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Abstract: The uncontrolled release of pharmaceutical drugs into the environment raised serious
concerns in the last decades as they can potentially exert adverse effects on living organisms even at
the low concentrations at which they are typically found. Among them, platinum based cytostatic
drugs (Pt CDs) are among the most used drugs in cancer treatments which are administered via
intravenous infusion and released partially intact or as transformation products. In this review, the
studies on environmental occurrence, transformation, potential ecotoxicity, and possible treatment
for the removal of platinum cytostatic compounds are revised. The analysis of the literature high-
lighted the generally low total platinum concentration values (from a few tens of ng L™ to a few
hundred pg L) found in hospital effluents. Additionally, several studies highlighted how hospitals
are sources of a minor fraction of the total Pt CDs found in the environment due to the slow excretion
rate which is longer than the usual treatment durations. Only some data about the impact of the
exposure to low levels of Pt CDs on the health of flora and fauna are present in literature. In some
cases, adverse effects have been shown to occur in living organisms, even at low concentrations.
Further ecotoxicity data are needed to support or exclude their chronic effects on the ecosystem.
Finally, fundamental understanding is required on the platinum drugs removal by MBR, AOPs,
technologies, and adsorption.

Keywords: cytostatic drugs; water treatment; environmental remediation; emerging pollutants

1. Introduction

Cancer, considered the second cause of death in the world, is a primary global public
health issue [1]. The International Agency for Research on Cancer (IARC) estimates that
by 2040, 30.2 million new cases of cancer will be diagnosed worldwide, with more than
16 million expected deaths [2]. The increment in cancer frequency will consequently be
associated with an increase in the use of cytostatic drugs (CDs) to treat this disease [3].
CDs are cytotoxic molecules designed and applied to cause cellular dysfunction. These
compounds inhibit the growth of cancer cells by altering their metabolism, blocking
cell division and reproduction [4]. Despite all the advantages, cytostatic damage is not
exclusively specific to tumor cells, but has an impact on all body cells, causing adverse side
effects such as renal, digestive, hematopoietic, liver, and dermal [4]. Once administered,
these compounds are excreted from the body unchanged or as metabolites that pass into
the effluents of hospitals and homes, until they arrive in the sewage system and so the
wastewater treatment plant (WWTP) [3]. The removal efficiency in the WWTP depends on
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the treatment process and the substance, but in general CDs are poorly biodegradable and
are released into the terrestrial and aquatic systems contaminating rivers, and even into the
sea, at trace levels [5]. Another source to be considered is the effluents from pharmaceutical
manufacturing plants that have been unrestrictedly discharged into the environment [6-9].

These water bodies contaminated by CDs, in many cases, can harm the lives of
humans and other aquatic organisms exposed to them, causing long-term damage to those
eukaryotic organisms, even at trace level. For this reason, the EU Commission Decision
2000/532/EC251 classified the cytotoxic and cytostatic medicinal products as hazardous
wastes [10].

Platinum-based CD are the most employed drugs in cancer treatments, and it is
estimated that their usage will continue to increase in the next years. Cisplatin is the most
relevant anticancer drug ever discovered, and as of today about 50% of all cancer patients
are cured with this metal drug [11]. Over the last 30 years numerous platinum compounds
were tested [12-15], but only a few obtained international marketing approval: carboplatin,
oxaliplatin, nedaplatin, heptaplatin, and lobaplatin (Figure 1) [14].
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Figure 1. Clinically approved platinum anticancer drugs. *: chiral centres.

Studies addressing their occurrence in different environments, as well as the proper
elimination or degradation methods from the wastewaters (WW), are numerous [6,16-19].
Despite their concentrations, hospital wastewaters (HWW), sewage, and natural waters are
very low (typically in the ng L~! range or lower) [6,20]. Numerous studies have measured
the cytostatic concentrations in surface waters. Most of these studies have reported that, in
general, these drug residues are safe for the aquatic biota, with few exceptions [21,22].

The presence of cisplatin and cisplatin-based cytostatics has been found to display an
apparently low environmental risk [23]; however, recent evidence suggests that predictions
of cytostatic concentrations in the water bodies have been underestimated [24].

This evidence, together with the expected increase of the use of cytostatics in the
coming years and the lack of research on potential chronic damage [25], could put the
health of entire ecosystems at risk.

Therefore, it is important to develop efficient methods for removing these compounds
from WW. Based on an intensive literature review, this work aims to summarize and
discuss: (i) the mechanism of action of Pt-based CDs, their source and determinations;
(if) the predicted behavior in the aquatic and related environments; (iii) the ecotoxicological
potential; and (iv) the impact of water treatment technologies.
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2. Action Mechanism, Speciation and Determinations Analysis of Pt-Based CDs
2.1. Reactivity

Since Rosenberg and co-workers [26,27] unexpectedly discovered the antiproliferative
action of the cis-diamminedichloroplatinum(Il) (Pt(NHj3),Cl,) (Figure 1), cisplatin, many
studies have been carried out to develop compounds with less severe side effects and
improved efficacy [14,15,28].

Experimental evidence revealed that the mechanism of action (Figure 2) of classical
platinum CDs is characterized by four steps process: (1) cellular uptake, (2) activation by
the chloride substitution reactions, (3) DNA binding, and (4) cellular processing of DNA
lesions leading to cell death [28].
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Figure 2. Mechanism of action of cisplatin.

Passive diffusion and active transport, facilitated by membrane proteins, are both
involved in cellular uptake [29]. In the blood stream, where the chloride concentration
is relatively high, the chloride release is suppressed, while, in the cell, they are replaced
by water in solution to produce positively charged “aquated” molecules (Figure 3) [30].
These aqua-complexes (and in particular Pt(NHj3),(OH,)Cl") are very reactive and can
form covalent bonds with DNA bases. Numerous experimental and theoretical studies
were devoted to clarify these reactions [31-40].

The final cisplatin-DNA adducts present coordinated intra- and inter-strand cross-
links which activate a series of processes ultimately leading to cell death. It is interesting to
note that these reactive aqua-derivatives of cisplatin are also detected in the urine with a
speciation dependent on the temperature, chloride concentration, and pH (Figure 3) [41].

Carboplatin or cis-diammine-(1,1-cyclobutanecarboxylato)platinum(Il) (Figure 1) is
an antineoplastic drug widely used against cancer of head, neck, lung, and ovaries [42,43].
Carboplatin is an early example of attempt to develop less toxic platinum alkylating agents,
and was introduced in clinical use in the mid-1980s [44]. The principal chemical structure
difference between carboplatin and cisplatin was the presence of bidentate dicarboxylate
(CBDCA) ligand instead of the two chloride ligands of cisplatin molecule [12]. It shows
lower reactivity and slower DNA binding kinetics [12] which makes it less toxic than
cisplatin [45]. Oxaliplatin (trans-L-diaminocyclohexane oxalatoplatinum(II), Figure 1)
emerged as the prominent third-generation platinum based anticancer drugs [46]. In the
late 1970s, oxaliplatin was suggested as a possible anticancer drug but the FDA approval
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was obtained only in 2002 [46]. It was employed in the treatment of several kinds of
cancers, including colon cancer, which had not responded to cisplatin treatment [46],
gastrointestinal, and gynecologic cancers [47]. It is interesting to note that carboplatin and
oxaliplatin present a quite different chemical reactivity profile, which affects the speciation
in excreted samples (urine): in the first case the intact drug is excreted, while for oxaliplatin
up to 17 metabolites were determined [48].
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Figure 3. Ligand substitution (chloride) and protonation equilibria for cisplatin.

Nedaplatin, heptaplatin, and lobaplatin (Figure 1) are approved only in some countries
(Japan, Korea, and China respectively) [29].

