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Abstract
The outbreak of the human coronavirus disease 2019 (COVID-19) has induced an unprecedented increase in the use of several 
old and repurposed therapeutic drugs such as veterinary medicines, e.g. ivermectin, nonsteroidal anti-inflammatory drugs, 
protein and peptide therapeutics, disease-modifying anti-rheumatic drugs and antimalarial drugs, antiretrovirals, analgesics, 
and supporting agents, e.g. azithromycin and corticosteroids. Excretion of drugs and their metabolites in stools and urine 
release these drugs into wastewater, and ultimately into surface waters and groundwater systems. Here, we review the sources, 
behaviour, environmental fate, risks, and remediation of those drugs. We discuss drug transformation in aquatic environ-
ments and in wastewater treatment systems. Degradation mechanisms and metabolite toxicity are poorly known. Potential 
risks include endocrine disruption, acute and chronic toxicity, disruption of ecosystem functions and trophic interactions in 
aquatic organisms, and the emergence of antimicrobial resistance.

Keywords Aquatic ecotoxicology · Behaviour · Fate processes · Health risks · Risk assessment

Introduction

(Re)-emerging viral zoonotic infections including severe 
acute respiratory syndrome coronavirus (SARS), H1N1 
2009, H5N1 Influenza A, and Middle East respiratory 

syndrome (MERS) pose global public health risks (Zhong 
et al. 2003; Wang et al. 2013). Currently, the human coro-
navirus disease-2019 (COVID-19) caused by SARS-COV-2 
is the most highly infectious disease causing significant 
global health concerns. As of October 2021, more than 
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230 million confirmed cases and almost 4.8 million deaths 
have been reported globally, with countries in the Americas 
and Europe being the worst affected (Fig. 1) (Muhammad 
et al. 2020; WHO 2021a, b). Several pharmaceuticals such 
as antibiotics, antiretroviral drugs, and antimalarial drugs 
have been repurposed for treating COVID-19, although the 

efficacy of some remains contended (Kuroda et al. 2021). 
In addition, several old drugs such as nonsteroidal anti-
inflammatory drugs and analgesics are widely used to treat 
COVID-19 related symptoms such as fever, acute pain, and 
inflammation (Galani et al. 2021). Hence, global consump-
tion of pharmaceuticals has probably increased during the 

Fig. 1  Number of cumulative 
total of COVID-19 cases (a) 
and deaths (b) reported up to 27 
February, 2021 (WHO 2021b)
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COVID-19 pandemic and will continue to do so with the 
advent of highly transmissible variants. For example, there 
was a 179–1977% increase in prescriptions and refills for 
hydroxychloroquine and chloroquine in the US in 2020 
(Vaduganathan et al. 2020). The presence of COVID-19 
related pharmaceuticals such as antibiotics (Jan et al. 2016; 
Ahmed et al. 2020), antiviral drugs (Kuroda et al. 2021), and 
nonsteroidal anti-inflammatory drugs (Wang et al. 2021a, b) 
in aquatic environments may contribute to the emergence of 
antimicrobial resistant pathogens, which will further com-
plicate the management of COVID-19. 

There are currently no comprehensive reviews on the 
sources, environmental fate, and health risks of COVID-
19 related pharmaceuticals and their metabolites in aquatic 
environments, as most reviews focused on pharmacology 
(Wu et al. 2020b; Hussain et al. 2020; Matera et al. 2020), 
wastewater treatment (Revilla Pacheco et al. 2021), and 
hazard assessment (Biswas et al. 2021; Kumari and Kumar 
2021; Kuroda et al. 2021; Abhishek et al. 2021; Khan et al. 
2021; Abhinandan et al. 2021). Therefore, in this review, 
we examine the impact of COVID-19 related pharmaceuti-
cals using the source-pathway-recepetor-impact-mitigation 
continuum. We first consider the hypotheses that COVID-
19 pandemic increased the emission of COVID-19 related 
pharmaceuticals into aquatic environments resulting in an 
increase in human and ecological risks by critically examin-
ing previous environmental monitoring and characterization 
studies. We also explored the chemodynamics of COVID-19 
related pharmaceuticals in wastewater treatment plants and 
natural aquatic environments with the goal of highlighting 
principal mitigation strategies, and future directions. Fig-
ure 2a indicates the number of research documents pub-
lished by different countries based on the data collected up 
to 28 February 2021 (SCOPUS with the keyword search 
for COVID-19) considering the top 20 countries. Fig. 2b 
illustrates the research documents published by different 
countries by keywords searching for (a) COVID-19 and 
(b) COVID-19 + Therapeutic Drugs from SCOPUS 2021 
database based on data considered up to 28 February, 2021 
with the top 20 countries. The data in Fig. 2 reveal that the 
research document publications related to COVID-19 and 
therapeutic drugs show similar trends. The observed few 
countries occupying the first 20 positions in the therapeu-
tic drugs keywords search in SCOPUS signifies that differ-
ent countries have varying research interests towards the 
therapeutic drugs related to COVID-19. The COVID-19 
related documents output from worldwide were one or two 
up to 2018, followed by 42 documents in 2019 and sud-
den increase up to 84,277 documents published in 2020. 
Also, no documents reported therapeutic drugs related 
to COVID-19 up to 2019, but in 2020 and by 28 Febru-
ary, 2021 the reported number of documents were 2042 
and 366, respectively (Fig. 2c). These data point out the 

