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The presence of pharmaceuticals in the aquatic environment presents a challenge to modern science. The most

significant impact this can induce is the emergence of antibiotic resistance, which can lead to a global health

emergency. It is important to note that the impact of pharmaceuticals in the aquatic environment is not limited to

antibiotic resistance. Pharmaceuticals can also affect the behaviour and reproductive systems of aquatic

organisms, with cascading effects on entire ecosystems.
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1. Introduction

Hydrobiology is a branch of ecology that studies living organisms in aquatic habitats. It focuses on the interactions

between aquatic organisms and the physical and chemical environment, as well as their interactions with each

other . Emerging pollutants are substances that have recently been identified as environmental contaminants and

that have the capacity to induce deleterious impacts on the health of ecosystems and humans . Pharmaceutical

products are one example of emerging pollutants as they are found in various aquatic systems around the globe.

They are emerging pollutants due to their continuous and widespread usage . When these pharmaceutical

products enter water bodies, they can have a significant impact on aquatic organisms, including altering their

behaviour and causing reproductive problems and even death. Additionally, these substances are persistent and

xenobiotics in the environment, leading to chronic exposure of aquatic organisms and humans who consume

contaminated water .

Recent reports highlight the urgency of understanding the emerging pollutants’ impacts on aquatic habitats and

their inhabitants, including the field of hydrobiology . For instance, research by Li et al.  explored the

incidence and ecological risk of pharmaceuticals present in a drinking water reservoir source in China (mainland).

The examination found that various pharmaceutical compounds and products were present in the water and posed

ecological risks to the aquatic organisms in the reservoir. Similarly, a study by Li et al.  and Mastrángelo et al. 

evaluated the impact of emerging pollutants, including pharmaceuticals, on the microbial composition nexus in an

urban river. The study found that the microbial community composition was significantly altered in the presence of

these pollutants. These studies demonstrate the need for continued research and management strategies to

minimize the effects of emerging pollutants on water ecosystems and human health.
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Pharmaceutical products have been increasingly detected in water bodies due to various pathways, including direct

discharge of treated and untreated wastewater, surface runoff, and agricultural and industrial runoff . The

presence of these products in water bodies poses a significant risk to aquatic organisms and human health. The

discharge of treated and untreated wastewater containing pharmaceuticals into rivers and streams is one of the

major paths and routes for the introduction of these products into aquatic systems . In addition, agricultural

activities and livestock farming were identified as potential sources of contamination, as drugs such as antibiotics

and hormones are often used in these practices . The existence of pharmaceutical products in environmental

matrices, especially water systems, highlights the need for improved waste management practices, increased

public awareness, and the development of more effective technologies related to wastewater treatment to reduce

the impact of emerging pollutants on the environment and human health .

2. Routes of Pharmaceutical Product Entry into Water Bodies
and Their Detection

Pharmaceutical products can enter aquatic systems through various pathways . A general route that presents

the channels through which the pharmaceutics can enter aquatic systems is presented in Figure 1. One of the

primary sources is direct discharge from wastewater treatment plants .
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Figure 1. Pathways through which pharmaceutical contaminants can enter aquatic systems .

Pharmaceutical products are often excreted by humans and animals, and they can pass through wastewater

treatment plants without being fully removed . There are numerous studies that have reported the presence

of pharmaceutical products in wastewater. An extensive review of the presence of pharmaceuticals in domestic

wastewater was presented by Petal et al.  and Falahi et al. . If the wastewater remains untreated, this can

lead to bioaccumulation in aquatic animals. For instance, Carrizo et al.  conducted a study in Argentina on pacu

fish (Piaractus mesopotamicus) and reported the presence of pharmaceuticals and their metabolites (including 1,7-

dimethylxanthine, benzoylecgonine, bis(2-ethylhexyl) phthalate, caffeine, carbendazim, cyclamate, dodecanedioic

acid, ethylparaben, xanthine, methylparaben, metolachlor, salicylic acid, and saccharin) in all analysed samples.

