

Bonnefille
et al. (2018)

Daphnia magna
(Crustacean)

Propranolol �Growth; +amino acid metab-
olites; �glucose; +Fatty acid
and oxylipid metabolites

1H-
NMR

Wagner
et al. (2017)

FT-
ICR
MS

Taylor et al.
(2010)

Carbamazepine +Growth; �amino acid metab-
olites; +glucose

1H-
NMR

Kovacevic
et al. (2016)

Ibuprofen �Growth; �amino acid
metabolites; �glucose

1H-
NMR

Kovacevic
et al. (2016)

Triclosan �Growth; +amino acid metab-
olites; �glucose

1H-
NMR

Kovacevic
et al. (2016)

Gammarus pulex
(Crustacean)

Nimesulide Protein synthesis, oxidative
stress and signaling cascades

LC-
HRMS

Gómez-
Canela et al.
(2016)

Triclosan

Propranolol

Tautogolabrus
adspersus (Fish)

Tamoxifen Estrogen metabolism GC/
ToF-
MS

Mills et al.
(2016)

Oncorhynchus
mykiss (Fish)

Ethinylestradiol
(EE2)

Lipid metabolism 1H-
NMR

Samuelsson
et al. (2006)

Danio rerio
(Fish)

Clarithromycin Purines metabolism Q-TOF
LC/MS

De Sotto
et al. (2017)Florfenicol

Sulfamethazine

+ increase, � decrease

Fig. 18.1 Environmental metabolomics experiment workflow (from Simpson and McKelvie 2009;
Lankadurai et al. 2013). NMR, nuclear magnetic resonance spectroscopy; MS, mass spectrometry;
PCA, principal component analysis; PLS-regression, partial least-squares regression analysis. In
some cases, a further step might be present between the design of experiment and the sampling,
consisting in the experimental performance when the experiment has to be performed in laboratory
controlled conditions

18 Environmental Metabolomics: A Powerful Tool to Investigate. . . 445



metabolomics usually takes into account a large number of samples (Brown et al.
2008). Taking into consideration the biological variability and choosing a suitable
number or replicates from an early stage of the research is also compelling, for
organisms grown in either natural or controlled conditions.

When planning and carrying out the experiment, it is extremely important to
consider that metabolism is highly dynamic and changes occur at different time-
scales, depending on the organism, and on the metabolic pathway considered. For
example, some changes might occur according to the developmental stage or
phenology (Scognamiglio et al. 2014) while others to circadian clock (Eckel-
Mahan et al. 2012), with the results that the first changes can only be observed on
a longer timescale, while the second ones are responsible for cyclic changes in
metabolites’ concentration during the light/darkness alternation. It has to be specified
that there are many other physiological reasons for metabolic alterations that also
depend on the organism (and on the biological medium) taken into consideration.
Therefore, this dynamic feature has to be borne in mind when planning timing for
treatment, sampling, and so on, in order to make sure to detect and discriminate the
changes caused by the external perturbation from the ones due to physiological
changes in the metabolism. Taking into consideration the two parameters previously
mentioned (developmental stage and circadian clock), for example, it is crucial to
collect samples at the same moment of the day and at the same organism growth
stage. Monitoring environmental variations (e.g., photoperiod, relative humidity,
temperature) throughout the progress of the experiment is important as well.

Once the organism has been exposed to the external stressor, the biological
medium to study will be harvested and may include blood, urine, or other biological
fluids, and (or) tissue/organ extracts (Simpson and McKelvie 2009). Quenching
metabolism immediately after exposure is essential to minimize the influence of
puzzling variables in the analysis of the metabolic response (Lin et al. 2006). This is
commonly done by flash freezing with liquid nitrogen and storing at �80�C.
However, in order to improve precipitation and inactivation of soluble enzymes,
acid treatment, or extraction with cold mixtures of organic solvents such as metha-
nol, ethanol, acetone, or acetonitrile might be used (Lin et al. 2006). When suitable,
also freeze drying of the samples is a good practice (Kim and Verpoorte 2010).