awareness and scientific interest or priority among the differ-
ent research groups on COVID-19 and the associated search 
for the therapeutic drugs for the COVID-19 treatment.

Consumption patterns of COVID‑19 related 
pharmaceuticals

The COVID-19 related pharmaceuticals consumed globally 
are often experimental, unapproved, or approved treatments. 
As of October 2021, more than 700 and 1000 potential drug 
interventions for treating COVID-19 were listed in the 
Drug Bank (https:// go. drugb ank. com/ covid- 19) and the US 
Clinical Trials registry (https:// clini caltr ials. gov/ ct2/ resul 
ts? cond= COVID- 19), respectively. The COVID-19 related 
pharmaceuticals in these registries included analgesic (e.g. 
acetaminophen, tramadol), antibiotics (e.g. azithromycin, 
clarithromycin, and clofazimine), anticancer drugs (e.g. ant-
roquinonol, ruxolitinib, and tamoxifen), antidepressants (e.g. 
fluoxetine and fluvoxamine), antimalarials (artemether, chlo-
roquine, and hydroxychloroquine), nonsteroidal anti-inflam-
matory drugs (e.g. acetylsalicylic acid, dexamethasone, and 
ibuprofen), antivirals (e.g. ribavirin, and oseltamivir), and 
antiretroviral drugs (e.g. azvudine, lopinavir, and tenofo-
vir), and veterinary antiparasitic drugs (e.g., ivermectin). 
Most analgesics and nonsteroidal anti-inflammatory drugs 
used to treat COVID-19 symptoms such as fever are over-
the-counter drugs; thus, they are predominantly consumed 
in residential areas. Although the remaining COVID-19 
related pharmaceuticals classes are mainly administered in 
hospitals or at home with prescription, antibiotics, antivi-
rals, and antiretrovirals are often obtained over-the-counter 
or illegally in developing countries (Gwenzi and Chaukura 
2018; Sanganyado 2019). Additionally, the spread of mis-
information has contributed to an increase in self-medica-
tion and misuse of veterinary medicines (i.e. ivermectin) 
and antimalarial drugs (i.e. chloroquine and hydroxychlo-
roquine) (Fittler et al. 2021; Love et al. 2020). In Togo, 
34.2% of survey participants (n = 955) reported that they 
self-medicated after experiencing COVID-19-like symptoms 
with 2.0% using chloroquine and hydroxychloroquine (Sadio 
et al. 2021). In Greece, there was a significant decrease in 
the consumption of antihypertensive, diuretic, and antilipi-
demic drugs during lockdown (Galani et al. 2021). Hence, 
the strict lockdowns enacted by various countries across 
the globe may have decreased access to medical facilities 
such as clinics, hospitals, and pharmacies to non-COVID-19 
patients, which could result in a decrease in consumption of 
non-COVID-19 related pharmaceuticals (Galani et al. 2021; 
Oikonomou et al. 2020). Additionally, the COVID-19 pan-
demic has contributed to the disruption of the supply chain 
of generic drugs sourced from countries with strict lock-
down procedures and shift in consumption of branded drugs 

https://go.drugbank.com/covid-19
https://clinicaltrials.gov/ct2/results?cond=COVID-19
https://clinicaltrials.gov/ct2/results?cond=COVID-19
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Fig. 2  Number of documents 
published by countries for (a) 
COVID-19 and (b) COVID-
19 + therapeutic drugs, and 
(c) by year up to 28 February, 
2021
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towards COVID-19 drugs leaving non-COVID-19 patients 
untreated ( https:// cen. acs. org/ busin ess/ outso urcing/ COVID- 
19- resha ping- pharm aceut ical- supply/ 98/ i16). While vac-
cine use is expected to decrease the number of COVID-19 
cases, the potential advent of highly transmissible variantss 
compounded by the lack of access to the vaccines among 
developing countries and increasing vaccine hesitancy sug-
gest COVID-19 related pharmaceuticals consumption will 
continue to increase worldwide (Burki 2021).