2.2. Prediction of Platinum-Based CDs Release into the Environment

The evacuation of urine and feces from patients treated with anticancer agent is
regarded as the primary source of platinum-based anticancer drugs and their related
metabolites. These compounds have been unrestrictedly discharged into the environment,
via hospital effluents and/or municipal WW, and possibly also effluents from pharmaceu-
tical manufacturing plants [9,48-52]. In Figure 4 the routes of platinum-based anticancer
drug input and transportation in the environment are shown.

As early as more than 20 years ago, researchers have been keenly aware that Pt-
containing pharmaceutical residues frequently appeared in HWW. The calculation of the
PEC (predicted environmental concentrations) of platinum-based cytostatic compounds,
as well as their quantification through total Pt determination methods [48,53-55] are
the methods employed to predict and determine the environmental occurrence of these
compounds.

In one interesting study [17] it was attempted to predict the possible concentrations
range of four cytostatics in the sewage effluent and surface waters of various states in
the European Union: 5-fluorouracil (5FU), capecitabine (CB), cyclophosphamide (CP),
and carboplatin. The prediction of the range of cytostatics concentrations was made by
using literature data on human excretion values, publicly available consumption data, and
sewage removal rates of every country. The results predicted mean effluent concentrations
of carboplatin were 0.8-2.5 ng L~1, which are similar to 5-FU, and lower than CP and CB.
Several studies have estimated the environmental concentrations of platinum-based CDs
through the calculation of the PEC [9,16,56]. The PECs [57] of cisplatin, carboplatin, and
oxaliplatin established on their consumption for the years 2004 and 2008 in France were
determined. Interestingly, an increase in the PECs of the three drugs was observed in the
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year 2008 with respect to the year 2004 (Table 1). However, the same study [57] concluded
that hospital effluents are not the principal source of anticancer drugs into the aquatic
environment as also observed in ref. [54].
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Figure 4. Routes through which platinum-based anticancer drugs are input and transported in the
environment.

Table 1. Predicted PEC concentrations (ng L_l) of carboplatin, oxaliplatin, and cisplatin in France, in
the years 2004 and 2008 [57].

CD 2004 2008
carboplatin 1.47 191
oxaliplatin 0.46 0.76
cisplatin 0.40 0.52

In ref. [56] a PEC and analytical study on HWW of the city of Qom indicated a Pt
concentration lower than that of the EMEA guidelines and that the investigation and
monitoring of the residual of cytotoxic anticancer drugs should be taken into account
considering the low efficiency of conventional WWTP in removing platinum cytotoxic
pharmaceutical compounds.

One point which has to be taken into account when considering data on platinum
CDs occurrence is that the CDs-derived metal found in the environment is 1-2 orders of
magnitudes lower than other manufacturing/industrial sources [58].

A recent risk assessment study has been conducted in Brazil [59] on several CDs which
indicated that the highest PEC was associated with CP, 5-FU, and cytarabine while for
cisplatin and carboplatin the value was significantly lower. However, authors underline
the fact that the analysis was conducted in an urban area with a WWTP and that other, less
developed, areas could have higher concentrations.

2.3. Analytical Techniques

Given the low concentrations involved in the analysis of biological and environmental
samples, different techniques have been developed in recent years to try to decrease the
limit of detection (LOD) of Pt-CDs in biological (urine, plasma) and especially environmen-
tal samples where the dilution factor is higher [60]. Additionally, it emerged that speciation
is important to determine the amounts of intact drug and transformation products. In
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order to obtain these objectives, liquid chromatography protocols (mostly coupled with
MS detection) or electroanalytical sensors have been developed in the last decades.

2.3.1. Biological Samples

High Performance Liquid Chromatography (HPLC) analysis of antitumor Pt-CDs
based on UV-Vis detection exploiting the reaction of Pt complexes with sodium bisulfite
to enhance the absorptivity was realized to detect cisplatin, carboplatin, and oxaliplatin
in plasma and urine [61]. LOD for cisplatin, oxaliplatin, and carboplatin were 20, 40, and
60 nM, respectively.

An HPLC method was also proposed for cisplatin analysis in ultrafiltrate plasma in
the presence of nickel chloride as internal standard. Cisplatin and the internal standard
were chelated by exchange with diethyldithiocarbamate (DDTC) for UV-Vis detection. The
limit of quantification was 0.03 pg mL~! using only 0.5 mL of ultrafiltrate.

In another work, HPLC coupled with UV-Vis detection (direct or with post-column
bisulfite derivatization) was also used for the quantitation of carboplatin in human plasma
ultrafiltrate provided a LOD of 0.025 pg mL~!. After validation, this method was used to
study the pharmacokinetic analysis of blood samples drawn from a patient that received a
400 mg m~2 dose of carboplatin [62].

Fast oxaliplatin determination in urine was developed by Hann et al. with an LOD of
0.05 ug L~ ! oxaliplatin [63]. In this case, it was found that samples needed to be rapidly
stored at —80 °C to detect the intact drug.

Carboplatin was measured in urine of a chemotherapy patient by using IDMS (isotope
dilution mass spectrometry) technique both with LC-ICP-QMS (HPLC coupled with induc-
tively coupled plasma source and elemental quadrupole based mass spectrometer) and
LC-ESI-TOFMS (HPLC with a electrospray ionization source and time-of-flight MS) [64].
The procedural LOD for the two techniques were 0.1 and 15 ng g! respectively. However,
it should be noted that **Pt-enriched compound has to be prepared.

HPLC coupled with tandem mass spectrometry detection (HPLC-ESI-MS/MS) has
been also used for the quantitative determination of Pt after derivatizing with DDTC [65].
The quantification was obtained using a triple quadrupole with electrospray ionization and
detection was achieved using multiple reaction monitoring. The authors reported a LOD
of 1 ng mL~!, and the quantifiable range was 3-3000 ng mL~! in urine and rat plasma [65].

Atomic absorption spectrometry (AAS) was employed to determine cisplatin and
carboplatin in human urine [66]. Samples from healthy individuals not subjected to
treatment with platinum drugs were collected in polypropylene tubes (50 mL) and stored
at 4 °C until analysis. Urine samples from a treated patient collected within 48 h was
collected and stored at —4 °C. The obtained LOD resulted 0.004 mg L~! of platinum.

Conjoint liquid chromatography (CLC) coupled on-line to UV and ICP-MS was em-
ployed for the speciation analysis of Pt in human serum spiked with cisplatin, oxaliplatin,
and carboplatin [67]. The limit of quantitation (LOQ) was lower than 2.4 ng Pt mL~!. This
method allowed for study the interaction of Pt-CDs with serum proteins and showed they
were bound preferentially to human serum albumin (HSA).

A validated ICP-MS method for quantitative determination of platinum levels in rat
urine, plasma, and tissues (rat liver, brain, lungs, kidney, muscle, heart, spleen, bladder,
and lymph nodes) was also proposed [68] with a limit of quantitation of 5 ppb. In that case,
the samples were treated by microwave digestion.

Two non-suppressed ion chromatography (IC) methods, one with an anion and one
with a cation separation column, were used for determinations of cisplatin and carbo-
platin [69]. In this study, an inductively coupled plasma-atomic emission spectrometry
(ICP-AES) was used as detector and the obtained LOD was 0.1 mg L~! for both Pt-CDs.

A high throughput analytical method based on ICP-MS for the determination of total
Pt in plasma, plasma ultrafiltrate, urine, and peritoneal fluid was proposed [70]. The
claimed advantage of this protocol resides in the high sensitivity (LOD = 1.76 ng mL !
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Pt in plasma, 0.39 ng mL~! in ultrafiltrate, 0.29 ng mL~! in urine, and 0.30 ng mL~! in
peritoneal fluid) and fast and simple sample preparation.

Folens et al. [71] determined the release of platinum in the urine of patients by means of
ICP-MS to obtain a pharmacokinetic model which suggested that retaining the Pt in the first
24 h after the treatment would be convenient for the recovery, as after the concentrations
are very small (see also Section 5). For the analytical part they collected urine samples,
which were subjected to a microwave digestion step followed by ICP-MS analysis with a
LOD of 0.005 ug L.

