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ABSTRACT

The occurrence of pharmaceuticals in the environmental waters is a global concern. There is little
research conducted on the monitoring of pharmaceuticals in the marine environment. In this article, the
occurrence of pharmaceuticals and their metabolites in the coastal waters as well as associated risks
related to their uptake by marine organisms are critically reviewed. The literature showed antibiotics as
the most plentiful pharmaceuticals in the marine environment. Other therapeutic classes of
pharmaceuticals appeared prominently in the marine environment are non-steroidal anti-inflammatory
drugs and B-blockers, while gemfibrozil and carbamazepine were singled-out as the most studied lipid
regulator and antiepileptic, respectively. Some pharmaceuticals have been found present in the marine
organisms that are regarded as important food sources for humans. We reviewed the negative effects
associated with the presence of pharmaceuticals in the marine environment. This article is concluded

by deliberating on the possible future studies in this research niche area.
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Abbreviations
ESI - electrospray ionization; GC - gas chromatography; HLB - hydrophilic lipophilic balanced; IPs -
identification points; IT - ion trap; LC - liquid chromatography; MDL — method detection limit; MIPs
- molecularly imprinted polymers; MS - mass spectroscopy; MS/MS — tandem mass spectrometry;
LOQs - limits of quantitation; MRM - multiple reaction monitoring; Nd — no detection; NSAIDs - non-
steroidal anti-inflammatory drugs; PEDs - polyethylene devices; POCIS - polar organic chemical
integrative samplers; QqQ — triple quadrupole; RSD — relative standard deviation; SPE - solid-phase
extraction; SPME - solid-phase microextraction; SRM - selective reaction monitoring; WWTP —

wastewater treatment plants
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1 Introduction

Pharmaceutical uptake by humans and animals for the treatment of different ailments and
promotion of health is increasing worldwide. Both humans and animals excrete pharmaceuticals
through urine or faeces in their native forms or after metabolic reactions [1-3]. Metabolic reactions
convert the main drugs into metabolites prior to the excretion. The excreted pharmaceuticals and their
metabolites are mostly transferred as part of sewage into the sewage treatment facilities. Due to high
water solubility and presence of polar functional groups in chemical structures, pharmaceuticals and
their metabolites are discharged into surface water as part of wastewater treatment plant (WWTP)

effluent [4].

The first report on the occurrence of pharmaceuticals in river water was published in 1970 [5].
Since then, there has been a rigorous research devoted to the monitoring of pharmaceuticals in the
aquatic environment. The major focus of the environmental monitoring studies has been directed to the
monitoring of pharmaceuticals (main drugs) in WWTPs and river water. The occurrence of
pharmaceuticals as the organic contaminants in seawater was only discovered in the early 2000’s [6].
Therefore, scientific research on the occurrence of pharmaceuticals in the oceans which are known as
the important sink of contaminants is ongoing [7]. Hence, there is now wide availability of research
articles reporting the occurrence of pharmaceuticals in the coastal environment with more emphasis on
the contamination of seawaters. This resulted in the publication of review articles that are critically
evaluating the available scientific data [8—15]. The focus of the published review articles has been
directed to specific pharmaceuticals such as the occurrence of diclofenac in the marine environment
[10] and the contamination of selected seawater regions such as the Mediterranean Sea [16] and Arctic
environments [17]. In Australia, pharmaceuticals were reviewed as part of emerging contaminants in
the marine environments of the Great Barrier Reef and Torres Strait [15]. The two general review
articles on the occurrence of pharmaceuticals in the marine environment were published in 2016 [9,11],
and the latest one in 2019 [8]. One of 2016 review articles focussed mainly on the occurrence of
pharmaceuticals and personal care products in the marine environment [9] while the other reviewed the

exposure and biological effects of pharmaceuticals on animal species [11]. The scope of the recent
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general review included the occurrence of pharmaceuticals in seawater, sediments and marine
organisms, while identifying research gaps and providing future opportunities [8]. Bialk-Bielinska et
al. (2016) presented the improvements and challenges encountered in the analysis of pollutants in water
samples which included the marine waters [18]. Other published review articles assessed the health
risks for marine organisms associated with the occurrence of pharmaceuticals in seawater and / or
ecotoxicological aspects [19,20]. In one case, the review article focussed on the effects of
pharmaceuticals and personal care products on marine organisms providing an investigation from the

single-species studies to an ecosystem-based approach [21].

The aim of the present study was to critically review the occurrence of pharmaceuticals in the
marine environment with the major focus devoted to the sources, analytical methods and recent trends
of all the drugs found in seawaters. While one most recent review only focussed on anti-inflammatory
drugs reported in the period 2010 to 2020 with main focus on effects in marine bivalves [13], the other
review had 17alpha-Ethinylestradiol as the subject of investigation [14]. The classes of pharmaceuticals
detected in seawaters thus far are given in this study, and the concentrations of all individual drugs
found in marine waters are presented and discussed. The scope of the current study was extended to the
occurrence of metabolites of pharmaceuticals in the marine environment. Furthermore, we have
summarized the health risks associated with the presence of pharmaceuticals and their metabolites in

seawaters and analysed the research gaps with intensions of outlining the future research studies.

2 Sources of pharmaceuticals in the marine environment

Estuaries are the major source of pharmaceuticals in the ocean. Pharmaceuticals are mostly
discharged from the WWTPs into the rivers and transported into the estuaries. Other sources of
pharmaceuticals in freshwater which include the contribution of agricultural fields where animal waste
is used as fertilizer, leachates from the landfill sites are well described in literature [22]. The detection
of pharmaceuticals in estuaries has been reported across the different continents of the world [23-31].
In this case, the levels of detected pharmaceuticals in the estuaries vary from one estuary to the other,
and they are influenced by many factors. Such factors include variations in weather conditions and

communities residing on river banks as well as sewage water leakages into the estuaries via the storm
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water systems [24]. Limited access into modern ablution facilities is another factor that contributes
significantly to the pollution of rivers mostly in the developing countries. In this case, human wastes
are released into the ground where they are likely to be swept into the nearby rivers by water run-off
during the rainy days. Therefore, the concentrations of pharmaceuticals in the estuaries are widely

distributed in the range of low ng L' to low pg L' [23].

Numerous studies have reported the incomplete removal of pharmaceuticals during the sewage
treatment processes [2,32-34]. Some WWTPs discharge their influent directly into the sea via the
marine outfalls [32,35]. This leads to the detection of pharmaceuticals in ocean waters that are in
proximity to the effluent / sewage discharge points [36,37]. In southern California (USA), the highest
concentrations found for naproxen, gemfibrozil and atenolol in effluents prior to their disposal in the
marine outfalls exceeded 1 pg L [36]. Therefore, marine outfalls are considered as the main input
source of pharmaceuticals in seawater [38]. Urination while swimming or bathing in the beaches is also

natural for humans. This has a potential to release pharmaceuticals from humans directly into the ocean.

3 Analytical methods

3.1 Sampling methods

Grab sampling is the most common approach for collection of environmental samples.
However, the concentrations of pharmaceuticals entering the marine environment are largely diluted to
trace amounts by the seawater. Due to such dilutions, Ngubane et al. (2019) could only detect one
pharmaceutical, naproxen, out of 3 investigated drugs with a mean concentration of 160 ng L' in a
sampling site located in a distance of approximately 6 km from the estuary [39]. To improve the
detection frequency for pharmaceuticals in the open oceans, passive sampling devices have been
introduced as they are able to pre-concentrate contaminants from the aqueous medium in the receiving
phase over the extended periods of time while deployed in the environmental waters [40]. Passive
sampling devices are also useful for the determination of mean concentrations of water pollutants over
a certain time frame in an integrated space [41]. Full description of these devices which play crucial

role in sampling and pre-concentration of analytes from water is available in literature [42—47]. Three
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passive sampling devices, polar organic chemical integrative samplers (POCIS), polyethylene devices
(PEDs), and solid-phase microextraction (SPME) samplers have been investigated for sampling a
variety of chemicals in the coastal waters of San Francisco Bay and the Southern California Bight [48].
In other studies, POCIS is a more common approach [40,41]. The receiving phase in POCIS devices in
often the Oasis hydrophilic lipophilic balanced (HLB) sorbent [41,48] which is capable of extracting
highly polar and less-polar chemicals from water. Therefore, the analytical procedures that include the

use of POCIS devices usually lack selectivity and allows for the analysis of wide variety of chemicals.

In environmental studies where the primary focus is on identification and quantitation of
pharmaceuticals in seawaters, the collection and treatment of large volumes (10-50 L) of water has been
performed [6,28,49]. In these cases, the prolonged sample percolation time on solid-phase extraction
(SPE) was overcome by using high loading flow rates of up to 500 mL min™' [6,28]. To accommodate
high breakthrough volumes of seawater samples, high sorbent mass reaching 4 g was utilized [49]. This
approach was intended to increase the analyte pre-concentration factors with the view of improving the
detection limits of the analytical methods. As a result, the application of gas chromatography equipped

with mass spectrometry detector led to low detection limits ranging from 0.1 to 0.7 ng L™! [6].

3.2 Analyte isolation and pre-concentration

Ocean water is largely contaminated from the land-based activities, and contaminants reaching
this water body are immensely diluted. Therefore, during the monitoring of pharmaceuticals in the
oceans, it is imperative to isolate and pre-concentrate analytes prior to their identification and
quantitation on suitable analytical instruments. SPE remains the most useful sample preparation
technique for the monitoring of water pollutants due to its ability to extract analytes by sorption on solid
material from large volumes of aqueous samples and subsequently performing elution with a small
amount of organic solvent thereby resulting in pre-concentration of target compounds. Oasis HLB is
the widely used SPE sorbent as it has the ability to extract a wide range of pharmaceuticals. As a result,
Oasis HLB sorbent has been used in the SPE of pharmaceuticals belonging to different therapeutic
classes from seawater samples [50-54]. Among other reported SPE sorbents, molecularly imprinted

polymers (MIPs) provide a different dimension as they are able to extract a single molecule or group of
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analytes selectively utilizing their unique features such as functional groups, molecular shape and size
[55]. In this way, sample matrix effects are eliminated and the analysis can be performed with affordable
analytical equipment such as liquid chromatography with photodiode array detector. This approach was
applied by Liang and Wang, achieving a detection limit of 5 ng L' for chloramphenicol in seawater

[56].

The use of disks to perform SPE by utilizing H>O-Philic divinylbenzene [57,58] as a sorbent
has also been reported in literature. In a different perspective, the bag SPE sampler developed elsewhere
[59] was used for isolating pharmaceuticals in seawater samples [60]. In this approach, 100 mg
polystyrene-divinylbenzene enclosed in a woven polyester fabric was directly immersed in the water
sample for a pre-determined time followed by desorption of extracted compounds using the organic
solvents [60]. This approach works like a passive sampler and can be very useful for extraction of

analytes from large sample volumes. This is followed by the chromatographic analysis.

In view of large dilution of environmental pollutants in the oceans, large sample volumes which
are translated to greater pre-concentration factors thus leading to higher sensitivity of analytical
methods need to be treated for analysis. However, in SPE this approach results in lengthy analytical
sample preparation approach which could only be improved by utilizing high sample loading flow rates
into the sorbent. Careful optimizing is recommended in this regard as high sample loading flow rates in
SPE are likely to be accompanied by poor uptake of analytes by the sorbent. Also the influence of high

salinity in the oceanic waters on SPE is not yet well understood.

3.3 Analytical techniques

Nowadays, focus is on multi-residue analytical techniques that allow for fast simultaneous
analysis of basic, neutral and acidic pharmaceuticals belonging to different therapeutic classes. Recent
advances in gas chromatography (GC) and liquid chromatography (LC) coupled to mass spectroscopy
(MS) have allowed researchers to analyse quite a large number of pharmaceuticals simultaneously over
the years [61]. These approaches are versatile, selective and specific. However, GC is only limited to a
few non-polar and volatile pharmaceuticals. The majority of pharmaceuticals are polar and lack
volatility. Analysis of such pharmaceuticals using GC therefore requires a derivatization step which is

7
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always time-consuming and irreproducible [61]. GC for pharmaceuticals in marine environments has

only been used about 2 decades ago [6,62].

The LC especially coupled to tandem MS remains a perfect choice for comprehensive analysis
of pharmaceuticals in complex samples. In this regard, it is observed that almost always, the LC-MS/MS
mainly the triple quadrupole (QqQ) [36,49,67-72,50-52,54,63—-66] and the ion trap (IT)
[3,53,57,58,73—78] both equipped with an electrospray ionization (ESI) source is a preferred approach
for pharmaceuticals in marine environments while other hybrid techniques such as the quadrupole and
its combination with time-of-flight mass spectroscopy [60], Orbitrap/HRMS [79] and hybrid
quadrupole-linear ion trap [53,73—78] have also been mentioned. The traditional LC with diode array
detection and ultraviolet-visible spectroscopy have appeared in recent literature for analysis of 8
sulfonamides [80], 4 non-steroidal anti-inflammatory drugs (NSAIDs) [39] and chloramphenicol [56].
Their limits of quantitation (LOQs) which were 60 - 160, 25 - 36 and 5 ng L™! respectively are much
higher than those reported using LC-MS which are as low as 0.04 ng L"! found during analysis of 56
antibiotics using UHPLC-ESI-QqQ-MS/MS [63]. Notably, the LOQs still vary across different studies
regardless of employing similar analytical methods which are mostly based on SPE-LC-MS/MS. This
variation is associated with different pre-concentration factors achieved by various authors as a
consequence of sample volume percolated on SPE cartridge against the resulting sample size available

for chromatographic analysis.

The LC-ESI-MS/MS instrumentation has several advantages in multi-residue analysis of
pharmaceuticals in environmental samples. While it has always been advisable to achieve complete
separation in chromatographic analysis to avoid signal interference, the MS/MS approach does not
require a complete LC separation for selective detection [81]. In this regard, shorter LC columns are
used to achieve very fast analysis times. The C18 column preferably packed with sub 2 micron particles
remains the column of choice for separation with some studies reporting separation of 56 antibiotics in
14 min using a C18 column of 1.7 pm particle diameter [63]. In the MS/MS systems, fragmentation
using ESI is achieved either in positive or negative mode depending on the sensitivity of the

pharmaceutical. Generally, the negative mode is preferred for acidic pharmaceuticals while positive
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ionization is applied for neutral and basic pharmaceuticals. For example, in one study that analysed 7
pharmaceuticals in the Gran Canaria Island, only the acidic diclofenac gave better fragmentation
response in the negative ionization mode [50]. Elsewhere, all the 4 acidic pharmaceuticals (diclofenac,
ibuprofen, gemfibrozil and naproxen) were all ionized in the negative mode deprotonating to the [M-

H] ions [66].

Another advantage of the MS/MS approach is its ability to positively confirm presence of
compounds based on the precursor and product ions [81,82]. This is achieved through multiple reaction
monitoring (MRM, also called selective reaction monitoring (SRM)) of two transitions between the
precursor and the product ions to achieve the four identification points (IPs) as the minimum
requirement for positive identification and confirmation criteria defined by the EU Commission
Decision 2002/657/EC [83]. The first MRM transition is prone to false positive identification, therefore,
the results of the first MRM transition are verified using a second MRM transition leading to correct
identification of the analyte. In this regard, most of the studies on pharmaceuticals in marine
environments use the two MRM transitions quantitation approach for accurate identification of the
targeted pharmaceuticals. Another advantage of the LC-MS/MS which has not yet been utilized in
analysis of pharmaceuticals in marine environments is structure elucidation of unknown degradation

and transformation products of pharmaceuticals in the environment [84].