COVID‑19 drugs in aquatic systems

Sources and dissemination

The emergence and prevalence of COVID-19, and the 
accompanying surge in the production and use of thera-
peutic drugs lead to an increase in the concentration and 
spectrum of COVID-19 drugs in aquatic systems. Potential 
sources of drugs and their metabolites include solid wastes, 
wastewaters and effluents from pharmaceutical industries 
(Mahmoud 2020a). Wastewater effluents from healthcare 
facilities such as hospitals and clinics often contain high 
concentrations of drugs and their metabolites (Vambol et al. 
2021), and these are expected to increase during COVID-
19 pandemic (Mousazadeh et al. 2021). Solid wastes and 
wastewaters from COVID-19 quarantine centres, and even 
households of symptomatic and asymptomatic COVID-
19 patients may contain elevated concentrations of drugs 
and their metabolites (Espejo et al. 2020). The COVID-19 
induced increase in drug and metabolites adds to the exist-
ing pharmaceutical burden associated with other human 
co-morbidities.

A significant portion of the parent drugs administered 
to treat human infections including COVID-19, and their 
metabolites are excreted via urine and faeces into munici-
pal wastewater and on-site sanitation systems. For exam-
ple, about 30–90% of pharmaceuticals are not metabolized, 
and their residuals end up in wastewater treatment plants 
(O'Flynn et al. 2021). Depending on the removal efficiency 
of the wastewater treatment process applied, a fraction of 
the drugs and their metabolites are released in effluents from 
wastewater treatment plants. Drugs and their metabolites in 
wastewater effluents are then eventually released into surface 
water and groundwater systems via run-off, direct discharge, 
accidental spillages, infiltration, recharge, and surface water-
groundwater interactions (Gwenzi and Chaukura 2018). For 
instance, various pharmaceutical drugs such as antibiotics 
were detected up to mg  L−1 in groundwater in Germany 
(aus der Beek et al. 2016). However, the concentrations 
detected in groundwater systems depend on several factors 
including attenuation in the overlying soils. It is possible 
that COVID-19 drugs cannot reach groundwater wells if 

the vadose zone is thick (i.e. 30–40 m) because the infiltra-
tion of contaminated effluents is often slow and takes long 
time (Elkayam et al. 2018). Hence, municipal wastewater 
is one of the main end routes of these pharmaceuticals and 
their metabolites, which are then disseminated into aquatic 
systems. Besides surface water and groundwater pollution, 
several practices may also contribute to the dissemination 
of COVID-19 drugs and their metabolites. This includes the 
use of raw or treated wastewater in irrigation, recreation, 
and groundwater recharge. Human exposure to COVID-19 
drugs and their metabolites may also occur via oral ingestion 
of contaminated groundwater. The risk of aquatic pollution 
by COVID-19 drugs and their metabolites are particularly 
high in low-income countries. This is because they rely on 
conventional wastewater treatments systems based on pri-
mary and secondary treatment processes without advanced 
treatment options such as tertiary treatment (Gwenzi and 
Sanganyao, 2019; Mahmoud et al. 2020; Mahmoud 2020b). 
Low-income countries also lack effective policies and regu-
latory frameworks to minimize aquatic pollution.

To date, comprehensive studies on the occurrence and 
dissemination of COVID-19 drugs and their metabolites in 
the pharmaceutical value-chain are still lacking. O'Flynn 
et al. (2021) highlighted the life cycle assessment (LCA) of 
pharmaceuticals from production to release into the aquatic 
environment. The merits of having such LCA is that it can 
track the route of pharmaceuticals into the environment as 
well as follow the sustainable development targets of SDG 
6 (Clean Water and Sanitation), SDG 12 (Responsible Con-
sumption and Production), and SDG 14 (Life Below water). 
LCA can be used to identify dominant pollution hotspots 
along the pharmaceutical value-chain, and inform the target-
ing of mitigation measures including wastewater treatment.