The further step is the choice and development of a suitable extraction method.
Considering the high variability and complexity of matrixes to be tested, sample
extraction and preparation methods can vary a lot depending on the matrix to be
analyzed and on the analytical platform used (Kim and Verpoorte 2010). As no
single extraction method can isolate every metabolite within a sample, a proper
extraction procedure will need to be selected and tested, based on the goals of the
experiment. In general, an aqueous buffer extraction is sufficient to obtain a polar
metabolite profile, but a more rigorous extraction involving a mixture of polar and
nonpolar solvents is required to extract both polar and nonpolar metabolites
(Wu et al. 2008). Various extraction methods involving a mixture for organic
solvents (methanol, chloroform, and acetonitrile) and water in varying ratios have
been examined by Lin et al. (2006). The methanol/chloroform/water (final solvent
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ratio of 2/2/1.8, respectively) extraction method, which was first described by Bligh
and Dyer (1959), has been considered one of the most reproducible and with the
highest recovery of both polar and nonpolar metabolites. Wu et al. (2008) then went
a step further, and examined three different strategies to add the methanol, chloro-
form, and water to the tissue samples for extraction: (i) stepwise addition—the
original Bligh and Dyer (1959) method of adding each solvent one by one;
(ii) two-step addition—methanol and water are added in step one and chloroform
and water are added in step two; (iii) all-in-one addition—all three solvents are
added together. They stated that the two-step addition was the best out of the three:
this assessment is based on metabolite yield, extraction reproducibility, and sample
throughput. Recently, Liebeke and Bundy (2012) compared four different solvent
systems for the extraction of metabolites from the tissue of the earthworm Lumbricus
rubellus: (i) chloroform: methanol: water, 2:1:1 (CMW); (ii) 75% hot ethanol (hEt);
(iii) acetonitrile:methanol:water, 2:2:1 (AMW); (iv) isopropanol:methanol: water,
2:5:2 (IMW). Extracts were analyzed using NMR, gas chromatography (GC)–MS
and Fourier transform ion cyclotron resonance (FT-ICR) MS. They determined that
the AMW extraction gave the best results in terms of reproducibility and good yield
for metabolite extraction (Liebeke and Bundy 2012). It has furthermore been shown
that in case of plant material, a mixture of phosphate buffer and MeOH (1:1) is
usually able to extract big part of the metabolome (Kim and Verpoorte 2010).

Also, the presence of proteins binding the typical used NMR internal standards
2, 2 dimethyl-2-silapentane-5-sulfonate sodium salt (DSS) and sodium
3-trimethylsilyltetradeuteriopropionate (TSP) in aqueous buffer extracts has led to
large differences in the quantification of metabolite concentrations (Nowick et al.
2003). Consequently, the development of extraction methods that not only capture
both polar and nonpolar metabolites but also include the precipitation of proteins is
essential. Nevertheless, one of the main problems of metabolomics is still the lack of
a standardized and reproducible extraction protocol, so a great effort should be made
in this direction.

Once the extractions are completed, the samples need to be prepared for the
analytical platform of choice. A list of the available techniques and of the viewpoints
on their advantages and disadvantages in metabolomics applications have been
extensively discussed in the literature (Table 18.2) (Scognamiglio et al. 2015). It is
important to emphasize that the choice of the analytical platform and strategy heavily
depends on the object of the research, and it is commonly acknowledged that the
better results can be achieved combining different extractions and analytical mea-
surements (Allwood et al. 2008; Kim and Verpoorte 2010). However, nuclear
magnetic resonance (NMR) spectroscopy or mass spectrometry (MS) are doubt-
lessly considered the most powerful tools and the ones that will be here described
more in detail. NMR and MS use in metabolomics is so widespread that in the past
there was a common misconception that “metabonomics” dealt with NMR-derived
metabolic profiling studies, while “metabolomics” dealt with MS-derived metabolic
profiling studies (Robertson 2005).
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In MS, the analysis is done after the fragmentation of the molecules, which this
leads to the generation of ions that are later separated by their mass-to-charge ratio
and finally analyzed by a detector. A number of ion sources and of analyzers is

Table 18.2 Reviews and recent environmental metabolomics papers with corresponding analytical
techniques (highlighted box indicates the reviewed\used methodology)

Paper Analytical technique

NMR MAS-NMR LC-MS GC-MS CE-MS DIMS FT-ICR-MS FT-IR
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Alonso et al. 2015