Similarly, in another study conducted by Mastrángelo et al. , the presence of acetaminophen, atenolol,

carbamazepine, ciprofloxacin, hydrochlorothiazide, sulfamethoxazole, valsartan, and venlafaxine in surface water,

ciprofloxacin in the biofilm, and Lemma gibba, were reported. It clearly indicates the importance of effective

treatment for the removal of pharmaceutical products, as having them in wastewater and water streams can

exacerbate the menace of antibiotic resistance in opportunistic pathogens . The presence of pharmaceutical

products, including antibiotics, in wastewater can lead to the selection and proliferation of antibiotic-resistant

bacteria . These resistant bacteria can then be released into the environment, potentially infecting humans and

animals. In addition, the discharge of untreated wastewater into water bodies can provide a reservoir for the

exchange of resistance genes between different bacterial species . Effective wastewater treatment is therefore

essential to prevent the spread of antibiotic resistance and protect public health . Treated wastewater can also

contain residual pharmaceuticals that are released into rivers, lakes, and oceans, potentially affecting aquatic

organisms . Another source of pharmaceutical products in aquatic systems is leakage from landfills .

When pharmaceuticals are disposed of in landfills, they can leach into the surrounding groundwater and surface

water. This can happen when rainwater percolates through the landfill and carries dissolved pharmaceuticals with it

. Over time, the leached pharmaceuticals can find their way into streams, rivers, and other aquatic systems.

Agricultural runoff is another potential pathway for pharmaceutical products to enter aquatic systems. Livestock

farms and agricultural fields often use pharmaceuticals such as antibiotics and hormones to prevent disease and

promote growth in animals . These chemicals can be excreted in animal waste and washed off fields by rainwater

or irrigation. The runoff can then enter streams and rivers, carrying with it residual pharmaceuticals that can

potentially harm aquatic organisms . Overall, the presence of pharmaceutical products in aquatic systems can

have significant ecological impacts. It is important to understand the sources and pathways of pharmaceuticals to

minimize their impact on the environment and ensure the safety of aquatic ecosystems.

A comprehensive review of the literature focusing on methods for monitoring and assessing the levels of

pharmaceutical products in water is presented by Rathi et al. . These methods can be classified based on

underlying working principles (Analytical Chemistry Techniques or biological methods) and monitoring methodology

statutes (active and passive techniques). Table 1 summarizes those methods used for the detection of

pharmaceutical products in aquatic environments. Passive sampling involves the use of devices or materials to

absorb or adsorb chemicals from water over time, while active sampling requires physically collecting water
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samples. Laboratory techniques such as high-performance liquid chromatography (HPLC), mass spectrometry

(MS), enzyme-linked immunosorbent assay (ELISA), and polymerase chain reaction (PCR) can be used to detect

and quantify specific pharmaceutical products in water samples . Similarly, biological methods can be used to

assess the potential effects of pharmaceutical products on living organisms in the aquatic system .

Using a combination of these methods, researchers and regulatory agencies can better understand the presence

and potential impacts of pharmaceutical products in water and take appropriate actions to protect public health and

the environment.

Table 1. Methods used for the detection of pharmaceutical products in aquatic systems.

[22][23]

[23][24][25][26][27][28]

Methods Description
Monitoring

Status
Usage References

Analytical

Chemistry

Techniques:

Pharmaceutical

products can be

detected and

quantified using

various analytical

chemistry

techniques

High-

Performance

Liquid

Chromatography

(HPLC)

Separates and

identifies individual

components in a

sample based on

their chemical

properties.

Active

Commonly used

methods (individually

and in combination) for

the detection of

pharmaceutical

contaminants

Gas

Chromatography

(GC)

Separates and

analyzes volatile

compounds in a

sample.

Active

Mass

Spectrometry

(MS)

Measures the

mass-to-charge

ratio of ions to

identify and quantify

compounds in a

sample.