Despite several studies published on COVID-19 starting 
from 2019 (Fig. 2), globally, there is a lack of data investi-
gating the occurrence, behaviour, fate and ecological health 
risks of COVID-19 therapeutic drugs in aquatic systems, 
and other environmental compartments. In the absence of 
comprehensive data based on direct monitoring, wastewa-
ter-based epidemiology (WBE) is a promising approach to 
monitor COVID-19 drugs in the wastewater at a community 
level (Kumar et al. 2020a, b; Reinstadler et al. 2021). WBE 
can be used as an early warning tool for the potential spread 
of various types of COVID-19 drugs and their metabolites. 
WBE has been successfully used for the monitoring of 
SARS-CoV-2, and several pharmaceuticals in aquatic sys-
tems (Ahmed et al. 2020). A closer examination of the lit-
erature retrieved using the search term (COVID-19 + drugs) 
gave papers mainly focussing on the therapeutic effects of 
such drugs. Only a few exceptions exist, and these are sum-
marized in the subsequent section.

https://cen.acs.org/business/outsourcing/COVID-19-reshaping-pharmaceutical-supply/98/i16
https://cen.acs.org/business/outsourcing/COVID-19-reshaping-pharmaceutical-supply/98/i16
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Early results

The few studies available on COVID-19 drugs and their 
metabolites are based three lines of evidences: (1) direct 
measurement in aquatic systems (Tarazona et al. 2021), 
(2) predictions based on global use and excretion rates 
(Kuroda et al. 2021), and (3) inferential evidence related 
to the pre-COVID-19 outbreak period on the occurrence, 
behaviour and fate of old and repurposed COVID-19 
drugs.

One study predicted the environmental concentrations 
(PEC) in influent wastewater, secondary effluent, and 
downstream river water (Kuroda et al. 2021). The study 
used Eqs. (1)–(3) based on the number of COVID-19 
patients, daily dosage of a specific drug, fraction excreted 
via urine and faeces, water consumption per capita, and 
removal efficiency in wastewater treatment plants (Ghosh 
et al. 2010; Keller et al. 2014). The various PEC values 
were estimated from daily drug dose (Dd), fraction of phar-
maceutical excreted by humans following administration 
(f), number of people taking the pharmaceutical per popu-
lation of 100,000 (Nt), wastewater generated per inhabitant 
(Wc), and wastewater removal efficiency (R).

The study predicted concentrations of the 11 therapeutic 
drugs in the raw wastewater, secondary effluent, and river 
water. However, besides antibiotic resistance, the work by 
Kuroda et al. (2021) excluded the following factors: (1) 
The potential ecotoxicity and selection pressure exerted 
by degradation products of drugs; (2) potential interac-
tive effects of the drugs with other environmental stress-
ors including legacy pharmaceuticals and other emerging 
contaminants; and (3) other ecotoxicological health risks 
such as genotoxicity, reproductive toxicity, and impacts 
on trophic interactions. Chloroquine, hydroxychloroquine, 
lopinavir, ribavirin, teicoplanin, and umifenovir occurred 
in higher concentrations (> 800 ng/L) in raw wastewater 
than the other five drugs. Significant removal (63–95%) of 
chloroquine, lopinavir, ritonavir, and umifenovir occurred 
via wastewater treatment, resulting in lower concentra-
tions in the secondary effluent. However, wastewater treat-
ment had no or limited effect on the removal (<3%) of 
the other seven drugs. Intuitively, chloroquine, hydroxy-
chloroquine, ribavirin, and teicoplanin, which had high 

(1)PECinfluent =
Nt

100,000
×
Dd × f × 106

Wc

(2)PECsecondary effluent = PECinfluent × (1 − R)

(3)PECriver =
PECsecondary effluent

10

initial concentrations in wastewater as well as low removal 
had the highest concentrations in river water. These data 
provide some indicative estimates of the concentrations 
of COVID-19 drugs released into the various aquatic sys-
tems. However, there is need to be cautious when interpret-
ing the data because several factors controlling the con-
centrations of the drugs were not addressed. For example, 
removal efficiencies may vary considerably among waste-
water treatment processes. The data on degradation and 
fate processes were drawn from predominantly temperate 
regions in developed countries, while the corresponding 
data from tropical climates in low-income countries are 
unavailable. As evident in Eq. (3), the reduction in con-
centration due to degradation and fate processes were not 
considered. Thus, scope exists to improve the estimates 
using data drawn at national, regional or continental levels.