Dunn and Ellis 2005

Dunn et al. 2012

Fukusaki and Kobayashi 2005

Goodacre et al. 2004

Hall 2006

Kim et al. 2011

McGhie and Rowan 2012

Schripsema 2009

Sumner et al. 2003

Verpoorte et al. 2007

Wishart 2008

Wolfender et al. 2013

Xiao et al. 2012

Bird et al. 2011
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Cappello et al 2016

Cappello et al 2017

Yingrong Chen et al 2015

Chen et al. 2011

Chiu et al 2017

Creek et al. 2012

De Sotto et al 2017

Garreta-Lara et al 2016

Ghaste et al 2016

Gillis et al 2017

Kokushi et al 2017

Kovacevic et al 2016

Lloyd et al 2017

Nagato et al 2017

Gil-Solsona et al 2017

Van der Hooft et al 2016

Wang et al 2017

Wu et al 2017

Zhao et al 2016
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available (Xiao et al. 2012). Direct injection MS enables the injection of a crude
extract directly into an electrospray mass spectrometer, resulting in one spectrum per
sample, but this method is not particularly quantitative and not often used (Lin et al.
2006).

MS use in metabolomics is usually coupled to liquid chromatography (LC; Wu
et al. 2005; Bajad and Shulaev 2007; Hughes et al. 2009), gas chromatography (GC;
McKelvie et al. 2009; Flores-Valverde et al. 2010; Warren et al. 2012), or capillary
electrophoresis (CE; Sato et al. 2004; Ramautar et al. 2012; Yamamotoya et al.
2012). These chromatographic techniques separate the complex sample mixtures so
that they can be analyzed by MS, but this can make the overall analysis time
consuming (Robertson 2005; Pan and Raftery 2007). Also, GC methods usually
entail elaborate derivatization steps that are very lengthy and thus inconvenient for
high-throughput analysis (Lin et al. 2006), besides introducing bias in the analysis
due to the used chemical reactions. However, the combination of MS with chroma-
tography, when there is availability of pure certified chemical standards, is a useful
approach for identification and quantification. Indeed, retention time can be consid-
ered as an additional hint of metabolite identity, while the chemical standards are
used also to set up proper external calibration curves for compounds quantification
(Allwood et al. 2008).

Mass fragment databases are usually employed for easy preliminary identification
of compounds (Noctor et al. 2007; Pan and Raftery 2007). Only the use of tandem
MS (MS-MS), preferably HR (MS)n instruments allows for structural definition of
compound identities. This usually excludes the countless, to date unknown metab-
olites, which are reported as “unknowns” or as putatively identified metabolites. In
this case, isolation and characterization by NMR is fundamental to definite structural
elucidation (Sumner et al. 2007).

The newest LC-MS/MS approaches are a useful tool for metabolite identification
and quantification (Xiao et al. 2012), although it is always recommended to follow
published guidelines and to refer to minimum reporting standards for the level of
confidence of chemical structural elucidation (Fernie et al. 2011; Goodacre et al.
2007; Sumner et al. 2007).

The biggest advantage of MS-based techniques is sensitivity (typically picogram
level), making the technique very suitable in studies that are targeting novel bio-
markers (Robertson 2005; Pan and Raftery 2007) but, on the other hand, the
identification of unknown metabolites is problematic. FT-ICR MS in particular
provides high resolution and mass accuracy, but the instrument is costly and is
thus not widely used (Pan and Raftery 2007).

The principal downside of MS-based approaches is their difficult standardization,
as a consequence of a number of combinations of chromatographic systems (the
separation step also includes bias in the analysis), ion sources, and different ana-
lyzers that highly impact the analysis output.

Beyond the potentially long and not always reproducible chromatographic sep-
arations, the difficult standardization, and the structural elucidation power limitation,
other drawbacks of MS include: the presence of matrix effects, the destructive
nature, its selectivity for certain analytes, ion suppression causing extensive
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variations of signal intensities, and the lack of more robust methods for chromato-
graphic separations (Robertson 2005; Pan and Raftery 2007).

Often, due to its selectivity, MS has been used in targeted metabolomics studies
(Edwards et al. 2006; Lutz et al. 2006; Issaq et al. 2008; Southam et al. 2011; García-
Cañaveras et al. 2012) or in the elucidation or confirmation of metabolites first
observed by NMR (Bundy et al. 2002a; Crockford et al. 2006).