3.4 Validation of analytical methods and quality assurance

Prior to applications in environmental monitoring, the efficacy of the optimized analytical methods is
often evaluated by spiking the environmental samples with analytes using the environmentally relevant
concentrations. The performance of the analytical methods are evaluated based on sensitivity using the
detection (LOD) and quantitation (LOQ) limits, accuracy by determining the percent recoveries and
precision based on relative standard deviations (RSD) [39]. Investigating field blanks and surrogate
recovery checks using deuterated standards are common in some studies [48,59]. In general, the LOD
and LOQ are computed as the lowest concentration that give a signal-to-noise ratio (S/N) of 3 and 10,
respectively [50]. For accurate measurements, the concentrations of analytes in the environment should

fall within the linear dynamic range. Therefore, several studies report the linearity close to the value of
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1 that has been achieved in a plot of different concentrations versus the corresponding detector
responses [57]. In some cases, matrix effects were examined for quality assurance and quality control
[52]. Evaluation of matrix effects by evaluating signal suppression and enhancement is conducted to
ensure minimal quantitative bias that may result from the competition of the analyte and co-extracted
matrix components [53]. Several studies report that the correct analyte peaks and peak purity were
assigned using the retention times as well as characteristic ions [68]. In one case, signal suppression
was dominant in a study of 40 compounds with the exception of sulfamethoxazole and sotalol that had
signal enhancements [53]. Percent recoveries in the range of 80 to 120% indicate the high accuracy of
the analytical method, while satisfactory precision is achieved when RSD values are lower than 20%
[57,59]. In some cases, the newly established analytical methods yield lower percent recoveries for
certain analytes due to variations in physicochemical properties [60,85]. Elsewhere, the extraction

efficiencies for bag-SPE ranged from 10.6 to 64.5% [60], an indication for further improvement.

4  Occurrence of pharmaceuticals in the seawater

In 2016, Fabbri and Franzellitti presented a review article on the occurrence human
pharmaceuticals in the marine environment which focused primarily on the exposure and biological
effects in animal species [11]. Their review article clearly indicated non-existence of the analytical data
in Africa, while there was one scientific study conducted in South America. Currently, there are four
articles reporting the occurrence of pharmaceuticals in the African coastal environment. Two of these
studies were conducted in Tunisia [51,63] while others are reported in South Africa [35,39]. Africa has
always been lagging behind in environmental monitoring of any pollutants. The scientific data on the
occurrence of pharmaceuticals in the African aquatic environment only emerged in the last decade
[86,87], with the recent review article observing a steady increase in the number of published articles
in the last 3 years [88]. Therefore, more investigations in the African coastal waters are expected to

emerge soon.

4.1 Antibiotics

Antibiotics found in the marine environment are listed alongside their environmental

concentrations in Table 1. Among the detected antibiotics; trimethoprim, erythromycin,

10
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sulfamethoxazole and sulfadiazine were the most abundant having been detected in not less than 10
study sites each. Trimethoprim alongside quinolones and sulphonamides were reported as the most
investigated and detected antibiotics in the European aquatic environment [89]. An African viewpoint
reported sulfamethoxazole, ciprofloxacin and ofloxacin as the prominent antibiotics in water resources,
while trimethoprim was singled out as having the highest concentration of 230 ng L™ in a river water
from Egypt [88]. Therefore, there are some similarities concerning the observations made during

antibiotics studies performed inland and those done in the coastal waters.

High antibiotic quantities observed in the Tunisian coast (Table 1) is in accordance to the
observation reported in a review article [87] where the authors found the pharmaceutical levels in
African waters to be approximately 20 000 times higher than those found in Europe. A suitable example
is that of trimethoprim with the highest concentration 0of 3500 ng L' in Tunisia [63], while the maximum
amount found in Europe was 10.6 ng L recorded in the Gulf of Cadiz (Spain) [54]. Some other
antibiotics with the highest concentrations in the Tunisian coastline were norfloxacin, spiramycin,
enrofloxacin and nalidixic acid. The highest observed concentration for norfloxacin in Tunisia was
20700 ng L' [63], while 3551 and 6800 ng L' were the closest levels found in Gran Carania Island
(Spain) [50] and Bohai Bay (China) [90], respectively. In three observed cases for spiramycin, its
concentrations reached 2.1, 7.24 and 66400 ng L' in Spain [54], Korea [70] and Tunisia [63],
respectively. Nalidixic acid was found in two coasts, the Mediterranean Sea of Tunisia with a highest
concentration of 16700 ng L' [63] and the Yellow Sea of China reaching 28.9 ng L' [67]. Therefore,
the highest concentrations of antibiotics were found in a Tunisian coast. But, China [67,68,90-93] and
European countries [40,50,52,54,57,71,77,94] were more active in monitoring antibiotics in the marine
environment with more than 5 scientific studies available in the literature in each scenario. Variations
of concentration levels of antibiotics and other pharmaceuticals in general in the Mediterranean Sea in
an interesting situation suggesting the influx of pharmaceuticals from different sources with notably
differences in consumption patterns. Variations in concentrations of antibiotics and other
pharmaceuticals (presented in Tables 2-8) could also be linked to the dilutions in the marine

environment (taking into account the different sampling locations) and comparing the data published in

11
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Table 1

Concentrations (ng L) of antibiotics found in seawater samples

Antibiotic Study site Sampling year Concentration MDL (ng L')  Reference
Amoxicillin Eastern Mediterranean Sea, Greece 2013 <128 5.0 [52]
Ampicillin Southwestern Taiwan 2010 Nd - 88.7 2 [64]
Gulf of Cadiz, South Western Spain 2015 Nd-2.0 0.0001 [54]
Novobiocin Gulf of Cadiz, South Western Spain 2015 Nd-0.8 0.0001 [54]
Clarithromycin Eastern Mediterranean Sea, Greece 2013 <1-1.5 1.0 [52]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 16 7.5% [71]
Baltic Sea, Germany 2009-2011 14 7.5% [71]
Gulf of Cadiz, South Western Spain 2015 0.2-9.4 0.0001 [54]
Mediterranean coastal lagoon, Spain 2010-2011 9.6 0.6 [77]
Pacific Ocean, USA 2009-2011 130 7.5% [71]
Laizhou Bay, China 2009 Nd -0.82 0.25% [7]
Bohai Sea and Yellow Sea, China 2010 Nd - 0.51 0.10%* [91]
Yellow Sea, North China 2010 2.6 0.25% [68]
Trimethoprim Eastern Mediterranean Sea, Greece 2013 <04 -3 04 [52]

13



Norfloxacin

Gulf of Cadiz, South Western Spain

Mediterranean coastal lagoon, Spain
Southern Baltic Sea, Polish coastal zone
Mediterranean Sea, Tunisia

Southern California Bight, USA
California coast, USA

Baltic Sea, Poland

Mediterranean Sea, Southeast of Spain
Antarctica

Bohai Bay, China

Bohai Sea and Yellow Sea, China
Yellow Sea, North China

Laizhou Bay, China

Hong Kong coastal waters

Korean seawater

Gran Canaria Island, Spain

Gulf of Cadiz, South Western Spain
Mediterranean sea, Tunisia

Yellow Sea coast, China

2015
2010-2011
2012
2012-2013
2006-2007
2009-2010
2011-2012
2005-2006
2016-2017
2008
2010
2010
2009
2006
2012
2011-2012
2015
2012-2013

2010

Nd - 10.6

1.5
Nd-2.9
Nd — 3500
Nd-2.1

Nd -2
Nd-3.4
0.03

<0.1

Nd - 120
<LOQ - 16.6
14.1
1.3-330
Nd-21.8
Nd -5.30
Nd - 3551
Nd - 207.5
Nd - 20700

Nd - 109

0.0001

0.1

0.2

0.01

2.5RL

0.2

30

<20%*
0.10*
0.24%*
0.24%*
<13
0.069
2.5
0.00004
0.1

0.002

[63]

[67]

14



Ciprofloxacin

Clindamycin

Enoxacin

Ofloxacin

Laizhou Bay, China

Bohai Bay, China

Victoria Harbour, Hong Kong
Hong Kong coastal waters

Korean seawater

Gran Canaria Island, Spain

Gulf of Cadiz, South Western Spain
Yellow Sea coast, China

Laizhou Bay, China

Bohai Bay, China

Korean seawater

Antarctica

Antarctica

Gulf of Cadiz, South Western Spain
Laizhou Bay, China

Bohai Bay, China

Laizhou Bay, China

Victoria Harbour, Hong Kong

Korean seawater

2009

2008

2004-2005

2006

2012

2011-2012

2015

2010

2009

2008

2012

2016-2017

2016-2017

2015

2009

2008

2009

2004-2005

2012

7.5-103

Nd - 6800

20.1

Nd-8

Nd-0.512

Nd -303

Nd-211.7

Nd - 26

Nd - 66

Nd -390

Nd-1.25

4-218

<0.1

Nd-4.2

Nd - 209

Nd - 5100

Nd-6.5

16.4

Nd-12.4

4.2%

<20%*

3.2

<13

0.205

1.0

0.00006

0.00113

3.3*%

<20*

0.082

50%

1*

0.0001

3.8%

<20*

3.5%

2.6

0.048

(7]

[90]
[96]
[69]
[70]
[50]
[54]
[67]
(7]

[90]

[70]

15



Erythromycin

Spiramycin

Gulf of Cadiz, South Western Spain
Mediterranean Sea, Southeast of Spain

Gulf of Cadiz, South Western Spain

Mediterranean coastal lagoon, Spain

Northern Adriatic Sea, Italy
San Francisco Bay, USA
Pacific Ocean, USA

Mediterranean Sea, Tunisia
Bohai Bay, China

Bohai Sea and Yellow Sea, China
Yellow Sea, North China
Laizhou Bay, China

Hong Kong coastal waters
Victoria Harbour, Hong Kong
Korean seawater

Southwestern Taiwan
Gulf of Cadiz, South Western Spain

Mediterranean Sea, Tunisia

2015

2005-2006

2015

2010-2011

2009-2011

2009-2011

2009-2011

2012-2013

2008

2010

2010

2009

2006

2004-2005

2012

2010

2015

2012-2013

Nd - 34.4

0.01-0.03

Nd-23

78.4

5.8

217

86

Nd - 3900

Nd - 150

0.13-6.7

25.2

0.9-8.5

16 - 486

5.2

Nd-0.196

Nd - 26.6

Nd-2.1

Nd - 66400

0.00001
10
0.00004
0.3
7.5%
7.5%
7.5%
0.1
<20*
0.10*
0.23
0.23
<13

2.0
0.259

2

0.00014

0.01

[54]

[40]

[63]
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Neospiramycin
Josamycin

Roxithromycin

Azithromycin

Lomefloxacin

Danofloxacin

Enrofloxacin

Korean seawater

Mediterranean Sea, Tunisia
Mediterranean Sea, Tunisia
Laizhou Bay, China

Bohai Sea and Yellow Sea, China
Yellow Sea, North China
Victoria Harbour, Hong Kong

Gulf of Cadiz, South Western Spain
Baltic Sea, Germany
Pacific Ocean, USA

Laizhou Bay, China

Bohai Sea and Yellow Sea, China
Yellow Sea, North China

Gulf of Cadiz, South Western Spain
Mediterranean coastal lagoon, Spain
Yellow Sea coast, China

Yellow Sea coast, China

Gulf of Cadiz, South Western Spain

Yellow Sea coast, China

2012

2012-2013

2012-2013

2009

2010

2010

2004-2005

2015

2009-2011

2009-2011

2009

2010

2010

2015

2010-2011

2010

2010

2015

2010

Nd—7.24
Nd - 4100
Nd - 1500
<LOQ-1.5
Nd-0.26
6.9

30.6
Nd-13
16

141
Nd-12
Nd-0.39
2.5
Nd-17.8
163.8
Nd-1.2
Nd - 30
Nd-157.5

0.78 - 5.1

0.261

0.01

0.01

0.62*

0.09*

0.62%*

2.0

0.00001

9.5%

9.5%

0.26%*

0.10%*

0.26*

0.00001

3.3

0.00046

0.00048

0.00005

0.00058

[70]

[63]
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Marbofloxacin
Fleroxacin
Orbifloxacin
Difloxacin

Sarafloxacin

Sparfloxacin

Lincomycin

Cefalexin

Cefaclor

Cefdinir

Laizhou Bay, China

Gulf of Cadiz, South Western Spain

Southern Baltic Sea, Polish coastal zone
Mediterranean Sea, Tunisia

Yellow Sea coast, China

Yellow Sea coast, China

Yellow Sea coast, China

Yellow Sea coast, China

Yellow Sea coast, China

Mediterranean Sea, Tunisia

Yellow Sea coast, China

Gulf of Cadiz, South Western Spain

Korean seawater

Gulf of Cadiz, South Western Spain
Southwestern Taiwan

Hong Kong coastal waters

Gulf of Cadiz, South Western Spain

Gulf of Cadiz, South Western Spain

2009

2015

2012

2012-2013

2010

2010

2010

2010

2010

2012-2013

2010

2015

2012

2015

2010

2006

2015

2015

Nd—7.6
Nd - 122
Nd - <LOQ
Nd - 40200
Nd - 22
Nd-— 1.4
Nd-2.7
Nd - 20.7
Nd - 14.6
Nd - 5300
Nd - 0.79

Nd-14.9

Nd - 438

Nd-6.1
Nd-9.19

Nd - 182

Nd-9.4

Nd-15.8

4.4

0.00001

3.3

0.01

0.00068

0.00047

0.00045

0.00048

0.00053

0.1

0.00052

0.00001

0.203

0.00001

1.5

<13

0.00001

0.0001

[54]
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Cefquinome
Ceftiofur

Sulfadiazine

Sulfamerazine

Sulfamoxole

Sulfamethoxazole

Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Eastern Mediterranean Sea, Greece

Gulf of Cadiz, South Western Spain

Mediterranean sea, Tunisia
Mahdia coastal, Tunisia

Dalian coast, China

Yellow Sea, North China

Yellow Sea coast, China

Bohai Bay, China

Bohai Sea and Yellow Sea, China
Laizhou Bay, China

Mediterranean Sea, Tunisia

Southern Baltic Sea, Polish coastal zone

Mediterranean Sea, Tunisia

Eastern Mediterranean Sea, Greece

Aegean Sea & Dardanelles, Greece and Turkey

Northern Adriatic Sea, Italy

2015

2015

2013

2015

2012-2013

2017-2018

2011

2010

2010

2008

2010

2009

2012-2013

2012

2012-2013

2013

2009-2011

2009-2011

Nd —-44.9
Nd-1.7
<0.1-2
Nd-1.8

Nd - 29100
6-11

Nd -2
0.24
Nd-3.0
Nd - 41
Nd - 0.36
Nd - 0.43
Nd - 4500
Nd - <LOQ
Nd - 800
<0.1-6

11

4.1

0.00002
0.00002
0.1
0.00001
0.01

<l

0.47
0.24*
0.00459
<20*
0.10*
0.24*
0.1

1.7

0.1

0.1

2.6*

2.6%




Mediterranean Sea, Tunisia

Gulf of Cadiz, South Western Spain

Mediterranean coastal lagoon, Spain

Baltic Sea, Germany

Southern Baltic Sea, Polish coastal zone
Baltic Sea, Poland

Mahdia coastal, Tunisia

Red Sea, Saudi Arabian coastal waters
Dalian coast, China

Yellow Sea coast, China

Bohai Bay, China

Bohai Sea and Yellow Sea, China
Yellow Sea, North China

Laizhou Bay, China

Korean seawater

San Francisco Bay, USA
Pacific Ocean, USA

Southern California Bight, USA

German Baltic Sea

2012-2013

2015

2010-2011

2009-2011

2012

2011-2012

2017-2018

2016

2011

2010

2008

2010

2010

2009

2012

2009-2011

2009-2011

2006-2007

2015

Nd - 2400
Nd - 99
94

42

Nd —20.0
Nd-10.8
2-6

63
Nd-22
Nd - 212
Nd - 140
<LOQ-83
50.4
1.5-82
Nd - 2.20

61
6.4

Nd-34

1.5

0.1
0.00001
0.3
2.6%
1.7
3.3

<1

0.8
0.83
0.0362
<20*
0.10
0.24*
0.24*
0.469
2.6%

2.6*

2.5RL

0.5

[71]
(71]
[36]