A study conducted in Spain showed that the concentra-
tions of hydroxychloroquine in wastewater (0.11 mg/L) were 
higher or lower than that in the downstream river water 
(0.013–0.42 mg/L). The lower concentrations in down-
stream river water than in wastewater could be attributed 
to the photodegradation of hydroxychloroquine in aquatic 
environments (Kumar et al. 2021). The photodegradation 
of hydroxychloroquine in aquatic environment has been 
reported in the literature, and is pH-dependent, being higher 
under alkaline than acidic pH condition (Dabić et al. 2019; 
Kumar et al. 2021). On the other hand, the higher concentra-
tions in river water than wastewater point to other pollution 
sources of hydroxychloroquine in the catchment.

Notably, several of the COVID-19 drugs and their metab-
olites were detected in aquatic environments even before 
the outbreak of COVID-19 (Chițescu and Nicolau 2014; 
Schwientek et al. 2016). These include nonsteroidal anti-
inflammatory drugs such as diclofenac, antibiotics such as 
ciprofloxacin, and antivirals used to treat other infections 
(Chițescu and Nicolau 2014; Schwientek et al. 2016). Sev-
eral papers including reviews exist on the occurrence of 
some of the old and repurposed drugs currently used to treat 
COVID-19 (aus der Beek et al. 2016; Gwenzi and Chaukura 
2018). Therefore, one expects that the outbreak of COVID-
19 may increase the concentrations and spectrum of phar-
maceuticals in aquatic systems. However, currently missing 
are comparative studies investigating the nature and con-
centrations of COVID-19 therapeutic drugs in the pre-and 
post-COVID-19 outbreak periods. Such data are crucial in 
determining the magnitude of change in terms of concentra-
tion and spectrum of drugs since the outbreak of COVID-19. 
Thus, the limited studies available coupled with lack of com-
parative studies highlight the need for further research on the 
occurrence of COVID-19 drugs in aquatic environments.
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Behaviour and fate in aquatic systems

A number of old and repurposed drugs for treatment of 
COVID-19 or those used for trial studies have been previ-
ously investigated in terms of their environmental fate in 
aqueous matrices. These classes of therapeutics include 
those used as supporting agents, e.g. ibuprofen, indometha-
cin, naproxen, ascorbic acid, and antimalarial, antiparasitics 
and /antiviral drugs (e.g. chloroquine, hydroxychloroquine, 
ivermectin, amodiaquine) (Bocci et al. 2020; Drożdżal et al. 
2020; McKee et al. 2020; Wu et al. 2020a). In comparison to 
these classes of therapeutics, newly developed and a signifi-
cant number of repurposed drugs are sparingly studied or are 
without data at all. Some novel drugs targeting COVID19 
have been reviewed (Sternberg et al. 2020).

The conditions of the receiving environmental are impor-
tant factors that control the fate of drugs in aquatic environ-
ments. Other processes that control the environmental fate of 
pharmaceutically active compounds in aquatic environments 
are aqueous solubility, bioaccumulation, biotransformation, 
photolysis, and sorption to sediments as well as biofilms 
(Hanamoto and Ogawa 2019; Li et al. 2015). These pro-
cesses are in turn determined by the chemical structures and 
other physicochemical parameters of the drugs including 
aqueous solubility, octanol–water partition coefficient (log 
Kow), and acid dissociation constant (pKa). These parameters 
are summarized in Table 2 for selected therapeutic drugs 
used orf repurposed for COVID-19.

Generally, positive logKow and low aqueous solubility 
reveals the tendency of bioaccumulation and preferential 
partition to organic phase such as soils and sediments. On 
the other hand, low pKa values implies stronger acid and 
vice versa. For instance, the antiparasitic agent ivermectin 
(logKow = 4.61, with very low aqueous solubility) has been 
identified as a candidate for COVID-19 treatment (Essid 
et al. 2020). However, once in the environment ivermectin 
is expected to be persistent (Löffler et al. 2005). In fact, 
a half-life of more that 100 days in marine sediments has 
been reported (Essid et al. 2020). Under natural attenuation 
conditions of a water/sediment system, it has been reported 
that only about 31% of initially applied ivermectin was trans-
formed (Prasse et al. 2009) (Table 1).