As far as electroanalytical methods are concerned, several works have been made,
mostly with the objective to develop sensitive sensors for fast analyses on biological and/or
environmental samples.

An electrochemical cisplatin and carboplatin specific sensor was made with a thiolated
and methylene blue-modified oligo-adenine (A)-guanine (G) DNA probe [72]. The obtained
LOD was 500 nM, with linearity between 0.5 and 5 M. This sensor was tested on simulated
urine and saliva samples and, interestingly, it was insensitive to Pt(IV) compound or
commonly prescribed antibiotics.

In 2006 Petrlova and coworkers developed a sensor for cisplatin by modifying a
mercury drop electrode with metallothionine, a protein that reacts readily with platinum
complexes [73]. Both modifications of the electrode and the identification of cisplatin were
obtained by adsorptive transfer stripping technique and differential pulse voltammetry
applied to the analysis of cisplatin in human blood serum. Results showed that the LOD
was about 2.5 pmol in 5 uL (0.5 pM) with an interaction time of 400 s; this limit was
calculated from the decrease of the highest observed signal (CdT) peak.

Carbon-based nanomaterials (CNM), such as carbon nanotubes (CNTs) and graphene,
played a great role in the electronic and sensor field thanks to their peculiar propri-
eties [32,74,75]. A graphene-based electrochemical sensor made by nano-porous glassy
carbon electrode (npGCE) and modified with graphene quantum dots (GQDs) functional-
ized with thionine groups showed sensitive and selective determination of cisplatin [76].
The determinations of cisplatin in different fluids, such as urine and blood serum sam-
ples, were obtained by cyclic voltammetry. The results showed that the linear range was
0.2-110 uM with the LOD of 90 nM. The authors stated that this was the lowest LOD
obtained for cisplatin.

Another interesting sensor [77] for electrochemical determination of platinum com-
plexes was obtained from the functionalization of screen printed electrodes with multi-
walled carbon nanotubes and factory modified with carboxyl groups. The LOD and LOQ
reported were 4.6 and 1.4 umol L. These results were further compared with those
obtained by HPLC, and the average error % (sensor/HPLC) was 3.4, indicating that the
developed sensor was an appropriate alternative to the use of HPLC for cisplatin determi-
nation in biological samples.

Recently also a fluorescent sensor array has been used to detect platinum in clinical
human blood samples [78]. These sensors were able also to distinguish between different
compounds in the 0.5-5.0 uM range.

2.3.2. Environmental Samples

One of the first articles where the presence of cisplatin and carboplatin in sewage of
five European hospitals was determined by Kummerer et al. using adsorptive voltammetry
technique [50]. Their results showed that 70% of the drugs were excreted and reached the
hospital effluents. The hospital effluents average daily concentrations were approximately
10-601 ng L~! of Pt; these data were then compared with an estimation of the Pt emitted
by cars. The authors observed that Pt emitted by hospitals was 3.3 to 1.3% of the estimated
amount emitted by cars, indicating that the effluents of hospitals have a limited influence on
municipal WW; however, the Pt species emitted by hospital should not be disregarded [50].

In other works, the presence of the CDs as total Pt in the matrix under study (Table 2)
was determined. In 2005, Lenz et al. [48] measured the excreted CPC in HWW sampled
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in Vienna in a period of 28 days. As a result, it was found that the Pt concentrations were
ranging from 4.7-145 pg L1, Two years later, in 2007, the same group [79] measured
the total Pt in the influents and effluents of a pilot membrane bioreactor (MBR) plant of
the same hospital, and the concentrations oscillated from 3-250 pg L1 and 2-144 pg L1
in the influents and effluents, respectively. In this study, the consumption of Pt-CDs in
the oncological ward was also recorded, and it was observed that (1) only the 27-34% of
the administered Pt is found in the WW of the oncological ward; (2) around 51-64% of
platinum is removed in the activated sludge MBR.

Another study performed in a hospital in UK [54] reported Pt concentrations ranging
from 20.02 to 140 pg L~ ! in the effluents and hospital’s main drain.

The presence of antitumor drugs in the hospital effluents and in WWTP influents
and effluents form Slovenia and Spain and their metabolites was studied [55]. Cisplatin
was determined as total Pt using ICP-MS (Table 2). In Slovenia the Pt concentrations in
hospital effluents was around 352 ng L ~!. The Pt concentrations in the WWTP influents
were around 27 ng L~!, while the Pt concentrations in effluents were below the LOD.
In contrast, all the samples taken in Spain had Pt concentrations below the LOD of the
method employed. The hospitals under study were different in every region, in Slovenia;
the sample collection was made from the oncological ward, while in Spain samples were
collected at a general hospital. The general hospital from Spain was approximately 4-times
bigger, which means that the concentration of the platinum drugs in the influents and
effluents was highly diluted, which may be a reason why the method could not detect
them.

When platinum-based anticancer drugs repeatedly appear in hospital sewage, mu-
nicipal WW receive a considerable contribution of excreted antineoplastic compounds
as the result of outpatient treatment [80]. It is worth noting that the increasing number
of outpatients nowadays results in the fact that domestic discharge will become another
important source of Pt contamination as also suggested in ref. [17,56].

Santana et al. also sampled from a WWTP of Gran Canarias Island (Spain) for the
determination of cytostatic platinum compounds and found that concentrations in the
range 1.94-13,913 ng L1 in HWW and 3.97 and 75.79 ng L~ 1in WWTP by ICP-MS analysis.
Authors presented an optimized method for the extraction and preconcentration of Pt-CDs
in WW samples based on ion exchange solid phase extraction which allowed to reach a
very low LOQ [81].

Data reported in Table 2 indicate that the lower LOD values were obtained by elec-
troanalytical technique. To solve many fundamental and important problems with a high
degree of accuracy, precision, sensitivity, selectivity, and reproducibility, electroanalytical
techniques can be easily employed [82].

Several platinum complexes, such as cisplatin, carboplatin, oxaliplatin, PtCl;>~ and
PtCl,, was also coupled with flow injection analysis with electrochemical detection (FIA-ED)
method [83]. The flow injection instrument was made with a solvent delivery pump and
an electrochemical detector consisting in a: (i) working electrode: glassy carbon electrode;
(ii) reference: hydrogen-palladium electrode; (iii) auxiliary electrode. A sample of water
from the Ponavka river, where platinum complexes were added in concentrations of 10
and 40 ug mL~!, was used as a reference solutions to verified this method. Interestingly,
the proposed method could discriminate between the Pt-CDs and the chloride complexes.

The health risk assessment of platinum CDs in drinking water of Qom province in Iran
has been evaluated [84]. HPLC-MS was employed for the quantification of the components.
The results of this study showed cytostatics concentrations above 100 ng L~! in every case
and in the case of carboplatin above 900 ng L~! in the WWTP influents.

Determinations of carboplatin and oxaliplatin in WW samples was carried out also by
HPLC-MS/MS [85]. The LODs obtained for carboplatin and oxaliplatin were 0.013 and
0.090 ng L1, while LOQ was 0.4 and 0.027 ng L™, respectively. Recovery (%) was 0.78 and
0.74 and the RSD% was between 6.0 to 8.9% and 7.5 to 7.9% for carboplatin and oxaliplatin
respectively, while the correlation coefficients were 0.9998 and 0.9990. The environmental
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risk assessment was carried out and the risk quotients (RQ) obtained were 0.51 and 0.038
for carboplatin and oxaliplatin respectively, indicating that these compounds had low
environmental exposure risk. RQ value is the ratio between the predicted environmental
concentration and the prognosticated no-effect concentration. A value of RQ < 1.0 shows
no significant risk; RQ between 1.0 and 10 indicates small possible adverse effects; a value
higher than 10 indicates significant potential for adverse effects and value > 100 indicates

that potential side effects can be predictable.