On the other hand, NMR is nondestructive, nonselective, possesses cross-
laboratory reproducibility, and lacks sample bias (Robertson 2005; Pan and Raftery
2007; Viant et al. 2009). As a result, NMR has been used extensively in the
nontargeted or comprehensive studies of all or most of all the metabolites in a
biological sample (Verpoorte et al. 2008; Simpson and McKelvie 2009; Whitfield
Åslund et al. 2011a, b; Li et al. 2012; Ritota et al. 2012).

NMR is an instrumental analytical technique that allows obtaining detailed
information on the structure of molecules by observing the behavior of atomic nuclei
in a magnetic field. The frequency at which each nucleus resonates depends on its
chemical surrounding environment so each compound has a highly specific spec-
trum, which is an information-rich graph. Rapid identification of all of the com-
pounds present in a mixture can be performed thanks to the combination of
one-dimensional (1D) and two-dimensional (2D) NMR techniques. Recent advances
in the identification of unknown compounds in the analyzed mixtures allow NMR to
obtain important structural information without requiring further purification
(Forseth and Schroeder 2011). Indeed, one of the main strengths of this technique
is the unique set of structural information furnished that in most cases guarantees the
definitive structural elucidation of the compounds, sometimes including
stereochemistry.

Besides its power in structural elucidation, 1H NMR is commonly used in
metabolomics thanks to several other advantages: easy sample preparation, ease of
standardization, and high reproducibility, and the solvent used and the magnetic field
strength being the only variables (Verpoorte et al. 2007). Indeed, in NMR-based
metabolomics the only bias is introduced by the solvent choice (Allwood et al. 2008)
and the reproducibility appears very good and allows a comprehensive identification
and quantification of a large number of compounds with short analytical times
(including the extraction procedures). The need of a standardization procedure for
the metabolome extraction previously mentioned makes NMR-based metabolomics
convenient thanks to minimum sample preparation. In fact, extraction can be carried
out directly in deuterated solvents, often with a mixture of phosphate buffer in D2O
and MeOD (1:1). Furthermore, NMR is fully quantitative (Kim et al. 2011; Wishart
2008). The calculated precision and accuracy of a 500 MHz NMR spectrometer in a
quantitative 1H NMR analysis of external standards has been demonstrated to be
around 1% (Burton et al. 2005).

The main disadvantage of NMR, compared to MS, is its low sensitivity. This is an
issue in the analyses of endogenous metabolites and in particular detecting novel
biomarkers. Indeed, these metabolites are usually present at very low levels that
cannot be reached with NMR. The sensitivity of 1H NMR is also dependent on the
number of protons in the molecule, the structure and size of the molecule. Nowa-
days, the problem of low sensitivity can be attenuated using ultrahigh magnetic field
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strength NMR spectrometers and probes that are cryogenically cooled to 4.5 K; these
probes may result in a four-times raise in sensitivity (Logan et al. 1999; Griffin 2003;
Pan and Raftery 2007; Grimes and O’Connell 2011) reaching the stage at which
structures can be solved using very small quantities (in the microgram range)
(Harvey et al. 2015). The other advantage of microcoil probe use is also the lower
sample mass requirements, which is a big benefit for small organisms (Lacey et al.
1999; Pan and Raftery 2007; Grimes and O’Connell 2011; Poynton et al. 2011). The
only disadvantage with these methods is the affordability of such high-end instru-
mentation and although sensitivity has been drastically increased, NMR is still
surely less sensitive when compared to mass spectrometry (Forseth and Schroeder
2011; Kim et al. 2011). Nonetheless, compared to MS, the sensitivity of NMR is
independent from metabolite pKa or hydrophobicity, making it a very adaptable
choice for representative analyses (Pan and Raftery 2007). An additional downside
of NMR is that some classes of lipids can only be identified as total groups and not as
individual compounds by means of 1D NMR.

