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ARTICLE INFO ABSTRACT

Keywords: This review presents a compilation of pharmaceuticals and personal care products (PPCPs) that have been
Pharmaceuticals detected in waters, sediments and biota of lakes throughout the world by various researchers, over a 26-year time
personal care products period (1996-2021). Numerous studies published in the literature reported that 286 pharmaceuticals and 70
}Zt: :;Zti:ems personal care products (PCPs) were present in waters, 101 pharmaceuticals and 50 PCPs were present in sedi-
lake biota ments, and 63 pharmaceuticals and 19 PCPs were present in biota of lakes throughout the world. Among the
contaminants pharmaceuticals present in lake waters, 194 had concentrations of over 5 ng/L, 173 were present in only one

continent, whereas several (e.g. caffeine, carbamazepine and sulfamethoxazole) were detected in lake waters of
almost every continent (6/7). Among the PCPs present in lake waters, 56 had concentrations of over 5 ng/L,
whereas 41 were present in only one continent. PPCPs were found in 260 lakes, located within 44 countries, the
majority of them present in Asian, European and North American lakes. Lakes with high pharmaceutical con-
centrations were affected by either controlled or uncontrolled wastewater originated from various types of
sources. Based on this study, of high concern is the Asian continent, where PPCP pollution should be strictly

controlled in order to prevent possible serious health threats to humans and living organisms.

1. Introduction

During the last few decades, the continuous technological de-
velopments, overpopulation, global urbanization trends, and climate
change, contributed to the observed depletion of drinking water and
contamination of most of the available water resources throughout the
world (Hena and Znad, 2018; Rabiet et al., 2006; Stewart et al., 2014;
Monteiro and Boxall, 2010; Brausch and Rand, 2011; aus der Beek et al.,
2016; Kaczala and Blum, 2016; Fang et al., 2019; Petrie et al., 2015).
Lakes, one of the principal sources of fresh water, are often polluted by a
variety of contaminants due to human activities (Chen et al., 2019).
Also, numerous studies published in the scientific literature suggested
that pharmaceuticals and personal care products (PPCPs) could be sig-
nificant sources of contamination to surface waters, such as lakes ponds,
rivers, and streams (Lyndall et al., 2017; Pal et al., 2014; Gonzalez-Plaza
et al., 2019; Kumar et al., 2019b; Manzetti and Ghisi, 2014; Li et al.,
2020; Kandie et al., 2020; Zhang et al., 2017b; Kahle et al., 2008; Fer-
rey, 2013; Ferrey et al., 2015; Whitacre, 2011). The pharmaceuticals
include mainly drugs administered to humans or animals, such as anti-
biotics, anti-inflammatories, their metabolites as well as transformation

products, which are either excreted in faeces and urine, originated from
wastewater treatment plants (WWTPs), clinics, hospitals, industrial
efluents, aquaculture wastewaters (Katsikaros and Chrysikopoulos,
2020; Li et al., 2020; Servadio et al., 2021; Jiang et al., 2021; Li et al.,
2021; Yang et al., 2021). Personal care products (PCPs) include diverse
types of products such as lotions, sunscreen creams, soaps, cosmetics,
perfumes, toothpastes. Many health issues can possibly arise when such
contaminants finally enter the available water resources(Liu et Wong,
2013). Due to insufficient removal in WWTPs and direct disposal into
the aquatic environment, PPCPs have been detected in lakes throughout
the world in concentrations ranging from ng/L to pg/L (Gros et al., 2010;
Petri, 2006; Wojcieszynska and Guzik, 2020; K’oreje et al., 2016;
Wombacher and Hornbuckle, 2009; Lahti and Oikari, 2012; Hu et al.,
2018b; Tran et al., 2014b; Vieno, 2007; Ebele et al, 2017). It should be
noted that pharmaceuticals are able to accumulate to lake biota,
adversely affect and be harmful to them, even when their concentrations
are similar to those detected in lake waters (Liu et al., 2015; Pascoe
et al., 2003; Kidd et al., 2007; Cooper et al., 2008).

In this study, various PPCPs detected in natural aquatic environ-
ments associated with lakes throughout the world were determined,
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compiled and evaluated, based on information reported in the literature.
The collected data were classified according to respective environmental
media: waters, sediments, and biota. The reported range of maximum
and mean concentrations of the various PPCPs were tabulated. Based on
the occurrence and the detected concentration levels, the potential
human health risk as well as the ecological risk imposed by PPCPs were
discussed.

2. Procedures and data compilation

All available published literature were systematically surveyed in
order to collect desired information about the presence of PPCPs in the
waters, sediments and biota of lakes throughout the world. Several
literature databases (Scopus, Springer, PubMed® and Google® Scholar)
were searched, using 23 pertinent key words/phrases (pharmaceuticals,
personal care products, PPCPs, antibiotics, drugs, lake, water, aquatic,
water bodies, freshwater, surface, reservoir, fish, biota, environment,
natural, sediment, receiving water, water pathway, receiving environ-
ment, sewage, wastewater, effluents), creating 80 combinations used
separately in each database. The literature search yielded numerous
publications, which were carefully screened. The majority of the liter-
ature reported PPCPs concentrations detected within lake waters, and
from immediate receiving waters.

The locations (country, continent) of the various lakes where
numerous PPCPs substances were detected, together with their corre-
sponding concentrations (in units of ng/L for chemicals in lake waters
and ng/g for chemicals in sediments and biota) are listed in Tables S1
(for pharmaceuticals) and S2 (for PCPs) of the Supplementary Infor-
mation (SI) file. For each PPCP reported in the literature, its minimum,
maximum and mean/median concentrations where compiled. Subse-
quently, the average of the reported values for each pharmaceutical and
PCP were calculated and registered as mean concentrations, whereas the
maximum of the reported values were registered as maximum concen-
trations (see Tables S1, S2). When more than one concentration values
for a certain PPCP were reported, then only the maximum of the mini-
mum value, mean/median value and maximum value were compiled.
Furthermore, when more than one published study reported PPCP
concentrations at a certain location, over different chronological pe-
riods, only the most recent studies were considered.
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3. Analysis and discussion of the compiled data
3.1. Literature on PPCPs

From the available published literature, 271 studies examining the
presence of PPCPs in the waters, sediments, and biota of lakes
throughout the world were identified. These studies were presented in a
graphical form in Fig. 1, where it is evident that the number of pertinent
publications increased progressively over the years, with a peak number
of publications (33 publications) in 2018. It should be noted that over
the time period from 1996 to 2012 the average publication rate was 5
studies per year, while over the time period from 2013 to 2021 the
average publication rate was 22 studies per year. This rate of publication
growth reflects the growing concern for the concentrations of PPCPs
detected in lakes throughout the world. In many lake waters there is a
trend of increasing average concentrations with time. Lakes Baiyangdian
and Taihu in Asia, Mead in North America, and Haapajarvi in Europe
presented the widest range of concentrations, so were chosen to show
that trend graphically in Fig. 2. It is worth noticing that the distribution
of studies presented in Fig. 1 were published in 95 different scientific
journals, with the highest activity occurring in 2014, as shown in Fig. 3.
Furtheremore, the identified studies published over the 26-year time
period (1996-2021) were also shown graphically in Fig. 4, as a function
of the continent where the study lake was located. Clearly, the majority
of the published studies concern Asian lakes (see Figs. 1 and 4), where
the production and consumption of PPCPs is highest globally and
continuously increasing (Su et al., 2020).

Some of the early studies include the detection of PPCPs in the water
of lake Zurich (Europe) (Buser et al., 1998), in the sediments of lake
Greifensee (Europe) (Singer et al., 2002), and in the biota of lake Mead
(North America) (Bevans et al., 1996). The studies focused in African,
Antarctican and Oceanian lakes, reported concentrations of PPCPs only
in water. The majority of the studies focused in South American lakes
(10/11), reported concentrations of PPCPs in waters, with only one
study reporting in sediments (1/11). Among the 162 studies focused on
Asian lakes, 108 reported concentrations of PPCPs in waters, 39 in
sediments, and 15 in biota. Among the 94 studies focused in European
lakes, 69 reported concentrations of PPCPs in waters, 10 in sediments,
and 15 in biota. Finally, among the 61 studies focused in North Amer-
ican lakes, 40 reported concentrations of PPCPs in waters, 12 in sedi-
ments, and 9 in biota.
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Fig. 1. Distribution of studies reporting PPCPs in waters, sediments, and biota of lakes in the various continents the world over the time period 1996 to May of 2021.
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Fig. 2. Mean concentration trends of pharmaceuticals in the water of lakes: (a) Baiyangdian, (b) Taihu, (c) Mead, and (d) Haapajarvi.
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Fig. 3. Number of journals publishing research articles related to PPCPs in waters, sediments, and biota of lakes throughout the world over the time period 1996 to

May of 2021.
3.2. PPCPs in lake waters

The African lakes with the highest concentrations of pharmaceuticals
were located in Kenya, Uganda, South Africa, and Cameroon; whereas,
Victoria and Hartbeespoort were two lakes with the heaviest PPCP
contamination (see Tables S1, S2). Among the 29 pharmaceuticals re-
ported present in waters of African lakes, the majority of them (24) were
present in lake Victoria. Pharmaceuticals such as efavirenz and nevira-
pine were detected only in African lakes, whereas carbamazepine and
sulfamethoxazole were also present in waters of numerous lakes located

in several other continents. It should be noted that the waters of African
lakes are not thoroughly analysed for PPCPs and more research is
needed (Table S2; Dalahmeh et al., 2020).