Table 2. Determination of Pt CDs in biological and environmental samples.

Biological Samples

Compound Method Experimental Remarks Sample LOD Ref.
cisplatin 5 o .
carboplatin HPLC/UV-Vis post column c.lerlvatlzahon with plasma, urine 20-60 nM [61]
o sodium bisulfite
oxaliplatin
cisplatin
carboplatin HPLC UV-Vis Reaction with DDTC plasma and urine 20-60 nM [61]
oxaliplatin
cisplatin HPLC UV-Vis Reaction with DDTC ultrafiltrate plasma 0.025 ug/mL [62]
L Samples collected and stored at . 1
oxaliplatin HPLC-ICP-MS different temperatures urine 0.05ugL [63]
. LC-ICP-QMS 194pt enriched carboplatin for species . Ingg!
carboplatin LC-ESI-TOFMS specific isotope dilution analysis urine 15ng g~ ! [64]
cisplatin . AAS Samples collected and stored at —4 °C urine 0.004 mg L1 [66]
carboplatin
cisplatin
carboplatin CLC/ICP-MS Rapid two-dimensional separation human serum <24ngmL~! [67].
oxaliplatin
total Pt ICP-MS Microwave digestion of the samples rat urmtei,s Elllzssma and 5 ppb [68]
cisplatin
carboplatin ICP-AES Laboratory-prepared samples urine 0.1mgL™! [69]
Possible short-term storagg of the . ultrafiltrate plasm 176 ng mL~!
. . samples, for 14 days at —4 °C, —24 °C, R 1
oxaliplatin ICP-MS ° o aurine 0.39 ng mL [70]
and —80 °C. Storage at —80 °C allows eritoneal fluid 0.20 -1
stability up to 5 months P ~ongm
nano-porous glassy carbon electrode
. . (npGCE) modified with graphene blood serum and
cisplatin cv quantum dots (GQDs) functionalized urine samples 90nM 76l
with thionine groups
adsorptive transfer . L
cisplatin stripping and pulse d;‘gi)e;{ectrode with metallothionine human serum 0.5 uM [73]
voltammetry P
cisplatin LC-MS/MS - rat plasma and urine  1ng mL~! [65]
. . differential pulse functionalization of screen printed 1
cisplatin voltammetry electrodes with carbon nanotubes human serum 4.6 pmol L 1771
determination of total platinum in
cisplatin ICP-MS urine samples taken at —20 °C after urine 0.005pug L1 [71]
collection
Environmental Samples
Compound Method Experimental Remarks Sample LOD Ref.
cisplatin Evaluated the total platinum and the
carboplatin ICP-MS fraction in solution and adsorbed on HWW 10 ng L-! [48]
oxaliplatin activated sludge
Sampling for several days from two
total Pt ICP-MS different hospital drains one after the HWW 15ng L1 [54]
oncological ward
Determination of total platinum from WWTP 1
total Pt 1CP-MS WWTP and HWW effluents HWW 1OngL (551
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Table 2. Cont.
Biological Samples
Compound Method Experimental Remarks Sample LOD Ref.
Determination for the influent and
total Pt HPLC-ICP-MS effluent of a pilot MBR for several HWW 10.0 ng Lt [79]
months
Samples taken from the influent and
effluent of a WWTP and from the WWTP
total Pt ICP-MS effluent of a hospital, both located in 0.74ngL-12 [81]
. HWW
Gran Canaria island. Samples stored
at —4 °C and then extracted.
cisplatin. carboplatin electrochemical detector consisting in
patm, P o FIA-ED a glassy carbon electrode as a working Ponavka river - [83]
oxaliplatin, PtCly~~ PtCl,
electrode
Samples taken from several hospitals 1 )
total Pt ICP-OES of the city of Qom HWW lpgL [84]
cisplatin pentafluorophenylpropyl- 0.09 ugL™"
carboplatin HPLC-ICP-MS functionalized silica gel HWW 0.10 pg L! [86]
oxaliplatin column 0.15 pg L1

2 instrument LOQ.

In 2015, the PEC/analytical study at the hospitals of Qom [57] correlated the cal-
culate calculated RQpw was 1.19. ICP-OES, and limit of detection was determined
(LODs =1 pg LY.

In addition to the methods for determining the concentration of the platinum-based
drugs, the separation methods for these compounds are also important. For example,
pentafluorophenylpropyl- functionalized silica gel was employed to separate platinum-
based drugs, and HPLC-ICP-MS was used to the determinations of cisplatin and its
hydrolysis products, carboplatin, and oxaliplatin in urine sample and in HWW samples [86].
The limits of detection determined were 0.09, 0.10, and 0.15 pg L~ for cisplatin, carboplatin,
and oxaliplatin, respectively. Moreover, the stability of carboplatin and oxaliplatin, at
different chloride concentrations to simulate the conditions of WW and surface water, was
obtained using this method. The results indicated that carboplatin was stable in pure
water and in 1.5 mol L~! C1~ solutions, while oxaliplatin degradation was improved by
increasing the concentration of the chloride.

The determinations of cisplatin, its hydroxo complexes, and OH-dimers were obtained
using HPLC with a naphthylethyl (NAP) group bonded with silica gel column. The
mobile phase was constituted by 0.1 M sodium perchlorate, acetonitrile, and perchloric
acid (290:10:3) [87]. The measurable range was 1 x 1075 to 4 x 1073 M for cisplatin the
calibration curves correlation coefficient was 0.999 (p < 0.01) and the time of retentions time
was 3.2, 3.4, 3.6, and 4.3-6.6 min for cisplatin, mono-chloride, OH-dimer, and none-chloride
respectively. Moreover, the authors state that the determinations of cisplatin could be done
by means of a uNAP column instead of an aminopropyl silyl silica gel column or C-18
column.

The results showed that separation was completed in approximately 2 min with
column temperature at 30 °C. In cationic separation, the cisplatin elutes first, the opposite
behavior was exhibited by the anionic one, and in both cases a second peak was detected
and was attributed to a hydrolysis product of the drug. However, better results were
obtained with the use of cationic chromatographic column where the detection limits were
0.1 mg L~! of Pt for both compounds, whereas the repeatability oscillated from 3.1% to
5.9%.

The authors also observed that this method does not require special treatment and
has been characterized by low cost and low time analysis, therefore making it a suitable
method for the analysis of urine from cancer patients after clinical treatment with cisplatin
and carboplatin.
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2.3.3. Working Environments

The Pt-CDs (and other CDs) contamination in working environments has been carried
out in several studies where biological and/or environmental (surfaces, air) samples were
considered.

In 1997 Nygren and Lundgren [88] reported the results of a study in which the
platinum in blood and urine and air samples was determined by adsorptive voltammetry.
No different levels of airborne Pt were found in oncological wards with respect to empty
rooms. Authors reported that staff nurses had the highest Pt levels, possibly due to the
closer contacts with the patients, and that improved facilities and procedures could decrease
contamination.

Occupational exposure of pharmacy technicians and pharmacists of 14 different
hospitals in Germany to several CDs (including Pt-CDs) was also monitored and the
samples were analyzed by GC-MS (gas chromatography MS), HPLC, and voltammetry (for
PtLOD: 1ng L~ urine) [89]. They found that in some cases Pt was detected in the urine
of the screened personnel. This suggested that improved CD manipulation and storage
protocols should have been implemented. Additionally, in this work it was concluded that
the probability of airborne contamination was very small (as also in ref. [88]).

An interesting study concerned the determination of residual cisplatin present in rinse
water used to clean surfaces exposed during manufacturing [90]. In this study the samples
were obtained by swabbing the surfaces with a derivatizing solution and then analyzing
with HPLC with UV detection. Additionally, in this case, detection was made using DDTC
to complex Pt(Il) to enhance the sensitivity of UV-Vis measurements.