Active

Diffusive

Gradients in Thin

Films (DGT)

Uses a resin gel

that binds to the

pharmaceuticals,

allowing for their

detection after

Passive Antiviral agent,

hypoglycemic, blood

lipid regulator,

anticonvulsant drug,

anti-inflammatory drug,

antidepressant,

[29]
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Methods Description
Monitoring

Status
Usage References

being collected on

the resin.

antiplatyhelmintic drug,

antirheumatic drug, β-

lactams, macrolides,

fluoroquinolones,

sulfonamide,

tetracyclines, and other

antibiotics

Polar Organic

Chemical

Integrative

Samplers

(POCIS)

Uses a sorbent

material to collect

pharmaceuticals

over time.

Passive

Carbamazepine,

Ibuprofen, Gemfibrozil,

Triclosan, Octocrylene,

Caffeine, Ketoprofen,

Naproxen, Diclofenac,

Mefenamic acid

Solid Phase

Microextraction

(SPME)

Uses a small fiber

coated with a

sorbent material to

extract

pharmaceuticals

from the water over

time.

Passive

Nifedipine, furosemide,

hydrochlorothiazide,

valsartan, pravastatin

sodium, rosuvastatin

calcium salt, and

gemfibrozil

Biological

Methods.

Living organisms

or biological

origin products

that can be used

to monitor the

effects of

pharmaceutical

products on

Bioassays Measures the

biological response

of an organism or

cell to a

pharmaceutical

product. (Growth,

reproduction, and

survival—

Caenorhabditis

elegan, germination

assay—Lactuca

sativa, and bio-

Active Ibuprofen
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3. Assessment of Risk Related to Pharmaceutical Products
in Water Bodies

The risk of pharmaceutical products to hydrobiology can be assessed using a range of different techniques. The

first step is to measure the concentrations of pharmaceutical contaminants in the aquatic system . This is

typically done using chemical analyses such as gas chromatography or high-performance liquid chromatography. It

is also important to assess the bioavailability and toxicity of the pharmaceuticals, as this can help inform risk

assessments. This can be done by measuring the aquatic concentration of the compound, as well as its rate of

degradation in the environment . The next step is to study the direct and indirect effects of pharmaceuticals on

Methods Description
Monitoring

Status
Usage References

aquatic

ecosystems

luminance assay-

Vibrio fischeri)

Biomarkers

Measures the

presence or levels

of specific

molecules or genes

in an organism that

indicate exposure to

a pharmaceutical

product. (Enzymatic

profiling for Fish—

invasive,

Hemolymph for carb

—Noninvasive)

Passive
Triclosan and 17α-

Ethynylestradiol

Ecotoxicology

Examines the

effects of

pharmaceutical

products on the

behavior,

reproduction,

growth, and survival

of aquatic

organisms.

(Mortality (LC50)

and reproduction

inhibition (NOEC) in

Daphnia magna

Passive

Diclofenac, ibuprofen,

clofibric acid,

carbamazepine,

salicylic acid,

gemfibrozil,

acetaminophen,

bezafibrate, tolfenamic

acid

Enzyme-Linked

Immunosorbent

Assay (ELISA)

A type of

immunoassay that

detects and

measures specific

molecules, including

Active Amoxicillin, caffeine,

chloramphenicol,

ciprofloxacin,

dexamethasone,

diclofenac,
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aquatic organisms . This includes assessing the accumulation and metabolism of the compounds by

organisms, as well as their effects on population sizes, feeding, and reproductive behaviour. For example, studies

can look at the risk posed by pharmaceuticals to specific species or species of conservation importance . It is

also important to track the overall health of the aquatic ecosystem, for example by assessing water quality

parameters such as the levels of nitrates and phosphates, pH levels, dissolved oxygen, and temperature . The

risks associated with pharmaceutical products in aquatic systems can include toxicity to aquatic organisms,

antibiotic resistance development, and endocrine disruption . These products can also affect the food chain, with

