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INTRODUCTION

Pharmaceuticals and personal care products 
(PPCPs) have become common contaminants in 
freshwater worldwide due to continuous release 
from various human activities, although ongoing 
efforts are being made to mitigate their impact. 
Among these contaminants, non-steroidal anti-
inflammatory drugs (NSAIDs), including Diclof-
enac (DCF), Ibuprofen (IBU), Naproxen (NPX), 
and Ketoprofen (KTF), are among the frequently 
detected pharmaceuticals due to their extensive 
use as both prescription and over-the-counter 
medicines. These compounds are chemically 
stable and relatively persistent in aquatic environ-
ments (Boxall, 2004; Fent et al., 2006; Lalitham-
bika et al., 2024). Similarly, metformin, one of the 

most widely prescribed drugs for type 2 diabetes, 
has been identified as an environmental contami-
nant due to its high consumption and predominant 
excretion unchanged by the human body.

Pharmaceuticals enter rivers and lakes primar-
ily through wastewater treatment plant (WWTP) 
effluents, which represent the major pathway 
for their release into aquatic environments (He-
berer, 2002; Radjenović et al., 2007; Vieno and 
Sillanpää, 2014). Additional sources include the 
improper disposal of unused medicines (such as 
flushing them down household drains where this 
practice is not prohibited), direct discharges of 
untreated wastewater, and diffuse inputs from vet-
erinary pharmaceuticals (OECD, 2022; Styszko 
et al., 2022; UNEP, 2019). These multiple path-
ways contribute to the continuous introduction 
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of pharmaceuticals into surface waters, making 
them pseudo-persistent contaminants despite 
their relatively short individual residence times. 
Conventional WWTPs are not specifically de-
signed to remove pharmaceutical compounds 
and therefore often fail to eliminate NSAIDs and 
Metformin completely. Removal efficiencies vary 
considerably among compounds because of dif-
ferences in their physicochemical properties and 
the treatment technologies employed, allowing 
substantial quantities to persist in treated effluents 
and contaminate downstream aquatic ecosystems 
(Heberer, 2002; Radjenović et al., 2007; Vieno & 
Sillanpää, 2014). Environmental conditions fur-
ther influence the occurrence and persistence of 
pharmaceuticals in surface waters. Seasonal vari-
ations, drought, river hydrology, and changes in 
stream flow strongly affect dilution capacity and 
contaminant transport. During periods of low river 
discharge, pharmaceutical concentrations typical-
ly increase, resulting in greater exposure of aquat-
ic organisms and elevated ecological risks (Malaj 
et al., 2014; Palma et al., 2019; Sousa et al., 2018).

The Balkan Peninsula, including Albania, is 
particularly vulnerable to pharmaceutical con-
tamination because of limited wastewater treat-
ment infrastructure, insufficient enforcement of 
environmental regulations, and widespread self-
medication practices that increase pharmaceutical 
loads entering river systems. Although monitor-
ing data from this region remain scarce, recent 
studies indicate contamination levels comparable 
to those reported in other European countries un-
dergoing similar socioeconomic transitions, high-
lighting an important but insufficiently investi-
gated environmental concern (Jaku et al., 2025; 
Wilkinson et al., 2022). Despite the growing body 
of evidence on pharmaceutical contamination of 
surface waters, important knowledge gaps re-
main regarding their temporal and spatial distri-
bution, particularly in Eastern and Southeastern 
Europe, where monitoring studies are consider-
ably less abundant than in Western Europe and 
North America (Ene et al., 2025; Wilkinson et al., 
2022). Furthermore, ecological risk assessments 
that consider pharmaceutical mixtures, chronic 
exposure, and realistic ecosystem-level effects re-
main less developed than assessments for many 
other classes of environmental contaminants 
(Backhaus and Faust, 2018; Guo et al., 2016). 
Even at environmentally relevant concentrations, 
pharmaceuticals may adversely affect aquatic or-
ganisms because they are specifically designed 

to produce biological activity at very low doses, 
sometimes at part-per-trillion levels (Mozaz et 
al., 2010). NSAIDs such as diclofenac, ibupro-
fen, naproxen, and ketoprofen, together with met-
formin, have been detected in surface waters at 
concentrations ranging from nanograms per liter 
(ng/L) to micrograms per liter (µg/L). Exposure 
to these compounds has been associated with 
oxidative stress, DNA damage (genotoxicity), 
endocrine disruption, impaired growth and devel-
opment, reproductive abnormalities, and physio-
logical alterations in fish, invertebrates, and other 
aquatic organisms (Ferrari et al., 2004; Fent et 
al., 2006; Lalithambika et al., 2024; Mezzelani et 
al., 2018; Richmond et al., 2017). Diclofenac has 
received particular attention because of its high 
toxicity, with studies linking environmental expo-
sure to organ damage, fish mortality, and popu-
lation declines, although responses vary among 
species and exposure conditions. NSAIDs have 
also been reported to impair mitochondrial func-
tion and blood flow during oxidative stress, nega-
tively affecting reproduction, whereas metformin 
has been shown to alter morphology and physiol-
ogy in fish and zooplankton populations (EMA; 
Zheng et al., 2024). These findings emphasize the 
importance of continuous environmental moni-
toring to support ecological risk assessment and 
mitigation strategies.

An additional challenge is the presence of 
pharmaceutical metabolites, many of which re-
main biologically active and environmentally 
persistent. Among these, 2-hydroxyibuprofen 
is often detected as a transformation product 
in wastewater-impacted rivers and has been 
proposed as a biomarker of human wastewa-
ter contamination (Celiz et al., 2009; Nguyen 
et al., 2021; Paíga et al., 2025). Because most 
monitoring programs focus primarily on parent 
compounds, the occurrence and ecological sig-
nificance of metabolites may be underestimated 
(Mozaz and Weinberg, 2010; Rutere et al., 2020). 
Moreover, increasing evidence indicates that 
chronic exposure to mixtures of NSAIDs and 
their metabolites may produce additive or syn-
ergistic effects, including endocrine disruption, 
altered reproductive performance, and multigen-
erational impacts on vertebrates, suggesting that 
mixture toxicity is considered an important as-
pect of pharmaceutical pollution (Backhaus and 
Faust, 2018; Brion et al., 2019; Hodkovicov et 
al., 2022; Mezzelani et al., 2018; Philibert et al., 
2023; Richmond et al., 2017). 
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The European Union Water Framework Di-
rective (WFD; Directive 2000/60/EC) requires 
Member States to monitor emerging contami-
nants and achieve good chemical status in surface 
waters. Nevertheless, pharmaceutical concentra-
tions can exceed predicted no-effect concentra-
tions at times, indicating that current wastewa-
ter management and mitigation measures may 
sometimes be insufficient to adequately protect 
aquatic ecosystems (Chan et al., 2024; European 
Parliament and Council, 2000, 2013; Feng et al., 
2023). This review aims to compile and critically 
evaluate published data from 2013 to 2024 on the 
occurrence, distribution, and ecological risks of 
selected NSAIDs, metformin, and their metabo-
lites in the surface waters of Europe, with particu-
lar emphasis on the Balkan region. In addition, 
it summarizes current analytical approaches, con-
tamination patterns, the influence of wastewater 
treatment processes, and the implications of these 
findings for environmental monitoring and policy 
development, particularly in vulnerable river ba-
sins of Southeastern Europe.