Hori et al. [91] studied the Pt present in hair and surface wipe samples obtained
from hospital workers who had or had not manipulated Pt-CDs, patients treated with
Pt-CDs, and non-medical staff. Samples were collected then, and at 5-year distance. Pt
content was determined by ICP sector field mass spectrometry (ICP-SEMS) with a LOQ of
0.001411 ng mL~! and 0.001271 ng mL~! in the two sets of samples. This interesting study
suggested that trace level Pt from exposure to Pt-CDs was associated with the frequency of
handling of such compounds and a significant decrease of contamination after the revision
of a safety procedures was observed.

A rapid LC-MS/MS method was developed to analyze a group of six CDs including
oxaliplatin on stainless steel [92]. The samples were analyzed by HPLC-MS/MS with a
LOD of 1.36 ng mL~!. This method could be applied to accurately determine surface
contamination at concentrations below the recommended levels [92] and therefore it is
suitable for monitoring purposes.

A study on the exposition to CDs at patients” homes has been carried out by Bohlandt
et al. [93]. Even if it does not concern working environment, the sampling techniques are
similar. Additionally, it is important as other works [54,56,79] concluded that the release
of Pt-CDs in the environment does not occurs primarily from the hospitals. In ref. [93],
wipe samples from several homes and urine samples were collected from patients and
family members. Samples were analyzed for several CDs including platinum (as marker
of Pt-CDs). Significant contamination was found on every surface type with highest
concentrations in bathroom surfaces. While patients’ urinary drug concentrations often
were elevated for more than 48 h after administration, no drug residues were detectable in
the family members’ urine.

3. Predicted Behavior in the Aquatic and Related Environments

The specific physicochemical properties of the platinum-based CDs play central roles
in defining the environmental behavior and fate of the compounds. Subsequent to excretion
from the human body, both unaltered compounds and their metabolites go through a series
of biological, chemical, and physical transformations in the environment. Hydrolysis,
photolysis, dilution, adsorption to suspended solids sedimentation, and biodegradation are
some of the processes to which cytostatics are exposed. This phenomenon usually results
in degradation products with new chemical properties [6].
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The transport of cisplatin, carboplatin, and their respected derivatives in water-
saturated sand and natural soil columns was investigated [94]. Aliquots of a concen-
trated carboplatin stock solution and a background electrolyte solution were added to
prepare the carboplatin solutions; this procedure would favor the equilibrium of its dif-
ferent monomer species by dissociating the carboplatin dimers. However, the authors
state that this process should be incomplete within the time frame of this experimentation,
which could consequently affect subsequent results [94]. On the other hand, cisplatin
inlet solution was predicted to show continuous alteration in the current experiment. In
aqueous solution the chloro-ligands are substituted by water gradually forming mono-
aquo species (PtC1(OH;)(NH;3),)* (pKa ~ 6.3-6.8) and di-aquo species (Pt(OH,),(NH3),)%
(pKa; ~ 5.5, pKay =~ 7.3), which further convert to (Pt(NH3),OH(OH;))* (pKa ~ 5.5)
and (Pt(NHz3)2(OH),) (pKa ~ 7.2) at increased pH. Similar values were obtained in pure
water [30]. Moreover the experimental rate constants (k) of the hydrolysis reactions
were obtained, being 7.59 x 10~° s~! for the formation of mono-aquo species [34] and
2.5 x 1072 s~! for the formation of di-aquo species [35].

In conclusion, a stable plateau at recovery levels of 96-100% was reached from car-
boplatin species very slow retention by the medium surfaces. The plateaus were stable
and unaltered by changes in redox, showing that carboplatin remains both unchanged,
probably due to an incomplete transformation, and unreactive. In case of cisplatin, the main
differences between sand and soil were the higher retardation factors (R¢) in soil (2.0 vs. 1.0)
and the somewhat higher recovery in sand (70% at the peak of the breakthrough curves vs.
50%). Cisplatin species showed strongest chemisorption to soil surfaces, compared to those
of carboplatin and oxaliplatin. This behavior was related to the formation of H-bonding or
electrostatic interactions between aquo or hydro groups and soil O-, and aquo or hydro are
better leaving ligands able to bound the soil terminal groups [94].

The stability of carboplatin in aqueous solution has been measured as function of
temperature, chloride concentration, pH, ionic strength, medium material, and illumina-
tion [95,96]. Di Pasqua et al. in 2012 [97] reported that the rate of the ring opening reaction
was related, to a greater extent, on the nucleophile concentrations and pH (e.g., chloride,
carbonates, phosphates) of the medium, and that in all cases this process is slower than
cisplatin activation. Carboplatin has also been shown to exist in a non-reactive dimer in
concentrated aqueous solutions [97].

The transport of oxaliplatin and its derivatives in saturated sand and soil columns
was investigated by mimicking environmentally relevant, non-equilibrium (or quasi-
equilibrium) conditions and reflected the mutual interaction between dispersion, dif-
fusion, i.e., advection, transport mechanisms, along with relations with the soil, for ex-
ample, precipitation, sorption or biodegradation of the pharmaceuticals [98]. The authors
found that, depending on the composition of the solution and the electrolyte activity,
oxaliplatin is inclined to transformation into aqueous solutions. At the beginning of
the experiment, the most probable oxaliplatin species according to the pH, temperature,
composition, and solution were oxaliplatin, (Pt(1,2-diaminocyclohexane)(ox)Cl)~, (Pt(1,2-
diaminocyclohexane)Cly), and (Pt(1,2-diaminocyclohexane)CI(OH),)*. The type of porous
medium, that constitutes the columns of soil and sand, has a significant impact on the
transport characteristics of oxaliplatin, while cation activity in the inlet solution and the
redox conditions has a lesser effect. However, none of soil redox conditions or the chelators
were able to induce a sufficient, long-term retardation mechanism for oxaliplatin and
oxaliplatin-related species. One of the implications of these results was that the efforts to
reduce oxaliplatin transport in soil-water environments by manipulations of pH or redox
conditions would not be enough to prevent groundwater contamination. The authors
concluded that the best way to avoid contamination from these compounds is to collect
and treat hospital effluents at the source, before they are released into the aquifer and the
environment from groundwater [98].

From these studies, the authors conclude that despite the structural similarities be-
tween oxaliplatin, carboplatin, and cisplatin, their transport characteristics are quite differ-
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ent. Therefore, when establishing and or predicting pharmaceutical fates in the environ-
ment, the development remediation solutions should be done separately and according to
the particular characteristics of every one of them [94].

4. Ecotoxicological Potency

The environmental distribution of platinum-based anticancer drugs and their metabo-
lites are particularly poorly defined [99]. A recent review analyzing data from numerous
studies on CDs toxic effects evidenced that toxicity was also dependent on the compound
and the organism, and that multi-generational exposure was more important to recognize
the impact of CDs, which at environmental concentrations do not seem to be harmful [100].

In ref. [101] the analysis of the exposure of the green alga P. subcapitata and the
cyanobacterium S. leopoliensisthe to cisplatin concluded that the “no effect levels” were
higher than predicted environmental concentrations, and that synergistic negative effects,
due to the simultaneous presence of different CDs, could pose an additional risk.

In 2008, Supalkova et. al. reported an investigation of affecting of duckweed (L. minor)
by different concentrations (0-160 uM) of cisplatin for 4 days [102]. Growth inhibition
expressed as decrease in number of leaves and slowed growth rate. Total amount of biomass
was used as parameters to quantify the toxicity of cisplatin. After 96 h, the half maximal
effective concentration (ECsg) was 6.93 uM and was calculated from growth inhibition
with comparison of growth rates. In the same work, the authors, using differential pulse
voltammetry, were able to determine the concentrations of cisplatin, and the highest value,
320 ng g~!, was obtained on the second day of treatment with 80 M of cisplatin. Moreover,
a marked increase in cysteine-rich peptides was observed, which are synthetized by plants
to protect themselves against heavy metals.