In Antarctican lake waters the maximum concentration of pharma-
ceuticals ranged from <0.66 to 70 ng/L (see Table S1). In lake waters of
the northern Antarctic Peninsula region 6 pharmaceuticals were detec-
ted (Gonzalez-Alonso et al., 2017); whereas, in Oceanian lake waters 8
pharmaceuticals and 4 PCPs were detected. In Oceanian lake waters the
maximum concentration of pharmaceuticals ranged from <10 to 135.9
ng/L; whereas, the maximum concentration of PCPs ranged from <10 to
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Fig. 4. Published studies from 1996 to May of 2021 reporting the presence of PPCPs in waters, sediments and biota of lakes throughout the world.

69 ng/L (Fisher and Scott, 2008; Hawker et al., 2011; Roberts et al.,
2016). It should be noted that no PPCPs were detected in waters of other
lakes, probably due to insufficient testing (Schallenberg and Krebsbach,
2002; Schallenberg and Armstrong, 2004).

In Asian lake waters, 179 pharmaceuticals and 39 PCPs were
detected. It should be noted that among the PPCPs detected, 86 phar-
maceuticals and 19 PCPs were present only in this continent. The
maximum concentration of the pharmaceuticals ranged from 0.027 to
6.5x10° ng/L, with an average concentration of 1.14x10° ng/L, and the
maximum concentrations of PGPs ranged from <0.35 to 7.31x10° ng/L,
with an average concentration of 7.08x10° ng/L (see Tables S1, S2;
Figs. 5, 6).

In European lake waters, 133 pharmaceuticals and 35 PCPs were
detected. It should be noted that among the PPCPs detected, 57 phar-
maceuticals and 13 PCPs were present only in this continent. The
maximum concentration of the pharmaceuticals ranged from <0.02 to
1.36x10* ng/L, with an average concentration of 102 ng/L, and the
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Fig. 5. Average maximum and mean concentrations of pharmaceuticals re-
ported present in (a) waters, (b) sediments, and (c) biota of lakes throughout
the world over the time period 1996 to May of 2021.
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Fig. 6. Average maximum and mean concentrations of PCPs reported present
in (a) waters, (b) sediments, and (c) biota of lakes throughout the world over
the time period 1996 to May of 2021.

maximum concentrations of PCPs ranged from 0.05 to 3.0x10° ng/L,
with an average concentration of 85 ng/L (see Tables S1, S2; Figs. 5, 6).

In North American lake waters, 98 pharmaceuticals were detected,
which are listed in Tables S3 and S1, plus amitriptyline, benztropine,
mestranol, norverapamil, tamoxifen, citalopram and paroxetine, as well
as 19 PCPs, which are listed in Table S2, plus bisphenol A (Ferrey, 2013;
Ferrey et al., 2015; Servadio et al., 2021). It should be noted that among
the PPCPs detected, 25 pharmaceuticals and 7 PCPs were present only in
this continent. The maximum concentration of the pharmaceuticals
ranged from <0.1 to 9.2x10° ng/L, with an average concentration of
131 ng/L, and the maximum concentrations of the PCPs ranged from
0.029 to 821 ng/L, with an average concentration of 81 ng/L (see



A.G. Katsikaros and C.V. Chrysikopoulos

Tables S1, S2; Figs. 5, 6).

In South American lake waters, 20 pharmaceuticals and 2 PCPs (4-
MBC and Benzophenone) were detected. It should be noted that among
the pharmaceuticals detected, iohexol, iopamidol, phenazone and sul-
fadiletoxine were present only in this continent. The maximum con-
centration of the pharmaceuticals ranged from 10 to 1.3x10* ng/L, with
an average concentration of 990 ng/L (see Tables S1, S2; Fig. 5).

3.3. PPCPs in lake sediments

Pharmaceuticals and PCPs are known to sorb onto solids and to
partition between lake waters and sediments (Fountouli and Chrys-
ikopoulos, 2018; Xiang et al., 2021). Consequently, 76 pharmaceuticals
and 38 PCPs were detected in Asian lake sediments. Among the PPCPs
detected in Asian lake sediments, 43 pharmaceuticals and 26 PCPs were
present only in this continent (see Tables S1, S2; Figs. 5, 6). The
maximum concentration of the pharmaceuticals ranged from 0.01 to
1.17x10% ng/g, with an average concentration of 52 ng/g, and the
maximum concentrations of the PCPs ranged from <0.08 to 5.76x10°
ng/g, with an average concentration of 274 ng/g. In European lake
sediments, 19 pharmaceuticals and 16 PCPs were detected. It should be
noted that among the PPCPs detected, the pharmaceutical ketoprofen
and 17a-estradiol, as well as and the PCPs galaxolidon, APN and B-MDM
were present only in this continent. The maximum concentrations of
pharmaceuticals ranged from 0.0025 to 1.35x10° ng/g, with an average
concentration of 5.63x10° ng/g, and the maximum concentration of the
PCPs ranged from 0.0075 to 1.2x10° ng/g, with average concentration
115 ng/g. In North American lake sediments, 34 pharmaceuticals were
detected, which are listed in Table S1, plus clotrimazole, benztropine,
gemfibrozil, paroxetine, promethazine, tamoxifen, verapamil,
17a-ethinylestradiol, atorvastatin and sertraline, as well as 10 PCPs,
which are listed in Table S2, plus bisphenol A (Servadio et al., 2021).
Among the PPCPs detected, 18 pharmaceuticals and 3 PCPs (4-Non-
ylphenol, MX, and ATII) were present only in this continent. The
maximum concentration of the pharmaceuticals ranged from 0.05 to
>822 ng/g, with an average concentration of 43 ng/g, and the
maximum concentration of the PCPs ranged from 0.43 to 350 ng/g, with
an average concentration of 53 ng/g (see Tables S1, S2; Figs. 5, 6). In
South American lake sediments, only sulfamethoxazole was detected,
with median maximum concentration of 0.8 ng/g (Archundia et al.,
2017).

3.4. PPCPs in lake biota

In Asian lake biota, 57 pharmaceuticals and 5 PCPs were detected.
Among the PPCPs detected, 54 pharmaceuticals and 5 PCPs (OP, BPS,
MeP, NP, and SA) were present only in this continent. The maximum
concentration of the pharmaceuticals ranged from 0.21 to 6.31 x10° ng/
g, with an average concentration of 97 ng/g, and the maximum con-
centration of the PCPs ranged from 0.96 to 1,952 ng/g, with an average
concentration of 573 ng/g (see Tables S1, S2; Figs. 5, 6). In European
lake biota, 6 pharmaceuticals and 14 PCPs were detected. Among the
PPCPs detected, 3 pharmaceuticals (ethinylestradiol, malachite green
and risperidone), and 5 PCPs (4-MBC, chlorophene, methyl triclosan,
MK, and MX) were present only in this continent. The maximum con-
centration of the pharmaceuticals ranged from 0.105 to 7.7 ng/g, with
an average concentration of 2.5 ng/g, and the maximum concentration
of the PCPs ranged from <0.1 to 365 ng/g, with an average concen-
tration of 32 ng/g. In North American lake biota, 5 pharmaceuticals
were detected, which are listed in Table S1, plus diphenhydramine,
miconazole, verapamil, azithromycin and roxithromycin, as well as 9
PCPs, which are listed in Table S2, plus DEET (Servadio et al., 2021).
Among the PPCPs detected, the pharmaceuticals fluoxetine, nor-
fluoxetine and paroxetine were present only in this continent. The
maximum concentration of the pharmaceuticals ranged from 0.58 to
1.08 ng/g, with an average concentration of 0.5 ng/g, and the maximum
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concentration of the PCPs ranged from 0.2 to 719 ng/g, with an average
concentration of 57 ng/g (see Figs. 5, 6).

3.5. Concentrations and distribution of PPCPs

The maximum and mean concentrations of the 289 pharmaceuticals
and 76 different kinds of PCPs present in waters, sediments and biota of
lakes throughout the world are presented in Figs. 7 and 8, respectively.
Note that the maximum concentrations as well as the spread between
the maximum and mean concentrations vary widely for both pharma-
ceuticals and PCPs (note that the vertical scale in Figs. 7 and 8 is
logarithmic).