A large part of environmental metabolomics studies still use NMR because of the
comprehensive nature of nontargeted metabolomics and the ability to generate
hypotheses involving complex environmental stressors for which there are no
known modes of action (Bundy et al. 2001; Tjeerdema 2008; Viant 2008a; Viant
et al. 2009; Brown et al. 2009; Simpson and McKelvie 2009). For all these reasons,
NMR is an ideal environmental metabolomics discovery tool. It should be noted that
once metabolites of interest are discovered using NMR, targeted MS-based methods
can be subsequently developed for the routine monitoring of these metabolites.

The majority of NMR-based metabolomics studies still use one-dimensional
(1D) 1H NMR experiments (Bundy et al. 2002b, c; Samuelsson et al. 2006; Brown
et al. 2010; McKelvie et al. 2010, 2011). 1D 1H NMR experiments are advantageous
for metabolomic studies, which usually have hundreds of samples, because of their
short acquisition times (10–15 min per sample), allowing for high-throughput
analyses and a high number of sample replicates (Pan and Raftery 2007; Yuk et al.
2010).

Analyzing aqueous samples using 1H NMR requires the application of water
suppression techniques (Nicholson and Wilson 1989; McKay 2009). Water concen-
tration in samples is much higher (50 mol/L) compared to the millimolar metabolite
concentrations, leading to the suppression of signal intensities in the peaks of other
compounds due to saturation of the NMR receiver by the H2O signal (Bothwell and
Griffin 2011). While deuterated solvents are mostly used (deuterium resonates at a
different frequency than 1H in the NMR), there is always residual H2O present in
samples. The best and most used water suppression methods for metabolomics are
presaturation, nuclear overhauser effect spectroscopy (NOESY) presaturation, and
presaturation utilizing relaxation gradients and echoes (PURGE; Bundy et al. 2002a;
Viant et al. 2003; Simpson and Brown 2005; Wishart 2008; McKelvie et al. 2010;
Poynton et al. 2011). Several studies have used PURGE water suppression for
NMR-based metabolomic analyses (McKelvie et al. 2011, 2013; Yuk et al. 2011,
2013). Among the several water suppression techniques, PURGE provided superior
water suppression with the least amount of parameter optimization and the fewest
number of spectral regions that need to be excluded because of variations in the
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suppression of the solvent peak. Furthermore, comparing various 1D and 2D NMR
techniques, PURGE 1H NMR has demonstrated to be the most rapid, informative,
and economic method for analyzing aqueous metabolomics samples (McKay 2009;
Yuk et al. 2010).

The complexity of any biological sample due to the large number of molecules
that they possess, results in a large number of peaks within the small chemical shift
range of a 1H NMR spectrum (0–14 ppm). This leads to difficulty in identifying
compounds that are present at low concentrations, considering the common chance
of peak overlapping generated by different metabolites. This usually means that
some peaks are masked by larger peaks from compounds present in higher concen-
trations (Pan and Raftery 2007). Some of the best techniques to alleviate the spectral
overlap and improve resolution between peaks are: Carr–Purcell–Meiboom–Gill
(CPMG), J-resolved spectroscopy (J-RES), and other various 2D NMR techniques.

Carr–Purcell–Meiboom–Gill (CPMG) is used to remove broad resonances asso-
ciated with molecules of high molecular mass or molecules with constrained motion
and hereby offers better resolution of low molecular mass metabolites (Weckwerth
2007; Wishart 2008).

J-resolved spectroscopy (J-RES) projection may improve spectral resolution.
J-RES is a two-dimensional (2D) NMR technique, in which the chemical shift
information is on one axis and the spin–spin coupling information is on another.
Projecting only the chemical shift axis, an equivalent to a 1D proton decoupled
spectrum is obtained, which has less spectral overlap and enables better detection of
specific metabolites (Viant et al. 2003; Pan and Raftery 2007; Yuk et al. 2010),
although it also results in the loss of some information.