Bioaccumulation of oxaliplatin in L. minor was recently determined by exposing the
aquatic plant to three concentrations of the drug (0.4-100 nug mL~1) for seven days [103].
The majority of oxaliplatin was internalized by L. minor, but only at the medium/high
concentrations plant growth was negatively affected. Authors concluded that oxaliplatin is
unlikely to be phytotoxic at concentrations typically encountered in the environment and
that L. minor is not a suitable biomonitor or phytoremediator of contaminated waters.

Parrella et al. [104] investigated the acute and chronic toxicity of 6 CDs including
cisplatin on several aquatic (D. magna, C. Dubia, B. Calyciflorus, and T. Platyurus). Acute
effects were observed at concentrations higher (in the mg L~! range) than those predicted
in the environment, while chronic toxicity tests were conducted with the compound in the
g L~! range Cisplatin resulted among the most toxic compounds in both conditions.

By means of “scanning ion-selective electrode technique” (SIET) the in vivo functional
alteration of zebrafish hair cells/ionocytes induced by cisplatin was investigated [105].
This method resulted much more sensitive than survival studies in detecting alterations in
aquatic animals due to exposure of cisplatin.

Cisplatin was added to cultures of the marine macro alga, Ulva lactuca, in different
types of water for a period of time of 48 h [106]. The results showed that the accumulation
of cisplatin in the alga was greater when cisplatin was added from distilled water with
respect to seawater (as expected on the basis of the greater amount of the aqua-complex)
and that was not phytotoxic at the concentrations employed (<150 nM).

The environmental risk of cisplatin and other CDs was determined by a variety of
indicator organisms [107]. The obtained RQ value higher than 100 for cisplatin and imatinib
mesylate (a non Pt-CD) indicated the potential adverse effects but also no environmen-
tal risks.

Although environmental concentrations of cancer drugs are unlikely to cause fatal
effects on edible plants, these chemicals can accumulate in their organisms causing long-
term damage and affecting their normal growth and development [108].

The effects of the exposition of four edible plants, Raphanus sativus, Lactuca sativa,
Brassica rapa, and Triticum durum to the antineoplastic drugs 5-FU and cisplatin at two
different concentrations, 10 and 100 pg L1, were investigated [108]. Here, the authors
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investigated the metabolome of the plants prior and post treatment with the drugs by
NMR spectroscopy with the purpose of detecting biochemical alterations in the plants. The
comet test, which uses human lymphocytes, is a sensitive system for assessing damage
in immune cells and has been used to assess the potential for genotoxic damage related
to human exposure to treated plants [108]. When plants were exposed at 100 pug L1 of
cisplatin, the % DNA in tail increased from 29% to 62%, in B. rapa, L. sativa, R. sativus, and
T. durum, respectively; similar results were obtained for 5-FU (40%, 32%, and 47% in L.
sativa, R. sativus, and T. durum respectively). Significant DNA damage was observed when
lymphocytes were treated with cisplatin or 5-FU. An interesting result from this study was
the significant increase of the DNA strand breaks in lymphocytes exposed to the extracts
of the plants exposed to the cytostatics, compared with the DNA damage observed in
lymphocytes exposed to the individual drugs. Although this is a preliminary study, the
results leads to a better understanding of the potential risks on human health in relation to
the use of recycled waters for the irrigation of edible plant [108].

A freshwater microalgae Chlorella vulgaris was used to test the toxicity of cisplatin,
oxaliplatin, and carboplatin in different concentrations (100-600 mg L~!) and exposition
time [109]. Throughout the experiments, malondialdehyde (MDA) release, antioxidant
potential, synthesis of photosynthetic pigments, and protein content were determined.
The half maximal inhibitory concentration (ICsp) of cisplatin, carboplatin, and oxaliplatin
ranged from 106.2 to 153.9 mg L~! after 96 h of exposure. Moreover, a decrease in synthesis
of chlorophyll a, chlorophyll b, cell proliferation, and algal protein content were observed
in a time and dose-dependent manner. Furthermore, the antioxidant potential decreased,
while the release of MDA in the culture media increased. Cisplatin had more toxic effects
on C. vulgaris in respect to carboplatin and oxaliplatin, indicating its severe toxicity for
marine organisms.

The release of cisplatin in aquatic environments can also have effects on aquatic fauna;
in particular, the effects on the physiological parameters and swimming behavior of Daphnia
magna was studied at different concentrations of cisplatin (125-1000 pg L~!) by using video
digital analysis [110]. The authors demonstrated that the travel behavior, such as swimming
speed, distance travelled, propelling efficiency, and hopping frequency were inhibited in a
time and concentration-dependent manner. Moreover, also physiological parameters, such
as thoracic limb activity and heart rate, were affected by exposure. This study suggests that
since cisplatin affected daphnid parameters at the environmental concentration, it should be
considered as hazardous to zooplankton.

The toxicity of cisplatin, at environmental concentrations (i.e., 0.1, 10, and 100 ng Pt L1,
on polychaete Nereis diversicolor, also known as ragworm, was investigated [111]. Different
parameters (neurotoxicity, genotoxicity, behavioral impairment, ion pump effects, oxidative
stress, metal exposure, biotransformation, and oxidative damage) was used to evaluate
the sublethal responses after 14-days of exposure in a water-sediment system. Neurotoxic
effects and significant burrowing impairment were observed when ragworm was exposed
to 100 ng L~! of Pt solution. The inhibition of antioxidant enzymes, such as superoxide
dismutase and catalase, and second phase biotransformation enzyme, glycosyltransferases,
were compensated by metallothionein-like protein induction and an increase in lipid
peroxidation levels. Authors concluded that the release of cisplatin into the waterbodies
may pose a risk to this aquatic species even at the range of ng L™1.

The impact of cisplatin (and other CDs) on the DNA damage level was studied in vivo
and in vitro on hemocytes of freshwater mussels Unio sp. (U. pictorum/U. tumidus) [112]. An
impact on the level of DNA damage has been detected, however the highest concentration
of cisplatin (4 pM) was one order of magnitude higher than that detected in HWW.

Changes in oxidative stress in target organs, antioxidant capacity, and DNA damage
in hemocytes of Mytilus galloprovincialis were observed along with neurotoxicity when
exposed to 100 ng L~! of cisplatin [113].
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Additionally, the exposure of Mellita quinquiesperforata larvae to solutions contain-
ing cisplatin at ng L1 levels (also data for CP and tamoxifen) displayed effects on the
development of the embryos [114].

Another study evaluating the exposure of Daphnia pulex and Daphnia pulicaria to
cisplatin (also CP) evidenced several effects such as the decrease of eggs number, modi-
fied expression of some proteins, and increased level of enzymes participating in DNA
repair [115].

The effect of functionalized polystyrene nanoplastics (carboxylate and amine-
functionalized, as models for cationic and anionic nanoplastics, respectively) on cisplatin,
oxaliplatin and carboplatin transport, and toxicity was studied by Nath et al. [116]. In the
soil-water environment, carboplatin was found to be highly mobile, while cisplatin and
its derivatives (Figure 3) are intermediately mobile and oxaliplatin presents low mobil-
ity. Nanoplastics increased the mobility of the Pt-CD of cisplatin and oxaliplatin, while
amine-functionalized ones slightly decreased the mobility of carboplatin in soil. As far as
toxicity is concerned, authors showed that nanoplastics themselves are not toxic for the
soil microbes, but their presence can increase the toxicity of Pt-based CDs (as of any other
pollutant) by altering their mobility [116].