Several pharmaceuticals and PCPs were found to be simultaneously
present in waters, sediments and biota of the same lake. Such PPCPs are
capable of partitioning between phases and migrating easier in the
environment. In the Asian lakes Baiyangdian, Dianchi, Dongting,
Luoma, Taihu and al-Asfar/al-Hubail, 33 pharmaceuticals were found
simultaneously present in their waters, sediments and biota, most
detected in lake Taihu (16). In lake waters the maximum concentration
of the pharmaceuticals ranged from 1.28 to 20.6x10% ng/L, with an
average concentration of 310 ng/L, in lake sediments ranged from 0.56
to 1,140 ng/g, with an average concentration of 34 ng/g and in lake
biota ranged from 0.21 to 6.31x10° ng/g, with an average concentra-
tion of 79 ng/g. Ofloxacin was detected in most of the lakes (4/6). Also,
several PCPs (OP, BPS, NP and SA) were found present in water, sedi-
ments and biota of the Asian lakes Luoma, Taihu, and al-Asfar/al-
Hubail. In lake waters the maximum concentration of the PCPs ranged
from 5.64 to 1.76x10° ng/L, with an average concentration of 474 ng/L,
in lake sediments ranged from 0.68 to 47.04 ng/g, with an average
concentration of 15 ng/g, and in lake biota ranged from 0.96 to
1.95x10° ng/g, with an average concentration of 287 ng/g. In European
lakes and particularly in Polish lakes Lanskie, Maroz and Rybnik, anti-
biotics were found simultaneously present in their waters, sediments
and biota, in low concentrations. (see Tables S1, S2). The simultaneous
presence of antibiotics with high concentrations in waters, sediments
and biota of lakes around the world is associated with uncontrolled or
insufficiently treated municipal and hospital wastewater disposal
(Cheng et al., 2017; Liu et al., 2011; Ma et al., 2016; Liu et al., 2017; Bao
et al., 2020; Pico et al., 2020; Gbylik-Sikorska et al., 2014).

In Fig. 9 are shown the number of PPCPs present in waters, sediments
and biota of lakes within each of the seven continents. Clearly, the
number of pharmaceuticals and PCPs is highest in Asian lakes and lowest
in Antartican lakes. This is an expected result, which is directly pro-
portional to the local production and consumption of PPCPs. However, it
should be noted that more PPCPs were present in sediments of the North
American lakes than European lakes.

The average maximum and mean concentrations of the numerous
pharmaceuticals reported in the literature to be present in waters, sed-
iments and biota of lakes within each of the seven continents are pre-
sented in Fig. 5; whereas, the corresponding concentrations of the PCPs
are presented in Fig. 6. The maximum concentrations of pharmaceuti-
cals in waters, sediments and biota were reported to be highest in Asian
lakes. It should be noted that the very high extreme concentration of
ketoprofen (1.35x10° ng/g) reported in the sediments of lake Paijanne
(Finland), increased the average maximum concentration of pharma-
ceuticals in sediments from 23 to 5.63x10° ng/g, which elevated the
concentration of pharmaceuticals in European lakes as the highest in the
world . Throughout the world, caffeine, cetirizine, ciprofloxacin, enox-
acin, enrofloxacin, iopromide, norfloxacin and oseltamivir, were re-
ported to have the highest pharmaceutical extreme concentrations and
detected in waters of nine Asian lakes (Dingshan, Ambazari, Futala,
Gandhi sagar, Kazipeli, Patancheru, Biwa, al-Asfar-al-Hubail), whereas
the maximum concentration ranged from 20.4x10° to 6.5x10° ng/L.
Ketoprofen detected in the sediments of lake Paijanne (Finland), was the
only pharmaceutical reported to have extreme concentrations
(1.35x10° ng/g) in lake sediments throughout the world, whereas no
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pharmaceutical extreme concentrations reported in lake biota (Table S1;
Lindholm-Lehto, et al., 2015).

Among the lakes of the world contaminated with PPCPs, lake Vic-
toria had the highest concentrations of pharmaceuticals in Africa, which
were originated from WWTPs and wastewater discharges from phar-
maceutical industries (Nantaba et al., 2020). The lakes Patancheru,
Kazipeli, Ambazari, Futala, Nandi Hills, Biwa, Yen So, al-Asfar, and
al-Hubail were reported to have very high pharmaceutical concentra-
tions in Asia, which were associated with insufficiently treated munic-
ipal, industrial and agricultural wastewaters, pharmaceutical industries,

and intentional wastewater disposal into lakes (Fick et al., 2009;
Mutiyar and Mittal, 2014; Archana et al., 2017; Gopal et al., 2020; Chen
et al., 2017; Tran et al., 2019; Pico et al., 2020). The lakes Buyukcek-
mece, Pamvotis, Polifitos, Tegel, Paijanne, Geneva, and Mjosa exhibited
the highest pharmaceutical concentrations in Europe, which were
originated from controlled or uncontrolled municipal and hospital
wastewater discharges (Aydin and Talinli, 2013; Nannou et al., 2015;
Kosma et al., 2014; Schimmelpfennig et al., 2012; Lindholm-Lehto,
etal., 2015; Morasch et al., 2010; Balmer et al., 2004; Singer et al., 2002;
Borga et al., 2012; Borga et al., 2013). The lakes Michigan, Erie, Ontario,
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Fig. 9. Number of (a) pharmaceuticals and (b) PCPs reported present in waters, sediments and biota of lakes throughout the world over the time period 1996 to May

of 2021.

Mead, and Shagawa, were reported to have the highest pharmaceutical
concentrations in North America, which were directly connected to
discharges from WWTPs, agricultural activities, and runoff from septic
tanks (Blair et al., 2013; Wu et al., 2009; Metcalfe et al., 2003; Blunt
et al., 2018; Venkatesan et al., 2012). Consequently, there is a direct
connection between very high pharmaceutical concentrations in lakes
and nearby municipal and industrial activities. A solution to this prob-
lem is the pharmaceutical industries and hospitals to use on-site WWTPs
(Duong et al., 2008).

Anti-inflammatory drugs, sulphonamides, fluoroquinolones and
antiretrovirals, were mostly detected in African lakes. Sulphonamides,
anti-inflammatory drugs, macrolides, diuretics, and stimulants were
detected in Antarctican lakes. Sulphonamides, fluoroquinolones, anti-
inflammatory drugs, and heart and hypertension pharmaceuticals
were mostly detected in Asian lakes. Anti-inflammatory drugs, heart and
hypertension pharmaceuticals, and various neurological and psychiatric
drugs were detected in European lakes. Anti-inflammatory drugs, sul-
phonamides, and various neurological and psychiatric drugs were
mostly detected in North American lakes. Anti-inflammatory drugs and
sulphonamides were detected in South American lakes, whereas
neurological and psychiatric drugs were detected in Oceanian lakes.
Certainly, all common pharmaceuticals were detected in every conti-
nent. However, groups of drugs other from the most common, were

detected in each continent, which are controlled by technological de-
velopments, economy, overpopulation, urbanization, and climate of the
continent. The increasing PPCP concentrations in the aquatic environ-
ment of a lake contribute to the genotoxicity and ecological risks of
aquatic life; furthermore, they induce drug resistant microbes (Junaid
et al., 2019; Dalahmeh et al., 2020) and accelerate the creation of
antibiotic resistance genes (Cheng et al., 2017).

3.6. Potential human health and ecological effects

Several studies have focused on the adverse effects that pharma-
ceuticals impose to aquatic biota (Bean et al., 2014; Brown et al., 2004;
Fong and Ford, 2014; Segner et al., 2003; Fang et al., 2019). Antide-
pressants present in European, North American and Oceanian lakes, are
able to accumulate in fish tissues, and contribute to greater exposure
risks (Schultz et al., 2010). The antidepressant venlafaxine at low con-
centrations (31.3 ng/L) was shown to increase foot detachment in gas-
tropods (Fong and Ford, 2014). Note that the maximum and average
lake water concentrations of venlafaxine were reported as 79 ng/L and
12.9 ng/L, respectively (see Fig. 7). Several (10) endocrine disruptors
present in African, Asian, European, North American and South Amer-
ican lake waters, with maximum concentrations ranging from 0.5 to
124.6 ng/L and average concentration 28.5 ng/L (see Fig. 7), were
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reported to increase plasma vitellogenin concentrations in female
rainbow trout and Xenopus laevis (Tyler et al., 2009; Mdegela et al.,
2014). Estrone, with maximum concentration of 124.6 ng/L and average
concentration of 106.5 ng/L in lake Pontchartrain (see Table S1), was
reported to have adverse effects on fish at concentrations greater than
4.7 ng/L (Fick et al., 2010). The combined activity of two estrogenic
hormones were reported to affect the endocrine system and particularly
the thyroid cascade of aquatic biota (McGee et al., 2009; Elliott and
VanderMeulen, 2017; Brown et al., 2004). Fluoroquinolones, which
were mostly detected in African and Asian lake waters, are known to
impact the feeding behavior of starlings and fish, and to be harmful to
algae, because concentrations of 1x10° ng/L impose a risk to Micro-
cystis aeruginosa (Hedgespeth et al., 2014; Bean et al., 2014; Painter
et al., 2009; Li et al., 2012; Robinson et al., 2009). Diclofenac, with
maximum lake water concentration of 4x10° ng/L and average con-
centration of 198.4 ng/L (see Fig. 7), can influence the biological
functions of rainbow trouts after 21 days of exposure to concentrations
of 1x10° ng/L (Brozinski et al., 2013). Sulfamethoxazole, erythromycin,
sulfadiazine, tetracycline and oxytetracycline, were shown to be detri-
mental to algae (Li et al., 2012; Wang et al., 2017). A mixture of gem-
fibrozil, acetaminophen, venlafaxine, and carbamazepine can change
the kidney morphology and reduce embryo production of the zebrafish,
Danio rerio (Galus et al., 2013). Furthermore, a mixture of 16 phar-
maceuticals was reported to weaken the immune system of the pond
snail Limnaea stagnalis (Gust et al., 2013; Kovalakova et al., 2020;
Gonzalez-Pleiter et al., 2013).

