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With the advent of increasingly specific and efficient analytical
techniques, the detection of trace concentrations of numerous
compounds has been made possible. This has helped us better
understand the impact trace pharmaceuticals are having on the
environment — as well as highlighting how much more needs to
be done to tackle the problem.

The occurrence of pharmaceuticals in rivers and lakes is mainly
due to the inability of water treatment plants to remove these
compounds efficiently before being released. Responding to
growing concerns, the European Commission has put together

a Watch List to be updated every two years, including 14
pharmaceuticals that are potential water contaminants. The idea
behind this work is to determine whether the pharmaceuticals in
question pose any threat to the environment. If so, a concentration
limit would be set for them at EU level, known as environmental

quality standards.

Although this is a great initiative to reduce the contamination
impact on the aquatic environment, there are many other classes
of pharmaceuticals, such as anticancer drugs, that are prescribed

and administered daily, yet are not being addressed.

Cancer and anticancer drugs

Cancer is a leading cause of death worldwide, with approximately
10 million deaths in 2020. Given the increased incidence of cancer
rates every year, the production and consumption of anticancer

drugs are unsurprisingly on the rise.
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“pharmaceuticals in rivers and lakes
are mainly due to the inability of
water treatment plants to remove
these compounds efficiently”

Anticancer drugs have been used clinically since the 1940s. They can
be classified according to their chemical structures, their mode of
action or the cell cycle specificity. In the Anatomical Therapeutic
Chemical (ATC) classification, anticancer drugs are categorised into

two groups:

1 Antineoplastic agents, which includes alkylating agents,
antimetabolites, plant alkaloids and other natural products,
cytotoxic antibiotics and related substances, protein kinase
inhibitors, monoclonal antibodies and antibody-drug conjugates

and other antineoplastic agents

2 Endocrine therapy, which includes hormones and

hormone antagonists

These drugs can be administered in a variety of ways, including
intravenously, orally, intramuscularly and intrathecally. In the
treatment regimen, one or several anticancer drugs can be
prescribed (known as ‘combination chemotherapy’) depending on
the patient and stage of cancer. To increase the effectiveness of the
treatment, drugs from different categories can be included in the
regimen to treat the same type of cancer. In the table below, the
mode of action of each category is described with examples of

different drugs used to treat different types of cancers. >
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Category Sub-category ‘ Mode of action ‘ Example Cancer treatment
Alkylating agents Bind to the DNA and Cyclophosphamide Lymphomas, leukaemias,
prevent the cell myeloma, lung and
replication at any point breast cancers
of the cycle . . ;
Y Ifosfamide Testicular cancer, soft tissue
and bone sarcoma
Temozolomide Certain types of brain tumour
Antimetabolites Inhibit the key enzymes 5-Fluorouracil Breast, anal, stomach, colon
of the DNA synthesis and some skin cancers
or cause strand break Y
in DNA and RNA or Capecitabine Brenasrt, ct(?lon,nsto:\ﬁach and
premature chain pancreatic cancers
termination (cycle Methotrexate Uterus, breast, lung cancers,
phase S) lymphoma and leukaemia
Gemcitabine Bladder, breast, pancreas
and ovary cancers
Plant alkaloids and other | Block the cancer cell Vincristine Leukaemia, lymphoma,
natural products division (cycle phase S myeloma, breast, head and
and M) neck cancers
Etoposide Testicular, lung, ovarian

cancers, lymphoma,
leukaemia and neuroblastoma

Paclitaxel Ovarian, breast and non-small
cell lung cancers
Docetaxel Breast, prostate,
stomach cancers
Antineoplastic agents Irinotecan Colon and rectal cancers
Cytotoxic antibiotics and Intercalate sequences Doxorubicin Bladder, breast, lung, stomach
related substances of DNA and cause and ovarian cancers
strand breakage . .
9 Daunorubicin Acute myeloid and acute
lymphoblastic leukaemias
Epirubicin Breast cancer
Bleomycin Head, neck, testicular, ovarian

and cervical cancers

Mitomycin Breast, bladder, stomach,
pancreatic, anal and
lung cancers

Protein kinase inhibitors Block the action of Imatinib Leukaemia
protein kinases that
promote cell division
and survival Erlotinib Non-small cell lung and
pancreatic cancers