With promising potential in clinical trials, hydroxychlo-
roquine and chloroquine are among the spotlighted repur-
posed drugs under current investigation for treating COVID-
19 (Satarker et al. 2020). Although the hydroxyl group on 
hydroxychloroquine makes it less toxic than chloroquine, 
both share similar activity and reactivity (Wu et al. 2020a). 
Nevertheless, the hydroxyl group imparts greater aqueous 
solubility on hydroxychloroquine than chloroquine (Table 2) 
(Schroeder and Gerber 2014). With moderate octanol–water 
partition coefficients (3.0–4.5, Table 2), both chloroquine 

and hydroxychloroquine may accumulate in organic phases 
over time and display some level of persistence in natural 
waters and conventional treatment plants.

Treatment of pharmaceutically active compounds in 
conventional wastewater treatment plants has always been 
marred by poor removal rates because such treatment plants 
were not originally designed to remove such contaminants. 
This challenge is expected to be more complicated during 
a pandemic when such drugs are heavily administered with 
significant amounts excreted unmetabolized (Bartels and von 
Tümpling 2008). In the case of oseltamivir which was used 
during the influenza pandemic of 2009 and has been repur-
posed for COVID-19, previous environmental evaluations 
had revealed widespread occurrence and a slow degrada-
tion rate (Drożdżal et al. 2020; Ghosh et al. 2010; Wu et al. 
2020a). Oseltamivir, an antiviral drug, has moderate solubil-
ity in water (Table 2) but is very difficult to remove. Under 
normal treatment conditions in wastewater treatment plants, 
it has been reported that oseltamivir was not degraded or 
removed (Fick et  al. 2007). It has been concluded that 
direct photolysis of oseltamivir via daylight exposure plays 
no or only negligible role in the degradation of oseltami-
vir (Bartels and von Tümpling 2008) (Table 1). However, 
oseltamivir was said to respond effectively to microbial 
metabolism or indirect photolysis (Bartels and von Tüm-
pling 2008). In cases such as this, it is expected that newly 
developed treatment options suitable for scenario-specific 
contamination may be necessary. For example, photoca-
talysis of oseltamivir using UV-C and  TiO2 proved effec-
tive with about 98% removal rate. However, the relatively 
new electrocoagulation method developed for removal of 
the anti-inflammatory drug dexamethasone only gave 38.1% 
removal rate (Arsand et al. 2013). Dexamethasone is among 
the US Food and Drug Administration (US FDA) approved 
drugs with pharmacotherapeutic potential for COVID-19 
(Drożdżal et al. 2020). With positive logKow and moderate 
aqueous solubility, the relatively new antiviral drug rem-
desivir is expected to display some persistence in aquatic 
environment as well as sorb to organic phases. In spite of 
being among the leading candidates as a repurposed drug for 
COVID-19 (El-Din Abuo-Rahma et al. 2020; Nittari et al. 
2020), remdesivir is yet to receive broader scrutiny in terms 
of environmental fate.

As can be observed in Table 1, many of the highlighted 
drugs were studied in simulated conditions and natural 
attenuation process or present conventional methods were 
mostly ineffective for the treatment or removal. Data on their 
occurrence and fate in surface run-off, dumpsite leachates, 
groundwater, and storm water, which are important for low-
income countries where wastewater treatment plants are 
often not used or are inefficient are sparse or non-existent 
(Offiong et al. 2019).
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Studies on the photodegradation and other transforma-
tion products of pharmaceutically active compounds are 
important to elucidate their fate in environmental matri-
ces (Boreen et al. 2003; Li et al. 2015). Understanding 
of chemical fate and transport in environmental matrices 
is essential for their control and management. With almost 
half of administered chloroquine and hydroxychloroquine 
excreted back to the environment and with a moderate 
persistence of up to several months (Kuroda et al. 2021), 
there are concerns that predicted no-effect concentrations 
would be exceeded during periods of widespread admin-
istration such as the COVID-19 pandemic. In the environ-
ment, photolysis of hydroxychloroquine could result in 
hydrolysis of the quinoline moiety. Complete mineraliza-
tion could be achieved via degradation by electrogenerated 
oxidants using boron-doped diamond (BDD) anodes (Ben-
salah et al. 2020). In the case of chloroquine, dealkylation 
mechanism during photolysis has been reported (Ahmad 
et al. 2016; Patel et al. 2019). Photo-oxidation to quino-
line derivatives of smaller molecular weights containing 
amines and ether groups have been reported (Nord et al. 
1991). All these sums up to the possibility of achieving 
80% removal efficiency predicted for (hydroxy)chloro-
quine in WWTPs (Kuroda et al. 2021).