PHARMACEUTICALS MONITORING

The review compiled data from 308 surface 
water samples collected at 70 monitoring sites 
across nine European countries, including several 
Balkan river basins. Sampling intensity varied 
considerably among the selected studies, ranging 
from two to nineteen monitoring locations per in-
vestigation. Despite methodological differences, 
all reviewed studies fulfilled the predefined in-
clusion criteria and provided quantitative data 
suitable for comparative analysis. Overall, the 
reviewed dataset demonstrated the widespread 
occurrence of the selected pharmaceuticals in 
European surface waters. Ibuprofen, diclofenac, 

naproxen, ketoprofen, 2-hydroxyibuprofen, and 
metformin were all detected, although their oc-
currence, concentration ranges, and spatial distri-
bution differed substantially among river basins. 
Table 1 summarizes the regional characteristics 
of the analyzed studies.

Ibuprofen and diclofenac exhibited the 
highest detection frequencies (89%), indicating 
their widespread occurrence in European sur-
face waters. In contrast, metformin showed the 
lowest detection frequency (22%), reflecting 
both differences in environmental behavior and 
the more limited number of studies specifically 
targeting highly polar antidiabetic compounds. 
Detection frequencies for 2-hydroxyibuprofen, 
naproxen, and ketoprofen were 56%, 33%, and 
33%, respectively. Descriptive statistical analy-
sis demonstrated considerable spatial variabili-
ty across compounds and monitoring locations. 
Concentration distributions were strongly right-
skewed, with several localized contamination 
hotspots associated with wastewater treatment 
plant discharges and densely populated urban 
areas. Diclofenac and 2-hydroxyibuprofen dis-
played the highest concentration variability, 
with maximum values exceeding median con-
centrations, indicating episodic or site-specific 
contamination events. The median detection 
frequency across all compounds was 56%, 
highlighting heterogeneous contamination pat-
terns driven by differences in pharmaceutical 
consumption, wastewater treatment efficiency, 
hydrological conditions, and monitoring inten-
sity among European regions (Table 2).

Statistical evaluation of concentration 
data revealed substantial heterogeneity among 
compounds and monitoring sites. Diclof-
enac concentrations ranged from 38 to 4.806 
ng/L, while ibuprofen concentrations varied 
between 45 and 3.161 ng/L. The metabolite 

Table 1. Summary of pharmaceutical occurrence across reviewed European regions

Region No. of 
Studies

No. of 
Sampling Sites Main compounds Representative 

concentrations (ng/L) Dominant sources

Danube/Balkan 4 32 Diclofenac, Ibuprofen, 
Naproxen

DCF: 0.8–132; IBU: 45–
4048; NPX: 75–12029

WWTP discharge, 
urban runoff

Mediterranean 2 15 Diclofenac, Ibuprofen DCF: 38–4806; IBU: 
45–3161

Drought conditions, 
WWTPs

Central Europe 3 14 Ibuprofen, Carbamazepine, 
Naproxen

IBU: 45–4048; NPX: up 
to 12029 Municipal wastewater

Polish Waters 1 9 Naproxen, Diclofenac Influent wastewater: NPX 
up to 551,960 Wastewater influent

Albanian Rivers 2 8 Ibuprofen, Diclofenac, 
Naproxen

Limited quantitative data 
available

Untreated urban 
discharge
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2-hydroxyibuprofen exhibited the widest con-
centration range, reaching a maximum value of 
5.623 ng/L in Croatian surface waters. Mean 
concentrations were consistently higher than 
median values for most compounds, indicating 
the presence of extreme values and non-normal 
distributions associated with localized con-
tamination sources. Spatial variability was par-
ticularly pronounced in river systems receiving 
untreated or partially treated wastewater efflu-
ents. Monitoring stations located downstream 
of wastewater treatment plants generally exhib-
ited significantly higher pharmaceutical con-
centrations than upstream reference sites. This 
pattern was consistently observed across Dan-
ube Basin studies, Mediterranean catchments, 
and Balkan river systems. Due to methodologi-
cal heterogeneity among studies, including 
differences in sampling frequency, analytical 
instrumentation, seasonal coverage, and report-
ing formats, advanced inferential statistical 
comparisons and formal meta-analysis were 
not considered methodologically appropriate. 
Consequently, results were synthesized using 
descriptive statistical approaches and compara-
tive regional analysis.

Analytical approaches for pharmaceutical 
determination

Pharmaceuticals include hundreds of chemi-
cals and their metabolites, posing a major chal-
lenge for standardizing reliable sampling and 
analytical methods with adequate quality con-
trol (Mozaz and Weinberg, 2010). The primary 
analytical techniques in the reviewed literature 
were solid-phase extraction (SPE) followed by 
HPLC-MS/MS or UHPLC-MS/MS (Hoi et al., 
2021; Kafeenah et al., 2018; Fatta et al., 2007). 
These hyphenated methods are the gold standard 
for environmental pharmaceutical analysis due to 

their sensitivity and selectivity, permitting detec-
tion at ppb or ppt levels. GC-MS has been used as 
an alternative but requires derivatization of polar 
pharmaceuticals, which is a drawback (Fatta et 
al., 2007). HPLC-PDA and LC-ESI-MS/MS were 
also reported (Herghelegiu et al., 2023; Shipin-
gana et al., 2022). 