Gefitinib Non-small cell lung cancer

Monoclonal antibodies Target a tumour antigen | Trastuzumab Breast, stomach and
and antibody-drug on the surface of cancer oesophageal cancers
conjugates cells to kill them .
Jug Nivolumab Melanoma, oesophageal,
kidney, head and neck cancers
Rituximab Leukaemia and lymphoma
Other antineoplastic Cannot be classified in Cisplatin Testicular, ovarian, bladder,
agents the previous groups lung, cervical, head and
neck cancers
Carboplatin Ovarian and lung cancers
Oxaliplatin Bowel, stomach, pancreatic

and oesophageal cancers

Hormones Reduce the production Diethylstilbestrol Prostate cancer
of hormones in the body

to stop the growth of Megestrol Breast and womb cancers
cancer cells Goserelin Prostate and breast cancers
Endocrine therapy Hormone antagonists Block the production Tamoxifen Breast cancer
of hormones in the body Fulvestrant Breast
to stop the growth of ulvestran reast cancer
cancer cells Flutamide Prostate cancer
Letrozole Breast cancer

Table 1: Classification of anticancer drugs and mode of action with examples
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Metabolism of anticancer drugs

As with many other pharmaceuticals, anticancer drugs are
metabolised in the organism after absorption by Phase | and/or |
Phase Il reactions. Phase | reactions include oxidation, reduction

and hydrolysis, which will reduce the activity of the drug or, in

some cases, aim to increase it if the parent compound is inactive.

The Phase | metabolisation process will introduce functional

groups such as hydroxyl, amino and carboxyl to the parent
compound (Carboxycyclophosphamide, 4-Hydroxytamoxifen,
2,7-Diaminomitosene). In Phase Il reactions, the parent compound
or the Phase | metabolite undergo conjugation reactions that
include glucuronidation, sulfonation, glycine/glutamine
conjugation, acetylation, methylation, and glutathione conjugation.
These reactions induce the inactivation of the compound before
excretion. However, in some cases, Phase Il reactions generate
active metabolites, such as with the anticancer drugs tamoxifen and
capecitabine, so the metabolism of anticancer drugs can produce
inactive metabolites, as well as active and toxic metabolites. These
latter metabolites are excreted after Phase | or Phase Il reactions via

the biliary tract or kidneys.

Examples of high excretion rates of anticancer drugs include
gemcitabine with 92 to 98 per cent excretion in urine, megestrol
with 66 per cent in urine and 20 per cent in faeces, methotrexate
with 60 to 95 per cent in urine, tamoxifen with 9-13 per cent in urine
and 26-65 per cent in faeces, amongst others. In addition to the
parent compounds, active metabolites, which are potentially more
potent, have been detected, such as endoxifen, 4-hydroxytamoxifen,

hydroxymethotrexate, hydroxypaclitaxel and 2',2'-difluorodeoxyuridine.

Occurrence in the environment

After excretion, and depending on the compounds'’ stability,
anticancer drugs and their metabolites are released into the sewers
and then discharged into the aquatic environment after treatment.

The contamination of water with anticancer drugs could be derived

L
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Cyclophosphamide Tamoxifen Ifosfamide Methotrexate
Hospital Hospital Hospital Hospital
| effluent: effluent: | effluent: effluent:
6-22,100 ng/L 0.2-170 ng/L 24-86,200 ng/L 4-4,752 ng/L
Influent Influent Influent Influent
- WWTP: - WWTP: - WWTP: - WWTP:
2-13,100 ng/L 0.1-740 ng/L 1.4-130.1 ng/L 1.6-303 ng/L
Effluent Effluent Effluent Effluent
WWTP: - WWTP: - WWTP: - WWTP:
0.19-114 ng/L 0.1-369 ng/L 1.2-2,690 ng/L 2-19.4 ng/L
~— ~—_— ~— | N —
R
Surface water: Surface water: Surface water: Surface water:
0.05-64.8 ng/L 0.01-212 ng/L 0.14 ng/L 3.5 ng/L
| ) S S —