Although, oseltamivir is administered orally as a phos-
phate salt, its conjugated acid, oseltamivir ethylester (OE) 
is converted in the liver by esterases to the oseltamivir acid 

(OA), the active metabolite that is excreted almost 80% via 
urine (Ghosh et al. 2010). This metabolite was detected 
at high concentration in wastewater samples during the 
influenza pandemic (Mestankova et al. 2012). Therefore, 
transformation products (TPs) could be indicators for 
monitoring the extent of use of parent pharmaceuticals 
(PPs) during pandemics. Sometimes, the TPs are more, if 
not equally toxic as the parent compounds (Li et al. 2015). 
However, degradation is usually assumed to lead to less 
toxic or completely benign by-products.

Ecotoxicology

Therapeutic drugs used to treat COVID-19 and related 
human health conditions include: (1) anti-parasitics (e.g. 
ivermectin and niclosamide), anti-malarials and DMARDs 
(e.g. chloroquine, and hydroxychloroquine), and antivirals 
and antiretrovirals (e.g. remdesivir, lopinavir, ritonavir, 
favipiravir, ribavirin, oseltamivir, and umifenovir) (Jeana 
and Hsueh 2020; Wu et al. 2020a). Note that, in addi-
tion to those highlighted here, the number of therapeutics 
currently used for COVID-19 and related human health 
conditions is quite broad. These include  nonsteroidal 
anti-inflammatoyr drugs (NSAIDs) , analgesics, chemo-
protective or supporting agents, and the recently developed 
vaccines (Wu et al. 2020a; WHO 2021a, b). Therefore, 

Table 2  Aqueous solubility, acid dissociation constants, and octanol–water partition coefficients of selected drugs used or repurposed for 
COVID-19 treatment

pKa values in bracket represent those of a second proton
M.F. molecular formula, M.W. molecular weight

Compound M.F. M.W. (g/mol) Aqueous solubil-
ity at 25 °C 
(mg/L)

pKa Log Kow References

Azithromycin C38H72N2O12 749.12 5430.0 9.45 (8.74) 4.02 Hanamoto and Ogawa (2019) and McFar-
land et al. (1997)

Chloroquine C18H26ClN3 319.90 7000.0 10.47 (6.33) 4.67 Rendal et al. (2011)
Hydroxychloroquine C18H26ClN3O 335.9 86,000 9.7 (8.3) 3.0 Dabić et al. (2019), Fick et al. (2010) and 

Schroeder and Gerber (2014)
Ivermectin C48H74O14 875.12 0.0002715 Neutral 4.61 Escher et al. (2008) and Ryu et al. (2018)
Lopinavir C37H48N4O5 628.81 0.0000077 13.39 5.94 Ncube et al. (2018)
Metformin C4H11N5 129.16 300,000.0 12.3 (1.03) − 0.92 Briones et al. (2016), Guibal et al. (2020) 

and Scheurer et al. (2009)
Oseltamivir carboxylate C14H24N2O4 284.35 > 500.0 3.6 (8.9) − 0.006 Straub (2009)
Oseltamivir ethylester C16H28N2O4 312.41 > 200.0 3.6 (8.2) − 1.21 Straub (2009)
Penciclovir C10H15N5O3 253.26 1700.0 3.2 (9.4) − 2.1 Morgan et al. (2003) and Prasse et al. 

(2010)
Ribavirin C8H12N4O5 244.2 142,000.0 5.9 (–NH+) − 1.85 Goodarzi et al. (2016) and Prasse et al. 

(2010)
Ritonavir C37H48N6O5S2 720.21 0.00000011 13.68 6.27 Ncube et al. (2018)
Remdesivir C27H35N6O8P 602.6 339.0 10.23 2.0–2.2 Hanafin et al. (2020)
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a comprehensive discussion of the ecotoxicology of all 
the therapeutic drugs is beyond the scope of the present 
review. Here, a summary of the ecotoxicological effects 
of some of the COVID-19 therapeutic drugs is presented 
(Table 3).