[94]
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Sulfathiazole

Sulfaphenazole

Sulfamethizole

Metronidazole

Nitrofurantoin
Ornidazole

Sulfamethazine

Mahdia coastal, Tunisia

Bohai Sea and Yellow Sea, China
Dalian coast, China

Korean seawater

Mediterranean Sea, Tunisia
Mahdia coastal, Tunisia
Mediterranean Sea, Tunisia
Dalian coast, China

Gulf of Cadiz, South Western Spain

Mediterranean Sea, southeast of Spain
Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Mahdia coastal, Tunisia

Dalian coast, China

Yellow Sea coast, China

Bohai Bay, China

Laizhou Bay, China

Gulf of Cadiz, South Western Spain

2017-2018

2010

2011

2012

2012-2013

2017-2018

2012-2013

2011

2015

2005-2006

2015

2015

2015

2017-2018

2011

2010

2008

2009

2015

Nd -3

Nd - 0.17

Nd-1.2

7.01-18.6

Nd - 600

4-11

Nd - 2800

Nd-13

Nd-67.1

13.4

Nd-23

Nd-21.7

Nd-1.9

Nd-3

Nd-2.8

Nd - 37

Nd - 130

Nd-1.5

Nd-9.1

<1

0.10%*

0.89

0.125

0.01

<1

0.1

0.92

0.00002

8

0.00003

0.0015

0.00001

<1

0.98

0.00313

<20*

0.24*

0.00002

[51]
[91]
[92]
[70]
[63]
[51]
[63]
[92]

[54]
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Sulfadimidine

Sulfaquinoxaline
Sulfaguanidine

Sulfamethoxypyridazine

Sulfacetamide

Sulfameter

Sulfamonomethoxine

Sulfadimethoxine

Southern Baltic Sea, Polish coastal zone
Bohai Sea and Yellow Sea, China
Yellow Sea, North China
Mediterranean Sea, Tunisia
Mediterranean Sea, Tunisia
Mediterranean Sea, Tunisia

Mahdia coastal, Tunisia

Yellow Sea coast, China

Dalian coast, China

Yellow Sea coast, China

Bohai Sea and Yellow Sea, China
Dalian coast, China

Yellow Sea coast, China

Dalian coast, China

Yellow Sea coast, China

Dalian coast, China

Yellow Sea coast, China

Gulf of Cadiz, South Western Spain

Southern Baltic Sea, Polish coastal zone

2012

2010

2010

2012-2013

2012-2013

2012-2013

2017-2018

2010

2011

2010

2010

2011

2010

2011

2010

2011

2010

2015

2012

Nd - <LOQ
Nd-0.16
0.35
Nd - 1800
Nd - 1900
Nd - 200
Nd-5
0.35-152
Nd-1.5
Nd-4.3
Nd - 0.12
Nd-1.9
Nd-1.2
Nd-2.3
Nd - 4.6
Nd- 1.9
Nd- 1.9
Nd-0.9

Nd-1.0

1.7

0.10%*

0.24*

0.1

0.01

0.01

<1

0.0334

1.02

0.00320

0.10*

1.05

0.00290

0.66

0.00343

0.51

0.00338

0.00001

0.2

[57]
[91]
[68]
[63]
[63]
[63]
[51]
[67]
[92]
[67]

[91]
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Sulfapyridine

Chloramphenicol

Timulin
Florophenicol

Oxytetracycline

Doxycycline

Tetracycline

Baltic Sea, Poland

Mediterranean Sea, Tunisia

Southern Baltic Sea, Polish coastal zone

Dalian coast, China

Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain

Dalian coast, China
Dalian coast, China
Yellow Sea coast, China
Bohai Bay, China

Gulf of Cadiz, South Western Spain

Dalian coast, China
Yellow Sea coast, China

Gulf of Cadiz, South Western Spain

Dalian coast, China
Yellow Sea coast, China
Bohai Bay, China

Hong Kong coastal waters

Gulf of Cadiz, South Western Spain

2011-2012

2012-2013

2012

2011

2015

2015

2011

2011

2010

2008

2015

2011

2010

2015

2011

2010

2008

2006

2015

Nd-0.8

Nd - 400

Nd-33.2

Nd-14

Nd-8.1

Nd-0.8

Nd-23

1.1-63

Nd-13.0

Nd - 270

Nd-25.1

Nd-1.6

Nd-3.2

Nd-10.3

Nd-3.8

Nd-53

Nd - 30

Nd - 122

Nd-63.3

1.7
0.1
1.7
0.04

0.00001

0.00001

0.07

1.02

0.00797

<20*

0.00004

0.29

0.00064

0.0002

0.63

0.00145

<20*

<13

0.001

[58]

[63]
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Chlortetracycline Dalian coast, China 2011 1.0-3.0 0.43 [92]

Yellow Sea coast, China 2010 Nd-2.7 0.00076 [67]
Gulf of Cadiz, South Western Spain 2015 Nd - 22 0.00002 [54]
Sulfisoxazole Yellow Sea coast, China 2010 Nd-16.5 0.00340 [67]
Mediterranean Sea, Tunisia 2012-2013 100 - 700 0.1 [63]
Sulfachloropyridazine Yellow Sea coast, China 2010 Nd-5.9 0.00339 [67]
Oxolinic acid Yellow Sea coast, China 2010 29-105 0.00187 [67]
Pyrrole acid Yellow Sea coast, China 2010 0.95-175 0.00046 [67]
Nalidixic acid Yellow Sea coast, China 2010 Nd -28.9 0.00227 [67]
Mediterranean Sea, Tunisia 2012-2013 Nd - 16700 0.01 [63]
Pefloxacix Yellow Sea coast, China 2010 Nd - 14.6 0.00099 [67]
Flumequine Yellow Sea coast, China 2010 Nd-7.0 0.00105 [67]
Mediterranean Sea, southeast of Spain 2005-2006 0.13 30 [40]
Gulf of Cadiz, South Western Spain 2015 Nd-3.6 0.00001 [54]
Dapsone Mediterranean Sea, Tunisia 2012-2013 Nd - 2800 0.1 [63]

284 MDL: method detection limit. Nd: no detection. <LOQ: the compound was found with a concentration that is below the quantitation level. The single concentrations given
285 represent the mean or maximum detected values. In such cases, the concentration ranges were not available. RL: reporting limit (defined as three to five times the method

286  detection limit). “LOQ. The same applies to all Tables.
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287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

4.2 Non-steroidal anti-inflammatory drugs and analgesics

Pharmaceuticals belonging to NSAIDs and analgesics are commonly detected in environmental
samples. NSAIDs and analgesics found in the marine environment are summarized in Table 2. Based
on Table 2, acetaminophen is regarded as the most abundant analgesic in various seawater samples
having been quantified in 14 different study sites. Its highest concentration was 2893 ng L! found in
investigations conducted in Aegean Sea & Dardanelles (Greece and Turkey) [71]. In the case of
NSAIDs, diclofenac and ibuprofen appeared prominently with the highest concentrations of 14020 ng
L' and 2094 ng L' found in Red Sea (Saudi Arabian coastal waters) [72] and Santos Bay (Sdo Paulo,
Brazil) [73], respectively. High amounts of diclofenac in seawater and its frequent detection could be
due to the poor removal during the sewage treatment processes. The observations of negative removal
efficiencies in WWTPs for diclofenac have been linked with the discharge of supplementary diclofenac
molecules by de-conjugation of glucuronidated or sulfated diclofenac and/or its desorption from solid
particles [33,97,98]. Detection of phenylbutazone, propyphenazone, indomethacin, tramadol,
nimesulide, oxycodone, acetylsalicylic acid and fenoprofen in single study sites demands further

investigations in order to fully understand the spread of these drugs in the marine environment.

The concentrations found for NSAIDs and analgesics in the marine environment for the
developing countries (South Africa and Brazil) were generally comparable with those reported in the
developed countries. For example, the naproxen concentrations in South Africa (Durban coast) and
Portuguese seawater reached 160 ng L' [39] and 178 ng L' [65], respectively. Highest concentrations
for ibuprofen in the seawaters from Brazil and Spain were 2094 ng L' [73] and 1219 ng L' [54],
respectively. The exceptions could be linked to episodic events such as spillages and direct disposal of
poorly treated WWTP effluent into the oceans (marine outfalls). These have resulted in higher
concentrations reaching 310 and 14020 ng L' for phenazone in the Gulf of Cadiz (Spain) [54] and

diclofenac in the Red Sea (Saudi Arabia) [72], respectively.
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Table 2

Maximum concentrations (ng L) of NSAIDs and analgesics found in seawater samples.

Pharmaceutical Study site Sampling year ~ Concentration =~ MDL (ng L) Reference
Mefenamic acid Mahdia coastal, Tunisia 2017-2018 Nd-0.6 <1 [51]
Eastern Mediterrancan Sea, Greece 2013 <0.2-11 0.2 [52]
Gulf of Cadiz, South Western Spain 2015 Nd-4.5 0.00001 [54]
Phenylbutazone Mahdia coastal, Tunisia 2017-2018 Nd-2 <1 [51]
Phenazone Gulf of Cadiz, South Western Spain 2015 Nd -309.8 0.0008 [54]
Baltic Sea, Germany 2009-2011 5.9 2.0 [71]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 2 2.0 [71]
Propyphenazone North Seawater, Germany 1998 0.6 <0.7 [6]
Indomethacin Gulf of Cadiz, South Western Spain 2015 Nd-4.5 0.0006 [54]
Tramadol Eastern Mediterranean Sea, Greece 2013 <0.1-1 0.03 [52]
Nimesulide Portuguese seawaters 2013 Nd-17.3 0.06 [65]
Codeine Southwestern Taiwan 2010 Nd - 63.6 2.25 [64]
Mediterranean coastal lagoon, Spain 2010-2011 1.8 0.3 [77]
Oxycodone Mediterranean coastal lagoon, Spain 2010-2011 6.8 0.4 [77]
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Acetylsalicylic acid

Acetaminophen

Ketoprofen

Portuguese seawaters
Gran Canaria Island, Spain

Gulf of Cadiz, South Western Spain

Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and Turkey

Eastern Mediterranean Sea, Greece

Mediterranean Sea, Israel

Victoria, BC, Canada seawater

San Francisco Bay, USA
Southern California Bight, USA

Portuguese seawaters
Southwestern Taiwan
Korean seawater

Red Sea, Saudi Arabian coastal waters
Santos Bay, Brazil
Gran Canaria Island, Spain

Gulf of Cadiz, South Western Spain

Southern Baltic Sea, Polish coastal zone

2013

2011-2012

2015

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2006-2007

2013

2015

2012

2016

2014

2011-2012

2015

2012

Nd - 534
Nd - 297

Nd-41.5
48

2893

<41

12

44.7

85
Nd-11
51-584
2.6-16.7
Nd - 48
2363
<LOQ - 34.6
Nd - 106
Nd - 2.6

Nd-72.7

0.10

0.6

0.0005

3.7*

3.7*%

3.7%

3.7*%

3.7%

3.7*%

0.5RL

0.3

0.0005

0.276

4.8

1.4

0.1

0.0001

0.2

[65]

[50]

[72]
(73]
[50]
[54]

[57]
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Diclofenac

Mahdia coastal, Tunisia
Portuguese seawaters

Southwestern Taiwan

Northern Taiwan seawater

Gran Canaria Island, Spain

Gulf of Cadiz, South Western Spain
Baltic Sea, Germany

Mahdia coastal, Tunisia

Eastern Mediterranean Sea, Greece
Mediterranean Sea , Israel

Aegean Sea & Dardanelles, Greece and Turkey
Southern California Bight, USA
Portuguese seawaters

Santos Bay, Brazil

Red Sea, Saudi Arabian coastal waters
Singapore seawater

Marina Bay, Singapore

Northern Taiwan seawater

2017-2018

2013

2010

2009

2011-2012

2015

2009-2011

2017-2018

2013

2009-2011

2009-2011

2006-2007

2013

2014

2016

2011

2010

2009

Nd - 76
10 - 90
Nd-233
<1.7-6.59
Nd - 344
Nd-31.9
9.2
Nd-23
<14-16
6.1

9.7
Nd-0.6
Nd - 241
<LOQ - 19.4
14020
<2-12
4-38

<2.5-53.6

<1

0.30

3.5

1.4

0.0001

2.0%

<1

1.4

2.0%*

2.0%

0.25RL

0.02

1.0

1.60

0.93

[51]

[65]
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Naproxen

Fenoprofen

Ibuprofen

Eastern Mediterranean Sea, Greece
Gulf of Cadiz, South Western Spain

Portuguese seawaters

Singapore seawater

Marina Bay, Singapore

Durban coast, South Africa
Southern California Bight, USA
Gulf of Cadiz, South Western Spain
Singapore seawater

Marina Bay, Singapore

Red Sea, Saudi Arabian coastal waters
Santos Bay, Brazil

Durban coast, South Africa

San Francisco Bay, USA

Southern California Bight, USA
Portuguese seawaters

Gulf of Cadiz, South Western Spain

Aegean Sea & Dardanelles, Greece and Turkey

2013

2015

2013

2011

2010

2018

2006-2007

2015

2011

2010

2016

2014

2018

2009-2011

2006-2007

2013

2015

2009-2011

<0.01-0.8

Nd—-95.8

Nd - 178

<0.9-7

13-30

<LOD - 160

Nd-26

Nd-7.5

<2-9

41 - 121

508

326 - 2094

<LOD - 166

12

Nd-30

Nd - 222

Nd-1219.7

35

0.01

0.0003

0.02

0.9

0.95

7.6

SRL

0.0001

2.2

1.0

26.7

35

3.6%

SRL

0.08

0.001

3.6*
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313

Baltic Sea, Germany

Seawater from Tromse/Norway

Mediterranean Sea, Israel
Southwestern Taiwan

Northern Taiwan seawater

2009-2011

2002

2009-2011

2010

2009

109

Nd-0.7

7.1

Nd-12.1

<2.5-57.1

3.6*

3.6%

2.5
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314

315

316

317

318

319

320

321

322

323

324

325

326

327

4.3  Beta-blockers

Seven pharmaceuticals belonging to the therapeutic class of B-blockers have been found present
in the coastal environment, with atenolol and metoprolol being identified as the most prominent drugs
(Table 3). While pindolol occurred in one study conducted in South Western Spain with a highest
concentration of 0.7 ng L' [54]. A highest concentration of 194 ng L' was recorded for atenolol in a
study that investigated B-blockers in Aegean Sea and Dardanelles of Greece and Turkey [71]. Variations
of atenolol concentrations from 0.4 to 139 ng L' were observed in the Gulf of Cadiz (Spain) [54],
signifying a wide distribution of the environmental levels. Thus, the atenolol levels did not exceed the
quantitation limits in Brazil [73], while the reported average concentrations in other studies were 13 ng
L' in Baltic Sea (Germany) and 57 ng L' in San Francisco Bay (USA) [71]. The maximum values of
11 ng L'! in Southern California Bight (USA) [36] and 86 ng L' in Korea [70] were reported. Wide
variations for the environmental concentrations of metoprolol were also observed. Its highest
concentration was 158 ng L'! in Baltic Sea (Germany) [71], while in some studies the reported amount

did not exceed 10 ng L' [54,71,77]. Comparable levels were only found for timodol and nadolol.
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328 Table 3