the potential to harm the health of fish and other aquatic life that humans consume . Additionally, pharmaceutical

products can lead to the growth of harmful algae and bacteria in the water, which can harm aquatic life and make

the water unsuitable for human use. The accumulation of pharmaceutical products in the environment can also

have unknown long-term effects on the ecosystem, making it crucial to monitor and regulate the use and disposal

of these products. These risks posed by pharmaceutical products to hydrobiology have been highlighted in several

studies. For instance, Tambosi et al.  and Patel et al.  pointed out that pharmaceutical products can introduce

new or higher concentrations of various chemicals into the environment, disrupting the balance of aquatic

ecosystems.

These pollutants include antibiotics, hormones, and antifouling agents, among others. Similarly, a study by Kayode-

Afolayan et al.  highlighted the impact of pharmaceuticals on nitrogen and phosphorus levels in water bodies, as

well as their effects on the health and behaviour of aquatic species. This work also proposed that some

pharmaceuticals can act as endocrine-disrupting compounds, causing serious biological effects on aquatic

organisms.

These findings demonstrate the importance of continued research and management efforts to minimize the impact

of pharmaceutical products on aquatic ecosystems. Pharmaceuticals in water bodies can accumulate in sediments,

potentially leading to long-term exposure to aquatic organisms . Another study by Foster et al.  highlighted

the potential of fluoxetine to cause changes in the metabolism and gene expression of Rana pipiens, potentially

leading to negative impacts on their growth, development, and survival. Additionally, a recent study by Leonardo et

al.  showed that the presence of pharmaceuticals in water bodies can lead to the development of antibiotic-

resistant bacteria, posing potential risks to human health. In another study, Bereketoglu et al.  observed various

effects in zebrafish embryos and larvae caused by nonsteroidal anti-inflammatory drugs (NSAIDs). These effects

included malformations and mortality in the embryos, apoptosis in the larvae, downregulation of genes that are

biased towards females, and an increase in the proportion of males. The effects were particularly significant in

areas with high concentrations of the drug. It demonstrates the harmful impact that pharmaceutical products can

have on aquatic ecosystems and the need for effective management practices to mitigate these effects.

4. Methods of Choice for the Management of Pharmaceutical
Pollution in Water

There are several pharmaceutical remediation methods currently in use for treating pharmaceutical products in

aquatic environments. These methods include biological treatments such as activated sludge, bioremediation,

Methods Description
Monitoring

Status
Usage References

pharmaceuticals, in

a sample.

nitrofurazone,

sulfamethoxazole, and

triclosan
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phytoremediation, and nutrient removal . Other physical remediation methods include adsorption, absorption,

and membrane filtration . Chemical treatments such as oxidation, chlorination, and ozonation may also be used

. New research is also being conducted to develop novel remediation technologies, such as engineered

nanomaterials and biosystems used for the adsorption of antibiotics, which hold promise for treating contaminated

waters . At present, a few of these systems are in the research stage and need thorough evaluation before

commercial application. Biological treatments are often preferred for the treatment of pharmaceutical products in

aquatic environments because they can be more cost-effective compared with physical or chemical treatments,

and they typically result in lower residual impact. Bioremediation uses bacteria, fungi, algae, or plants to degrade or

transform toxins in the environment . However, the risk of antibiotic resistance and the emergence of

super tolerant microbial bugs are among the most prominent obstacles to the use of microbial-based

bioremediation technologies. Other biological treatments include oyster culture, marsh wetlands, and constructed

wetlands, which use plants and animals to filter out contaminants. Such treatments must be carefully managed to

ensure that the water is safe for human and aquatic life.

References

1. Ferreira, T.; Akter, R.; Hasan, N.; Reza, F.; Asaduzzaman, M.; Begum, K.; Shammi, M.
Hydrobiology of saline agriculture ecosystem: A review of scenario change in south-west region of
Bangladesh. Hydrobiology 2023, 2, 162–180.