Fluoroquinolones at extreme concentrations were frequently detec-
ted in lakes within the 4 continents. Studies indicated the adverse effects
of ciprofloxacin to water organisms, the toxic effects of enoxacin to
Vibrio fischeri bacteria, the negative impact of norfloxacin to production
processes of water organisms, and that enrofloxacin may be more toxic
to algae than other fluoroquinolones, but it poses no risk to water or-
ganisms at typical environmental concentrations (Ebert et al., 2011;
Backhaus et al., 2000; Bartoskova et al., 2014). Additionally, cetirizine,
which is found in extreme concentrations within lakes, was reported to
have adverse effects in mussels (Moore et al., 2008; Steger-Hartmann
et al., 1999; Straub, 2009).

Several studies concluded that pharmaceuticals in natural aquatic
environments, which are ultimately transmitted to drinking water and
biota, pose no serious risk to human health. Nevertheless, some phar-
maceuticals, such as enoxacin, after chlorination can reduce drinking-
water safety (Praveena et al., 2019; Vulliet et al., 2011; Cunningham
et al., 2009; Schwab et al., 2005; Zhang et al., 2019).

4. Summary and conclusions

This review provides a collection of PPCPs reported to be present in
waters, sediments and biota in lakes throughout the world, over a 26-
year time period (1996-2021). PPCPs were found to be present in 260
lakes distributed within 44 different countries. In Asia, PPCPs were
found to be present in 115 lakes distributed within 13 different coun-
tries, most of these lakes are in China, India and Sri Lanka. In Europe,
PPCPs were found to be present in 95 lakes distributed within 18
different countries, most of these lakes are in Germany, Sweden and
Switzerland. In North America, PPCPs were found to be present in 51
lakes located in Canada and USA (Colorado, Minnesota). In Oceania,
PPCPs were found to be present in three lakes in Australia. Finally, in
South America, PPCPs were found to be present in 7 lakes distributed
within 5 different countries.

Among the 289 pharmaceuticals which were found to be present in
lakes throughout the world, most were detected in Asian, European and
North American lakes. The pharmaceuticals most frequently detected in
lake waters are: sulfamethoxazole, caffeine, carbamazepine, ibuprofen
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and naproxen; in lake sediments are: caffeine, ciprofloxacin, sulfadia-
zine, sulfamethoxazole and 17p-Estradiol; and in biota are: ofloxacin,
sulfamethoxazole and 17p-Estradiol, whereas ofloxacin was most
frequently detected to be simultaneously present in waters, sediments
and biota of the same lake. In lake waters the maximum concentration of
ofloxacin ranged from 5.7 to 3.1x10° ng/L, with an average concen-
tration of 359 ng/L, in lake sediments ranged from 17.16 to 362 ng/g,
with an average concentration of 63 ng/g and in lake biota ranged from
4.5 to 99.48 ng/g, with an average concentration of 33 ng/g (see
Table S1).

Among the 76 PCPs which were found to be present in lakes
throughout the world, 45 were present in Asian lakes, whereas no PCPs
were present in Antarctican lakes. The most frequently detected PCPs
present in lake waters are: DEET, TCS, OP, BZP and 4-Nonylphenol; in
lake sediments are: OP, 4-Nonylphenol, D5, TCS and BZP; and in biota
are: D5, AHTN, HHCB, AHMI and ATII (see Table S2).

The maximum concentration of the various pharmaceuticals ranged
from 0.019 to 6.5x10° ng/L in waters, 0.0019 to 1.35x10° ng/g in
sediments, and 0.105 to 6.31 x10° ng/g in biota; whereas, the maximum
concentration of the PCPs were reported from 0.029 to 7.31x10° ng/Lin
waters, 0.0075 to 5.76x10° ng/g in sediments, and <0.1 to 719 ng/g in
biota (see Figs. 5, 6). Fluoroquinolones were reported as the group of
antibiotics, with the highest pharmaceutical extreme concentrations in
lake waters, whereas the maximum concentration ranged from 2.5x10*
to 6.5x10° ng/L (see Table S1). The majority of pharmaceuticals with
the highest extreme concentrations had a great detection frequency in
lakes throughout the world. It should be noted that in many lake waters
there is a clear trend of increasing average of PPCP concentrations with
time. (see Fig. 2). It is worth to noting that the concentrations of 194
pharmaceuticals and 56 PCPs were detected in lake waters were over 5
ng/L. Consequently, PPCP pollution should be efficiently controlled
especially in Asia in order to avoid possible serious health risks to
humans and living organisms and to reduce the possibility of developing
antibiotic-resistant microorganisms.

Rapid reduction of the extreme concentrations of pharmaceuticals in
the lakes throughout the world can be achieved if pharmaceutical in-
dustries and hospitals use of on-site WWTPs. The findings from this re-
view also suggest that many lakes, mainly in Africa, Antarctica, Oceania
and South America, require much more attention, because they have not
been systematically analysed for the presence of PPCPs.

Appendix A. Supplementary data

Supplementary data associated with this article can be found in the
online version at:

CRediT authorship contribution statement
Antonios G. Katsikaros: Investigation, Data curation, Formal

analysis, Writing — original draft. Constantinos V. Chrysikopoulos:
Conceptualization, Supervision, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.envadv.2021.100131.


https://doi.org/10.1016/j.envadv.2021.100131

A.G. Katsikaros and C.V. Chrysikopoulos

References

Archana, G., Dhodapkar, R., Kumar, A., 2017. Ecotoxicological risk assessment and
seasonal variation of some pharmaceuticals and personal care products in the
sewage treatment plant and surface water bodies (lakes). Environ. Monit. Assess. 189
(9), 446.

Archundia, D., Duwig, C., Lehembre, F., Chiron, S., Morel, M-C., Prado, B., Bourdat-
Deschamps, M., Vince, E., Aviles, G.F., Martins, J.M.F., 2017. Antibiotic pollution in
the Katari subcatchment of the Titicaca Lake: major transformation products and
occurrence of resistance genes. Sci. Total Environ. 576, 671-682.

aus der Beek, T., Weber, F.-A., Bergmann, A., Hickmann, S., Ebert, 1., Hein, A., Kuster, A.,
2016. Pharmaceuticals in the environment—Global occurrences and perspectives.
Environ. Toxicol. Chem. 35 (4), 823-835.

Aydin, E., Talinli, I., 2013. Analysis, occurrence and fate of commonly used
pharmaceuticals and hormones in the Buyukcekmece Watershed. Turkey.
Chemosphere. 90 (6), 2004-2012.

Balmer, M.E., Poiger, T., Droz, C., Romanin, K., Bergqvist, P.-A., Miiller, M.D., Buser, H.-
R., 2004. Occurrence of Methyl Triclosan, a Transformation Product of the
Bactericide Triclosan, in Fish from Various Lakes in Switzerland. Environ. Sci.
Technol. 38 (2), 390-395.

Bao, Y., Huang, W., Hu, X., Yin, D., 2020. Distribution of 31 endocrine-disrupting
compounds in the Taihu Lake and application of the fish plasma model. Environ. Sci.
Eur. 32 (80), 1-16.

Backhaus, T., Scholze, M., Grimme, L.H., 2000. The single substance and mixture toxicity
of quinolones to the bioluminescent bacterium Vibrio fischeri. Aquat. Toxicol. 49 (1-
2), 49-61.