329  Maximum concentrations (ng L) of B-blockers found in seawater samples.

B-blocker Study site Sampling year ~ Concentration MDL (ng L) Reference
Timolol Mabhdia coastal, Tunisia 2017-2018 Nd-0.3 <1 [51]
Gulf of Cadiz, South Western Spain 2015 Nd-1.1 0.00001 [54]
Nadolol Mahdia coastal, Tunisia 2017-2018 Nd-0.8 <1 [51]
Gulf of Cadiz, South Western Spain 2015 Nd-1.6 0.00001 [54]
Atenolol Southern California Bight, USA 2006-2007 Nd-11 2.5RL [36]
Korean seawater 2012 Nd - 85.7 0.214 [70]
Gulf of Cadiz, South Western Spain 2015 0.4-138.9 0.00001 [54]
Baltic Sea, Germany 2009-2011 13 3.5% [71]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 194 3.5% [71]
San Francisco Bay, USA 2009-2011 57 3.5% [71]
Santos Bay, Brazil 2014 Nd - <LOQ 6.9 [73]
Propanolol Korean seawater 2012 Nd-11.9 0.106 [70]
Mediterranean coastal lagoon, Spain 2010-2011 0.5 0.1 [77]
Gulf of Cadiz, South Western Spain 2015 Nd-5.9 0.00002 [54]
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330

Metoprolol

Sotalol

Pindolol

Mediterranean coastal lagoon, Spain

Gulf of Cadiz, South Western Spain

Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and Turkey
San Francisco Bay, USA

Mediterranean Sea, Israel

Mediterranean coastal lagoon, Spain

Baltic Sea, Germany
Aegean Sea & Dardanelles, Greece and Turkey
San Francisco Bay, USA

Gulf of Cadiz, South Western Spain

2010-2011

2015

2009-2011

2009-2011

2009-2011

2009-2011

2010-2011

2009-2011

2009-2011

2009-2011

2015

0.73

Nd-5.1

158

32

6.7

0.8

65

67

12

Nd-0.7

0.02

0.00007

4.1*

4.1*

4.1*

4.1*

0.1

4.8%

4.8%

4.8*

0.00003
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331

332

333

334

335

336

337

338

339

340

341

342

343

4.4  Anti-epileptics

Table 4 shows carbamazepine as the only anti-epileptic drug detected in the coastal
environment. Carbamazepine is the most studied and reported antiepileptic in the aquatic environment
[99,100]. This could be in accordance to epilepsy being recognised as the second most common disease
of the central nervous system after a stroke [101]. Therefore, the treatment of epilepsy through the
human consumption of carbamazepine is imperative. Carbamazepine highest concentration of 157 ng
L' was reported in the Baltic Sea of Germany [71]. Besides this maximum level, trace amounts of
carbamazepine not exceeding 110 ng L' were found in other seawater samples. This could be influenced
by its poor removal efficiencies observed in most WWTPs. One review article noted the removal
efficiency of carbamazepine in most WWTPs to be less than 20% [102]. Also, carbamazepine undergo
metabolic reactions on humans with a possibility of forming thirty-three metabolites, two of them
(10,11-dihydro-10-11-dihydroxycarbamazepine and 10,11-dihydro-10-11-epoxycarbamazepine) being

the most excreted and detected in the aquatic environment [103].
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344

345

Table 4

Maximum concentrations (ng L) of anti-epileptics found in seawater samples.

Anti-epileptic Study site Sampling year Concentration MDL (ng L')  Reference

Carbamazepine Eastern Mediterranean Sea, Greece 2013 <1.4 0.05 [52]
French coast on the Mediterrancan Sea 2012-2013 0.05-0.71 - [79]
Mediterranean coastal lagoon, Spain 2010-2011 4.9 1.1 [77]
Mediterranean Sea, Israel 2009-2011 8.8 2.2% [71]
Gulf of Cadiz, South Western Spain 2015 Nd -31.1 0.00001 [54]
North Seawater, Germany 1998 2 <0.7 [6]
Baltic Sea, Germany 2009-2011 157 2.2% [71]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 22 2.2% [71]
Northern Adriatic Sea, Italy 2009-2011 3.1 2.2% [71]
Southwestern Taiwan 2010 Nd -3.83 2 [64]
Red Sea, Saudi Arabian coastal waters 2016 110 0.60 [72]
San Francisco Bay, USA 2009-2011 13 2.2% [71]
Southern California Bight, USA 2006-2007 Nd-0.9 0.5RL [36]
California coast, USA 2009-2010 Nd-21 - [48]
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Mahdia coastal, Tunisia 2017-2018 Nd-0.5 <1 [51]
Korean seawater 2012 4.58 —38.6 0.064 [70]

Singapore seawater 2011 <0.3-11 0.3 [53]
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4.5 Antidepressants

The cited literature (Table 5) attest the occurrence of pharmaceuticals used as human
antidepressants in the coastal environment of the European countries (Greece and Spain), Israel in
Middle East, USA and Tunisia in Africa. Citalopram and fluoxetine were the most common drugs in
seawaters. The highest concentration for fluoxetine at 90 ng L™! was found in the Pacific Ocean of USA
[71]. The highest value for citalopram was 93 ng L' found in Rias Baixas coastline (North-western
Spain) followed by 27 ng L' in the Pacific Ocean (USA) (Table 5). This could be ascribed to the
consumption amounts in the USA, with the literature suggesting antidepressants as the third most
common prescription drugs consumed by Americans over a decade ago, while 11% of the population
aged above 11 years were consuming antidepressant medication [104]. Importantly; fluoxetine,
sertraline, venlafaxine and duloxetine are the most prescribed anti-depressants worldwide [105].
Therefore, their appearance in the coastal waters with the exception of duloxetine and venlafaxine is
not surprising. Although venlafaxine did not appear in the coastal waters based on the reviewed
literature, its major active metabolite (norvenlafaxine) was detected in Greece [52] and Spain [78].
Interestingly, norvenlafaxine recorded the highest concentration of 291 ng L' in this group of
pharmaceuticals found in Rias Baixas coastline (North-western Spain) [78]. This is an indication that
the investigation of pharmaceuticals in environmental waters should be accompanied by the analysis of

their metabolites in the same samples.
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Table 5

Maximum concentrations (ng L) of anti-depressants found in seawater samples.

Anti-depressant Study site Sampling year Concentration MDL (ng L') Reference
Norvenlafaxine Eastern Mediterranean Sea, Greece 2013 <0.01-2 0.01 [52]
Venlafaxine Rias Baixas coastline, North-western Spain 2015 Nd - 291 0.19 [78]
Citalopram Eastern Mediterranean Sea, Greece 2013 <0.06 — 8 0.06 [52]
Rias Baixas coastline, North-western Spain 2015 Nd-92.5 0.27 [78]
Mediterranean Sea, Israel 2009-2010 43 3.2% [71]
Pacific Ocean, USA 2009-2011 27 3.2% [71]
Fluoxetine Mahdia coastal, Tunisia 2017-2018 Nd - 41 <1 [51]
Gulf of Cadiz, South Western Spain 2015 Nd-0.6 0.00001 [54]
Rias Baixas coastline, North-western Spain 2015 Nd - 10.6 0.18 [78]
Pacific Ocean, USA 2009-2011 90 16* (71]
Amitriptyline Mahdia coastal, Tunisia 2017-2018 Nd-10 <1 [51]
Gulf of Cadiz, South Western Spain 2015 Nd-04 0.00002 [54]
Hydroxyzine Rias Baixas coastline, North-western Spain 2015 Nd -0.57 0.14 [78]
Sertraline Rias Baixas coastline, North-western Spain 2015 Nd-15.3 0.35 [78]
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4.6 Lipid regulators

The most monitored and detected lipid regulator in the marine environment is gemfibrozil
(Table 6), with the highest concentration of 43 ng L' found in St Francisco Bay (USA) [71].
Gemfibrozil is not completely removed in WWTPs with selected studies reporting conflicting
information such as the removal efficiencies of less than 16% [106], 55% [107] and greater than 75%
[108]. However, these few cases serve as an indication to conduct more monitoring studies of
gemfibrozil in river water and seawater. Other lipid regulators found in the coastal waters were
fenofibrate, bezafibrate and atorvastatin (Table 6). Fewer detection and levels of these pharmaceuticals
in the marine environment is in agreement with the general observation made by Sui et al. (2015) where
they reported that lipid regulators have lower detection frequencies than some antibiotics, NSAIDs and
carbamazepine [109]. Therefore, there is great focus directed towards the analysis of antibiotics,

NSAIDs and carbamazepine in environmental waters rather than the monitoring of lipid regulators.
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Table 6

Maximum concentrations (ng L) of lipid regulators found in seawater samples.

Lipid regulator Study site Sampling year Concentration MDL (ng L) Reference
Fenofibrate Mahdia coastal, Tunisia 2017-2018 Nd - 14 <1 [51]
Gulf of Cadiz, South Western Spain 2015 Nd-1.1 0.00002 [54]
Bezafibrate Gulf of Cadiz, South Western Spain 2015 Nd-0.5 0.00001 [54]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 3.5 3.5% [71]
Mediterranean Sea, Israel 2009-2011 3.8 3.5% [71]
Gemfibrozil Singapore seawater 2011 <0.09 — 20 0.09 [53]
Marina Bay, Singapore 2010 1-9 0.4 [66]
Pacific Ocean, USA 2009-2011 6.2 2.0% [71]
San Francisco Bay, USA 2009-2011 43 2.0* [71]
Southern California Bight, USA 2006-2007 Nd-13 2.5RL [36]
Southwestern Taiwan 2010 Nd - 3.67 1 [64]
Mediterranean coastal lagoon, Spain 2010-2011 33 0.04 [77]
Gulf of Cadiz, South Western Spain 2015 Nd-5.7 0.00001 [54]
Aegean Sea & Dardanelles, Greece and Turkey 2009-2011 18 2.0 [71]
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Atorvastatin Southern California Bight, USA 2006-2007 Nd-0.4 0.25 RL [36]
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4.7  Steroid hormones

Steroid hormones are common pollutants of environmental waters [86,88]. Their detection in
the river water [110,111] is an indication that they escape the wastewater treatment process and get
transported into the marine environment. Seven of these compounds have been found present in the
coastal environment of Asia, Europe and North America (Table 7). The reviewed literature shows
estrone, estradiol and 17a-ethinylestradiol as the most investigated steroid hormones in the marine
environment with higher detection frequencies. These compounds also appear prominently in
wastewater and river water samples [111,112]. However, the detection of coprostanol, coprostanol,
cholesterol and equilin in a single study conducted in USA [113] demands more monitoring of these
compounds in the marine environment. This is important as cholesterol had the concentration reaching
2896 ng L' (Table 7) which is much higher than any of the chemicals in this group including the

common Oones.
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395 Table 7

396  Maximum concentrations (ng L) of steroid hormones found in seawater samples.

Steroid hormone Study site Sampling year Concentration MDL (ng L'!) Reference
Estrone Singapore seawater 2011 <0.8-11 0.8 [53]
Dublin bay, Ireland 2010 0.76 0.07 [74]
Key Largo Harbor, USA 2004-2006 0.66-5.2 - [113]
Inner Wismar Bay, German Baltic Sea 2003-2004 0.45-0.53 0.02 [49]
Eggers Wiek, German Baltic Sea 2003-2004 0.36 - 0.54 0.02 [49]
Outer Wismar Bay, German Baltic Sea 2003-2004 0.13-0.35 0.02 [49]
Salzhaff, German Baltic Sea 2003-2004 0.27 0.37 0.02 [49]
Darss Peninsula, German Baltic Sea 2003-2004 0.08 -0.26 0.02 [49]
Estradiol Halifax Harbour, Nova Scotia, Canada 2005 Nd-0.57 0.10 [114]
Key Largo Harbor, USA 2004-2006 Nd-1.8 - [113]
170-ethinylestradiol Halifax Harbour, Nova Scotia, Canada 2005 Nd -<0.14 0.14 [114]
Inner Wismar Bay, German Baltic Sea 2003-2004 2.1-179 0.45 [49]
Eggers Wiek, German Baltic Sea 2003-2004 Nd - 14.1 0.45 [49]
Outer Wismar Bay, German Baltic Sea 2003-2004 Nd-3.9 0.45 [49]
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Coprostanol
Coprostanone
Cholesterol

Equilin

Salzhaff, German Baltic Sea

Darss Peninsula, German Baltic Sea
Key Largo Harbor, USA

Key Largo Harbor, USA

Key Largo Harbor, USA

Key Largo Harbor, USA

2003-2004

2003-2004

2004-2006

2004-2006

2004-2006

2004-2006

1.6-4.0

1.7-3.2

0.46-3.1

Nd-5.5

<150 —2896

Nd-5.5

0.45

0.45
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4.8  Other pharmaceuticals

In this study, other pharmaceuticals refer to those compounds that are less monitored in the
aquatic environment. Herein, such pharmaceuticals have been monitored in the marine environment but
detected in five occasions or less. The reported concentrations for these pharmaceuticals in the marine
environment are given in Table 8. Five antipsychotic drugs were detected in three investigations
conducted in Greece [52] and USA [36,71], with haloperidol having the highest concentration of 56 ng
L' found in the Pacific Ocean (USA) [71]. An antidiabetic drug, metformin, is noted for its high
concentration of 4801 ng L' found in Saudi Arabia [72], while lower levels of up to 33 ng L' were
reported in Germany [76]. Unusual occurrence of four antihelmintics was only observed in the Korean
seawater [70]. All detected benzodiazepines are reported in Rias Baixas coastline (North-western Spain)
[78] with lorazepam also found with a concentration of 40 ng L' at the Mediterranean coastal lagoon
of the same country [77]. Similarly, the contrast media pharmaceuticals were reported in a single study
[71] conducted in Aegean Sea & Dardanelles (Greece and Turkey), Baltic Sea (Germany),
Mediterranean Sea (Israel) and St Francisco (USA). The occurrence of pharmaceuticals given in Table
8 should be investigated in other coastal regions in order to understand their spread in the marine

environment.
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414  Table 8

415  Maximum concentrations (ng L) of other pharmaceuticals (not frequently detected / monitored in the aquatic environment) found in seawater samples.