Figure 1: Concentrations of the most frequently detected
anticancer drugs in the aquatic environment

from many sources, such as the pharmaceutical industry, hospitals
and households’ wastes. Bearing in mind that the majority of these
compounds don't have a targeted mode of action against cancer

cells, they can also affect normally dividing cells.

For this reason, more attention is now being paid to the detection
of anticancer drugs in rivers and lakes and their potential risk to
aquatic life. The first study revealing the occurrence of the
anticancer drugs cyclophosphamide and ifosfamide in hospital
wastewater and municipal wastewater treatment plant was
conducted in Germany in 1996. Since then, increasing focus has
been paid to this class of pharmaceuticals, especially in Spain and

the United Kingdom.

Numerous methods have been developed and validated to detect
these trace concentrations in rivers and lakes. In general, the most
commonly adopted analytical techniques for the detection of
anticancer drugs are Gas Chromatography Tandem Mass
Spectrometry (GC-MS/MS), Liquid Chromatography Tandem Mass
Spectrometry (LC-MS/MS) and Inductively-Coupled Plasma
Tandem Mass Spectrometry (ICP-MS/MS). LC-MS is predominantly
used in preference to GC-MS in order to avoid the derivatisation
step before the analysis. ICP-MS is exclusively used to quantify the
total platinum in the sample, which could indicate the presence of
platinum compounds that can be included in the cancer treatment
regimen, such as cisplatin, carboplatin and oxaliplatin. These
techniques have achieved notable performances with detection

limits as low as ng/L. >
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Nonetheless, in order to achieve this high sensitivity, sample

treatment should be conducted to reduce interferences deriving
from the environmental matrix and also to pre-concentrate the
compounds of interest. This is mainly accomplished by Solid-Phase
Extraction (SPE). Several SPE cartridges have been used for the
extraction of anticancer drugs from environmental samples. The
most used cartridge was Oasis HLB, as it is able to extract a high

range of acidic, basic and neutral compounds.

The most frequently detected compounds between 1996 and 2018
were cyclophosphamide, tamoxifen, ifosfamide and methotrexate,

with concentrations ranging between 0.01 and 86,200 ng/L.

Removal from wastewater

As previously stated, the presence of anticancer drugs in the aquatic
environment is due to their inefficient removal by treatment plants.
Three types of treatments are usually provided in wastewater

treatment plants: biological, physicochemical and chemical.
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Throughout the biological treatment process, microorganisms
such as bacteria, fungi, yeasts and algae are used to decompose
the chemical compounds. However, biodegradation of anticancer
drugs has often not been fully documented for the majority of the
compounds tested. Although megestrol, etoposide, doxorubicin
and gemcitabine showed rapid and high removal rates,
cyclophosphamide and ifosfamide have been shown to remain

at similar concentration levels post-treatment.

“cyclophosphamide and ifosfamide
have been shown to remain at similar
concentration levels post-treatment”

Physicochemical treatments include membrane filtration and
advanced oxidation procedures. The latter covers UV-based
photodegradation, photooxidation, photocatalytic oxidation,
electron beam radiation and nanoparticle treatment. Higher
removal percentages have been observed for several anticancer
drugs such as 5-fluorouracil, cyclophosphamide, etoposide,

ifosfamide, capecitabine, irinotecan, paclitaxel and imatinib.