Bartoskova, M., Dobsikova, R., Stancova, V., Pana, O., Zivna, D., Plhalova, L.,

Blahova, J., Marsalek, P., 2014. Norfloxacin—Toxicity for Zebrafish (Danio rerio)
Focused on Oxidative Stress Parameters. BioMed Res. Intern. 2014 (560235), 1-6.

Bevans, H.E., Goodbred, S.L., Miesner, J.F., Watkins, S.A., Gross, T.S., Denslow, N.D.,
Schoeb, T., 1996. Synthetic organic compounds and carp endocrinology and
histology in Las Vegas Wash and Las Vegas and Callville Bays of Lake Mead, Nevada,
1992 and 1995: U.S. Geological Survey. Water-Resour. Investig. Rep. 96-4266, 12.

Bean, T., Boxall, A., Lane, J., Herborn, K.A., Pietravalle, S., Arnold, K.E., 2014.
Behavioural and physiological responses of birds to environmentally relevant
concentrations of an antidepressant. Philos. T. R. Soc. B 369.

Blair, B.D., Crago, J.P., Hedman, C.J., Klaper, R.D., 2013. Pharmaceuticals and personal
care products found in the Great Lakes above concentrations of environmental
concern. Chemosphere 93 (9), 2116-2123.

Blunt, S.M., Sackett, J.D., Rosen, M.R., Benotti, M.J., Trenholm, R.A., Vanderford, B.J.,
Hedlund, B.P., Moser, D.P., 2018. Association between degradation of
pharmaceuticals and endocrine-disrupting compounds and microbial communities
along a treated wastewater effluent gradient in Lake Mead. Sci. Total Environ.
622-623, 1640-1648.

Borga, K., Fjeld, E., Kierkegaard, A., McLachlan, M.S., 2012. Food Web Accumulation of
Cyclic Siloxanes in Lake Mjgsa. Norway. Environ. Sci. Technol. 46 (11), 6347-6354.

Borga, K., Fjeld, E., Kierkegaard, A., McLachlan, M.S., 2013. Consistency in Trophic
Magnification Factors of Cyclic Methyl Siloxanes in Pelagic Freshwater Food Webs
Leading to Brown Trout. Environ. Sci. Technol. 47 (24), 14394-14402.

Brausch, J.M., Rand, G.M., 2011. A review of personal care products in the aquatic
environment: Environmental concentrations and toxicity. Chemosphere 82 (11),
1518-1532.

Brown, S.B., Adams, B.A,, Cyr, D.G., Eales, J.G., 2004. Contaminant effects on the teleost
fish thyroid. Environ. Toxicol. Chem. 23, 1680-1701.

Brozinski, J.-M., Lahti, M., Meierjohann, A., Oikari, A., Kronberg, L., 2013. The Anti-
Inflammatory Drugs Diclofenac, Naproxen and Ibuprofen are found in the Bile of
Wild Fish Caught Downstream of a Wastewater Treatment Plant. Environ. Sci.
Technol. 47 (1), 342-348.

Buser, H.-R., Miiller, M.D., Theobald, N., 1998. Occurrence of the pharmaceutical drug
clofibric acid and the herbicide mecoprop in various Swiss Lakes and in the North
Sea. Environ. Sci. Technol. 32 (1), 188-192.

Chen, X., Chen, Y., Shimizu, T., Niu, J., Nakagami, K., Qian, X., Jia, B., Nakajima, J.,
Han, J., Li, J., 2017. Water resources management in the urban agglomeration of the
Lake Biwa region, Japan: An ecosystem services-based sustainability assessment. Sci.
Total Environ. 586, 174-187.

Chen, H., Jing, L., Yao, Z., Meng, F., Teng, Y., 2019. Prevalence, source and risk of
antibiotic resistance genes in the sediments of Lake Tai (China) deciphered by
metagenomic assembly: a comparison with other global lakes. Environ. Intern. 127,
267-275.

Cheng, D., Liu, X., Zhao, S., Cui, B., Bai, J., Li, Z., 2017. Influence of the natural colloids
on the multi-phase distributions of antibiotics in the surface water from the largest
lake in North China. Sci. Total Environ. 578, 649-659.

Cooper, E.R., Siewicki, T.C., Phillips, K., 2008. Preliminary risk assessment database and
risk ranking of pharmaceuticals in the environment. Sci. Total Environ. 398 (1-3),
26-33.

Cunningham, V.L., Binks, S.P., Olson, M.J., 2009. Human health risk assessment from the
presence of human pharmaceuticals in the aquatic environment. Regulat. Toxicol.
Pharmacol. 53 (1), 39-45.

Dalahmeh, S., Bjornberg, E., Elenstrom, A.-K., Niwagaba, C.B., Komakech, A.J., 2020.
Pharmaceutical pollution of water resources in Nakivubo wetlands and Lake
Victoria, Kampala, Uganda. Sci. Total Environ 710, 136347.

Duong, H.A., Ngoc, H.P., Nguyen, H.T., Hoang, T.T., Pham, H.V., Pham, V.C., Berg, M.,
Walter, G., Alder, A.C., 2008. Occurrence, fate and antibiotic resistance of
fluoroquinolone antibacterials in hospital wastewaters in Hanoi, Vietnam.
Chemosphere 72 (6), 968-973.

Environmental Advances 6 (2021) 100131

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

Ebert, 1., Bachmann, J., Kiihnen, U., Kuster, A., Kussatz, C., Maletzki, D., Schluter, C.hH.,
2011. Toxicity of the fluoroquinolone antibiotics enrofloxacin and ciprofloxacin to
photoautotrophic aquatic organisms. Environ. Toxicol. 30 (12), 2786-2792.

Elliott, S.M., VanderMeulen, D.D., 2017. A regional assessment of chemicals of concern
in surface waters of four Midwestern United States national parks. Sci. Total Environ.
579, 1726-1735.

Fang, W., Peng, Y., Muir, D., Lin, J., Zhang, X., 2019. A critical review of synthetic
chemicals in surface waters of the US, the EU and China. Environ. Intern. 131,
104994.

Ferrey, M., 2013. Pharmaceuticals and endocrine active chemicals in Minnesota lakes.
Minnes. Pollut. Contr. Agency 1-47.

Ferrey, M.L., Heiskary, S., Grace, R., Hamilton, M.C., Lueck, A., 2015. Pharmaceuticals
and other anthropogenic tracers in surface water: a randomized survey of 50
Minnesota lakes. Environ. Toxicol. Chem. 34 (11), 2475-2488.

Fick, J., Soderstrom, H., Lindberg, R.H., Phan, C., Tysklind, M., Larsson, D.G.J., 2009.
Contamination of surface, ground, and drinking water from pharmaceutical
production. Environ. Toxic. Chem. 28 (12), 2522-2527.

Fick, J., Lindberg, R.H., Tysklind, M., Joakim-Larsson, D.G., 2010. Predicted critical
environmental concentrations for 500 pharmaceuticals. Regul. Toxicol. Pharmacol.
58, 516-523.

Fisher, P.M.J,, Scott, R., 2008. Evaluating and controlling pharmaceutical emissions from
dairy farms: a critical first step in developing a preventative management approach.
J. Cleaner Product. 16 (14), 1437-1446.

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

Fountouli, T.V., Chrysikopoulos, C.V., 2018. Adsorption of pharmaceuticals, acyclovir
and fluconazole onto quartz sand under static and dynamic conditions at different
temperatures. Environ. Eng. Sci. 35 (9), 909-917.

Galus, M., Jeyaranjaan, J., Smith, E., Li, H., Metcalfe, C., Wilson, J.Y., 2013. Chronic
effects of exposure to a pharmaceuticalmixture andmunicipal wastewater in
zebrafish. Aquat. Toxicol. 132-133, 212-222.

Gbylik-Sikorska, M., Posyniak, A., Mitrowska, K., Gajda, A., Biadek, T., Sniegocki, T.,
Zmudzki, J., 2014. Occurrence of veterinary antibiotics and chemotherapeutics in
fresh water, sediment, and fish of the rivers and lakes in Poland. Bull. Vet. Inst.
Pulawy. 58 (3), 399-404.

Gonzalez-Alonso, S., Merino, L.M., Esteban, S., Catala, M., Valcarcel, Y., Lopez de
Alda, M.D., Barceld, D., Duran, J.J., Lopez-Martinez, J., Acena, J., Pérez, S.,
Mastroianni, N., Silva, A., Catald, M., Valcarcel, Y., 2017. Occurrence of
pharmaceutical, recreational and psychotropic drug residues in surface water on the
northern Antarctic Peninsula region. Environ. Pollut. 229, 241-254.

Gonzalez-Plaza, J.J., Blau, K., Milakovi¢, M., Jurina, T., Smalla, K., Udikovi¢-Koli¢, N.,
2019. Antibiotic-manufacturing sites are hot-spots for the release and spread of
antibiotic resistance genes and mobile genetic elements in receiving aquatic
environments. Environ. Intern. 130, 104735.