Other 2D NMR techniques have also been used to increase spectral resolution
because they have an additional dimension into which the signals can be dispersed.
Besides J-RES, some of the other common 2D NMR techniques in metabolomics are
1H correlation spectroscopy (COSY) and 1H-13C heteronuclear single quantum
coherence (HSQC) spectroscopy (Xi et al. 2008; Ludwig and Viant 2010; Yuk
et al. 2010; Flores-Sanchez et al. 2012). The main benefit of using 2D NMR
techniques, such as HSQC, is that the 13C axis has a large chemical shift range
(200 ppm), which allows for greater spectral dispersion and enhanced resolution
(Xi et al. 2008; Chylla et al. 2011; Hu et al. 2011a, b). However, a drawback of most
2D NMR techniques is the lower sensitivity, which results in longer acquisition
times—sometimes many times more than 1D experiments (Jacobsen 2007). In fact,
2D experiments such as HSQC may require long acquisition times for adequate
signal-to-noise (S/N) ratios. For this reason, the use of 2D NMR techniques in
metabolomic studies is limited to complementing compound identification from
1D 1H NMR experiments (Yuk et al. 2010).

After the samples are analyzed, the data are processed and statistical analyses are
performed using multivariate and univariate analyses. These are done in conjunction
with the quantification and identification of the metabolites.

The final step then involves biological interpretation of the data to make a
connection between the external stressor and the metabolic response of the
organism.
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18.3 Statistical Methods Used in Metabolomics

The interest in metabolomics is due to its ability to generate large volumes of data in
a high-throughput way, so one of the biggest challenges is to find a way to visually
analyze all of the collected data (i.e., NMR or MS data) to identify differences
between samples in a reasonable time frame (Robertson 2005). Both, multivariate
statistical and pattern recognition methods are employed to smooth the analysis of
metabolomics data sets and to obtain meaningful relationships between the external
stressor and the metabolic response (Trygg et al. 2007; Coen et al. 2008). Pattern
recognition methods are able to reduce the dimensionality of metabolomics data
from hundreds of variables into two or three components that are orthogonal to each
other (Trygg et al. 2007).

PCA is an unsupervised method, meaning that the model is not provided with any
prior information concerning the identity of the samples (Holmes and Antti 2002),
and is the most widely used multivariate statistical approach in metabolomics
(Bundy et al. 2002a, 2004; Trygg et al. 2007; Wishart 2008; Simpson and McKelvie
2009). The association of the samples in a PCA scores plot is based on the
similarities in their metabolic profiles. PCA figures out the comprehensive variability
in a data set, which is explained by a set of uncorrelated variables called principal
components (PCs); these are linear combinations of the original variables (Trygg
et al. 2007). The first PC (PC1) explains most of the variation in the data and PC2,
which is orthogonal to PC1, explains the second most variation in the data and so
on. PCA allows for dimensional reduction of the data into a low-dimensional plane,
such as PC1 versus PC2. The scores plot (e.g., PC1 vs. PC2) allows for a visual
examination of the relationship between the samples based on their metabolic
profiles.

PLS regression analysis and PLS discriminant analysis (PLS-DA) are also used
often as multivariate statistical tools in metabolomics (Barker and Rayens 2003; van
Ravenzwaay et al. 2007; Ekman et al. 2008; Jones et al. 2008; Whitfield Åslund et al.
2011b). PLS-regression and PLS-DA are supervised methods. In this case, the
classification of the samples as either control or experimental is known to the
model. Predictive models are built adding predefined variables to maximize the
separation between the sample classes. These variables are measurable quantities
such as the contaminant exposure concentration. In PLS-DA these are dummy
variables: for example, we can assign all the controls a value of zero and the
experimental group a value of one to distinguish the sample classes (Trygg et al.
2007).

In order to reduce models’ components, make it easier to interpret and more
relevant, supervised methods such as orthogonal projections to latent structures
(OPLS) and OPLS-DA have been increasingly used in metabolomics studies
(Trygg and Wold 2002). These are basically extensions of PLS and PLS-DA
where the orthogonal variation to the predefined variables is removed from the
model (Trygg and Wold 2002; Bylesjö et al. 2006), but could also be analyzed
together with the identification of the uncorrelated variables sources.
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Cross-validation methods such as the leave-one-out cross validation (LOOCV)
are required to evaluate the robustness of the supervised methods such as
PLS-regression, PLSDA, OPLS, and OPLS-DA (Westerhuis et al. 2008; Varmuza
and Filzmoser 2009; Whitfield Åslund et al. 2011b). LOOCV is performed by first
randomly eliminating one of the samples from the original data set, which is called
the test set, then the model (PLS/PLS-DA or OPLS/OPLS-DA) is built on the
remaining samples (the training set). This process is repeated until all of the samples
have been left out of the model at least once. The training set models created are
eventually used to predict the test set. The Q2Y, which is known as the goodness of
prediction (Westerhuis et al. 2008), represents the ability of the model to predict the
test set. This value can be used to evaluate the robustness of a model: typically, a
Q2Y > 0.4 is considered a strong model (Jones et al. 2008; Westerhuis et al. 2008).
The significance of PLS/OPLS models needs to be evaluated, and this can be done
using permutation testing (Eriksson et al. 2006; Alam et al. 2010; Whitfield Åslund
et al. 2011b). Permutation testing consists of maintaining the data set constant, while
randomly permuting the order of the predefined variables a set number of times. For
each permutation a new PLS/OPLS model is fitted, and the Q2Y is calculated
providing a reference distribution of the Q2Y statistic. The significance of the
original PLS/OPLS model and the confidence in its validity is increased if its Q2Y
value is higher than the values obtained for all the PLS/OPLSmodels built during the
permutation tests (Eriksson et al. 2006).