Detection in European surface waters has 
largely relied on advanced chromatographic–
mass spectrometric approaches developed over 
the last decade. SPE combined with HPLC-MS/
MS or UHPLC-MS/MS is dominant (Ene et al., 
2025), providing chromatographic separation 
plus mass-based confirmation via fragmenta-
tion patterns. Mixed-mode SPE cartridges (e.g., 
Oasis HLB, Nexus Bond Elut) are commonly 
used to extract compounds across polarities, 
yielding recoveries typically between 60–120% 
depending on analyte and matrix. Multi-step 
extraction protocols with washing and condi-
tioning steps reduce matrix interferences and 
optimize recovery (Kafeenah et al., 2018). 
LOD values have improved with instrumental ad-
vances, with modern approaches reaching 0.01–
10 ng/L depending on the analyte, matrix, and de-
tection system (Ene et al., 2025). For metformin, 
specialized extraction and preconcentration have 
enabled detection limits around 0.16 μg/L using 
HPLC-DAD combined with optimized dSPE 
(Sekopelo et al., 2024). Electrospray ionization in 
positive and negative modes with multiple reac-
tion monitoring (MRM) facilitates simultaneous 
analysis across compounds with diverse ioniza-
tion efficiencies (Zhuo et al., 2025). Matrix-
matched calibration is often employed to account 
for matrix effects. The evolution and validation 
of these methods have been crucial in advancing 
pharmaceutical monitoring in European waters. 
As shown in Table 3. UHPLC-MS/MS is cur-
rently considered the top-tier method, with LODs 
down to 0.01–2 ng/L (Bczkowska et al., 2025), 

Table 2. Occurrence of pharmaceutical compounds in analyzed sample

Compound Minimum (ng/L) Maximum (ng/L) Studies reporting 
detection Detection frequency

Ibuprofen 45 4048 8 89%

Diclofenac 38 4806 8 89%

Naproxen 75 12029 3 33%

Ketoprofen 98 160 3 33%

2-Hydroxyibuprofen 40 5623 5 56%

Metformin 110 110 2 22%
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but it requires substantial investment and exper-
tise. HPLC-MS/MS achieves acceptable perfor-
mance at lower cost. (Gomez-Regalado et al., 
2022). The selected studies were analyzed for de-
tection methodology, instrumentation specs, sam-
ple preparation, LOD/LOQ, site characteristics, 
temporal patterns, concentration ranges, metabo-
lites identified, WWTP influence, and risk assess-
ments (Hoi et al., 2021; Zhuo et al., 2025). Study 
quality was evaluated against analytical method 
validation standards (e.g., FDA, EMA), accept-
able recovery rates (70–120%), precision (RSD), 
matrix effects, environmental context, sampling 
frequency, and statistical treatment of data (ICH 
Q2(R2), 2023).

Occurrence of pharmaceuticals in European 
surface waters

Danube basin

As it is shown in the Figure 1. The Danube 
River Basin was the most extensively investigat-
ed river system among the reviewed studies and 
consistently exhibited elevated pharmaceutical 
contamination associated with municipal waste-
water discharges. Diclofenac, ibuprofen, naprox-
en, and ketoprofen were the most frequently de-
tected NSAIDs, with detection frequencies gen-
erally ranging from 50% to 100% depending on 
the sampling campaign and river section. Spatial 
variability was strongly influenced by proximity 
to wastewater treatment plant (WWTP) discharg-
es, hydrological conditions, and urban popula-
tion density. Recent monitoring campaigns con-
ducted in the lower Danube and Black Sea basin 
of southeastern Romania identified 19 emerging 
contaminants among 30 target compounds using 
SPE-LC-HRMS analysis. Diclofenac was one of 
the most frequently detected pharmaceuticals, oc-
curring at 87% of sampling sites with maximum 
concentrations reaching 132 ng/L. Ketoprofen 
and naproxen were also widely detected, while 
correlations between pharmaceutical occurrence 

and total coliform counts indicated insufficient-
ly treated municipal wastewater as the principal 
contamination source (Ene et al., 2025). Addi-
tional investigations in the Hungarian section of 
the Danube demonstrated considerable spatial 
variability in pharmaceutical concentrations. 
Naproxen reached average concentrations of 
12,029 ng/L at heavily impacted locations, while 
ibuprofen reached approximately 4.048 ng/L. 
Carbamazepine and diclofenac were detected at 
all investigated sites, confirming the widespread 
distribution of pharmaceuticals throughout this 
river section. Variations among sampling sites 
suggested localized point-source inputs associ-
ated with wastewater discharges and river hydro-
dynamics (József et al., 2023).

Further evidence from the Mureș River Ba-
sin in Romania confirmed the occurrence of both 
parent pharmaceuticals and transformation prod-
ucts. Ibuprofen, carbamazepine, and metabolites 
including 1-hydroxyibuprofen, 2-hydroxyibupro-
fen, and carboxyibuprofen were detected above 
the analytical quantification limits at multiple lo-
cations. Concentrations were consistently highest 
downstream of wastewater treatment plant efflu-
ents and lowest at upstream reference sites, fur-
ther supporting WWTPs as the dominant source 
of pharmaceutical contamination. The simultane-
ous occurrence of parent compounds and metabo-
lites also highlights the importance of considering 
transformation products during environmental 
monitoring and ecological risk assessment (Bur-
cea et al., 2020). Large-scale monitoring initia-
tives further confirmed the regional significance 
of pharmaceutical contamination within the Dan-
ube Basin. The Joint Danube Survey detected 
pharmaceuticals in more than 80% of investigated 
samples, while passive sampling campaigns iden-
tified numerous contaminants exceeding ecologi-
cal risk thresholds. Together, these findings dem-
onstrate that pharmaceutical occurrence within the 
Danube Basin is primarily controlled by munici-
pal wastewater inputs, transboundary river trans-
port, and incomplete removal during conventional 

Table 3. Comparison of analytical methods for trace contaminant determination

Analytical method LOD (ng/L) LOQ (ng/L) Selectivity Matrix effects Cost Typical use

HPLC-MS/MS 0.5–5 2–15 Excellent Present but manageable High Research, Monitoring

UHPLC-MS/MS 0.01–2 0.05–5 Excellent Present but manageable Very High Advanced monitoring

LC-ESI-MS/MS 0.1–3 0.5–10 Excellent Present but manageable High Environmental monitoring

GC-MS 01–10 5–30 Very Good Minimal Medium Complementary method
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wastewater treatment, making the basin one of the 
major pharmaceutical contamination hotspots in 
Central and Eastern Europe.