Gongzalez-Pleiter, M., Gonzalo, S., Rodea-Palomares, 1., Leganes, F., Rosal, R., Boltes, K.,
Marco, E., Fernandez-Pinas, F., 2013. Toxicity of five antibiotics and their mixtures
towards photosynthetic aquatic organisms: Implications for environmental risk
assessment. Water. Res. 47 (6), 2050-2064.

Gopal, C.M., Bhat, K., Praveenkumarreddy, Y., Shailesh Kumar, V., Basu, H., Joshua, D.I.,
Singhal, R.K., Balakrishna, K., 2020. Evaluation of selected pharmaceuticals and
personal care products in water matrix using ion trap mass spectrometry: a simple
weighted calibration curve approach. J. Pharma. Biomed. Anal. 185, 113214.

Gros, M., Petrovi¢, M., Ginebreda, A., Barceld, D., 2010. Removal of pharmaceuticals
during wastewater treatment and environmental risk assessment using hazard
indexes. Environ. Intern. 36 (1), 15-26.

Gust, M., Fortier, M., Garric, J., Fournier, M., Gagné, F., 2013. Effects of short-
termexposure to environmentally relevant concentrations of different
pharmaceutical mixtures on the immune response of the pond snail Lymnaea
stagnalis. Sci. Total Environ. 445-446, 210-218.

Hawker, D.W., Cumming, J.L., Neale, P.A., Bartkow, M.E., Escher, B.I., 2011. A screening
level fate model of organic contaminants from advanced water treatment in a
potable water supply reservoir. Water Res 45 (2), 768-780.

Hena, S., Znad, H., 2018. Chapter Six - Membrane Bioreactor for Pharmaceuticals and
Personal Care Products Removal From Wastewater. Comprehen. Anal. Chem. 81,
201-256.

Hedgespeth, M., Nilsson, P., Berglund, O., 2014. Ecological implications of altered fish
foraging after exposure to an antidepressant pharmaceutical. Aquat. Toxicol. 151,
84-87.

Hu, Y., Yan, X., Shen, Y., Di, M., Wang, J., 2018b. Antibiotics in surface water and
sediments from Hanjiang River, Central China: Occurrence, behavior and risk
assessment. Ecotoxicol. Environ. Saf. 157, 150-158.

Jiang, X., Zhu, Y., Liu, L., Fan, X., Bao, Y., Deng, S., Cui, Y., Cagnetta, G., Huang, J.,
Yu, G., 2021. Occurrence and variations of pharmaceuticals and personal-care
products in rural water bodies: A case study of the Taige Canal (2018-2019). Sci.
Total Environ. 762, 143138.

Junaid, M., Wang, Y., Hamid, N., Deng, S., Li, W.-G., Pei, D-S., 2019. Prioritizing selected
PPCPs on the basis of environmental and toxicogenetic concerns: a toxicity
estimation to confirmation approach. J. Haz. Mat. 380, 120828.

Kaczala, F, Blum, S.E., 2016. The Occurrence of Veterinary Pharmaceuticals in the
Environment: a Review. Curr. Anal. Chem. 12 (3), 169-182.

Kahle, M., Buerge, 1.J., Hauser, A., Miiller, M.D., Poiger, T., 2008. Azole fungicides:
Occurrence and fate in wastewater and surface waters. Environ. Sci. Tech. 42 (19),
7193-7200.


http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0001
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0001
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0001
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0001
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0002
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0002
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0002
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0002
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0003
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0003
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0003
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0004
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0004
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0004
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0005
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0005
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0005
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0005
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0006
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0006
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0006
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0007
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0007
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0007
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0008
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0008
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0008
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0009
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0009
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0009
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0009
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0010
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0010
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0010
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0011
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0011
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0011
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0012
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0012
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0012
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0012
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0012
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0013
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0013
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0014
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0014
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0014
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0015
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0015
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0015
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0016
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0016
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0017
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0017
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0017
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0017
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0018
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0018
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0018
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0019
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0019
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0019
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0019
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0020
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0020
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0020
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0020
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0021
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0021
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0021
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0022
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0022
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0022
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0023
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0023
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0023
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0024
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0024
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0024
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0025
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0025
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0025
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0025
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0026
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0026
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0026
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0027
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0027
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0027
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0028
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0028
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0028
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0029
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0029
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0029
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0030
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0030
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0031
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0031
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0031
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0032
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0032
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0032
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0033
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0033
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0033
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0034
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0034
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0034
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0035
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0035
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0036
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0036
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0036
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0037
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0037
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0037
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0038
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0038
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0038
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0038
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0039
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0039
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0039
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0039
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0039
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0040
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0040
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0040
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0040
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0041
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0041
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0041
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0041
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0042
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0042
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0042
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0042
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0043
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0043
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0043
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0044
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0044
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0044
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0044
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0045
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0045
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0045
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0046
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0046
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0046
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0047
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0047
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0047
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0048
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0048
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0048
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0049
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0049
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0049
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0049
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0050
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0050
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0050
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0051
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0051
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0052
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0052
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0052

A.G. Katsikaros and C.V. Chrysikopoulos

Kandie, F.J., Krauss, M., Beckers, L.-M., Massei, R., Fillinger, U., Becker, J., Liess, M.s.,
Torto, B., Brack, W., 2020. Occurrence and risk assessment of organic
micropollutants in freshwater systems within the Lake Victoria South Basin. Kenya.
Sci. Total Environ. 714, 136748.

Katsikaros, A.G., Chrysikopoulos, C.V., 2020. Estimation of urine volume in municipal
sewage originating from patients receiving antibiotics at a private clinic in Crete.
Greece. Sci. Total Environ., 134858

Kidd, K.A., Blanchfield, P.J., Mills, K.H., Palace, V.P., Evans, R.E., Lazorchak, J.M.,
Flick, R.W., 2007. Collapse of a fish population after exposure to a synthetic
estrogen. Proc. Natl. Acad. Sci. U.S.A. 104 (21), 8897-8901.

K'oreje, K.O., Vergeynst, L., Ombaka, D., De Wispelaere, P., Okoth, M., Van
Langenhove, H., Demeestere, K., 2016. Occurrence patterns of pharmaceutical
residues inwastewater, surface water and groundwater of Nairobi and Kisumu city.
Kenya. Chemosphere. 149, 238-244.

Kosma, C.I., Lambropoulou, D.A., Albanis, T.A., 2014. Investigation of PPCPs in
wastewater treatment plants in Greece: occurrence, removal and environmental risk
assessment. Sci. Total Environ. 466-467, 421-438.

Kovalakova, P., Cizmas, L., McDonald, ThT.H.J., Marsalek, B., Feng, M., Sharma, V.K.,
2020. Occurrence and toxicity of antibiotics in the aquatic environment: a review.
Chem. 251, 126351.

Kumar, M., Chaminda, T., Honda, R., Furumai, H., 2019b. Vulnerability of urban waters
to emerging contaminants in India and Sri Lanka: Resilience framework and
strategy. APN Sci. Bullet. 9 (1), 57-66.

Lahti, M., Oikari, A., 2012. Vertical distribution of pharmaceuticals in lake sediments-
citalopram as potential chemomarker. Environ. Toxicol. Chem. 31 (8), 1738-1744.

Li, W., Shi, Y., Gao, L., Liu, J., Cai, Y., 2012. Occurrence of antibiotics in water,
sediments, aquatic plants, and animals from Baiyangdian Lake in North China.
Chemosphere 89, 1307-1315.

Li, Y., Zhang, L., Ding, J., Liu, X., 2020. Prioritization of pharmaceuticals in water
environment in China based on environmental criteria and risk analysis of top-
priority pharmaceuticals. J. Environ. Manag. 253, 109732.

Li, L., Zhao, X., Liu, D., Song, K., Liu, Q., He, Y., 2021. Occurrence and ecological risk
assessment of PPCPs in typical inflow rivers of Taihu lake. China. J. Environ. Manag.
285, 112176.

Lindholm-Lehto, P.C., Ahkola, H.S.J., Knuutinen, J.S., Herve, S.H., 2015. Occurrence of
pharmaceuticals in municipal wastewater, in the recipient water, and sedimented
particles of northern Lake Péijanne. Environ. Sci. Pollut. Res. 22 (21), 17209-17223.

Liu, D., Wu, S., Xu, H., Zhang, Q., Zhang, S., Shi, L., et al., 2017. Distribution and
bioaccumulation of endocrine disrupting chemicals in water, sediment and fishes in
a shallow chinese freshwater lake: implications for ecological and human health
risks. Ecotox. Environ. Saf. 140, 222-229.

Liu, J., Wang, R., Huang, B, Lin, C., Wang, Y., Pan, X., 2011. Distribution and
bioaccumulation of steroidal and phenolic endocrine disrupting chemicals in wild
fish species from Dianchi Lake. China. Environ. Pollut. 159 (10), 2815-2822.