2. da Silva, J.R.M.C.; Bergami, E.; Gomes, V.; Corsi, I. occurrence and distribution of legacy and
emerging pollutants including plastic debris in Antarctica: Sources, distribution and impact on
marine biodiversity. Mar. Pollut. Bull. 2023, 186, 114353.

3. Li, B.; Xu, D.; Zhou, X.; Yin, Y.; Feng, L.; Liu, Y.; Zhang, L. Environmental behaviors of emerging
contaminants in freshwater ecosystem dominated by submerged plants: A review. Environ. Res.
2023, 227, 115709.

4. Hawash, H.B.; Moneer, A.A.; Galhoum, A.A.; Elgarahy, A.M.; Mohamed, W.A.A.; Samy, M.; El-
Seedi, H.R.; Gaballah, M.S.; Mubarak, M.F.; Attia, N.F. Occurrence and spatial distribution of
pharmaceuticals and personal care products (PPCPs) in the aquatic environment, their
characteristics, and adopted legislations. J. Water Process Eng. 2023, 52, 103490.

5. Kock, A.; Glanville, H.C.; Law, A.C.; Stanton, T.; Carter, L.J.; Taylor, J.C. Emerging challenges of
the impacts of pharmaceuticals on aquatic ecosystems: A diatom perspective. Sci. Total Environ.
2023, 878, 162939.

6. Cui, C.; Han, Q.; Jiang, L.; Ma, L.; Jin, L.; Zhang, D.; Lin, K.; Zhang, T. Occurrence, distribution,
and seasonal variation of antibiotics in an artificial water source reservoir in the Yangtze river
delta, East China. Environ. Sci. Pollut. Res. 2018, 25, 19393–19402.

[42]

[43]

[44]

[45][46]

[47][48][49][50]



Pharmaceuticals in Water | Encyclopedia.pub

https://encyclopedia.pub/entry/50649 9/12

7. Mastrángelo, M.M.; Valdés, M.E.; Eissa, B.; Ossana, N.A.; Barceló, D.; Sabater, S.; Rodríguez-
Mozaz, S.; Giorgi, A.D.N. Occurrence and accumulation of pharmaceutical products in water and
biota of urban lowland rivers. Sci. Total Environ. 2022, 828, 154303.

8. Morin-Crini, N.; Lichtfouse, E.; Liu, G.; Balaram, V.; Ribeiro, A.R.L.; Lu, Z.; Stock, F.; Carmona, E.;
Teixeira, M.R.; Picos-Corrales, L.A.; et al. worldwide cases of water pollution by emerging
contaminants: A review. Environ. Chem. Lett. 2022, 20, 2311–2338.

9. Carrizo, J.C.; Vo Duy, S.; Munoz, G.; Marconi, G.; Amé, M.V.; Sauvé, S. Suspect screening of
pharmaceuticals, illicit drugs, pesticides, and other emerging contaminants in Argentinean
Piaractus mesopotamicus, a fish species used for local consumption and export. Chemosphere
2022, 309, 136769.

10. O’Flynn, D.; Lawler, J.; Yusuf, A.; Parle-Mcdermott, A.; Harold, D.; Mc Cloughlin, T.; Holland, L.;
Regan, F.; White, B. A review of pharmaceutical occurrence and pathways in the aquatic
environment in the context of a changing climate and the COVID-19 pandemic. Anal. Methods
2021, 13, 575–594.

11. Puri, M.; Gandhi, K.; Kumar, M.S. Emerging environmental contaminants: A global perspective on
policies and regulations. J. Environ. Manag. 2023, 332, 117344.

12. Rathi, B.S.; Kumar, P.S.; Show, P.L. A review on effective removal of emerging contaminants from
aquatic systems: Current trends and scope for further research. J. Hazard. Mater. 2021, 409,
124413.