Therapeutic class Drug name Study site Sampling year Concentration MDL (ng L') Reference
Antipsychotics Sulpiride Eastern Mediterranean Sea, Greece 2013 <0.06-0.5 0.06 [52]
Chlorpromazine Eastern Mediterranean Sea, Greece 2013 <0.05-0.6 0.05 [52]
Amisulpride Eastern Mediterranean Sea, Greece 2013 <0.2-6 0.2 [52]
Risperidone Southern California Bight, USA 2006-2007 Nd-14 0.25 RL [36]
Haloperidol Pacific Ocean, USA 2009-2011 56 4.0 [71]
Anti-hypertensives Valsartan Eastern Mediterranean Sea, Greece 2013 <0.8-4 0.8 [52]
Mediterranean coastal lagoon, Spain 2010-2011 38 0.3 [77]
Santos Bay, Brazil 2014 <LOQ-175 7.7 [73]
Irbesartan Mediterranean coastal lagoon, Spain 2010-2011 16.8 0.05 [77]
Losartan Mediterranean coastal lagoon, Spain 2010-2011 104 2.3 [77]
Santos Bay, Brazil 2014 Nd -32 6.1 [73]
Santos Bay, Brazil 2017 0.2-8.7 0.01 [75]
Nasal decongestants Pseudoephedrine Southwestern Taiwan 2013 0.71 - 2.65 0.5 [64]
Anesthetic Lidocaine Eastern Mediterranean Sea, Greece 2013 <0.01-13 0.01 [52]
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Diuretics

HR antagonist

NMDA receptor antagonist

Sulfonylurea

Tranquilizers

Calcium channel blocker
Sedation and muscle
relaxation

Antihistamin

Hydrochlorothiazide

Torasemide

Ranitidine

Famotidine
Ketamine

Glibenclamide
Meprobamate
Azaperol

Diltiazem

Xylazine

Diphenhydramine

Loratadine

Eastern Mediterranean Sea, Greece
Gulf of Cadiz, South Western Spain

Mediterranean coastal lagoon, Spain
Mahdia coastal, Tunisia

Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Southwestern Taiwan

Mahdia coastal, Tunisia
Southern California Bight, USA
Mediterranean coastal lagoon, Spain

Singapore seawater

Mediterranean coastal lagoon, Spain

Singapore seawater
Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and
Turkey

Pacific Ocean, USA

2013

2015

2010-2011

2017-2018

2015

2015

2010

2017-2018

2006-2007

2010-2011

2011

2010-2011

2011

2009-2011

2009-2011

2009-2011

13-14

Nd-155.5

1.8

Nd-53

Nd-1.7

Nd-0.2

Nd-21.1

Nd-2

Nd-1.5

0.8

<0.9-1.7

13.8

<03-4.6

4.1

43

57

0.02

0.00001

0.3

<1

0.00004

0.00002

<1
0.25
0.2
0.9

1.2

0.3

2.7*

2.7*

2.7*%

[53]
[71]

(71]

(71]
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Antihelmintics

Scabicide

Antidiabetics

Asthma treatment

Cancer treatment

Contrast media

Thiabendazole
Fenbendazole
Fenbendazole-SO
Praziquantel
Crotamiton

Metformin

Glyburide
Albuterol
Methotrexate

Iohexol

Iomeprol

Korean seawater
Korean seawater
Korean seawater
Korean seawater
Korean seawater

German Bight and North Sea
Red Sea, Saudi Arabian coastal waters

Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Gulf of Cadiz, South Western Spain
Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and
Turkey

Mediterranean Sea, Israel
San Francisco Bay, USA
Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and

Turkey

2012

2012

2012

2012

2012

2012

2016

2015

2015

2015

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

0.585-2.84
0.487 -9.69
Nd —-4.98
2.78 -22.7
2.92-10.5

Nd-33
4801

<LOQ-13.5
Nd-2.5
Nd-3.5
861

76

26
162
1159

145

0.027

0.027

0.190

0.065

0.066

2*

0.98

0.00001

0.00003

0.00002

21%*

21%*

21*

21%*

19*

19*

[71]
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Anti-estrogen

Benzodiazepines

Iopamidol

lopromide

Tamoxifen

Alprazolam

Diazepam

Lorazepam

Northern Adriatic Sea, Italy
Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and
Turkey

Northern Adriatic Sea, Italy
San Francisco Bay, USA
Pacific Ocean, USA

Baltic Sea, Germany

Aegean Sea & Dardanelles, Greece and
Turkey

Pacific Ocean, USA

Rias Baixas coastline, North-western
Spain
Rias Baixas coastline, North-western
Spain
Rias Baixas coastline, North-western
Spain

Mediterranean coastal lagoon, Spain

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2009-2011

2015

2015

2015

2010-2011

29

1027

145

61

783

32

109

199

93

Nd-10.8

Nd-5.22

Nd-959

40.2

19*

19*

19*

19*

19*

19*

19*

19*

19%*

0.30

0.16

2.55

0.6

[71]
[71]
[71]
[71]

[71]

[71]

(78]

(78]

(78]
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416

Sedatives or hypnotics

Lormetazepam

Temazepam

Oxazepam

Zolpidem

Rias Baixas
Spain
Rias Baixas
Spain
Rias Baixas
Spain
Rias Baixas

Spain

coastline,

coastline,

coastline,

coastline,

North-western

North-western

North-western

North-western

2015

2015

2015

2015

Nd -42.8
Nd -23.6
Nd - 59

Nd - 1.46

0.21

1.55

0.70

0.10

(78]

(78]

(78]

(78]
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5 Occurrence of pharmaceutical metabolites in seawater

Pharmaceuticals are excreted by humans and animals as original drugs and metabolites.
Therefore, some studies have investigated the occurrence of both pharmaceuticals and their metabolites
in the marine environment [52,71]. Salicylic acid, a deacylated and more active form of acetylsalicylic
acid also known as aspirin has been commonly detected in marine waters. It is indicated in literature
that 10% of a low dose of acetylsalicylic acid is released as salicylic acid in the urine [115]. The
concentrations of salicylic acid have reached 130, 53, 11, 18 and 977 ng L™ in seawater samples from
Tunisia [51], Greece [52], Germany [77], Mediterranean Sea (Spain) [54] and Gulf of Cadiz (Spain)
[94], respectively. In a different case, guanylurea, a transformation product of metformin was found
having a maximum concentration of 32 ng L' in German Bight and North Sea [76]. Notably, the main
drug (metformin) had similar concentrations reaching 33 ng L' in the same study sites [76]. Two main
transformation products (10,11-dihydro-10,11-trans-dihydroxycarbamazepine and 10-hydroxy-10,11-
dihydrocarbamazepine) for carbamazepine have been found present in the French coast of the
Mediterranean Sea with mean concentrations of 0.60 and 0.31 ng L' at one sampling location,
respectively [79]. In the same study, 5 metabolites (O-desmethylvenlafaxine, N-desmethylvenlafaxine,
N, O-didesmethylvenlafaxine, N,N-didesmethylvenlafaxine, and N,N-didesmethyl-O-
desmethylvenlafaxine) of an antidepressant (venlafaxine) were all detected [79]. Ibuprofen metabolites,
hydroxy-ibuprofen and carboxy-ibuprofen in seawater samples from Tromse (Norway) had
concentrations of up to 1.5 and 7.0 ng L' respectively [62]. In the same study, ibuprofen did not exceed
0.7 ng L', which is an indication that the occurrence of pharmaceuticals is seawater should be
investigated alongside their metabolites. This is important as the concentrations of some metabolites
exceed or are similar to those recorded for their corresponding pharmaceuticals (parent compound)
[62,65,76]. To elaborate further, a maximum concentration of 222 ng L' was found for ibuprofen in
Portuguese seawater, while the levels of its metabolites, hydroxy-ibuprofen and carboxy-ibuprofen

reached 287 and 1227 ng L', respectively [65].
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6 Health effects and associated risks

The levels of pharmaceuticals found in the oceans are much lower than those normally reported
in the inland. This is due to large dilution of pharmaceuticals by seawater. Therefore, the detected
concentrations of pharmaceuticals in the coastal environment are unlikely to cause any direct harm to
humans, however, conflicting results have been presented for aquatic organisms. For example, Feo et
al. (2020) used risk quotients to show that the presence of pharmaceuticals in the seawater of the
Augusta Bay (southern Italy) was of no risk for aquatic organisms with the risk quotients less than 0.01
for all targeted pharmaceuticals even though the aqueous concentrations were up to 281 ng L' [116].
A recent study has indicated no detection of pharmaceuticals in fish tissues despite the presence of these
drugs in seawater samples from the Gulf of Uraba (Colombia) [117]. On the other hand, the antibiotic,
erythromycin has been classified as medium risk, while clarithromycin and sulfamethoxazole as high
risk pharmaceuticals in German marine waters [118]. The possibility of raising moderate to severe risks
to aquatic organisms (algae, crustaceans and fishes) due to the presence of acetaminophen, diclofenac,
losartan and valsartan in Brazil marine waters has been reported [119]. Lincomycin and ofloxacin posed

high risks to the relevant aquatic organisms in Jiaozhou Bay (China) [120].

Some pharmaceuticals are reported to be taken-up from seawater by marine organisms and bio-
accumulate in their tissues. However, some pharmaceuticals are reported to be taken-up from seawater
by marine organisms and bio-accumulate in their tissues [13,14,21,116,121,122]. As an example,
oxytetracycline and flumequine were found to accumulate in marine invertebrates at concentrations
between 60 - 380 and 2500 - 2900 ug kg respectively [122]. In certain studies, the occurrence of
pharmaceuticals in marine organisms is documented [35,70,101,123]. Hormones (progesterone and
levonorgestrel) had concentrations reaching 15 ng g™ in mussels [124]. In seafood muscles from Bay
of Biscay (Southern France), acetaminophen had a concentration of 1.4 ng g' in hake while
azithromycin and clarithromycin in red mullet were 1 ng g [125]. Venlanfaxine and azithromycin were
found in mussels (2.7 ng g™!) and oyster (3.0 ng g'') [126]. This is a concern as some marine organisms
are regarded as important food sources for humans. Therefore, this could cause an un-intentional over

dosage of pharmaceuticals by humans. Consequently, this indirect uptake of pharmaceuticals by
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humans through the consumption of marine organisms is likely to pose health risks. Although McEneff
et al. (2014) suggested low risk of pharmaceutical exposure to humans through the consumption of
exposed mussels [127], the effects of continuous intake of contaminated seafood by humans are not
understood. In addition, a recent study reported the presence of citalopram and alprazolam in octopus
and pod razor tissues exceeding the chosen hazard limits (HQ > 0.1) for children, with HQ values
between 0.18 and 0.27 [128]. Research has indicated that the cooking of seafood, particularly mussel
has the ability to increase the pharmaceutical concentration in tissues and cooking water [129]. But
Alvarez-Munoz found no variations in pharmaceutical concentrations between the steam cooked and
uncooked sole, plaice, seabream, mackerel, tuna and mussels [130]. Therefore, further research is
required in order to provide more information regarding the effect of cooking on contamination of

seafood.

It is clearly documented in literature that some marine organisms react negatively to the
presence of pharmaceuticals in water. The health effects of various classes of pharmaceuticals on
aquatic organisms is summarized in a review by Prichard and Granek (2016) [21]. Extreme cases
include foot detachment of the marine snail due to citalopram, venlafaxine, fluvoxamine and fluoxetine
[21,131]. This has a potential to reduce the population of marine organisms, thus affect the availability
of seafood for humans. For example, mussels exposed to diclofenac, ibuprofen and propranolol were
found to have lower growth, lower byssus strength and lower abundance of byssus threads, compared
to controls which resulted in reduced ability to attach to the underlying substrate [132]. In a different
study, it was suggested that carbamazepine can accumulate and consequently cause negative
physiological and biochemical changes to wild Daphnia magna populations [133]. An antidepressant,
amitriptyline has been reported to significantly reduce the hatching time and body length of zebrafish
embryos after exposure in a concentration-dependent manner [134]. A potential chronic risk on
Phaeodactylum tricornutum was observed from propranolol at Belgian harbours [135]. Therefore, it is
important to prevent the pharmaceutical contamination of oceans as some drugs such as
prochlorperazine have been found to be more stable in seawater than in freshwater [136]. Overall, this

article provided the overview of the health effects and risks associated with the occurrence of
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pharmaceuticals in the marine environment. Further studies and/or reviews are necessary to provide

more information in this regard.

7 Predicted future studies and concluding remarks

Detection of pharmaceuticals at trace levels in seawater is an indication that more monitoring
of detected drugs in required. Such monitoring should also be extended in the analysis of drugs in
estuaries and WWTP effluents as these are regarded as the main feed of pharmaceuticals into the oceans.
Focus should be directed to those WWTPs that discharge their effluents directly into the marine surface
water. This will give more information on the main contributors (land-based activities vs swimming

and bathing in the oceans) of pharmaceutical occurrence in seawater.

Analyte isolation and pre-concentration remains a crucial step in environmental analysis. SPE
is regarded as the best sample preparation technique for these purposes. However, massive dilution of
pharmaceuticals in the oceans and concoction of water contaminants require modification of simple
existing SPE procedures. The increased SPE sorbent (Oasis HLB) mass to 4 g and sample volumes to
50 L has been reported in order to achieve greater pre-concentration factors, thus leading to a more
sensitive analytical method [49]. But most SPE sorbents including HLB are known for their single use
followed by the disposal. Therefore, this useful analytical procedure could be too costly for
implementation in countries with poor economy. Also, discarding the sorbent after single use is against
the green analytical chemistry principles discussed in a previous study [137]. Therefore, the battle to
find suitable sample preparation methods that adhere to green analytical chemistry principles remains
a challenging task. However, for a more specific research towards a single pharmaceutical or drugs with
similar chemical structures and size, MIPs are regarded as promising SPE sorbents. In addition, other
sample preparation techniques that use small volumes of organic solvents (as required for green
chemistry applications) such as SPME, liquid-phase microextraction, and stir-bar sorptive extraction
are likely to be explored in future. Under the same sentiments of adhering to green chemistry principles,
solvents that are normally utilized in sample preparations such as conditioning and elution solvents in

SPE can be replaced with greener chemicals such as ionic liquids and deep eutectic solvents. The same
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greener solvents can be investigated as desorption solvents in SPME and stir-bar sorptive extraction,

while they can also be used liquid-phase microextraction.

Identification of more pharmaceuticals in seawater can be achieved through the utilization of a
non-target and suspect screening approach. This approach which is common in qualitative
determination of water pollutants involves the utilization of non-selective SPE procedures for the
extraction of pharmaceuticals prior to their identification using LC-MS [138,139]. Application of HLB
SPE cartridges is common in this task as the HLB sorbent is known for its ability to extract a wide range
of compounds with different functionalities from the aqueous phase. For the same purpose, Rimayi et
al. (2019) utilized the Chemcatcher passive sampler deployed in environmental waters over a period of
14 days [140]. This resulted in the identification of over 200 compounds which included pesticides,
pharmaceuticals and personal care products, drugs of abuse and their metabolites in environmental
waters [140]. In a different study, while performing the quantitative analysis for carbamazepine and its
transformation products using POCIS passive sampling (HLB sorbent) technique with LC-HRMS, 20
additional compounds belonging to herbicides, stimulants, B-blockers, lipid regulators, analgesics,
antibiotics, and antidepressants were found present in the French coast on the Mediterranean Sea [79].
Almost two decades ago, non-target screening of organic contaminants in seawater was conducted using
SPE allowing a large sample volume percolation of 10 L and GC-MS analysis [6]. Pesticides and
industrial chemicals were detected in German seawaters with two pharmaceuticals, carbamazepine as
well as propyphenazone with concentrations of 2 and 0.6 ng L™ respectively. Therefore, related research
that is focussing mainly on the identification of the wide range of pharmaceuticals in seawater is

required.

As demonstrated in this review paper, the information on the occurrence of metabolites of
pharmaceuticals in the marine environment is limited. In this regard, there is even lack of eco-toxicity
studies performed for these compounds. Future studies should be devised to provide more information

on the status of pharmaceutical metabolites in the marine environment.

Carbamazepine and pharmaceuticals belonging to therapeutic classes of antibiotics, NSAIDs

and analgesics are the most monitored drugs in coastal waters. Therefore, more research is required on
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the monitoring of other pharmaceuticals in the coastal environment. Focus should be directed on
intensive monitoring of those pharmaceuticals that were only reported in single occasions. Examples
include antibiotics (cefaclor, cefdinir, cefquinome, ceftiofur, nitrofurantoin, ornidazole) found in Gulf
of Cadiz, Spain [54]; NSAID (phenylbutazone) detected in Mahdia coastal waters, Tunisia [51] and
anti-depressants (hydroxyzine and sertraline) reported in Rias Baixas coastline, North-western Spain
[78]. Also, the information presented in this study shows that most of the monitoring data for
pharmaceuticals and their metabolites was recorded in the coastal environment of the high income and
developed nations such as European countries. Hence, there is a need to conduct more research in
coastal areas of developing countries such as those found in Africa and Asia. Recent work has already
reported that Asia showed the greatest contamination of coastal environment followed by Europe, North

America, and Australia in regard to the priority pharmaceuticals and personal care products [141].

Antiretroviral drugs are the chemicals of emerging concern in environmental waters. In recent
years, there has been an intensive monitoring of these pharmaceuticals in WWTPs and surface water
with most studies being conducted in Africa (Kenya and South Africa) where there is high number of
people infected with HIV/AIDS [86,88]. Hence, the occurrence of these drugs in river water has been
reported [142—-144]. Therefore, there is a strong need to monitor antiretroviral drugs in the marine
environment as these drugs have already been detected in environmental waters of the coastal cities

such as Durban in South Africa [142].

In conclusion, literature revealed the occurrence of pharmaceuticals and their metabolites in
seawater mostly near the estuaries and marine outfalls. This means pharmaceutical contamination in the
seawater is mostly attributed to land-based activities. In this case, pharmaceuticals are generally
transferred from households and industrial effluents or spillages into WWTPs which discharge these
chemicals into rivers and marine environment. Pharmaceuticals flows with river water and enter into

the sea through the estuaries. Swimming and bathing in the beaches contribute to a lesser extent.