Liu, J., Lu, G., Xie, Z., Zhang, Z., Li, S., Yan, Z., 2015. Occurrence, bioaccumulation and
risk assessment of lipophilic pharmaceutically active compounds in the downstream
rivers of sewage treatment plants. Sci. Total Environ. 511, 54-62.

Liu, J.-L., Wong, M.-H., 2013. Pharmaceuticals and personal care products (PPCPs): A
review on environmental contamination in China. Environ. Intern. 59, 208-224.

Lyndall, J., Barber, T., Mahaney, W., Bock, M., Capdevielle, M., 2017. Evaluation of
triclosan in Minnesota lakes and rivers: Part I — ecological risk assessment. Ecotox.
Environ. Saf. 142, 578-587.

Ma, R., Wang, B., Lu, S., Zhang, Y., Yin, L., Huang, J., Deng, S., Wang, Y., Yu, G., 2016.
Characterization of pharmaceutically active compounds in Dongting Lake, China:
Occurrence, chiral profiling and environmental risk. Sci. Total Environ. 557-558,
268-275.

Manzetti, S., Ghisi, R., 2014. The environmental release and fate of antibiotics. Mar.
Pollut. Bullet. 79, 7-15.

McGee, M.R., Julius, M.L., Vajda, A.M., Norris, D.O., Barber, L.B., Schoenfuss, H.L.,
2009. Predator avoidance performance of larval fathead minnows (Pimephales
promelas) following short-term exposure to estrogen mixtures. Aquat. Toxicol. 91,
355-361. https://doi.org/10.1016/j.aquatox.2008.12.002 https://doi.org/.

Mdegela, R.H., Mabiki, F., Msigala, S., Mwesongo, J., Mhina, M.P., Waweru, K.,
Mbuthia, P., Byarugaba, D.K, 2014. Detection and Quantification of Oestrogenic
Endocrine Disruptors in Water in Mwanza Gulf in the Lake Victoria Basin, Tanzania.
Hur.: J. Open Univer. Tanz. 16, 140-153.

Metcalfe, C.D., Miao, SH., Koenig, B.G., Struger, J., 2003. Distribution of acidic and
neutral drugs in surface waters near sewage treatment plants in the lower Great
Lakes, Canada. Environ Toxicol Chem. 22, 2881-2889.

Monteiro, S.C., Boxall, A.B.A., 2010. Occurrence and Fate of Human Pharmaceuticals in
the Environment. In: Reviews of Environmental Contamination and Toxicology.
Reviews of Environmental Contamination and Toxicology, 202. Springer,
pp. 53-154.

Moore, M.T., Greenway, S.L., Farris, J.L., Guerra, B., 2008. Assessing caffeine as an
emerging environmental concern using conventional approaches Archives of
Environ. Contamin. Toxicol. 54, 31-35.

Morasch, B., Bonvin, F., Reiser, H., Grandjean, D., de Alencastro, L.F., Perazzolo, C.,
Chevre, N., Kohn, T., 2010. Occurrence and fate of micropollutants in the Vidy Bay
of Lake Geneva, Switzerland. Part II: micropollutant removal between wastewater
and raw drinking water Environ. Toxicol. Chem. 29 (8), 1658-1668.

Mutiyar, P.K., Mittal, A.K., 2014. Risk assessment of antibiotic residues in different water
matrices in India: Key issues and challenges. Environ. Sci. Pollut. Res. 21 (12),
7723-7736.

Nannou, C.I., Kosma, C.I., Albanis, T.A., 2015. Occurrence of pharmaceuticals in surface
waters: analytical method development and environmental risk assessment. Intern.
J. Environ. Anal. Chem. 95 (13), 1242-1262.

10

Environmental Advances 6 (2021) 100131

Nantaba, F., Wasswa, J., Kylin, H., Palm, W.-U., Bouwman, H., Kiimmerer, K., 2020.
Occurrence, distribution, and ecotoxicological risk assessment of selected
pharmaceutical compounds in water from Lake Victoria. Uganda. Chemosphere 239,
124642.

Painter, M., Buerkley, M., Julius, M., Vajda, A.M., Norris, D.O., Barber, L.B., Furlong, E.
T., Schultz, M.M., Schoenfuss, H.L., 2009. Antidepressants at environmentally
relevant concentrations affect predator avoidance behavior of larval fathead
minnows (Pimephales promelas). Environ. Toxicol. Chem. 28 (12), 2677-2684.

Pal, A., He, Y., Jekel, M., Reinhard, M., Gin, K.Y.H., 2014. Emerging contaminants of
public health significance as water quality indicator compounds in the urban water
cycle. Environ. Intern. 71, 46-62.

Pascoe, D, Karntanut, W., Miiller, C.T., 2003. Do pharmaceuticals affect freshwater
invertebrates? A study with the cnidarian Hydra vulgaris. Chemosphere 51 (6),
521-528.

Petri, M., 2006. Water quality of lake constance. Hdb of Env. Chem. 5 (L), 127-138.

Petrie, B., Barden, R., Kasprzyk-Hordern, B., 2015. A review on emerging contaminants
in wastewaters and the environment: current knowledge, understudied areas and
recommendations for future monitoring. Water Res 72, 3-27.

Pico, Y., Alvarez-Ruiz, R., Alfarhan, A.H., El-Sheikh, M.A., Alshahrani, H.O., Barcelo, D.,
2020. Pharmaceuticals, pesticides, personal care products and microplastics
contamination assessment of Al-Hassa irrigation network (Saudi Arabia) and its
shallow lakes. Sci. Total Environ. 701, 135021.

Praveena, S.M., Mohd Rashid, M.Z., Mohd Nasir, F.A., Yee, W.S., Aris, A.Z., 2019.
Occurrence and potential human health risk of pharmaceutical residues in drinking
water from Putrajaya (Malaysia). Ecotoxicol. Environ. Saf. 180, 549-556.

Rabiet, M., Togola, A., Brissaud, F., Seidel, J.-L., Budzinski, H., Elbaz-Poulichet, F., 2006.
Consequences of treated water recycling as regards pharmaceuticals and drugs in
surface and ground waters of a medium-sized mediterranean catchment. Environ.
Sci. Technol. 40 (17), 5282-5288.

Roberts, J., Kumar, A., Du, J., Hepplewhite, C., Ellis, D.J., Christy, A.G., Beavis, S.G.,
2016. Pharmaceuticals and personal care products (PPCPs) in Australia’s largest
inland sewage treatment plant, and its contribution to a major Australian river
during high and low flow. Sci. Total Environ. 541, 1625-1637.

Robinson, A.A., Belden, J.B., Lydy, M.J., 2009. Toxicity of fluoroquinolone antibiotics to
aquatic organisms. Environ. Toxicol. Chem. 24 (2), 423-430.

Schallenberg, M, Krebsbach, A., 2002. Assessment of Antimicrobial (Antibiotic) Activity
in Surface Water of the Lower Taieri Plain and Impacts on Native Bacteria in Lake
Waipori. Limnology Report No. 8. Department of Zoology, University of Otago,
pp. 1-20.

Schallenberg, M., Armstrong, A., 2004. Assessment of antibiotic activity in surface water
of the lower Taieri Plain and impacts on aquatic bacteria in Lake Waipori, South
Otago, New Zealand. N. Zeal. J. Mar. Freshw. Res. 38 (1), 19-28.

Schimmelpfennig, S., Kirillin, G., Engelhardt, C., Niitzmann, G., Diinnbier, U., 2012.
Seeking a compromise between pharmaceutical pollution and phosphorus load:
Management strategies for Lake Tegel. Berlin. Water Res. 46 (13), 4153-4163.

Schultz, M., Furlong, E., Kolpin, D., Werner, S.L., Schoenfuss, H.L., Barber, L.B.,
Blazer, V.S., Norris, D.O., Vajda, A.M., 2010. Antidepressant pharmaceuticals in two
U.S. effluentimpacted streams: occurrence and fate in water and sediment, and
selective uptake in fish neural tissue. Environ. Sci. Toxicol. 44 (6), 1918-1925.

Schwab, B.W., Hayes, E.P., Fiori, J.M., Mastrocco, F.J., Roden, N.M., Cragin, D.,
Meyerhoff, R.D., D’Aco, V.J., Anderson, P.D., 2005. Human pharmaceuticals in US
surface waters: a human health risk assessment. Regulat. Toxicol. Pharmacol. 42 (3),
296-312.

Segner, H., Carroll, K., Fenske, M., Janssen, C.R., Maack, G., Pascoe, D., Schéfers, C.,
Vandenbergh, G.F., Watts, M., Wenzel, A., 2003. Identification of endocrine-
disrupting effects in aquatic vertebrates and invertebrates: report from the European
IDEA project. Ecotoxicol. Environ. Saf. 54, 302-314.