Although, metabolomics studies mostly use multivariate statistics, complemen-
tary univariate statistical analyses are also attended to further increase the amount of
information obtained from the research. T tests are commonly used to assess the
significance of the separation between the controls and stressed organisms in PCA
and PLS-DA scores plots, and to define which metabolites in the 1H NMR spectra of
the treatment class increased or decreased significantly relative to the controls. A T
test filtered difference 1H NMR spectra can also be created by subtracting the
buckets of the average controls from that of each average exposure class. Not
statistically significant (¼ 0.05) bucket values metabolite peaks can be replaced
with a zero, resulting in a T test filtered 1H NMR difference spectrum (Ekman et al.
2008, 2009). T test filtered difference 1H NMR spectra and loading plots can be used
together to determine which metabolites are potential biomarkers of exposure to a
particular contaminant.

18.4 Metabolomic Responses Observed in Aquatic
Nontarget Organisms Exposed to Pharmaceuticals

Despite the immense potential of metabolomic research for assessing environmental
pollutants, only a small number of studies have been conducted till now to evaluate
the metabolomic responses observed in various aquatic nontarget organisms exposed
to pharmaceuticals. In fact, Bonefille et al. in 2018, evaluated the effects of the
nonselective, nonsteroidal anti-inflammatory drug diclofenac against the marine
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Mytilus galloprovincialis, chosen for its ease in being handled, for its capability in
accumulating toxins, and for its sedentary nature. In this mussel, these authors
studied metabolomic perturbations caused by 100 μg/L diclofenac, concentration
not affecting organisms’ viability; then, the metabolomic analysis was performed by
liquid chromatography-hyphenated to high-resolution mass spectrometry
(LC-HRMS) in extracts of digestive gland, and alterations in the tyrosine and
tryptophan metabolisms were observed at concentrations only few orders of magni-
tude higher than those found in seawater (1 μg/L, Gaw et al. 2014). In particular,
after a 7-day exposure, tyrosine pathways were down-modulated, while steroid
hormone biosynthesis and tryptophan pathways were positively modulated.

In addition to mussels, other nontarget invertebrates such as crustaceans were
suitable tools for metabolomic analysis. In fact, Taylor et al. (2010), Kovacevic et al.
(2016), and Wagner et al. (2017) studied metabolomic responses in the cladoceran
crustacean Daphnia magna after exposure to various pharmaceuticals. In particular,
Taylor and coauthors, in 2010, explored D. magna metabolic changings after 24 h
exposure to 1.4 mg/L of the nonselective β-adrenergic receptor blocker propranolol
by direct infusion Fourier transform ion cyclotron resonance mass spectrometry
(FT-ICR MS). High-quality metabolite profiles were detected both in hemolymph
and in the whole-organism extracts from 14-day-old daphnids and metabolic per-
turbations were found in the multiple fatty acid and oxylipid metabolites. Wagner
et al. (2017) performed a similar study testing 0.67 mg/L of propranolol in both
neonates (<24 h old) and adult daphnids (18 days old) by nuclear magnet resonance
spectroscopy 1H-NMR observing in both populations an increase in amino acid
metabolites and a reduction in glucose levels when compared to control. Further-
more, Kovacevic et al. (2016) studied the metabolic profile in the same freshwater
crustacean testing three different pharmaceuticals: triclosan (μg/L), carbamazepine,
and ibuprofen (mg/L), at sublethal concentrations after 48 h exposure. Triclosan is
used for impeding bacterial growth by inhibiting enzymes involved in fatty acid
synthesis, carbamazepine is a sodium channel blocker used for the treatment of
epilepsy and neuropathic pain for its effects on serotonin systems, while ibuprofen is
a nonsteroidal anti-inflammatory drug inhibiting cyclooxygenase enzymes involved
in prostaglandins synthesis. Kovacevic and coauthors analyzed adult daphnid metab-
olites by 1H-NMR, and alterations in amino acid content as well as in sugar glucose
levels were observed according to a concentration-dependent relationship between
daphnids’metabolic responses and drug exposure concentrations, reflecting changes
at organ, organismal, and population levels. In light of the foregoing, the freshwater
consumer D. magna seems to be a very sensitive aquatic bioindicator for the
evaluation of the metabolomic responses to many environmental pollutants also
considering the advances used in analytical metabolomic techniques.