Mediterranean region
The Mediterranean region exhibited some 

of the highest pharmaceutical concentrations 
reported among the reviewed studies, largely 
due to hydrological conditions that reduce river 
dilution capacity during prolonged dry periods. 
Seasonal drought, low river discharge, and con-
tinuous wastewater inputs were consistently 
identified as the principal factors influencing 
pharmaceutical accumulation in surface waters. 
The Guadiana River Basin in Portugal repre-
sents one of the best-documented examples of 
hydrological influence on pharmaceutical oc-
currence. Monitoring campaigns conducted 
during both drought (2017) and post-drought 
(2018) periods detected elevated concentrations 

of several pharmaceuticals using SPE coupled 
with HPLC-MS/MS. Diclofenac reached a 
maximum concentration of 4.806 ng/L, while 
ibuprofen reached 3.161 ng/L. Other pharma-
ceuticals, including hydrochlorothiazide (2,726 
ng/L) and carbamazepine (3.223 ng/L), were 
also frequently detected. Concentrations were 
consistently higher during drought periods, re-
flecting reduced dilution capacity and increased 
persistence of pharmaceuticals in river water 
(Palma et al., 2019; Sousa et al., 2018). Overall, 
Mediterranean studies demonstrate that climatic 
conditions represent an important driver of phar-
maceutical contamination. Unlike the Danube 
Basin, where urban wastewater inputs dominate 
contamination patterns, Mediterranean river 
systems are additionally influenced by seasonal 
hydrological variability, which substantially in-
creases contaminant concentrations and ecologi-
cal risks during periods of low flow.

Figure 1. Distribution of monitoring sites by river system. Own data elaboration from 8 major
monitoring studies conducted across Central Europe, Eastern Europe, Mediterranean, and Balkan regions
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Central European rivers
Central European rivers generally exhibited 

widespread pharmaceutical occurrence, although 
concentration ranges varied according to popula-
tion density, wastewater treatment efficiency, and 
local hydrological conditions. Monitoring studies 
from Austria, the Czech Republic, Germany, and 
Poland consistently identified NSAIDs among the 
most frequently detected pharmaceutical groups.

Poland has contributed extensive monitor-
ing data on pharmaceuticals in rivers, lakes, and 
wastewater systems. A comprehensive review by 
Isarczyk et al. (2021) reported widespread occur-
rence of NSAIDs, particularly naproxen and di-
clofenac, in both surface waters and wastewater. 
Extremely high concentrations of naproxen (up 
to 551,960 ng/L) and diclofenac (108,340 ng/L) 
were reported in wastewater influents, highlight-
ing untreated municipal wastewater as the pri-
mary contamination source. Although concen-
trations measured in receiving rivers were sub-
stantially lower because of dilution and natural 
attenuation processes, pharmaceuticals remained 
consistently detectable, demonstrating their per-
sistence in aquatic environments. Across Central 
Europe, pharmaceutical occurrence reflects dif-
ferences in consumption patterns, wastewater 
management practices, and analytical monitoring 
intensity. Countries with more developed moni-
toring programmes generally reported higher 
detection frequencies, whereas concentration 
hotspots were typically associated with densely 
populated urban catchments and wastewater 
treatment plant discharges.

Balkan rivers
Compared with Central and Western Europe, 

pharmaceutical monitoring in the Balkan region 
remains relatively limited despite increasing evi-
dence of contamination in major river systems. 
Available studies indicate that NSAIDs are con-
sistently detected in rivers receiving untreated or 
partially treated municipal wastewater, highlight-
ing the need for more comprehensive monitoring 
programmes throughout Southeastern Europe. 
Croatian and Romanian investigations have dem-
onstrated the occurrence of both parent pharma-
ceuticals and transformation products, confirming 
that pharmaceutical contamination extends be-
yond the major Danube corridor. The detection of 
metabolites, including 2-hydroxyibuprofen, fur-
ther indicates active biotransformation processes 

within wastewater treatment systems and receiv-
ing aquatic environments. Although pharmaceuti-
cal monitoring in Albania is still emerging, recent 
investigations provide the first quantitative evi-
dence of pharmaceutical residues in Albanian sur-
face waters. A seasonal survey conducted in the 
Ishëm River Basin (2023–2024) identified twelve 
pharmaceutical compounds, including ibupro-
fen, diclofenac, and naproxen, in both water and 
sediment samples, demonstrating contamination 
levels comparable to those reported elsewhere 
in Europe (Peqini et al., 2025). Earlier studies of 
the Osumi and Erzeni–Ishëm river basins focused 
primarily on physicochemical water quality and 
therefore did not include pharmaceutical con-
taminants (Shegani, 2016; Gjeci et al., 2025). Re-
cent monitoring programmes covering the Ishëm, 
Erzeni, and Shkumbini river basins further sup-
port the occurrence of contaminants of emerging 
concern in Albanian rivers (Jaku et al., 2025). 
Although the available dataset remains limited, 
current evidence suggests that pharmaceutical 
contamination is already widespread and justifies 
the inclusion of pharmaceuticals within routine 
national water-quality monitoring programmes in 
accordance with the objectives of the European 
Water Framework Directive.

Occurrence of pharmaceutical metabolites

Among the pharmaceutical transformation 
products identified in the reviewed studies, 2-hy-
droxyibuprofen was the most frequently reported 
metabolite and exhibited the greatest variability 
in environmental concentrations. In several mon-
itoring campaigns, metabolite concentrations ex-
ceeded those of the parent compound, indicating 
that environmental biotransformation processes 
may substantially contribute to the overall phar-
maceutical burden in surface waters. The highest 
concentration of 2-hydroxyibuprofen reported 
in the reviewed literature reached 5.623 ng/L in 
Croatian surface waters, exceeding the concentra-
tion of ibuprofen measured at the same location 
(Paíga et al., 2025). Similarly, wastewater inves-
tigations in Portugal detected 2-hydroxyibupro-
fen at concentrations up to 639 μg/L, confirming 
extensive biotransformation during wastewater 
treatment and subsequent release into receiv-
ing waters (Paíga et al., 2024). The widespread 
occurrence of 2-hydroxyibuprofen reflects both 
human metabolism and microbial transformation 
of ibuprofen within wastewater treatment plants 
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and aquatic environments (Nguyen et al., 2021). 
Because these metabolites may retain biologi-
cal activity and persistence comparable to their 
parent compounds, monitoring programmes 
focused exclusively on parent pharmaceuticals 
are likely to underestimate the actual pharma-
ceutical burden and associated ecological risks 
(Rutere et al., 2020).