Servadio, J.L., Deere, J.R., Jankowski, M.D., Ferrey, M., Isaac, E.J., Chenaux-Ibrahim, Y.,
Primus, A., Convertino, M., Phelps, N.B.D., Streets, S., Travis, D.A., Moore, S.,
Wolf, T.M., 2021. Anthropogenic factors associated with contaminants of emerging
concern detected in inland Minnesota lakes (Phase II). Sci. Total Environ. 772,
146188.

Singer, H., Miiller, S., Tixier, C., Pillonel, L., 2002. Triclosan: Occurrence and Fate of a
Widely Used Biocide in the Aquatic Environment: field Measurements in
Wastewater Treatment Plants, Surface Waters, and Lake Sediments. Environ. Sci.
Technol. 36 (23), 4998-5004.

Steger-Hartmann, T., Lange, R., Schweinfurth, H., 1999. Environmental risk assessment
for the widely used iodinated X-ray contrast agent iopromide (ultravist). Ecotoxicol.
Environ. Saf. 42 (3), 274-281.

Stewart, M., Olsen, G., Hickey, C.W., Ferreira, B., Jeli¢, A., Petrovi¢, M., Barcelo, D.,
2014. A survey of emerging contaminants in the estuarine receiving environment
around Auckland. New Zealand. Sci. Total Environ. 468-469, 202-210.

Straub, J.O., 2009. An environmental risk assessment for oseltamivir (Tamiflu®) for
sewage works and surface waters under seasonal-influenza- and pandemic-use
conditions. Ecotoxicol. Environ. Saf. 72 (6), 1625-1634.

Su, C., Cui, Y., Liu, D., Zhang, H., Baninla, Y., 2020. Endocrine disrupting compounds,
pharmaceuticals and personal care products in the aquatic environment of China:
which chemicals are the prioritized ones? Sci. Total Environ. 720, 137652.

Tran, N.H., Urase, T., Ta, T.T., 2014b. A Preliminary Study on the Occurrence of
Pharmaceutically Active Compounds in Hospital Wastewater and Surface Water in
Hanoi, Vietnam. Clean: Soil, Air, Water. 42, 267-275.

Tran, N.H., Hoang, L., Nghiem, L.D., Nguyen, N.M.H., Ngo, H.H., Guo, W., Trinh, Q.T.,
Mai, N.H., Chen, H., Chen, H., Nguyen, D.D., Ta, T.T., Gin, K.Y.-H., 2019. Occurrence
and risk assessment of multiple classes of antibiotics in urban canals and lakes in
Hanoi. Vietnam. Sci. Total Environ. 692, 157-174.


http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0053
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0053
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0053
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0053
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0054
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0054
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0054
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0055
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0055
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0055
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0056
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0056
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0056
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0056
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0057
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0057
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0057
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0058
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0058
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0058
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0059
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0059
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0059
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0060
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0060
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0061
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0061
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0061
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0062
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0062
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0062
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0063
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0063
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0063
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0064
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0064
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0064
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0065
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0065
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0065
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0065
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0066
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0066
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0066
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0067
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0067
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0067
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0068
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0068
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0069
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0069
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0069
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0070
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0070
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0070
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0070
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0071
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0071
https://doi.org/10.1016/j.aquatox.2008.12.002
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0073
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0073
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0073
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0073
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0074
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0074
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0074
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0075
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0075
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0075
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0075
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0076
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0076
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0076
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0077
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0077
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0077
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0077
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0078
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0078
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0078
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0079
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0079
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0079
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0080
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0080
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0080
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0080
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0081
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0081
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0081
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0081
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0082
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0082
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0082
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0083
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0083
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0083
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0084
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0085
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0085
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0085
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0086
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0086
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0086
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0086
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0087
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0087
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0087
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0088
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0088
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0088
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0088
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0089
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0089
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0089
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0089
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0090
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0090
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0091
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0091
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0091
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0091
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0092
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0092
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0092
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0093
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0093
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0093
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0094
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0094
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0094
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0094
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0095
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0095
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0095
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0095
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0096
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0096
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0096
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0096
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0097
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0097
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0097
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0097
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0097
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0098
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0098
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0098
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0098
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0099
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0099
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0099
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0100
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0100
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0100
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0101
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0101
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0101
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0102
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0102
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0102
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0103
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0103
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0103
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0104
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0104
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0104
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0104

A.G. Katsikaros and C.V. Chrysikopoulos

Tyler, C.R., Filby, A.L., Bickley, L.K., Cumming, R.I., Gibson, R., Labadie, P., Katsu, Y.,
Liney, K.E., Shears, J.A., Silva-Castro, V., Urushitani, H., Lange, A., Winter, M.J.,
Iguchi, T., Hill, E.M., 2009. Environmental health impacts of equine estrogens
derived from hormone replacement therapy. Environ. Sci. Technol. 43 (10),
3897-3904.

Venkatesan, A.K., Pycke, B.F.G., Barber, L.B., Lee, K.E., Halden, R.U., 2012. Occurrence
of triclosan, triclocarban, and its lesser chlorinated congeners in Minnesota
freshwater sediments collected near wastewater treatment plants. J. Hazard. Mater.
229-230, 29-35.

Vieno, N., 2007. Occurrence of Pharmaceuticals in Finnish Sewage Treatment Plants,
Surface Waters, and Their Elimination in Drinking Water Treatment Processes
(Book). Tamp. Univer. Techn. 1-117.

Vulliet, E., Cren-Olivé, C., Grenier-Loustalot, M.-F., 2011. Occurrence of pharmaceuticals
and hormones in drinking water treated from surface waters. Environ. Chem. Lett. 9
(1), 103-114.

Wang, Z., Du, Y., Yang, C., Liu, X., Zhang, J., Li, E., Zhang, Q., Wang, X., 2017.
Occurrence and ecological hazard assessment of selected antibiotics in the surface
waters in and around Lake Honghu. China. Sci. Total Environ. 609, 1423-1432.

Whitacre, D.M. (Ed.), 2011. Reviews of Environmental Contamination and Toxicology
Volume 210 (Book). Springer.

11

Environmental Advances 6 (2021) 100131

Wojcieszynska, D., Guzik, U., 2020. Naproxen in the environment: its occurrence,
toxicity to nontarget organisms and biodegradation. Appl. Microb. Biotech. 104 (5),
1849-1857.

Wombacher, W.D., Hornbuckle, K.C., 2009. Synthetic musk fragrances in a conventional
drinking water treatment plant with lime softening. J. Environ. Eng. 135 (11),
1192-1198.

Wu, C., Witter, J.D., Spongberg, A.L., Czajkowski, K.P., 2009. Occurrence of selected
pharmaceuticals in an agricultural landscape, western Lake Erie basin. Water Res. 43
(14), 3407-3416.

Xiang, Y., Wu, H,, Li, L., Ren, M., Qie, H., Lin, A., 2021. A review of distribution and risk
of pharmaceuticals and personal care products in the aquatic environment in China.
Ecotoxicol. Environ. Saf. 213, 112044.

Yang, L., Wang, T., Zhou, Y., Shi, B., Bi, R., Meng, J., 2021. Contamination, source and
potential risks of pharmaceuticals and personal products (PPCPs) in Baiyangdian
Basin, an intensive human intervention area. China. Sci. Total Environ. 760, 144080.

Zhang, P.-W., Zhou, H.-D., Zhao, G.-F., Li, K., Zhao, X.-H., Liu, Q.-N., Ren, M., Zhao, D.-
D., Li, D.-J., 2017b. Potential Risk and Distribution Characteristics of PPCPs in
Surface Water and Sediment from Rivers and Lakes in Beijing, China. Huanj. Kexue/
Environ. Sci. 38 (5), 1852-1862.

Zhang, T., He, G., Dong, F., Zhang, Q., Huang, Y., 2019. Chlorination of enoxacin (ENO)
in the drinking water distribution system: Degradation, byproducts, and toxicity. Sci.
Total Environ. 676, 31-39.


http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0105
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0105
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0105
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0105
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0105
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0106
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0106
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0106
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0106
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0107
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0107
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0107
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0108
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0108
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0108
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0109
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0109
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0109
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0110
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0110
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0111
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0111
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0111
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0112
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0112
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0112
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0113
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0113
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0113
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0114
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0114
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0114
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0115
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0115
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0115
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0116
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0116
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0116
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0116
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0117
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0117
http://refhub.elsevier.com/S2666-7657(21)00102-2/sbref0117

	Occurrence and distribution of pharmaceuticals and personal care products (PPCPs) detected in lakes around the world - A review
	1 Introduction
	2 Procedures and data compilation
	3 Analysis and discussion of the compiled data
	3.1 Literature on PPCPs
	3.2 PPCPs in lake waters
	3.3 PPCPs in lake sediments
	3.4 PPCPs in lake biota
	3.5 Concentrations and distribution of PPCPs
	3.6 Potential human health and ecological effects

	4 Summary and conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