13. Almazrouei, B.; Islayem, D.; Alskafi, F.; Catacutan, M.K.; Amna, R.; Nasrat, S.; Sizirici, B.; Yildiz, I.
Steroid hormones in wastewater: Sources, Treatments, Environmental Risks, and Regulations.
Emerg. Contam. 2023, 9, 100210.

14. Omuferen, L.O.; Maseko, B.; Olowoyo, J.O. Occurrence of Antibiotics in Wastewater from
Hospital and Convectional Wastewater Treatment Plants and Their Impact on the Effluent
Receiving Rivers: Current Knowledge between 2010 and 2019. Environ. Monit. Assess. 2022,
194, 306.

15. Patel, M.; Kumar, R.; Kishor, K.; Mlsna, T.; Pittman, C.U.; Mohan, D. Pharmaceuticals of
Emerging Concern in Aquatic Systems: Chemistry, Occurrence, Effects, and Removal Methods.
Chem. Rev. 2019, 119, 3510–3673.

16. AL Falahi, O.A.; Abdullah, S.R.S.; Hasan, H.A.; Othman, A.R.; Ewadh, H.M.; Al-Baldawi, I.A.;
Kurniawan, S.B.; Imron, M.F.; Ismail, N.I. Simultaneous removal of ibuprofen, organic material,
and nutrients from domestic wastewater through a pilot-scale vertical sub-surface flow
constructed wetland with aeration system. J. Water Process. Eng. 2021, 43, 102214.

17. Xie, Z.; Lu, G.; Yan, Z.; Liu, J.; Wang, P.; Wang, Y. Bioaccumulation and trophic transfer of
pharmaceuticals in food webs from a large freshwater lake. Environ. Pollut. 2017, 222, 356–366.



Pharmaceuticals in Water | Encyclopedia.pub

https://encyclopedia.pub/entry/50649 10/12

18. Chen, J.; Ying, G.G.; Wei, X.D.; Liu, Y.S.; Liu, S.S.; Hu, L.X.; He, L.Y.; Chen, Z.F.; Chen, F.R.;
Yang, Y.Q. Removal of antibiotics and antibiotic resistance genes from domestic sewage by
constructed wetlands: Effect of flow configuration and plant species. Sci. Total Environ. 2016, 571,
974–982.

19. Kumar, V.; Sharma, N.; Umesh, M.; Chakraborty, P.; Kaur, K.; Duhan, L.; Sarojini, S.; Thazeem,
B.; Pasrija, R.; Vangnai, A.S.; et al. Micropollutants characteristics, fate, and sustainable removal
technologies for landfill leachate: A technical perspective. J. Water Process. Eng. 2023, 53,
103649.

20. Tijani, J.O.; Fatoba, O.O.; Petrik, L.F. A review of pharmaceuticals and endocrine-disrupting
compounds: Sources, effects, removal, and detections. Water Air Soil Pollut. 2013, 224, 1770.

21. Rathi, B.S.; Kumar, P.S.; Vo, D.V.N. Critical review on hazardous pollutants in water environment:
Occurrence, monitoring, fate, removal technologies and risk assessment. Sci. Total Environ.
2021, 797, 149134.

22. MacKeown, H.; Magi, E.; Di Carro, M.; Benedetti, B. Unravelling the role of membrane pore size
in polar organic chemical integrative samplers (pocis) to broaden the polarity range of sampled
analytes. Anal. Bioanal. Chem. 2022, 414, 1963–1972.

23. Wang, Y.; Jie, Y.; Hu, Q.; Yang, Y.; Ye, Y.; Zou, S.; Xu, J.; Ouyang, G. A polymeric solid-phase
microextraction fiber for the detection of pharmaceuticals in water samples. J. Chromatogr. A
2020, 1623, 461171.

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

25. Han, G.H.; Hur, H.G.; Kim, S.D. Ecotoxicological risk of pharmaceuticals from wastewater
treatment plants in korea: Occurrence and toxicity to Daphnia magna. Environ. Toxicol. Chem.
2006, 25, 265–271.