56



573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

Funding
This work was financially supported under the project, SANOCEAN which is South Africa —
Norway Cooperation on ocean research including blue economy, climate change, the environment and

sustainable energy (UID 118757).

References
[1]  S.Klatte, H. Schaefer, M. Hempel, Pharmaceuticals in the environment — A short review
on options to minimize the exposure of humans , animals and ecosystems, Sustain.

Chem. Pharm. 5 (2017) 61-66. doi:10.1016/j.scp.2016.07.001.

[2] L. Lonappan, S. Kaur, R. Kumar, M. Verma, R.Y. Surampalli, Diclofenac and its
transformation products: Environmental occurrence and toxicity - A review, Environ.

Int. 96 (2016) 127-138. doi:10.1016/j.envint.2016.09.014.

[3] K. Wille, H. Noppe, K. Verheyden, J. Vanden Bussche, E. De Wulf, P. Van Caeter,
Validation and application of an LC-MS/MS method for the simultaneous quantification
of 13 pharmaceuticals in seawater, Anal. Bioanal. Chem. 397 (2010) 1797-1808.

doi:10.1007/s00216-010-3702-z.

[4] N.A. Al-odaini, M.P. Zakaria, M.1. Yaziz, The occurrence of human pharmaceuticals in
wastewater effluents and surface water of Langat River and its tributaries, Malaysia, Int.

J. Environ. Anal. Chem. 93 (2013) 37-41.

[5] H.H. Tabak, R.L. Bunch, Missouri River Basin Sterol Assay Project Report.
Coprostanol, A Positive Marker of Domestic and Run-Off Pollution: Sterol Assay of
Wastewater Plant Effluents and Surface Waters of the Lower Main Stem Missouri

Cincinnati, OH, Natl. Environ. Res. Cent. (1970) 1970.

[6] S. Weigel, K. Bester, H. Huhnerfuss, New method for rapid solid-phase extraction of
large-volume water samples and its application to non-target screening of North Sea

57



597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

[7]

[8]

[9]

[10]

[11]

[12]

[13]

water for organic contaminants by gas chromatography — mass spectrometry, J.

Chromatogr. A. 912 (2001) 151-161.

R. Zhang, G. Zhang, Q. Zheng, J. Tang, Y. Chen, W. Xu, Y. Zou, X. Chen, L. Bay,
Occurrence and risks of antibiotics in the Laizhou Bay, China: Impacts of river
discharge, Ecotoxicol. Environ. Saf. 80 (2012) 208-215.

doi:10.1016/j.ecoenv.2012.03.002.

C.Y. Ojemaye, L. Petrik, Pharmaceuticals in the marine environment: A review,

Environ. Rev. 27 (2019) 151-165.

L. Arpin-pont, M. Jesus, M. Bueno, E. Gomez, H. Fenet, Occurrence of PPCPs in the
marine environment: a review, Environ. Sci. Pollut. Res. (2016) 4978-4991.

doi:10.1007/s11356-014-3617-x.

B. Bonnefille, E. Gomez, F. Courant, A. Escande, H. Fenet, Diclofenac in the marine
environment : A review of its occurrence and e ff ects, Mar. Pollut. Bull. 131 (2018)

496-506. doi:10.1016/j.marpolbul.2018.04.053.

E. Fabbri, S. Franzellitti, Human pharmaceuticals in the marine environment: Focus on
exposure and biological effects in animal species, Environ. Toxicol. Chem. 35 (2016)

799-812. do1:10.1002/etc.3131.

S. Gaw, K. V Thomas, T.H. Hutchinson, P.T.R.S. B, S. Gaw, K. V Thomas, T.H.
Hutchinson, Sources, impacts and trends of pharmaceuticals in the marine and coastal

environment, Philos. Trans. R. Soc. 369 (2014) 1-12.

A. Almeida, M. Sole, A M.V.M. Soares, R. Freitas, Anti-inflammatory drugs in the
marine environment: Bioconcentration, metabolism and sub-lethal effects in marine

bivalves, Environ. Pollut. 263 (2020) 114442. doi:10.1016/j.envpol.2020.114442.

58



620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

[14]

[15]

[16]

[17]

[18]

[19]

A. Almeida, M.G. Silva, A.M.V.M. Soares, R. Freitas, Concentrations levels and effects
of 17alpha-Ethinylestradiol in freshwater and marine waters and bivalves : A review,

Environ. Res. 185 (2020) 109316. doi:10.1016/j.envres.2020.109316.

F.J. Kroon, K.L.E. Berry, D.L. Brinkman, R. Kookana, F.D.L. Leusch, S.D. Melvin,
P.A. Neale, A.P. Negri, M. Puotinen, J.J. Tsang, J.P. Van De Merwe, M. Williams,
Sources, presence and potential effects of contaminants of emerging concern in the

marine environments of the Great Barrier Reef and Torres, Sci. Total Environ. 719

(2020) 135140. doi:10.1016/j.scitotenv.2019.135140.

F. Desbiolles, L. Malleret, C. Tiliacos, P. Wong-wah-chung, I. Laffont-schwob,
Occurrence and ecotoxicological assessment of pharmaceuticals: Is there a risk for the
Mediterranean aquatic environment?, Sci. Total Environ. 639 (2018) 1334-1348.

doi:10.1016/j.scitotenv.2018.04.351.

R. Kallenborn, E. Brorstrom-lundén, L. Reiersen, S. Wilson, Pharmaceuticals and
personal care products (PPCPs) in Arctic environments: indicator contaminants for
assessing local and remote anthropogenic sources in a pristine ecosystem in change,

Environ. Sci. Pollut. Res. 25 (2018) 33001-33013. do0i:10.1007/s11356-017-9726-6.

A. Bialk-Bielinska, J. Kumirska, M. Borecka, M. Caban, M. Paszkiewicz, K. Pazdro, P.
Stepnowski, Selected analytical challenges in the determination of pharmaceuticals in
drinking/marine waters and soil/sediment samples, J. Pharm. Biomed. Anal. 121 (2016)

271-296. do0i:10.1016/j.jpba.2016.01.016.

L.H.M.L.M. Santos, A.N. Araujo, A. Fachini, A. Pena, C. Delerue-matos, M.C.B.S.M.
Montenegro, Ecotoxicological aspects related to the presence of pharmaceuticals in the
aquatic environment, J. Hazard. Mater. 175 (2010) 45-95.

doi:10.1016/j.jhazmat.2009.10.100.

59



644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

[20]

[21]

[22]

[23]

[24]

[25]

[26]

M. Mezzelani, S. Gorbi, F. Regoli, Pharmaceuticals in the aquatic environments:
Evidence of emerged threat and future challenges for marine organisms, Mar. Environ.

Res. 140 (2018) 41-60. doi:10.1016/j.marenvres.2018.05.001.

E. Prichard, E.F. Granek, Effects of pharmaceuticals and personal care products on
marine organisms: from single-species studies to an ecosystem-based approach,

Environ. Sci. Pollut. Res. 23 (2016) 22365-22384. doi:10.1007/s11356-016-7282-0.

A.J. Ebele, M.A. Abdallah, S. Harrad, Pharmaceuticals and personal care products
(PPCPs) in the freshwater aquatic environment, Emerg. Contam. 3 (2017) 1-16.

doi:10.1016/j.emcon.2016.12.004.

M.J. Benotti, B.J. Brownawell, Distributions of Pharmaceuticals in an Urban Estuary
during both Dry- and Wet-Weather Conditions, Environ. Sci. Technol. 41 (2007) 5795—

5802.

G.F. Birch, D.S. Drage, K. Thompson, G. Eaglesham, J.F. Mueller, Emerging
contaminants (pharmaceuticals, personal care products, a food additive and pesticides)
in waters of Sydney estuary, Australia, Mar. Pollut. Bull. 97 (2015) 56-66.

doi:10.1016/j.marpolbul.2015.06.038.

F. Comeau, C. Surette, G.L. Brun, R. Losier, The occurrence of acidic drugs and caffeine
in sewage effluents and receiving waters from three coastal watersheds in Atlantic

Canada, Sci. Total Environ. 396 (2008) 132—-146. doi:10.1016/j.scitotenv.2008.02.031.

P.A. Lara-martin, E. Gonzalez-mazo, M. Petrovic, D. Barcelo, B.J. Brownawell,
Occurrence, distribution and partitioning of nonionic surfactants and pharmaceuticals in
the urbanized Long Island Sound Estuary (NY), Mar. Pollut. Bull. (2014) 1-10.

doi:10.1016/j.marpolbul.2014.01.022.

60



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

T.V. Madureira, J.C. Barreiro, M.J. Rocha, E. Rocha, Q.B. Cass, M.E. Tiritan,
Spatiotemporal distribution of pharmaceuticals in the Douro River estuary (Portugal),

Sci. Total Environ. 408 (2010) 5513-5520. doi:10.1016/j.scitotenv.2010.07.069.

S. Weigel, J. Kuhlmann, H. Huhnerfuss, Drugs and personal care products as ubiquitous
pollutants: occurrence and distribution of clofibric acid, caffeine and DEET in the North

Sea, Sci. Total Environ. 295 (2002) 131-141.

D. White, D.J. Lapworth, W. Civil, P. Williams, Tracking changes in the occurrence and
source of pharmaceuticals within the River Thames , UK ; from source to sea *, Environ.

Pollut. 249 (2019) 257-266. doi:10.1016/j.envpol.2019.03.015.

Y. Yang, J. Fu, H. Peng, L. Hou, M. Liu, J.L. Zhou, Occurrence and phase distribution
of selected pharmaceuticals in the Yangtze Estuary and its coastal zone, J. Hazard.

Mater. 190 (2011) 588-596. doi:10.1016/j.jhazmat.2011.03.092.

H. Zhao, J.L. Zhou, J. Zhang, Tidal impact on the dynamic behavior of dissolved
pharmaceuticals in the Yangtze Estuary, China, Sci. Total Environ. 536 (2015) 946—

954. doi:10.1016/j.scitotenv.2015.06.055.

T. Fang, F. Nan, T. Chin, H. Feng, The occurrence and distribution of pharmaceutical
compounds in the effluents of a major sewage treatment plant in Northern Taiwan and
the receiving coastal waters, Mar. Pollut. Bull. 64 (2012) 1435-1444.

doi:10.1016/j.marpolbul.2012.04.008.

N.Y. Mlunguza, S. Ncube, P.N. Mahlambi, L. Chimuka, L.M. Madikizela, Adsorbents
and removal strategies of non-steroidal anti-inflammatory drugs from contaminated

water bodies, J. Environ. Chem. Eng. 7 (2019) 103142.

Z.E. Mbhele, S. Ncube, L.M. Madikizela, Synthesis of a molecularly imprinted polymer

61



690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

[35]

[36]

[37]

[38]

[39]

[40]

and its application in selective extraction of fenoprofen from wastewater, Environ. Sci.

Pollut. Res. 25 (2018) 36724-36735.

L. Petrik, L. Green, M. Zackon, C.Y. Sanusi, L. Green, Desalination and seawater
quality at Green Point, Cape Town: A study on the effects of marine sewage outfalls, S.

Afr. J. Sci. 113 (2017) 1-10.

D.E. Vidal-Dorsch, S.M. Bay, K. Maruya, S.A. Snyder, R.A. Trenholm, B.J.
Vanderford, Contaminants of emerging concern in municipal wastewater effluents and
marine recieving water, Environ. Toxicol. Chem. 31 (2012) 2674-2682.

doi:10.1002/etc.2004.

J. Krogh, S. Lyons, C.J. Lowe, C.J. Lowe, Pharmaceuticals and personal care products
in municipal wastewater and the marine receiving environment near Victoria Canada,

Front. Mar. Sci. 4 (2017) 1-13. doi:10.3389/fmars.2017.00415.

D.M. dos Santos, L. Buruaem, R.M. Gongalves, M. Williams, D.M.S. Abessa, R.
Kookana, M.R.R. de Marchi, Multiresidue determination and predicted risk assessment
of contaminants of emerging concern in marine sediments from the vicinities of
submarine sewage outfalls, Mar. Pollut. Bull. 129 (2018) 299-307.

doi:10.1016/j.marpolbul.2018.02.048.

N.P. Ngubane, D. Naicker, S. Ncube, L. Chimuka, L.M. Madikizela, Determination of
naproxen, diclofenac and ibuprofen in Umgeni estuary and seawater: A case of northern
Durban in KwaZulu — Natal Province of South Africa, Reg. Stud. Mar. Sci. 29 (2019)

100675. doi:10.1016/j.rsma.2019.100675.

M.J.M. Bueno, M.D. Hernando, A. Agiiera, A.R. Fernandez-alba, Application of passive
sampling devices for screening of micro-pollutants in marine aquaculture using LC—

MS/MS, Talanta. 77 (2009) 1518-1527. doi:10.1016/j.talanta.2008.09.047.

62



714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

733

734

735

736

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

D. Munaron, N. Tapie, H. Budzinski, B. Andral, J. Gonzalez, Pharmaceuticals,
alkylphenols and pesticides in Mediterranean coastal waters: Results from a pilot survey
using passive samplers, Estuar. Coast. Shelf Sci. 114 (2012) 82-92.

doi:10.1016/j.ecss.2011.09.009.

C. Harman, LJ. Allan, E.L.M. Vermeirssen, Calibration anf use of the polar organic
chemical integrative sampler - A critical review, Environ. Toxicol. Chem. 31 (2012)

2724-2738. doi:10.1002/etc.2011.

A. Kot-wasik, M. Urbanowicz, E. Dominiak, A. Wasik, J. Namie, Advances in passive
sampling in environmental studies, Anal. Chim. Acta. 2 (2007) 141-163.

doi:10.1016/j.aca.2007.09.013.

G.A. Mills, B. Vrana, 1. Allan, D.A. Alvarez, J.N. Huckins, Trends in monitoring
pharmaceuticals and personal-care products in the aquatic environment by use of passive
sampling devices, Anal. Bioanal. Chem. 387 (2007) 1153—-1157. doi:10.1007/s00216-

006-0773-y.

G. Ouyang, J. Pawliszyn, Configurations and calibration methods for passive sampling
techniques, J. Chromatogr. A. 1168 (2007) 226-235.

doi:10.1016/j.chroma.2007.01.133.

S. Seethapathy, G. Tadeusz, X. Li, Passive sampling in environmental analysis, J.

Chromatogr. A. 1184 (2008) 234-253. doi:10.1016/j.chroma.2007.07.070.

B. Vrana, G.A. Mills, I.J. Allan, E. Dominiak, K. Svensson, J. Knutsson, G. Morrison,
R. Greenwood, Passive sampling techniques for monitoring pollutants in water, Trends

Anal. Chem. 24 (2005) 845-868. d0i:10.1016/j.trac.2005.06.006.

D.A. Alvarez, K.A. Maruya, N.G. Dodder, W. Lao, E.T. Furlong, K.L. Smalling,

63



737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

[49]

[50]

[51]

[52]

[53]

[54]

Occurrence of contaminants of emerging concern along the California coast (2009 — 10)
using passive sampling devices, Mar. Pollut. Bull. 81 (2014) 347-354.

doi:10.1016/j.marpolbul.2013.04.022.

I. Beck, R. Bruhn, J. Gandrass, W. Ruck, Liquid chromatography — tandem mass
spectrometry analysis of estrogenic compounds in coastal surface water of the Baltic

Sea, J. Chromatogr. A. 1090 (2005) 98—106. doi:10.1016/j.chroma.2005.07.013.

C. Afonso-olivares, E. Torres-padr6, Z. Sosa-Ferrera, J.J. Santana-rodri, Assessment of
the presence of pharmaceutical compounds in seawater samples from coastal area of
Gran  Canaria  Island  (Spain),  Antibiotics. =~ 2 (2013)  274-287.

doi:10.3390/antibiotics2020274.