Occurrence of metformin in European 
surface waters

Metformin has emerged as one of the most 
frequently detected antidiabetic pharmaceuticals 
in aquatic environments owing to its extensive 
consumption and limited human metabolism. Al-
though fewer studies have investigated metfor-
min compared with NSAIDs, available evidence 
confirms its widespread occurrence in European 
surface waters. Monitoring studies identified 
metformin in several European river basins, par-
ticularly those influenced by municipal wastewa-
ter discharges. In transboundary river systems 
of Spain and Portugal, metformin was detected 
in approximately 40% of river samples, con-
firming its persistence in wastewater-impacted 
aquatic environments (R et al., 2023). Recent 
analytical developments, including dispersive 
solid-phase extraction coupled with HPLC, 
have substantially improved the detection of this 
highly polar compound (Sekopelo et al., 2024). 
Unlike NSAIDs, metformin is excreted largely 
unchanged by the human body and therefore rep-
resents a useful indicator of wastewater-derived 
contamination. Although most environmental 
risk assessments reported hazard quotient (HQ) 
values below unity, recent ecotoxicological stud-
ies suggest that chronic exposure may affect fish 
physiology and metabolic processes at environ-
mentally relevant concentrations (Zheng et al., 
2024). These findings indicate that, despite its 
comparatively lower acute toxicity, metformin 
should be considered an important contaminant 
of emerging concern and included in future envi-
ronmental monitoring programmes.

Environmental risk assessment

Environmental risk assessment provides an 
essential framework for evaluating the ecologi-
cal implications of pharmaceutical contami-
nation beyond concentration measurements 
alone. Most of the reviewed studies assessed 

ecological risk using the risk quotient (RQ) ap-
proach, calculated as the ratio between the mea-
sured environmental concentration (MEC) and 
the Predicted No-Effect Concentration (PNEC). 
Among the investigated pharmaceuticals, di-
clofenac consistently represented the highest 
ecological concern because of its widespread 
occurrence, persistence, and documented tox-
icity to aquatic organisms. Reported concen-
trations ranged from 38 ng/L in the Prut River 
(Romania) to 4,806 ng/L in the Guadiana River 
Basin (Portugal), illustrating substantial spatial 
variability across European river systems. The 
highest concentrations were generally associ-
ated with densely populated catchments, waste-
water treatment plant (WWTP) discharges, and 
reduced river flow during drought periods. Sev-
eral studies reported RQ values exceeding 1.0, 
particularly for diclofenac and, in some cases, 
ibuprofen, indicating a potential risk to aquatic 
ecosystems (Palma et al., 2019). Experimen-
tal evidence demonstrates adverse effects on 
fish, algae, and aquatic invertebrates, including 
oxidative stress, reproductive impairment, im-
mune dysfunction, and reduced photosynthetic 
activity. These findings support the prioritiza-
tion of diclofenac as one of the pharmaceuticals 
of greatest environmental concern in European 
surface waters. Although metformin generally 
exhibited lower individual hazard quotients 
than NSAIDs, recent ecotoxicological stud-
ies suggest that long-term exposure may af-
fect fish physiology and metabolic regulation, 
indicating that chronic toxicity should not be 
overlooked. Similarly, the occurrence of trans-
formation products, particularly 2-hydroxyibu-
profen, highlights the need to incorporate phar-
maceutical metabolites into future ecological 
risk assessments.

An additional limitation identified across 
the reviewed studies is the assessment of phar-
maceuticals as individual substances. In natural 
aquatic environments, pharmaceuticals occur 
as complex mixtures, and increasing evidence 
indicates that combined exposure may pro-
duce additive or even synergistic toxic effects 
that are not adequately represented by single-
compound risk assessments. Consequently, 
future environmental risk evaluations should 
integrate mixture toxicity, pharmaceutical me-
tabolites, and long-term exposure scenarios to 
provide a more realistic assessment of ecologi-
cal impacts.
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CONCLUSIONS

Pharmaceutical contamination, particularly 
by NSAIDs such as diclofenac and ibuprofen, 
their metabolites like 2-hydroxyibuprofen, and 
metformin, is widespread in European surface 
waters, with notable severity in the Balkans 
and Southeastern Europe. Limited wastewater 
treatment infrastructure, high pharmaceutical 
consumption, seasonal droughts, and inad-
equate disposal practices exacerbate contami-
nation in these vulnerable regions. Southern 
European rivers often exhibit pharmaceutical 
concentrations 5 to 40 times higher than those 
in Northern Europe, largely due to hydrologi-
cal, climatic, and anthropogenic factors affect-
ing dilution and removal efficiency. While large 
rivers like the Danube have been extensively 
studied, smaller and often more impacted riv-
ers in the Balkans remain under-monitored, 
leaving critical knowledge gaps. Emerging evi-
dence highlights that pharmaceutical metabo-
lites contribute significantly to environmental 
burdens and may exceed parent compound 
concentrations, emphasizing the urgent need 
to include metabolites and mixture toxicity in 
routine monitoring and ecological risk assess-
ments. Current monitoring efforts are hindered 
by inconsistent methodologies, limited geo-
graphic coverage, and a lack of standardized 
protocols, particularly in Southeastern Europe. 
To address these challenges, future research 
should focus on expanding harmonized moni-
toring frameworks with standardized sampling 
and analytical methods across the Balkans. Ad-
vanced wastewater treatment technologies such 
as ozonation, activated carbon adsorption, and 
membrane filtration should be implemented to 
improve pharmaceutical removal efficiencies. 
Additionally, policy actions must strengthen 
pharmaceutical take-back programs, regulate 
disposal practices, and reinforce compliance 
with the EU Water Framework Directive and 
its Watch List obligations. Integrating environ-
mental monitoring data with pharmaceutical 
usage and public health information will en-
hance understanding of contamination sources 
and support evidence-based water management 
strategies. Collectively, these measures are es-
sential to mitigate pharmaceutical pollution, 
safeguard aquatic ecosystems, and achieve sus-
tainable water quality across Europe.

REFERENCES

1.	 Aus der Beek, T., Weber, F. A., Bergmann, A., 
Hickmann, S., Ebert, I., Hein, A., Küster, A. (2016). 
Pharmaceuticals in the environment—Global oc-
currences and perspectives. Environmental Toxi-
cology and Chemistry, 35(4), 823–835. https://doi.
org/10.1002/etc.3339

2.	 Backhaus, T., Faust, M. (2018). Predictive envi-
ronmental risk assessment of chemical mixtures: 
A conceptual framework. Environmental Science 
& Technology, 52(5), 2564–2573. https://doi.
org/10.1021/acs.est.7b04500

3.	 Boxall, A. B. A. (2004). The environmental side 
effects of medication. EMBO Reports, 5(12), 1110–
1116. https://doi.org/10.1038/sj.embor.7400307