Other nontarget sentinel species belonging to a higher level of the food aquatic
chain are represented by marine and freshwater fish. These organisms were among
the earliest organisms used in environmental metabolomics thanks to their similar
biochemical mechanisms in comparison to humans, in response to pharmaceuticals.
In fact, in 2006, Samuelsson et al., using 1H-NMR, studied the effects of the
synthetic contraceptive estrogen ethinylestradiol on the rainbow troutOncorhynchus
mykiss (11 months old) and observed alterations in the plasma metabolite profile at
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10 ng/L with a strong induction of the lipoprotein vitellogenin synthesis. Further-
more, Mills et al. (2016) explored physiological responses to the endocrine-active
pharmaceutical Tamoxifen in adult fish Tautogolabrus adspersus using the gas
chromatograph coupled to a time-of-flight mass spectrometer (GC/ToF-MS). Thus,
Mills et al. observed high levels of proline, threonine, alanine, lysine, tyrosine, and
tryptophan, and found down-regulated metabolites involved in amino acid synthesis
and metabolism, phospholipid synthesis, glucoronidation, and glycolysis, proving
that T. adspersus could represent a sensitive nontarget organism, useful for studying
metabolomics perturbations after exposure to pharmaceuticals. As reported in sci-
entific literature, fish have been used not only to observe the metabolomics responses
of estrogen-like molecules, but also to study metabolomics alterations caused by the
exposure to antibiotics. In fact, De Sotto et al. (2017) studied environmental effects
of 0.1 mg/L of clarithromycin, florfenicol and sulfamethazine, individually and in
mixtures, on adults ofDanio rerio after 72 h exposure using high-performance liquid
chromatography with quadrupole time-of-flight (QTOF) mass spectrometer. When
clarithromycin and florfenicol were tested individually, they were able to yield more
metabolites than those found for sulfamethazine, and the most affected pathway was
the metabolism of purines, especially guanosine involved in protecting neurons
against excitotoxic damages. The similarity between clarithromycin and florfenicol
could be explained thanks to the same mode of action of these two antibiotics, which
inhibit protein biosynthesis interacting with 50 S subunit in nontarget organisms.
Surprisingly, when De Sotto et al. (2017) tested antibiotics in mixtures, a small
amount of metabolites was observed, probably due to antagonistic interactions. In
line with the scientific literature taken into account here, Danio rerio is a good model
in environmental metabolomics to identify the effects of pharmaceuticals, due to its
similarity to human metabolism and its ease in absorption of small molecules
through skin and gills.

In conclusion, scientific interest is constantly increasing in the wide field of
environmental metabolomics, a very useful approach to understand the impact of
various environmental xenobiotics in nontarget organisms, through different analyt-
ical platforms. In the last years, it has been applied to evaluate metabolic changes in
different aquatic organisms of the trophic chain after pharmaceutical exposure (only
few scientific papers to date); to the best of our knowledge, no studies on anticancer
drugs exist at the moment. Since the consumption and the administration of this class
of pseudo-persistent pharmaceuticals are increasing as also their occurrence in the
aquatic systems, it would be advisable to use metabolomic strategies to understand
anticancer drugs’ environmental toxic effects.
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