S. Afsa, K. Hamden, P.A.L. Martin, H. Ben Mansour, Occurrence of 40
pharmaceutically active compounds in hospital and urban wastewaters and their
contribution to Mahdia coastal seawater contamination, Environ. Sci. Pollut. Res. 27

(2020) 1941-1955.

N.A. Alygizakis, P. Gago-Ferrero, V.L. Borova, A. Pavlidou, I. Hatzianestis, N.S.
Thomaidis, Occurrence and spatial distribution of 158 pharmaceuticals, drugs of abuse
and related metabolites in offshore seawater, Sci. Total Environ. 541 (2016) 1097-1105.

doi:10.1016/j.scitotenv.2015.09.145.

S. Bayen, H. Zhang, M. Manish, S. Keat, B.C. Kelly, Occurrence and distribution of
pharmaceutically active and endocrine disrupting compounds in Singapore’s marine
environment: Influence of hydrodynamics and physical-chemical properties, Environ.

Pollut. 182 (2013) 1-8. do1:10.1016/j.envpol.2013.06.028.

M. Biel-maeso, R.M. Baena-nogueras, C. Corada-fernandez, P.A. Lara-martin,

Occurrence, distribution and environmental risk of pharmaceutically active compounds

64



761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

[55]

[56]

[57]

[58]

[59]

[60]

(PhACs) in coastal and ocean waters from the Gulf of Cadiz (SW Spain), Sci. Total

Environ. 612 (2018) 649-659. do1:10.1016/j.scitotenv.2017.08.279.

M. Cantarella, S.C. Carroccio, S. Dattilo, R. Avolio, R. Castaldo, C. Puglisi, V. Privitera,
Molecularly imprinted polymer for selective adsorption of diclofenac from

contaminated water, Chem. Eng. J. 367 (2019) 180-188. doi:10.1016/j.cej.2019.02.146.

Z. Lian, J. Wang, Selective detection of chloramphenicol based on molecularly
imprinted solid-phase extraction in seawater from Jiaozhou Bay, China, Mar. Pollut.

Bull. 133 (2018) 750-755. doi:10.1016/j.marpolbul.2018.06.041.

M. Borecka, G. Siedlewicz, L.P. Halinski, K. Sikora, K. Pazdro, P. Stepnowski, A.
Biatk-bielinska, Contamination of the southern Baltic Sea waters by the residues of
selected pharmaceuticals: Method development and field studies, Mar. Pollut. Bull. 94

(2015) 62-71. doi:10.1016/j.marpolbul.2015.03.008.

M. Borecka, A. Bialk-bieli, G. Siedlewicz, K. Kornowska, A new approach for the
estimation of expanded uncertainty of results of an analytical method developed for
determining antibiotics in seawater using solid-phase extraction disks and liquid
chromatography coupled with tandem mass spectrometry technique, J. Chromatogr. A.

1304 (2013) 138-146. doi:10.1016/j.chroma.2013.07.018.

J.A. Magnér, T.E. Alsberg, D. Broman, Bag-SPE — a convenient extraction method for
screening of pharmaceutical residues in influent and effluent water from sewage
treatment plants, Anal. Bioanal. Chem. 395 (2009) 1481-1489. do1:10.1007/s00216-

009-3099-8.

J. Magnér, M. Filipovic, T. Alsberg, Application of a novel solid-phase-extraction
sampler and ultra-performance liquid chromatography quadrupole-time-of-flight mass

spectrometry for determination of pharmaceutical residues in surface sea water,

65



785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

[61]

[62]

[63]

[64]

[65]

[66]

Chemosphere. 80 (2010) 1255-1260. doi:10.1016/j.chemosphere.2010.06.065.

M. Gros, M. Petrovi, D. Barcelo, Multi-residue analytical methods using LC-tandem
MS for the determination of pharmaceuticals in environmental and wastewater samples :

a review, Anal. Bioanal. Chem. 386 (2006) 941-952. doi:10.1007/s00216-006-0586-z.

S. Weigel, U. Berger, E. Jensen, R. Kallenborn, H. Thoresen, H. Heinrich,
Determination of selected pharmaceuticals and caffeine in sewage and seawater from
Tromse / Norway with emphasis on ibuprofen and its metabolites, Chemosphere. 56

(2004) 583-592. doi:10.1016/j.chemosphere.2004.04.015.

L. Tahrani, J. Van Loco, R. Anthonissen, L. Verschaeve, H. Ben Mansour, T. Reyns,
Identification and risk assessment of human and veterinary antibiotics in the wastewater
treatment plants and the adjacent sea in Tunisia, Water Sci. Technol. (2017) 3000-3021.

doi:10.2166/wst.2017.465.

J. Jiang, C. Lee, M. Fang, Emerging organic contaminants in coastal waters:
Anthropogenic impact, environmental release and ecological risk, Mar. Pollut. Bull. 85

(2014) 391-399. doi:10.1016/j.marpolbul.2013.12.045.

A. Lolic, P. Paiga, L.HM.L.M. Santos, S. Ramos, M. Correia, C. Delerue-matos,
Assessment of non-steroidal anti-inflammatory and analgesic pharmaceuticals in
seawaters of North of Portugal: Occurrence and environmental risk, Sci. Total Environ.

508 (2015) 240-250. do1:10.1016/j.scitotenv.2014.11.097.

J. Wu, X. Qian, Z. Yang, L. Zhang, Study on the matrix effect in the determination of
selected pharmaceutical residues in seawater by solid-phase extraction and ultra-high-
performance liquid chromatography — electrospray ionization low-energy collision-
induced dissociation tandem mass spec, J. Chromatogr. A. 1217 (2010) 1471-1475.

doi:10.1016/j.chroma.2009.12.074.

66



809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

[67]

[68]

[69]

[70]

[71]

[72]

[73]

N.A. Guangshui, G.U. Jia, G.E. Linke, Detection of 36 antibiotics in coastal waters using
high performance liquid mass spectrometry *, Chinese J. Oceanol. Limnol. 29 (2011)

1093-1102. doi1:10.1007/s00343-011-0225-1.

R. Zhang, J. Tang, J. Li, Z. Cheng, C. Chaemfa, D. Liu, Q. Zheng, M. Song, C. Luo, G.
Zhang, Occurrence and risks of antibiotics in the coastal aquatic environment of the
Yellow Sea, North China, Sci. Total Environ. 450-451 (2013) 197-204.

doi:10.1016/j.scitotenv.2013.02.024.

A. Gulkowska, Y. He, M.K. So, L.W.Y. Yeung, H.W. Leung, J.P. Giesy, P.K.S. Lam,
M. Martin, B.J. Richardson, The occurrence of selected antibiotics in Hong Kong coastal

waters, Mar. Pollut. Bull. 54 (2007) 1287-1306.

H. Kim, L. Lee, J. Oh, Human and veterinary pharmaceuticals in the marine environment
including fish farms in Korea, Sci. Total Environ. 579 (2017) 940-949.

doi:10.1016/j.scitotenv.2016.10.039.

K. Nédler, D. Voutsa, T. Licha, Polar organic micropollutants in the coastal environment
of different marine systems, Mar. Pollut. Bull. 85 (2014) 50-59.

doi:10.1016/j.marpolbul.2014.06.024.

A.M. Ali, H.T. Renning, W.M. Al Arif, R. Kallenborn, S.S. Al-Lihaibi, Occurrence of
pharmaceuticals and personal care products in effluent-dominated Saudi Arabian coastal
waters of the Red Sea, Chemosphere. 175 (2017)  505-513.

do1:10.1016/j.chemosphere.2017.02.095.

C.D.S. Pereira, L.A. Maranho, F.S. Cortez, F.H. Pusceddu, A.R. Santos, D.A. Ribeiro,
A. Cesar, L.L. Guimaraes, Occurrence of pharmaceuticals and cocaine in a Brazilian
coastal zone, Sci. Total Environ. 548-549 (2016) 148—-154.

doi:10.1016/j.scitotenv.2016.01.051.

67



833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

[74]

[75]

[76]

[77]

[78]

[79]

J.M. Ronan, B. Mchugh, A sensitive liquid chromatography/tandem mass spectrometry
method for the determination of natural and synthetic steroid estrogens in seawater and
marine biota, with a focus on proposed Water Framework Directive Environmental
Quality Standards, Rapid Commun. Mass Spectrom. 27 (2013) 738-746.

doi:10.1002/rcm.6505.

F.S. Cortez, L. da S. Souza, L.L. Guimardes, J.E. Almeida, F.H. Pusceddu, L.A.
Maranho, L.G. Mota, C.R. Nobre, B.B. Moreno, D.M. de Souza Abessa, A. Cesar, A.R.
Santos, C.D.S. Pereira, Ecotoxicological effects of losartan on the brown mussel Perna

perna and its occurrence in seawater from Santos Bay (Brazil), Sci. Total Environ. 637—

638 (2018) 1363—-1371. doi:10.1016/j.scitotenv.2018.05.069.

C. Trautwein, J. Berset, H. Wolschke, K. Kiimmerer, Occurrence of the antidiabetic drug
Metformin and its ultimate transformation product Guanylurea in several compartments

of the aquatic cycle, Environ. Int. 70 (2014) 203-212. do0i:10.1016/j.envint.2014.05.008.

R. Moreno-Gonzalez, S. Rodriguez-Mozaz, M. Gros, D. Barceld, V.M. Ledn, Seasonal
distribution of pharmaceuticals in marine water and sediment from a mediterranean
coastal lagoon (SE  Spain), Environ. Res. 138 (2015) 326-344.

doi:10.1016/j.envres.2015.02.016.

J. Fernandez-Rubio, J.L. Rodriguez-gil, C. Postigo, N. Mastroianni, M.L. de Alda, D.
Barcelo, Y. Valcarcel, Psychoactive pharmaceuticals and illicit drugs in coastal waters
of North-Western Spain: Environmental exposure and risk assessment, Chemosphere.

224 (2019) 379-389. do0i:10.1016/j.chemosphere.2019.02.041.

M.J. Martinez Bueno, S. Herrera, D. Munaron, C. Boillot, H. Fenet, S. Chiron, E.
Gomez, POCIS passive samplers as a monitoring tool for pharmaceutical residues and

their transformation products in marine environment, Environ. Sci. Pollut. Res. 23

68



857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

873

874

875

876

877

878

879

[80]

[81]

[82]

[83]

[84]

[85]

[86]

(2016) 5019-5029. doi:10.1007/s11356-014-3796-5.

S.A. Errayess, A.A. Lahcen, L. Idrissi, S. Chiavarini, A. Amine, A sensitive method for
the determination of Sulfonamides in seawater samples by Solid Phase Extraction and
UV-Visible spectrophotometry, Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 181

(2017) 276-285. d0i:10.1016/j.522.2017.03.061.

J. Radjenovic’, M. Petrovic, D. Barcelo, Advanced mass spectrometric methods applied
to the study of fate and removal of pharmaceuticals in wastewater treatment, Trends

Anal. Chem. 26 (2007). doi:10.1016/j.trac.2007.10.002.

T. Kosjek, E. Heath, M. Petrovic, D. Barcelo, Mass spectrometry for identifying
pharmaceutical biotransformation products in the environment, 26 (2007).

doi:10.1016/j.trac.2007.10.005.

European Commission, Commission Decision (2002/657/EC) of 12 August 2002
concerning the performance of analytical methods and the interpretation of results, Off.

J. Eur. Commun. 221 (2002) 2002.

W.W. Buchberger, Current approaches to trace analysis of pharmaceuticals and personal
care products in the environment, J. Chromatogr. A. 1218 (2011) 603-618.

doi:10.1016/j.chroma.2010.10.040.

C. Nebot, S.W. Gibb, K.G. Boyd, Quantification of human pharmaceuticals in water
samples by high performance liquid chromatography —tandem mass spectrometry, Anal.

Chim. Acta. 598 (2007) 87-94. doi:10.1016/j.aca.2007.07.029.

L.M. Madikizela, N.T. Tavengwa, L. Chimuka, Status of pharmaceuticals in African
water bodies: Occurrence, removal and analytical methods, J. Environ. Manage. 193

(2017) 211-220. doi:10.1016/j.jenvman.2017.02.022.

69



880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

[87]

[88]

[89]

[90]

[91]

[92]

[93]

S. Fekadu, E. Alemayehu, R. Dewil, B. Van Der Bruggen, Pharmaceuticals in freshwater
aquatic environments: A comparison of the African and European challenge, Sci. Total

Environ. 654 (2019) 324-337. do1:10.1016/j.scitotenv.2018.11.072.

L.M. Madikizela, S. Ncube, L. Chimuka, Analysis, occurrence and removal of
pharmaceuticals in African water resources: A current status, J. Environ. Manage. 253

(2020) 109741.

I.T. Carvalho, L. Santos, Antibiotics in the aquatic environments: A review of the

European scenario, Environ. Int. 94 (2016) 736—757. doi:10.1016/j.envint.2016.06.025.

S. Zou, W. Xu, R. Zhang, J. Tang, Y. Chen, G. Zhang, Occurrence and distribution of
antibiotics in coastal water of the Bohai Bay, China: Impacts of river discharge and
aquaculture activities, Environ. Pollut. 159 (2011) 2913-2920.

doi:10.1016/j.envpol.2011.04.037.

R. Zhang, J. Tang, J. Li, Q. Zheng, D. Liu, Y. Chen, Y. Zou, X. Chen, C. Luo, G. Zhang,
Antibiotics in the offshore waters of the Bohai Sea and the Yellow Sea in China:
Occurrence, distribution and ecological risks, Environ. Pollut. 174 (2013) 71-77.

doi:10.1016/j.envpol.2012.11.008.

G. Na, X. Fang, Y. Cai, L. Ge, H. Zong, X. Yuan, Z. Yao, Occurrence, distribution, and
bioaccumulation of antibiotics in coastal environment of Dalian, China, Mar. Pollut.

Bull. 69 (2013) 233-237. do1:10.1016/j.marpolbul.2012.12.028.

R. Zhang, G. Zhang, Q. Zheng, J. Tang, Y. Chen, W. Xu, Y. Zou, X. Chen, L. Bay,
Occurrence and risks of antibiotics in the Laizhou Bay, China: Impacts of river
discharge, Ecotoxicol. Environ. Saf. 80 (2012) 208-215.

doi:10.1016/j.ecoenv.2012.03.002.

70



903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

921

922

923

924

925

926

[94]

[95]

[96]

[97]

[98]

[99]

[100]

K. Fisch, J.J. Waniek, D.E. Schulz-bull, Occurrence of pharmaceuticals and UV- filters
in riverine run-offs and waters of the German Baltic Sea, Mar. Pollut. Bull. (2017) 1-

12. doi:10.1016/j.marpolbul.2017.07.057.

F. Hernandez, N. Calisto-ulloa, C. Gémez-fuentes, M. Gémez, J. Ferrer, Occurrence of
antibiotics and bacterial resistance in wastewater and sea water from the Antarctic, J.

Hazard. Mater. 363 (2019) 447-456. doi:10.1016/j.jhazmat.2018.07.027.

W. Xu, G. Zhang, S. Zou, X. Li, Y. Liu, Determination of selected antibiotics in the
Victoria Harbour and the Pearl River , South China using high-performance liquid

chromatography-electrospray ionization tandem mass spectrometry, Environ. Pollut.

145 (2007) 672—679. do0i:10.1016/j.envpol.2006.05.038.

A.E.B. Kermia, D. Fouial-djebbar, M. Trari, Occurrence, fate and removal efficiencies
of pharmaceuticals in wastewater treatment plants (WWTPs) discharging in the coastal
environment of Algiers, Comptes Rendus Chim. 19 (2016) 963-970.

doi:10.1016/j.crci.2016.05.005.