4.	 Brion, F., De Gussem, V., Buchinger, S., Hollert, 
H., Carere, M., Porcher, J.-M., Piccini, B., Féray, 
C., Dulio, V., Hilscherová, K., & others. (2019). 
Screening estrogenic activities of pharmaceuti-
cals in fish. Environmental Science & Technology, 
53(3), 1425–1434. https://doi.org/10.1021/acs.
est.8b05565

5.	 Burcea, A., Boeraș, I., Mihu, C.-M., Bînduc, D., 
Matei, C., Curtean-Bînduc, A. (2020). Adding the 
Mureș River basin (Transylvania, Romania) to the 
list of hotspots with high contamination with phar-
maceuticals. Sustainability, 12(23), 10197. https://
doi.org/10.3390/su122310197

6.	 Celiz, M. D., Tso, J., Aga, D. S. (2009). Pharma-
ceutical metabolites in the environment: analytical 
challenges and ecological risks. Environmental tox-
icology and chemistry, 28(12), 2473–2484. https://
doi.org/10.1897/09-173.1

7.	 Chan, C. K.-M., Lo, C. K. Y., Kan, C. (2024). A 
systematic literature review for addressing micro-
plastic fibre pollution: Urgency and opportunities. 
Water, 16(9), Article 1456. https://doi.org/10.3390/
w16091456

8.	 Chèvre, N., Cornelissen, E., Brion, F. (2014). Phar-
maceuticals in surface waters: Sources, behavior, 
ecological risk, and possible solutions. WIREs Water, 
1(6), 457–477. https://doi.org/10.1002/wat2.1006

9.	 D. Fatta; A. Achilleos; A. Nikolaou; S. Meriç. 
(2007). Analytical methods for tracing pharmaceu-
tical residues in water and wastewater, TrAC Trends 
in Analytical Chemistry 26(6), 515–533. https://doi.
org/10.1016/j.trac.2007.02.001

10.	Daughton, C. G., Ternes, T. A. (1999). Pharma-
ceuticals and personal care products in the envi-
ronment: Agents of subtle change? Environmen-
tal Health Perspectives, 107 (Suppl 6), 907–938. 
https://doi.org/10.1289/ehp.99107s6907

11.	Ene, A., Teodorof, L., Chiescu, C., Burada, A., Des-
pina, C., Bahrim, G., Vasile, A. M., Seceleanu-Odor, 
D., Enachi, E. (2025). Surface water contaminants 



190

Journal of Ecological Engineering 2026, 27(11), 181–192

(metals, nutrients, pharmaceutics, endocrine dis-
ruptors, bacteria) in the Danube river and Black Sea 
basins, SE Romania. Applied Sciences.

12.	European Parliament and Council of the European 
Union. (2000). Directive 2000/60/EC establish-
ing a framework for Community action in the field 
of water policy. Official Journal of the European 
Communities, L327, 1–73

13.	European Parliament and Council of the European 
Union. (2008). Directive 2008/105/EC on envi-
ronmental quality standards in the field of water 
policy. Official Journal of the European Union, 
L348, 84–97.

14.	European Parliament and Council of the Europe-
an Union. (2013). Directive 2013/39/EU amend-
ing Directives 2000/60/EC and 2008/105/EC as 
regards priority substances in the field of water 
policy. Official Journal of the European Union, 
L226, 1–17.

15.	Fatta-Kassinos, D., Vasquez, M. I., Kümmerer, K. 
(2011). Transformation products of pharmaceu-
ticals in surface waters and wastewater formed 
during photolysis and advanced oxidation pro-
cesses. Chemosphere, 85(5), 693–709. https://doi.
org/10.1016/j.chemosphere.2011.06.029

16.	Feng, W., Deng, Y., Yang, F., Miao, Q., Ngien, 
S. K. (2023). Systematic review of contaminants 
of emerging concern (CECs): Distribution, risks, 
and implications for water quality and health. Wa-
ter, 15(8), Article 1783. https://doi.org/10.3390/
w15081783

17.	Feng, W., Deng, Y., Yang, F., Miao, Q., Ngien, 
S. K. (2023). Systematic review of contaminants 
of emerging concern (CECs): Distribution, risks, 
and implications for water quality and health. Wa-
ter, 15(8), Article 1783. https://doi.org/10.3390/
w15081783

18.	Fent, K., Weston, A. A., Caminada, D. (2006). Eco-
toxicology of human pharmaceuticals. Aquatic Tox-
icology, 76(2), 122–159. https://doi.org/10.1016/j.
aquatox.2005.09.009

19.	Ferrari, B., Paxéus, N., Lo Giudice, R., Pollio, 
A., Garric, J. (2004). Ecotoxicological impact 
of pharmaceuticals found in treated wastewa-
ters: Study of carbamazepine, clofibric acid, and 
diclofenac. Ecotoxicology and Environmental 
Safety, 55(3), 359–370. https://doi.org/10.1016/
S0147-6513(03)00141-9

20.	Gjeci, V., Kane, S. S., Lazo, P., Paparisto, A., Keci, 
K. (2025). Assessment of water quality of the Erze-
ni-Ishëm Basin, Albania. Chemistry and Ecology. 
Advance online publication. https://doi.org/10.108
0/02757540.2025.2529928

21.	Guo, J., Selby, K., Boxall, A. B. A. (2016). As-
sessment of the risks of mixtures of major-
use veterinary antibiotics in European surface 

waters. Environmental Science & Technology, 
50(15), 8282–8289. https://doi.org/10.1021/acs.
est.6b01649

22.	Heberer, T. (2002). Tracking persistent pharmaceu-
tical residues from municipal sewage to drinking 
water. Journal of Hydrology, 266(3–4), 175–189. 
https://doi.org/10.1016/S0022-1694(02)00165-8

23.	Helenkár, A., Sebők, A., Záray, G., Molnár-Perl, 
I., Vasanits-Zsigrai, A. (2010). The role of the ac-
quisition methods in the analysis of non-steroidal 
anti-inflammatory drugs in the Danube River 
by gas chromatography–mass spectrometry. Ta-
lanta, 82(2), 600–607. https://doi.org/10.1016/j.
talanta.2010.05.014

24.	Herghelegiu, M.-C., Ernault, A., Beldean-Galea, 
M. S., Coman, M.-V. (2023). HPLC-PDA versus 
GC-MS in the analysis of paracetamol and non-
steroidal anti-inflammatory drugs in wastewater.