5. Impact of Water Treatment Technologies

The ability of different water treatment technologies in the removal of CDs from
water has been assessed in several studies [117]. Treatments with biological components,
physico-chemical separation, and advanced oxidation processes (AOPs) are some of the
most studied methods [6]. In general, these methods include MBR [118], MBR with a
UV irradiation technology post-treatment [119], adsorbents based on granular or powder
activated carbon [120], or, recently, metal-organic frameworks (MOFs) [121], membrane
filtration [120], electrolysis [122], ozonation [123], photocatalytic membrane reactors [124],
and more recently applied, adsorbents based on cryogels [125].

The overall removal efficiency can vary between different cytostatic compounds and
depends on their physicochemical properties and biodegradability [6]. Not all processes
are equally efficient for all compounds present in a WW sample, so the best strategy to
achieve the best performance could be the combination of several of the existing methods.

The removal of platinum based cytostatics form WW has not been extensively studied
and just a few methods have been proved to be useful for it. The treatment in MBR-systems,
the application of AOPs, and more recently the successful studies with cryogels based
adsorbents are, so far, the studied methods for platinum drugs removal.

5.1. Membrane Bioreactors

MBR technologies are, as the name suggests, those technologies that provide biological
treatment with membrane separation [126]. MBR is a wastewater treatment technology
over the activated sludge process (ASP); ASP technology has been the conventional munic-
ipal WWs treatment over the last century [127]. MBR is, in fact, one of the most significant
innovations in WWTP [127,128], since the technology reduces the drawbacks of the con-
ventional ASP, including production of excess sludge, liquid-solid separation issues, large
space requirement for secondary clarifiers, and limitations with removal of recalcitrant
(Figure 5) [129]. Although MBR is a hybrid between biological treatment and filtration, in
some cases chemicals are introduced to improve performance. MBRs can be applied for the
removal of organic and inorganic contaminants, and they are able to produce high-quality
effluents, which can be reused in other processes [129].

Theoretically, the biotransformation and mineralization of pharmaceutically active
compounds (PhACs) can be regulated by adjusting the operating conditions in MBRs [130].
The degradation of pollutants with low bio-degradability and low concentration may be
achieved with MBR technology [118]. This is possible because the MBR generally operates
at high biomass concentrations and high sludge retention times, allowing an intensification
of the biological process by implementing resistant and low-growing biomass [131].
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Figure 5. Schematic representation of membrane bioreactor (MBR) process.

In 2007 [53], the efficiency of MBR in platinum CDs removal from HWW was assessed.
In this work, Pt CDs was studied using two different methods, batch laboratory experiments
with ASP, and a pilot MBR system installed in a hospital [53]. In the experiments performed
in the MBR, the ICP-MS analysis was used to monitor the concentrations of Pt in influent
(3-250 pg L~! Pt) and the effluent (2-150 pg L~! Pt). The elimination efficiencies ranged
between 51% and 63%. Speciation by HPLC-ICP-MS indicated that mainly carboplatin was
present as intact drug in the influent, and in the effluent of the MBR as poorly adsorbed by
the particulate (see also Section 5.3). Advanced WW treatment using a MBR was shown to
provide an appropriate method for lowering platinum compounds concentrations before
discharge into the environment [53].

The fate of cisplatin, carboplatin, oxaliplatin, and other organic CDs in HWW in
Vienna were also investigated [79]. Interestingly, in this study, a correlation between the
administrated dosage and measured concentrations was drawn. A pilot MBR, coupled
with advanced WW treatment processes (UV irradiation and activated carbon adsorption)
was used for the treatment of WW from oncological wards. The result obtained indicated
that in the MBR-system platinum compounds were removed by 60%, much lower than
organic CDs. This was related mainly to the different mechanisms of biodegradation and
adsorption of the compounds. In the case of platinum compounds, similar concentrations
of total Pt were detected during the four monitoring periods, probably due to a too short
contact time between the WW and the activated sludge [79]. Finally, it was shown that
only 27-34% of total administrated Pt was found in the HWW, which can be explained by
a short in-patient stay in comparison to the biological half-life of platinum compounds.

Adsorption to activated sludge was the mechanism of Pt CDs elimination in the
MBR [53,79]. On the other hand, the genotoxic effects could be significantly reduced by the
MBR-system, which allowed the classification of WW as “low-risk” in a preliminary risk
assessment.

5.2. Advanced Oxidation Processes

AOQOPs are used today for the treatment of a wide range of contaminants [132-134].
These processes are based on the in situ generation of highly reactive species such as reactive
oxygen species (ROS), in particular hydroxyl radicals (HO-), H,O,, O3, and superoxide
anion radicals (O, 7).

AOPs have low selectivity; however, some species, such as sulfate radicals or singlet
oxygen, have a selective oxidation and are able to provide a complete mineralization of
contaminants to CO,, H,O, and inorganic ions or acids.

AOQOPs are characterized by different modes of action such as ozonation [107], Fen-
ton [135], photo-Fenton [135], photocatalysis [136], radiation [137], sonolysis [138], and
elec-trochemical oxidation (electrolysis) [122,139]. AOPs has been used for the treatment of
cisplatin particularly. For instance, the ozonation in buffered and non-buffered solutions at
pH 9 and at 303 K using a semi-batch reactor was investigated [123]. Ozone is a highly reac-
tive species and a strong oxidant that is used in degradation of contaminants in industrial
WWTP [132]. Isocratic reverse phase high-performance liquid chromatography (RP-HPLC)
and electrospray tandem mass spectrometry (ESI-MS/MS) was used for the determination
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of cisplatin and its reaction products. The main results indicated that cisplatin ozonation re-
actions, at non-buffered and buffered solutions, showed a pseudo-first-order rate constant
(k) of 3.86 x 1072571 and 3.76 x 1072 s, respectively, for cisplatin consumption. Cisplatin
degradation occurred before the solution turned acidic, indicating that this degradation
follows a radical pathway if the pH of the solution allows a significant decomposition of
ozone into hydroxyl radicals.

Moreover, the pseudo-second-order rate constant for the reaction of cisplatin with
HO- at 303 K was determined by competition kinetics with the use of reference compound
(p-chlorobenzoic acid). The rate constant found was 6.42 x 10! M~! s~1, a value similar
to many other compounds found in literature [140]. In the non-buffered solution cisplatin
disappeared after two mins of reaction with 99% conversion and the pH decreased from
9.0 to 3.5. The analysis of the non-buffered solution by ESI-MS/MS showed that the main
product of the ozonation reaction was diamminedichlorodihydroxo platinum (IV) and, in
this condition, it remains unaltered. Similar results are found in buffer solution. Finally,
the ozonized solutions after 240 min were found to be non-mutagenic.

The products obtained during an electrolysis could contain hypochlorite, so this tech-
nique has been mainly studied in terms of application to disinfection and sterilization. The
electrolysis of sodium chloride solution generates hypochlorite, and it has been reported
that this process can lead to the inactivation of antineoplastics present in solution [122].

The biological cytotoxicity of the electrolyzed compounds of irinotecan hydrochlo-
ride, vincristine sulfate, mitomycin C, paclitaxel, methotrexate, and cisplatin was studied
by electrolytic treatment using a constant current of 100 mA through two platinum elec-
trodes [122]. The results indicated that 72.100-99.999% of the toxicity was eliminated by
the process of electrolysis.

A few years later Kobayashi et al. in 2008 [139] designed an apparatus (Figure 6)
useful for the inactivation and detoxification of WW containing antineoplastics from a
hospital. The apparatus was designed to provide free chloride in the pH range 9.0-10.0.
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Figure 6. Schematic representation of electrolysis apparatus.

The chloride ion becomes free chlorine at the anode upon oxidation. Then free
chlorine reacts with water, and hypochlorite ion is generated in alkaline solution. The
generated hypochlorite ion oxidizes antineoplastics and is reduced to the chloride ion. It
is speculated that chlorine reactivation in the circulating system is the main mechanism
for inactivation of toxicity in antineoplastics. As a result of this study, the efficacy of
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the apparatus was evaluated with 26 clinical WW samples, including alkylating agents,
antimetabolites, antitumor antibiotics, platinum pharmaceuticals, etc. and in almost all
samples inactivation rate was above 90% [139].