S. Zorita, L. Mértensson, L. Mathiasson, Occurrence and removal of pharmaceuticals in
a municipal sewage treatment system in the south of Sweden, Sci. Total Environ. 407

(2009) 2760-2770. doi:10.1016/j.scitotenv.2008.12.030.

Y. Yang, Y. Sik, K. Kim, E.E. Kwon, Y. Fai, Occurrences and removal of
pharmaceuticals and personal care products (PPCPs) in drinking water and
water/sewage treatment plants: A review, Sci. Total Environ. 596-597 (2017) 303-320.

doi:10.1016/j.scitotenv.2017.04.102.

T.A. Der Beek, F.-A. Weber, A. Bergmann, S. Hickmann, 1. Ebert, A. Hein, A. Kuster,
Pharmaceuticals in the environment-Global occurrencesand perspectives, Environ.

Toxicol. Chem. 35 (2016) 823—835. doi:10.1002/etc.3339.

71



927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

946

947

948

949

[101]

[102]

[103]

[104]

[105]

[106]

[107]

A. Puckowski, K. Mioduszewska, P. Lukaszewicz, M. Borecka, M. Caban, J.
Maszkowska, P. Stepnowski, Bioaccumulation and analytics of pharmaceutical residues

in the environment: A review &, J. Pharm. Biomed. Anal. 127 (2016) 232-255.

doi:10.1016/j.jpba.2016.02.049.

J. Jiang, Z. Zhou, V.K. Sharma, Occurrence, transportation, monitoring and treatment
of emerging micro-pollutants in waste water — A review from global views,

Microchem. J. 110 (2013) 292-300. doi:10.1016/j.microc.2013.04.014.

S. Mompelat, B. Le Bot, O. Thomas, Occurrence and fate of pharmaceutical products
and by-products, from resource to drinking water, Environ. Int. 35 (2009) 803-814.

doi:10.1016/j.envint.2008.10.008.

N.H. Tran, M. Reinhard, K.Y. Gin, Occurrence and fate of emerging contaminants in
municipal wastewater treatment plants from different geographical regions-a review,

Water Res. 133 (2018) 182-207. doi:10.1016/j.watres.2017.12.029.

P.P. Fong, A.T. Ford, The biological effects of antidepressants on the molluscs and
crustaceans: A review, Aquat. Toxicol. 151 (2014) 4-13.

doi:10.1016/j.aquatox.2013.12.003.

J. Martin, D. Camacho-mu, J.L. Santos, I. Aparicio, E. Alonso, Occurrence of
pharmaceutical compounds in wastewater and sludge from wastewater treatment plants:
Removal and ecotoxicological impact of wastewater discharges and sludge disposal, J.

Hazard. Mater. 240 (2012) 40—47. do1:10.1016/j.jhazmat.2012.04.068.

N. Paxeus, Removal of selected non-steroidal anti-inflammatory drugs (NSAIDs),
gemfibrozil, carbamazepine, 3 -blockers, trimethoprim and triclosan in conventional

wastewater treatment plants in five EU countries and their discharge to the aquatic

72



950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

971

972

973

[108]

[109]

[110]

[111]

[112]

[113]

environment, Water Sci. Technol. 50 (2018) 253-260.

Q. Huang, Y. Yu, C. Tang, K. Zhang, J. Cui, X. Peng, Occurrence and behavior of non-
steroidal anti-inflammatory drugs and lipid regulators in wastewater and urban river
water of the Pearl River Delta, South China, J. Environ. Monit. 13 (2011) 855-863.

doi:10.1039/c1em10015g.

Q. Sui, X. Cao, S. Lu, W. Zhao, Z. Qiu, G. Yu, Occurrence, sources and fate of
pharmaceuticals and personal care products in the groundwater: A review, Emerg.

Contam. 1 (2015) 14-24. doi:10.1016/j.emcon.2015.07.001.

A. Azzouz, B. Souhail, E. Ballesteros, Continuous solid-phase extraction and gas
chromatography — mass spectrometry determination of pharmaceuticals and hormones
in water samples, J. Chromatogr. A. 1217 (2010) 2956-2963.

doi:10.1016/j.chroma.2010.02.069.

F. Merlo, A. Speltini, F. Maraschi, M. Sturini, A. Profumo, HPLC-MS/MS multiclass
determination of steroid hormones in environmental waters after preconcentration on
the carbonaceous sorbent HA-C @ silica, Arab. J. Chem. 13 (2020) 4673—-4680.

doi:10.1016/j.arabjc.2019.10.009.

M. Huerta-fontela, M. Teresa, F. Ventura, Fast liquid chromatography — quadrupole-
linear ion trap mass spectrometry for the analysis of pharmaceuticals and hormones in
water  resources, J. Chromatogr. A. 1217 (2010) 4212-4222.

doi:10.1016/j.chroma.2009.11.007.

S.P. Singh, A. Azua, A. Chaudhary, S. Khan, K.L. Willett, P.R. Gardinali, Occurrence
and distribution of steroids, hormones and selected pharmaceuticals in South Florida
coastal environments, Ecotoxicology. 19 (2010) 338-350. doi:10.1007/s10646-009-

0416-0.

73



974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

996

997

[114] B.J. Robinson, J.P.M. Hui, E.C. Soo, J. Hellou, Estrogenic compounds in seawater and
sediment from Halifax Harbour, Nova Scotia, Canada, Environ. Toxicol. Chem. 28

(2009) 18-25.

[115] B.P. Gumbi, B. Moodley, G. Birungi, P.G. Ndungu, Detection and quantification of
acidic drug residues in South African surface water using gas chromatography-mass
spectrometry, Chemosphere. 168 (2017) 1042-1050.

doi:10.1016/j.chemosphere.2016.10.105.

[116] M.L. Feo, R. Bagnati, A. Passoni, F. Riva, D.S. Manta, M. Sprovieri, A. Traina, E.
Zuccato, S. Castiglioni, Pharmaceuticals and other contaminants in waters and
sediments from Augusta Bay (southern Italy), Sci. Total Environ. 739 (2020) 139827.

doi:10.1016/j.scitotenv.2020.139827.

[117] D.P. M, Y. Padilla, A. Echeverri, G.A. Penuela, Monitoring pharmaceuticals and
personal care products in water and fish from the Gulf of Uraba , Colombia, Heliyon. 6

(2020) e04215. doi:10.1016/j.heliyon.2020.e04215.

[118] D. Kotke, J. Gandrass, Z. Xie, R. Ebinghaus, Prioritised pharmaceuticals in German
estuaries and coastal waters: Occurrence and environmental risk assessment *, Environ.

Pollut. 255 (2019) 113161. doi:10.1016/j.envpol.2019.113161.

[119] V. Roveri, L.L. Guimaraes, W. Toma, A.T. Correia, A.T. Correia, Occurrence and
ecological risk assessment of pharmaceuticals and cocaine in a beach area of Guaruja,

Sado Paulo State, Brazil, under the influence of urban surface runoff, Environ. Sci. Pollut.

Res. (2020).

[120] Q. Peng, J. Song, X. Li, Y. Huamao, N. Li, L. Duan, Q. Zhang, X. Liang,
Biogeochemical characteristics and ecological risk assessment of pharmaceutically

active compounds (PhACs) in the surface seawaters, Environ. Pollut. 255 (2019)

74



998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

[121]

[122]

[123]

[124]

[125]

[126]

113247. doi:10.1016/j.envpol.2019.113247.

B. Du, S.P. Haddad, A. Luek, W.C. Scott, G.N. Saari, S.R. Burket, C.S. Breed, M. Kelly,
L. Broach, J.B. Rasmussen, C.K. Chambliss, B.W. Brooks, Bioacculation of human
pharmaceuticals in fish across habitats of a tidally influenced urban Bayou, Environ.

Toxicol. Chem. 35 (2016) 966-974. doi:10.1002/etc.3221.

B. Gonzalez-gaya, L. Cherta, L. Nozal, A. Rico, An optimized sample treatment method
for the determination of antibiotics in seawater, marine sediments and biological
samples using LC-TOF/MS, Sci. Total Environ. 643 (2018) 994-1004.

doi:10.1016/j.scitotenv.2018.06.079.

W.Li Y. Shi, L. Gao, J. Liu, Y. Cai, Investigation of antibiotics in mollusks from coastal
waters in the Bohai Sea of China, Environ. Pollut. 162 (2012) 56-62.

doi:10.1016/j.envpol.2011.10.022.

D. Alvarez-Muiioz, S. Rodriguez-Mozaz, A.L. Maulvault, A. Tediosi, M. Fernandez-
Tejedor, F. Van den Heuvel, M. Kotterman, A. Marques, D. Barcelo, Occurrence of
pharmaceuticals and endocrine disrupting compounds in macroalgaes, bivalves, and fish
from coastal areas in FEurope, Environ. Res. 143 (2015) 56-64.

doi:10.1016/j.envres.2015.09.018.

C. Miossec, T. Mille, L. Lanceleur, M. Monperrus, Simultaneous determination of 42
pharmaceuticals in seafood samples by solvent extraction coupled to liquid
chromatography—tandem mass spectrometry, Food Chem. 322 (2020) 126765.

doi:10.1016/j.foodchem.2020.126765.

D. Alvarez-Muiioz, B. Huerta, M. Fernandez-Tejedor, S. Rodriguez-Mozaz, D. Barcelo,
Multi-residue method for the analysis of pharmaceuticals and some of their metabolites

in bivalves, Talanta. 136 (2015) 174-182. doi:10.1016/j.talanta.2014.12.035.

75



1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

[127]

[128]

[129]

[130]

[131]

[132]

G. McEneff, L. Barron, B. Kelleher, B. Paull, B. Quinn, A year-long study of the spatial
occurrence and relative distribution of pharmaceutical residues in sewage effluent,
receiving marine waters and marine bivalves, Sci. Total Environ. 476477 (2014) 317—

326. doi:10.1016/j.scitotenv.2013.12.123.

S. Martinez-morcillo, J.L. Rodriguez-gil, J. Fernandez-rubio, S. Rodriguez-mozaz, M.P.
Miguez-santiydn, M. Eugenia, D. Barceld, Y. Valcarcel, Presence of pharmaceutical
compounds, levels of biochemical biomarkers in seafood tissues and risk assessment for
human health: Results from a case study in North-Western Spain, Int. J. Hyg. Environ.

Health. 223 (2020) 10-21. doi:10.1016/j.ijheh.2019.10.011.

G. Mceneff, L. Barron, B. Kelleher, B. Paull, B. Quinn, The determination of
pharmaceutical residues in cooked and uncooked marine bivalves using pressurised
liquid extraction, solid-phase extraction and liquid chromatography — tandem mass
spectrometry, Anal. Bioanal. Chem. 405 (2013) 9509-9521. doi:10.1007/s00216-013-

7371-6.

D. Alvarez-Muiioz, S. Rodriguez-Mozaz, S. Jacobs, A. Serra-Compte, N. Caceres, I.
Sioen, W. Verbeke, V. Barbosa, F. Ferrari, M. Ferndndez-Tejedor, S. Cunha, K. Granby,
J. Robbens, M. Kotterman, A. Marques, D. Barcel6, Pharmaceuticals and endocrine
disruptors in raw and cooked seafood from European market: Concentrations and human

exposure levels, Environ. Int. 119 (2018) 570-581. doi:10.1016/j.envint.2018.07.006.

P.P. Fong, N. Molnar, Antidepressants cause foot detachment from substrate in five
species of marine snail, Mar. Environ. Res. 84 (2013) 24-30.

doi:10.1016/j.marenvres.2012.11.004.

H. Ericson, G. Thorsén, L. Kumblad, Physiological effects of diclofenac, ibuprofen and

propranolol on Baltic Sea blue mussels, Aquat. Toxicol. 99 (2010) 223-231.

76



1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

[133]

[134]

[135]

[136]

[137]

[138]

[139]

doi:10.1016/j.aquatox.2010.04.017.

M. Nkoom, G. Lu, J. Liu, H. Yang, H. Dong, Bioconcentration of the antiepileptic drug
carbamazepine and its physiological and biochemical e ffects on Daphnia magna,

Ecotoxicol. Environ. Saf. 172 (2019) 11-18. doi:10.1016/j.ecoenv.2019.01.061.

M. Yang, W. Qiu, J. Chen, J. Zhan, C. Pan, X. Lei, M. Wu, Growth inhibition and
coordinated physiological regulation of zebrafish (Danio rerio) embryos upon sublethal
exposure to antidepressant amitriptyline, Aquat. Toxicol. 151 (2014) 68-76.

doi:10.1016/j.aquatox.2013.12.029.

M. Claessens, L. Vanhaecke, K. Wille, C.R. Janssen, Emerging contaminants in Belgian
marine waters: Single toxicant and mixture risks of pharmaceuticals, Mar. Pollut. Bull.

71 (2013) 41-50. doi:10.1016/j.marpolbul.2013.03.039.

A.M.F. Choong, S.L. Teo, J.L. Leow, H.L. Koh, P.C.L. Ho, A Preliminary Ecotoxicity
Study of Pharmaceuticals in the Marine Environment, J. Toxicol. Environ. Heal. Part A

.69 (2006) 1959-1970. doi:10.1080/15287390600751371.

A. Galuszka, Z. Migaszewski, J. Namies nik, The 12 principles of green analytical
chemistry and the SIGNIFICANCE mnemonic of green analytical practices, Trends

Anal. Chem. 50 (2013) 78-84. d0i:10.1016/}.trac.2013.04.010.

M. Ruff, M.S. Mueller, M. Loos, H.P. Singer, Quantitative target and systematic non-
target analysis of polar organic micro-pollutants along the river Rhine using high-
resolution mass- spectrometry e Identi fi cation of unknown sources and compounds,

Water Res. 87 (2015) 145-154. doi:10.1016/j.watres.2015.09.017.

I. Bobeldijk, J.P.C. Vissers, G. Kearney, H. Major, J.A. Van Leerdam, Screening and

identification of unknown contaminants in water with liquid chromatography and

77



1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

[140]

[141]

[142]

[143]

[144]

quadrupole-orthogonal acceleration-time- of-flight tandem mass spectrometry, J.

Chromatogr. A. 929 (2001) 63-74.

C. Rimayi, L. Chimuka, A. Gravell, G.R. Fones, G.A. Mills, Use of the Chemcatcher ®
passive sampler and time-of-flight mass spectrometry to screen for emerging pollutants

in rivers in Gauteng Province of South Africa, Environ. Monit. Assess. 191 (2019) 388.

L. Yang, Y. Zhou, B. Shi, J. Meng, B. He, H. Yang, S. Joon, T. Kim, B. Kwon, J. Seong,
T. Wang, Anthropogenic impacts on the contamination of pharmaceuticals and personal
care products (PPCPs) in the coastal environments of the Yellow and Bohai seas,

Environ. Int. 135 (2020) 105306. doi:10.1016/j.envint.2019.105306.

C. Rimayi, D. Odusanya, J.M. Weiss, J. De Boer, L. Chimuka, Contaminants of
emerging concern in the Hartbeespoort Dam catchment and the uMngeni River estuary
2016 pollution incident , South Africa, Sci. Total Environ. 627 (2018) 1008-1017.

doi:10.1016/j.scitotenv.2018.01.263.

S.P. Mtolo, P.N. Mahlambi, L.M. Madikizela, Synthesis and application of a
molecularly imprinted polymer in selective solid-phase extraction of efavirenz from

water, Water Sci. Technol. 79 (2019) 356-365. doi:10.2166/wst.2019.054.

K.O. K’oreje, F.J. Kandie, L. Vergeynst, M.A. Abira, H. Van Langenhove, M. Okoth,
K. Demeestere, Occurrence, fate and removal of pharmaceuticals, personal care
products and pesticides in wastewater stabilization ponds and receiving rivers in the
Nzoia Basin, Kenya, Sci. Total Environ. 637-638 (2018) 336-348.

doi:10.1016/j.scitotenv.2018.04.331.

78



	Forside Akseptert versjon Elsevier
	Pharma_review_Revised Manuscript_2020