25.	Hoi, B. V., Vu, C.-T., Phung-Thi, L.-A., Nguyen, 
T. T., Nguyen, P. T., Mai, H., Le, P., Nguyen, T.-
H., Duong, D. T., Thi, H. N., Le-Van, D., Chu, 
D. B. (2021). Determination of pharmaceutical 
residues by UPLC-MS/MS method: Validation 
and application on surface water and hospital 
wastewater. Journal of Analytical Methods in 
Chemistry, 2021, Article 6628285. https://doi.
org/10.1155/2021/6628285

26.	https://database.ich.org/sites/default/files/ICH_
Q2%28R2%29_Guideline_2023_1130.pdf

27.	International Commission for the Protection of the 
Danube River. (2021). Danube River Basin Man-
agement Plan: Update 2021. ICPDR. https://www.
icpdr.org

28.	International Council for Harmonisation of Techni-
cal Requirements for Pharmaceuticals for Human 
Use. (2023). ICH Q2(R2) guideline on validation 
of analytical procedures: Text and methodology.

29.	Isarczyk, K., Jakubczyk-Karpierz, S., Rakowski, 
J., Witkowski, A. (2021). Occurrence of pharma-
ceuticals and personal care products in the water 
environment of Poland: A review. Water, 13(11), 
Article 1538. https://doi.org/10.3390/w13162283 

30.	Jaku, T., Shehu, A., Gega, F., Shehu, J. (2025). 
Evaluating the environmental state of Albanian riv-
ers: Findings from a one-time sampling campaign. 
In Proceedings of the 9th International Conference 
of Recent Trends in Environmental Science and En-
gineering (London, United Kingdom).

31.	József, T., Kiss, S. R., Muzslay, F., Máté, O., 
Stromájer, G. P., Stromájer-Rácz, T. (2023). Detec-
tion and quantification of pharmaceutical residues in 
the Pest county section of the River Danube. Water, 
15(9), 1755. https://doi.org/10.3390/w15091755

32.	Kafeenah, H. I. S., Osman, R., Bakar, N. A. 
(2018). Disk solid-phase extraction of multi-class 



191

Journal of Ecological Engineering 2026, 27(11), 181–192

pharmaceutical residues in tap water and hospital 
wastewater prior to ultra-performance liquid chro-
matographic–tandem mass spectrometry analyses. 
RSC Advances, 8, 38464–38475.

33.	Kondor, A. C., Jakab, G., Vancsik, A., Filep, T., 
Szeberényi, J., Szabó, L., Maász, G., Ferincz, 
Á., Dobosy, P., Szalai, Z. (2020). Occurrence of 
pharmaceuticals in the Danube and drinking wa-
ter wells: Efficiency of riverbank filtration. Envi-
ronmental Pollution, 265(Part A), Article 114893. 
https://doi.org/10.1016/j.envpol.2020.114893

34.	Lalithambika, D. S., Gopalakrishnan, V. B., Mu-
rali, V. (2024). From prescription to pollution: The 
ecological consequences of NSAIDs in aquatic eco-
systems. Toxicology Reports, 13, Article 101775. 
https://doi.org/10.1016/j.toxrep.2024.101775

35.	Lee, H., Sarafin, K., Peart, T. E., Svoboda, M. 
(2003). Acidic pharmaceuticals in sewage-method-
ology, stability test, occurrence, and removal from 
Ontario samples. UWA Publishing.

36.	Loos, R., Carvalho, R., António, D. C., Comero, 
S., Locoro, G., Tavazzi, S., Paracchini, B., Ghiani, 
M., Lettieri, T., Blaha, L., Jarosova, B., Voorspoels, 
S., Servaes, K., Haglund, P., Fick, J., Lindberg, R. 
H., Schwesig, D., Gawlik, B. M. (2013). EU-wide 
monitoring survey on emerging polar organic con-
taminants in wastewater treatment plant effluents. 
Water Research, 47(17), 6475–6487. https://doi.
org/10.1016/j.watres.2013.08.024

37.	Malaj, E., von der Ohe, P. C., Grote, M., Kühne, 
R., Mondy, C. P., Usseglio-Polatera, P., Brack, W., 
Schäfer, R. B. (2014). Organic chemicals jeopar-
dize the health of freshwater ecosystems on the 
continental scale. Proceedings of the National 
Academy of Sciences, 111(26), 9549–9554. https://
doi.org/10.1073/pnas.1321082111

38.	Mezzelani, M., Gorbi, S., Regoli, F. (2018). En-
vironmental pharmaceuticals at sub-lethal concen-
trations: Biological effects on aquatic organisms. 
Aquatic Toxicology, 195, 261–271. https://doi.
org/10.1016/j.aquatox.2017.12.019

39.	Nguyen, P. Y., Carvalho, G., Reis, M. A., Oehmen, 
A. (2021). A review of the biotransformations of 
priority pharmaceuticals in biological wastewater 
treatment processes. Water Research, 188, 116446.

40.	OECD. (2019). Pharmaceutical residues in fresh-
water: Hazards and policy responses (OECD 
Studies on Water). OECD Publishing. https://doi.
org/10.1787/c936f42d-en

41.	OECD. (2022). Management of pharmaceutical 
household waste: Limiting environmental impacts 
of unused or expired medicines. OECD Publishing. 
https://doi.org/10.1787/3854026c-en

42.	Paíga, P., Correia-Sá, L., Correia, M., Figueiredo, S. 
A., Vieira, J., Jorge, S., Silva, J. G., Delerue-Matos, 
C. (2024). Temporal analysis of pharmaceuticals 

as emerging contaminants in surface water and 
wastewater samples: A case study. Journal of Xe-
nobiotics, 14(3), 873–892. https://doi.org/10.3390/
jox14030048

43.	Palma, P., Fialho, S., Lima, A., Novais, M. H., 
Costa, M. J., Montemurro, N., Pérez, S., de Alda, 
M. L. (2019). Pharmaceuticals in a Mediterranean 
basin: The influence of temporal and hydrological 
patterns in environmental risk assessment. Science 
of the Total Environment, 648, 1087–1096. https://
doi.org/10.1016/j.scitotenv.2018.08.020

44.	Peqini, A., Heyde, B. J., Brahushi, F., Düring, R.-
A. (2025). Integrated analysis of the occurrence 
and in situ sediment–water partitioning of select-
ed pharmaceuticals in a riverine system (Ishëm 
River Basin, Albania). Environmental Sciences 
Europe, 37, Article 212. https://doi.org/10.1186/
s12302-025-01264-w

45.	Petre, J., Niță-Lazar, M., Galaon, T., Păun, I., 
Niculescu, M. (2019). Occurrence of pharmaceu-
ticals and disinfectants in the dissolved water phase 
of the Danube River and three major tributaries 
from Romania. Romanian Journal of Ecology & 
Environmental Chemistry, 1(1), 31–41. https://doi.
org/10.21698/rjeec.2019.106

46.	Philibert, P., Djardin, S., Girard, M., Durix, Q., 
Gonzalez, A., Mialhe, X., Tardat, M., Poulat, F., 
Boizet-Bonhoure, B. (2023). Cocktails of NSAIDs 
and 17α-ethinylestradiol at environmentally rele-
vant doses in drinking water alter puberty onset in 
mice intergenerationally. Toxics, 11.