26. Gallego-Ríos, S.E.; Peñuela, G.A.; Martínez-López, E. Updating the use of biochemical
biomarkers in fish for the evaluation of alterations produced by pharmaceutical products. Environ.
Toxicol. Pharmacol. 2021, 88, 103756.

27. Martín, C.; Fajardo, C.; Costa, G.; Sánchez-Fortún, S.; San Andrés, M.D.; González, F.; Nande,
M.; Mengs, G.; Martín, M. Bioassays to assess the ecotoxicological impact of polyethylene
microplastics and two organic pollutants, simazine and ibuprofen. Chemosphere 2021, 274,
129704.

28. da Silva, L.F.; Nobre, C.R.; Moreno, B.B.; Pereira, C.D.S.; de Souza Abessa, D.M.; Choueri, R.B.;
Gusso-Choueri, P.K.; Cesar, A. Non-destructive biomarkers can reveal effects of the association



Pharmaceuticals in Water | Encyclopedia.pub

https://encyclopedia.pub/entry/50649 11/12

of microplastics and pharmaceuticals or personal care products. Mar. Pollut. Bull. 2022, 177,
113469.

29. Ohoro, C.R.; Adeniji, A.O.; Okoh, A.I.; Okoh, O.O. Distribution and chemical analysis of
pharmaceuticals and personal care products (ppcps) in the environmental systems: A review. Int.
J. Environ. Res. Public Health 2019, 16, 3026.

30. Cao, H.; Bu, Q.; Li, Q.; Gao, X.; Xie, H.; Gong, W.; Wang, X.; Yang, L.; Tang, J. Development and
applications of diffusive gradients in thin films for monitoring pharmaceuticals in surface waters.
Environ. Pollut. 2022, 311, 119979.

31. Riva, F.; Zuccato, E.; Castiglioni, S. Prioritization and analysis of pharmaceuticals for human use
contaminating the aquatic ecosystem in Italy. J. Pharm. Biomed. Anal. 2015, 106, 71–78.

32. Coecke, S.; Pelkonen, O.; Leite, S.B.; Bernauer, U.; Bessems, J.G.M.; Bois, F.Y.; Gundert-Remy,
U.; Loizou, G.; Testai, E.; Zaldívar, J.M. Toxicokinetics as a key to the integrated toxicity risk
assessment based primarily on non-animal approaches. Toxicol. Vitro 2013, 27, 1570–1577.

33. Kayode-Afolayan, S.D.; Ahuekwe, E.F.; Nwinyi, O.C. Impacts of pharmaceutical effluents on
aquatic ecosystems. Sci. Afr. 2022, 17, e01288.

34. Gunnarsson, L.; Snape, J.R.; Verbruggen, B.; Owen, S.F.; Kristiansson, E.; Margiotta-Casaluci,
L.; Österlund, T.; Hutchinson, K.; Leverett, D.; Marks, B.; et al. Pharmacology beyond the patient
—The environmental risks of human drugs. Environ. Int. 2019, 129, 320–332.

35. Liu, N.; Jin, X.; Feng, C.; Wang, Z.; Wu, F.; Johnson, A.C.; Xiao, H.; Hollert, H.; Giesy, J.P.
Ecological risk assessment of fifty pharmaceuticals and personal care products (PPCPs) in
Chinese surface waters: A proposed multiple-level system. Environ. Int. 2020, 136, 105454.

36. Gwenzi, W.; Chaukura, N. Organic contaminants in african aquatic systems: Current knowledge,
health risks, and future research directions. Sci. Total Environ. 2018, 619–620, 1493–1514.

37. Tambosi, J.L.; de Sena, R.F.; Favier, M.; Gebhardt, W.; José, H.J.; Schröder, H.F.; de Fatima
Peralta Muniz Moreira, R. Removal of pharmaceutical compounds in membrane bioreactors
(MBR) applying submerged membranes. Desalination 2010, 261, 148–156.