The advantage of this method is the lower cost respect to the dilution method, which
makes electrolysis both effective and economically valuable [139].

5.3. Adsorption

The use of adsorbent materials can help an efficient removal of CDs from WW by con-
centrating the target drugs before their degradation. Among the different WW treatment
methods adsorption technologies present a low-cost option which can be easily imple-
mented and coupled with other methods and integrated in existing WWTPs [141,142].

Several studies focused on adsorption of Pt CDs mostly for designing drug deliv-
ery systems, for example mesoporous silica [143], silica nanoparticles [144], carbon nan-
otubes [145-147], magnetic nanoparticles [148], polymers and polymeric micelles [149], and
biopolymers [150]. Despite the physicochemical phenomena at the basis of nanomaterial
loading for drug delivery and removal from water, fewer studies have been developed for
the latter purpose.

Folens et al. [71], by analyzing the urine excretion of several patients and drug con-
sumption at Ghent hospital, found that the excretion rate is almost zero after 24 h. Therefore,
to recover platinum and avoid environmental pollution the urine excreted by the patients
at the hospital could be directly treated. They suggested that direct adsorption on activated
carbon or portable cartridges which could be used at home; however, they pose safety
concerns, due to possible contamination. Alternatively, the urine could be collected in
separate toilets provided with an adsorption material and treated in a centralized way with
lower operational cost [71]. Some of the same authors later proposed biomass-derived
adsorbents (chitosan, biochar, wood ash, activated carbon) for removing platinum from
diluted samples, including synthetic human urine [151]. The adsorption was found to be
between 0.23 and 0.97 mg g~ of inorganic Pt(IV) with an adsorbent dose of 10 g L~1. They
obtained significant differences in platinum adsorption depending on the species involved
(inorganic platinum, cisplatin, carboplatin).

The adsorption of cisplatin was performed using calcinated gibbsite: equilibrium
adsorption of cisplatin was obtained within 24 h, with an optimal loading at pH 8. The
negative AG and AH values obtained indicated chemisorption [152]. Desorption experi-
ments were conducted by treating the material with hydrochloric acid which reached a
nearly complete recovery of Pt.

Cisplatin, carboplatin, and oxaliplatin adsorption by ASP was studied by Lenz
et al. [48]. At pH 7, approximately 88% of the cisplatin present in the aqueous phase
was adsorbed, while carboplatin and oxaliplatin were removed in smaller quantities (ap-
proximately 26% and 54% respectively). Adsorption in HWW and activated sludge of
different sampling sites displayed strong variations in the first case, whereas activated
sludge exhibited more similar elimination %. The authors concluded that WWTPs are
able to remove most Pt CDs presents, as they are adsorbed by the solid phase in the water
cycle. [48]. In ref. [53], the adsorption coefficient (Kp L kg_l) and the organic carbon-
normalized coefficient (Koc (L kg’l)) were determined for adsorption onto ASP, and data
were fitted with Freundlich isotherms.

Macroporous polymeric materials find nowadays many applications in different areas
of biology, chemistry, bioengineering, and biotechnology [153]. The chemical reaction that
leads to gelation takes place in a frozen state which is the main phase of the process [154].
Typically, this reaction takes place at a temperature in which the solvent crystallizes, and
ranges from —5 to —2 °C. Cryogels can also be functionalized attaching ligands to the
polymeric matrix such as functional groups that are suitable to chelate or adsorb specific
ions [153,154].

The control of the freezing rate is fundamental for the final synthesized cryogel. Slower
rates can cause larger pores with higher interconnectivity, and on the contrary, mechanically
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weaker cryogels with decreased interconnectivity can be produced with faster freezing
rates. This phenomenon is attributed to the supercooling of the solvent before the ice
crystals begin to form, yielding small, irregular pores [154].

Macroporous cryogels were synthesized for capturing cisplatin by polymerization of
methacrylic acid (MAAc) and 2-hydoroxyethylmetacrylate (HEMA), using N,N'-
methylenebisacrylamide (MBA) as crosslinker, and ammonium persulfate (APS) and
N,N,N’,N’-tetrametyl ethylene diamine (TEMED) as an initiator and activator, respec-
tively [125]. Cisplatin adsorption capacity of these cryogels was determined through
repetitive adsorption-desorption process, the selected cryogel was added in cisplatin so-
lution (1 mg mL~!) with a solid/ liquid ratio of 10 mg mL~! and held for 4 h at room
temperature on a rocking table. The results shown that the cryogel was characterized by
good stability and mechanical properties, high affinity, and high swelling ratio for cisplatin,
with an adsorption capacity of up to 150 mg g~! of cryogel.

The major quantity of cisplatin adsorbed was achieved with the highest MA Ac content
in the cryogel. This phenomenon is attributed to the complexation between the carboxylic
group of the monomer and the drug [125].

Related to this technique, a recent method involving ion-imprinted sorbent of meso-
porous organosilica nature has been developed [155]. Thus, Pt(II)-imprinted in modified
mesoporous silica materials synthesized by sol-gel approach were demonstrated efficient
for remove Pt(Il) ions from aqueous solutions in a wide range of pH with a maximum
adsorption capacity of 78.7 mg/g that is 5 times higher than the non-imprinted material
and is selective towards Au(III), Pd(IT), and Ru(III).

6. Conclusions

In this review, studies on the environmental presence, transformation, potential eco-
toxicity, and possible treatment for the removal of platinum CDs were analyzed.

The considered studies showed that in the environment the total Pt concentration
values deriving from Pt-CD release are quite low, ranging from a few tens of ng L™! to
a few hundred pg L~!. As consequence, the analytical determination of these drugs and
their metabolites are not straightforward as they can be present at very low concentrations.
In most works, the techniques of determination are based on the ICP-MS determination of
total platinum and in some cases also speciation is studied.

Biological samples considered were taken from patients, hospital staff, and laboratory
animals. The purpose was to monitor contamination and pharmacokinetics and therefore
the release rate and speciation of the excreted Pt compounds. Contamination in the working
environment has been shown to concern the staff in closer contact with the Pt-CD drugs
and when safety protocols were revised contamination was reduced.

The knowledge of the fate of these species and their metabolites once released into the
environment, and the environmental transformation products, is still limited

Several studied found adverse acute effects of the Pt-CDs on small living organisms,
but at concentrations higher than the environmental ones. The effect of chronic exposure
to small concentrations of Pt-CDs provided also indications of negative effects. However,
several of the examined works suggested that to have a clear indication on the chronic
effects further prolonged studies would be needed.

The removal of these Pt-CDs and their metabolites from the environment cannot
be efficiently performed by standard WWTP. MBR and AOPs were shown to effectively
eliminate organic CDs; however, this does always occur in a more limited extent for
platinum compounds. Adsorption materials aimed at removing Pt CDs have been also
studied; they could be a cost-effective method, which could be used to preconcentrate
the compounds and then to eliminate them more efficiently. However, it should also be
considered which is the most convenient location to adsorb the compounds. As excretion
rates are quite slow, and given the fact that treatments are mostly in day hospital regime,
it is likely that a significant fraction of Pt-CDs are released at patients’ homes rather than
the hospital. This has been evidenced by the studies where it was found that the total Pt
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found in HWW is only a fraction of the predicted one based on the quantities administered
in the oncological wards. These results suggest that the specific treatment system of
liquid samples to remove Pt-compounds should be placed in a convenient point along
the diffusion pathway. For example, it has been suggested that directly decontaminating
urine, separated upstream from the sewer system (e.g., by dedicated toilets in the hospital
provided with adsorbent materials), should be an efficient process having the advantage of
operating at relatively high concentrations and small treated volumes.
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