47.	Montes R., Méndez S., Cobas J., Carro N., Neu-
parth T., Alves N., Santos M.M., Quintana J.B., 
Rodil R.(2023). Occurrence of persistent and mo-
bile chemicals and other contaminants of emerg-
ing concern in Spanish and Portuguese waste-
water treatment plants, transnational river basins 
and coastal water. Science of The Total Environ-
ment, 885, 163737. https://doi.org/10.1016/j.
scitotenv.2023.163737

48.	Radjenović, J., Petrović, M., Barceló, D. (2007). 
Analysis of pharmaceuticals in wastewater and 
removal using a membrane bioreactor. Analytical 
and Bioanalytical Chemistry, 387(4), 1365–1377. 
https://doi.org/10.1007/s00216-006-0883-6

49.	Richmond, E. K., Rosi, E. J., Walters, D. M., Fick, 
J., Hamilton, S. K., Brodin, T., Sundelin, A., Grace, 
M. R. (2017). A diverse suite of pharmaceuticals 
alters stream ecosystem function. Proceedings of 
the National Academy of Sciences, 114(35), E7083–
E7092. https://doi.org/10.1073/pnas.1613549114

50.	Rodriguez-Mozaz, S., Weinberg, H. S. (2010). 
Meeting report: Pharmaceuticals in water—An 
interdisciplinary approach to a public health chal-
lenge. Environmental Health Perspectives, 118(7), 
1016–1020. https://doi.org/10.1289/ehp.0901532



192

Journal of Ecological Engineering 2026, 27(11), 181–192

51.	Scheurer, M., Michel, A., Brauch, H.-J., Ruck, W., 
Sacher, F. (2012). Occurrence and fate of the an-
tidiabetic drug metformin and its metabolite gua-
nylurea in the aquatic environment. Environmental 
Science & Technology, 46(1), 607–614. https://doi.
org/10.1021/es203013m

52.	Sekopelo, A. G., Munonde, T. S., Nqombolo, A., 
Mpupa, A., Nomngongo, P. N. (2024). UiO-66@
Fe3O4 nanocomposite as an adsorbent in disper-
sive solid-phase extraction of metformin in surface 
water and wastewater. Nano Express.

53.	Shegani, G. (2016). Seasonal variation of the 
Osumi River. Environment and Ecology Re-
search, 4(5), 295–302. https://doi.org/10.13189/
eer.2016.040501

54.	Shipingana, L. N. N., Shivaraju, H. P., Yashas, S. 
R. (2022). Quantitative assessment of pharmaceuti-
cal drugs in municipal wastewater and overview of 
associated risks. Applied Water Science, 12, Article 
16. https://doi.org/10.1007/s13201-022-01570-1

55.	Sousa, J. C. G., Ribeiro, A. R., Barbosa, M. O., 
Pereira, M. F. R., Silva, A. M. T. (2018). Occur-
rence and environmental risk assessment of phar-
maceuticals in Portuguese rivers. Science of the 
Total Environment, 633, 1538–1550. https://doi.
org/10.1016/j.scitotenv.2018.03.297

56.	Styszko, K., Prochaska, K., Kasprzyk, M. (2022). 
Pharmaceutical residues: One of the significant 
problems in achieving “clean water for all” and 
possible solutions. Science of the Total Environ-
ment, 835, Article 155300.

57.	Szymonik, A., Lach, J., Malińska, K. (2017). Fate 
and removal of pharmaceuticals and illegal drugs 
present in drinking water and wastewater. De 
Gruyter Open.

58.	Tahiri, V., Denaj, A., Prenga, D. (2023). Assessment 
of the presence of pharmaceutical compounds in 
wastewaters and in aquatic environment. Journal of 
Human, Earth and Future, 4(3), 290–302. https://

doi.org/10.28991/HEF-2023-04-03-03
59.	U.S. Environmental Protection Agency. (n.d.). The im-

pact of pharmaceuticals released into the environment. 
https://www.epa.gov/household-medication-disposal/
impact-pharmaceuticals-released-environment

60.	Umweltbundesamt. (2024). Entry and occurrence 
of human pharmaceuticals in the environment. 
German Environment Agency. https://www.um-
weltbundesamt.de/en/entry-occurrence-of-human-
pharmaceuticals-in-the-environment

61.	United Nations Environment Programme. 
(2019). Pharmaceuticals in the environment. 
UNEP. https://www.unep.org/explore-topics/
chemicals-waste/what-we-do/emerging-issues/
pharmaceuticals-environment

62.	Vieno, N. M., Sillanpää, M. (2014). Fate of diclof-
enac in municipal wastewater treatment plants: 
A review. Environment International, 69, 28–39. 
https://doi.org/10.1016/j.envint.2014.03.021

63.	Wilkinson, J. L., Boxall, A. B. A., Kolpin, D. W., 
Leung, K. M. Y., Lai, R. W. S., Galbán-Malagón, 
C., Adell, A. D., Mondon, J., Metian, M., March-
ant, R. A., Bouzas-Monroy, A., Cuni-Sanchez, A., 
Coors, A., Carriquiriborde, P., Rojo, M., Gordon, 
C., Cara, M., Moja, S. J.,..., Condron, L. M. (2022). 
Pharmaceutical pollution of the world’s rivers. 
Proceedings of the National Academy of Scienc-
es, 119(8), e2113947119. https://doi.org/10.1073/
pnas.2113947119

64.	Zheng, Y., Shao, Y., Zhang, Y., Liu, Z., Zhao, Z., Xu, 
R., Ding, J., Li, W., Wang, B., Zhang, H. (2024). Met-
formin as an emerging pollutant in the aquatic environ-
ment: Occurrence, analysis, and toxicity. Toxics, 12(7), 
Article 483. https://doi.org/10.3390/toxics12070483

65.	Zhuo, R., Bao, R., Fan, Y., Lin, Q., Yang, Y. (2025). 
Development of a method for rapid determination 
of 98 PPCPs in drinking water by SPE-UPLC-
MS/MS. Analytical Methods, 17(21), 4387–4402. 
https://doi.org/10.1039/d5ay00307e