38. Almeida, Â.; Solé, M.; Soares, A.M.V.M.; Freitas, R. Anti-inflammatory drugs in the marine
environment: Bioconcentration, metabolism and sub-lethal effects in marine bivalves. Environ.
Pollut. 2020, 263, 114442.

39. Foster, H.R.; Burton, G.A.; Basu, N.; Werner, E.E. Chronic exposure to fluoxetine (prozac) causes
developmental delays in Rana pipiens larvae. Environ. Toxicol. Chem. 2010, 29, 2845–2850.

40. Leonard, A.F.; Morris, D.; Schmitt, H.; Gaze, W.H. Natural recreational waters and the risk that
exposure to antibiotic resistant bacteria poses to human health. Curr. Opin. Microbiol. 2022, 65,
40–46.



Pharmaceuticals in Water | Encyclopedia.pub

https://encyclopedia.pub/entry/50649 12/12

41. Bereketoglu, C.; Pradhan, A.; Olsson, P.E. Nonsteroidal anti-inflammatory drugs (NSAIDs) cause
male-biased sex differentiation in zebrafish. Aquat. Toxicol. 2020, 223, 105476.

42. Nagda, A.; Meena, M.; Shah, M.P. Bioremediation of industrial effluents: A synergistic approach.
J. Basic Microbiol. 2022, 62, 395–414.

43. Alfonso-Muniozguren, P.; Serna-Galvis, E.A.; Bussemaker, M.; Torres-Palma, R.A.; Lee, J. A
review on pharmaceuticals removal from waters by single and combined biological, membrane
filtration and ultrasound systems. Ultrason. Sonochem. 2021, 76, 105656.

44. Wang, J.; Chen, H. Catalytic ozonation for water and wastewater treatment: Recent advances
and perspective. Sci. Total Environ. 2020, 704, 135249.

45. Fortunato, A.; Mba, M. A peptide-based hydrogel for adsorption of dyes and pharmaceuticals in
water remediation. Gels 2022, 8, 672.

46. Barhoum, A.; García-Betancourt, M.L.; Jeevanandam, J.; Hussien, E.A.; Mekkawy, S.A.; Mostafa,
M.; Omran, M.M.; Abdalla, M.S.; Bechelany, M. Review on natural, incidental, bioinspired, and
engineered nanomaterials: History, definitions, classifications, synthesis, properties, market,
toxicities, risks, and regulations. Nanomaterials 2022, 12, 177.

47. Khan, A.H.A.; Butt, T.A.; Mirza, C.R.; Yousaf, S.; Nawaz, I.; Iqbal, M. Combined Application of
Selected Heavy Metals and EDTA Reduced the Growth of Petunia hybrida L. Sci. Rep. 2019, 9,
4138.

48. Raza, A.; Khan, A.H.A.; Nawaz, I.; Qu, Z.; Yousaf, S.; Ali, M.A.; Sayal, A.U.; Iqbal, M. Evaluation
of Arsenic-Induced Stress in Dahlia Pinnata Cav.: Morphological and Physiological Response.
Soil Sediment. Contam. 2019, 28, 716–728.

49. Curiel-Alegre, S.; Velasco-Arroyo, B.; Rumbo, C.; Khan, A.H.A.; Tamayo-Ramos, J.A.; Rad, C.;
Gallego, J.L.R.; Barros, R. Evaluation of biostimulation, bioaugmentation, and organic
amendments application on the bioremediation of recalcitrant hydrocarbons of soil. Chemosphere
2022, 307, 135638.

50. Javed, S.; Mirza, C.R.; Khan, A.H.A.; Khalifa, W.; Achour, B.; Barros, R.; Yousaf, S.; Butt, T.A.;
Iqbal, M. Limited Phosphorous Supply Improved Lipid Content of Chlorella vulgaris That
Increased Phenol and 2-Chlorophenol Adsorption from Contaminated Water with Acid Treatment.
Processes 2022, 10, 2435.

Retrieved from https://encyclopedia.pub/entry/history/show/114505