Finally, chemical treatments consist of oxidation with reagents
such as H,0, and Fenton'’s reagent, ozonation and electrolysis.
These treatments have also recorded high removal rates for a
wide range of anticancer drugs. Examples of compounds that
achieved a removal rate higher than 95 per cent include
5-fluorouracil, capecitabine, tamoxifen, cyclophosphamide,
erlotinib, methotrexate and imatinib, amongst others. In
addition to that, a combination of treatments has been
shown to be more effective when one treatment was not
enough to remove certain compounds. However, this

increase in removal was not very significant.
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While physiochemical and chemical treatments
have improved the removal rates of anticancer
drugs, the production of toxic transformation

products is considered a major limitation >



of these procedures. For example, after UV treatment, the toxicity
of capecitabine can increase. The same effect was observed for
cyclophosphamide and ifosfamide after photocatalytic treatment
(UV/TiO,) and ozonation. Moreover, the combination of ozonation
and UV treatment of tamoxifen has increased the toxicity of the
sample by generating more toxic compounds than the parent

compound itself.

Conclusion

In summary, with the continuous improvement in the sensitivity of
the current analytical techniques, anticancer drugs have been
detected in several countries and different water resources at very
low concentration levels (ng/L). This has highlighted the apparent
inefficiency of conventional water treatments to eliminate these
trace concentrations completely. Although many treatments have
reported high removal rates for the anticancer drugs tested,
complete elimination or degradation has not yet been achieved.
This calls for the development of cost-effective water treatments

that can be easily implemented in wastewater treatment plants.

Until new advances in water treatments are available, the question
remains unanswered as to whether these trace concentrations of
anticancer drugs in the aquatic environment could impact life in

rivers and lakes in the short and long term. m

References

Gomez Cortes, L., Marinov, D., Sanseverino, I, Navarro Cuenca, A., Niegowska, M.,
Porcel Rodriguez, E. and Lettieri, T, Selection of substances for the 3rd Watch List
under the Water Framework Directive, EUR 30297 EN, Publications Office of the
European Union, Luxembourg, 2020, ISBN 978-92-76-19425-5, doi:10.2760/240926,
JRC121346.

ATC/DDD Index 2022. (2021). WHO Collaborating Centre for Drug Statistics.

Muhamad, N., & Na-Bangchang, K. (2020). Metabolite profiling in anticancer drug
development: A systematic review. In Drug Design, Development and Therapy (Vol.
14, pp. 1401-1444). Dove Medical Press Ltd. https://doi.org/10.2147/DDDT.5221518

Chromatography

Nassour, C., Barton, S. J., Nabhani-Gebara, S., Saab, Y., & Barker, J. (2019).
Occurrence of anticancer drugs in the aquatic environment: a systematic review.
Environmental Science and Pollution Research, (Vol. 27, pp. 1339-1347). https://doi.
0rg/10.1007/511356-019-07045-2

Valente, J. V., Coelho, S., Pastorinho, M. R., & A. Sousa, A. C. (2022). Anticancer drugs
in the environment: environmental levels and technological challenges. In Emerging
Contaminants in the Environment - Challenges and Sustainable Practices, Chapter
3, (pp. 55-86). Elsevier. https://doi.org/10.1016/b978-0-323-85160-2.00006-8

Authors

Carla Nassour MSc, PhD student

Prof James Barker, Professor of Analytical Science
Dr Shereen Nabhani-Gebara, Associate Professor

Dr Stephen J. Barton, Associate Professor

School of Life Sciences, Pharmacy and Chemistry, Kingston
University, London

“Our research team at Kingston University has been
investigating hospital wastewater as a major source of micro/
nanopollutants and toxic chemicals. In developing countries,
most hospitals do not have sophisticated wastewater
treatment plants and the generated wastewater often goes
into primitive septic tanks that end up draining into the soil
and percolate to the aquatic bodies or the sea, causing
serious environmental hazards. Wastewater from hospitals
can contain traces of anything from viruses and multi-
resistant bacteria to medical contrast agents and chemicals
for cancer treatment. Small amounts of hormone-disrupting
substances and other medicinal residues are also part of the
mix that passes from patients through hospital toilets and
into public sewer systems. Our research has been focussed
in analysing these discharges and developing technologies
for their removal”.
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