To date, a number of aquatic organisms have been used 
to investigate the ecotoxicology of the therapeutics drugs, 
including freshwater and terrestrial organisms (Table 3). 
The aquatic ecotoxicology of ivermectin and niclosamide 
is relatively well-documented compared to other COVID-
19 therapeutic drugs (Leak et al. 2020; Mesa et al. 2017; 
Montforts et al. 2003; Hepditch et al. 2021). The  EC50 of 
ivermectin in Daphnia magna was 25 ng/L while the pre-
dicted NOEC for an invertebrate was about 10 ng/L (Mont-
forts et al. 2003). Using rainbow trout (Oncorhynchus 
mykiss) as a bioassay species, the EC50 of niclosamide 
was estimated to be 0.11 mg/L (Hepditch et al. 2021).

Both hydroxychloroquine and chloroquine are reported to 
pose adverse health risks to aquatic organisms. For example, 
the half-maximal effective concentration  (EC50) for chloro-
quine to induce an adverse response in crustacean Daphnia 
magna is 12 µM (Zurita et al. 2005). For algae, ritonavir 
has as a low predicted no observable-effect concentration 
(NOEC) of 1.59 mg/L (EMA 2006) while ribavirin has a 
NOEC of less than 100 mg/L for growth inhibition in algae 
(Roche 2020). Thus, higher concentrations exceeding the 
predicted NOEC cause severe adverse effects in aquatic 
organisms such as algae. Both oseltamivir and oseltamivir 
carboxylate have NOEC of 1 mg/L in algae, fish, and D. 
magna (Straub et al. 2009). However, currently nto ecotoxi-
cology data available for remdesivir which has been reported 
to have a potential for COVID-19 treatment.

The ecotoxicity of antiviral such as favipiravir has also 
been reported in terrestrial and domesticated animals. For 
example, favipiravir is teratogenic, and data based on single-
dose oral exposure showed low lethal toxicity to mice, rat 
and dogs at concentrations exceeding 1000 mg/kg in dogs, 
and 2000 mg/kg in both mice and rats (PubChem 2021). 
These data point to the need to develop and implement miti-
gation measures to minimize the potential ecological health 
risks. The overall effect of the outbreak of COVID-19 is 
to increase both the prevalence and concentrations of these 
drugs and their metabolites in the environment and aquatic 
systems. In turn, the increase in concentrations in environ-
mental media including aquatic systems may exceed the 
ecotoxicological thresholds (e.g. NOEC,  EC50) required to 
induce adverse effects in terrestrial and aquatic organisms.

Environmental risk assessment

The widespread use of pharmaceuticals to treat COVID-19 
related ailments may contribute to the discharge of con-
centrations high enough to elicit adverse effects in aquatic 
biota. Several regulatory agencies such as the European 
Medicines Agency (EMA), US Food and Drug Administra-
tion (US FDA), China National Medical Products Admin-
istration, and Australia Therapeutic Goods Administration 
require that the environmental risk of pharmaceuticals be 
assessed quantitatively. In 2015, the European Union added 
two COVID-19 related pharmaceuticals (i.e. clarithromycin 
and azithromycin) to a watch list of emerging contaminants. 
Predicted or measured environmental concentrations (PEC 
or MEC), predicted or measured intrinsic toxicity (PNEC 
or NOEC), and the environmental fate and transport of the 

Table 3  Ecotoxicology of some of the COVID-19 therapeutic drugs reported in literature

NOEC no observable-effect concentration, EC50 half-maximal effective concentration

Drug Ecotoxicological effects and remarks References

Chloroquine 24-h exposure  EC50 for the inhibition of bioluminescence in bacteria (Aliivibrio fischeri) 
was 132.1 mg/L

Zurita et al. (2005)

Hydroxychloroquine For algae (Raphidocelis subcapitata) the EC50 for the inhibition of growth rate after a 
72-h exposure was 3.1 mg/L

FASS (2019)

Ivermectin The EC50 in Daphnia magna was 25 ng/L, while the predicted NOEC for an invertebrate 
was about 10 ng/L

Montforts et al. (2003)

Niclosamide 12-h exposure  EC50 for rainbow trout (Oncorhynchus mykiss) was of 0.11 mg/L Hepditch et al. (2021)
Lopinavir Predicted NOEC for algae was 0.05 μg/L which was below predicted effluent concentra-

tion (0.26 μg/L)
Acree Jr et al. (2012)

Ritonavir The measured NOEC for green algae was less than 1.59 mg/L EMA (2006)
Favipiravir Lethal doses were 2000 mg/kg in mice, 2000 mg/kg in rats, and 1000 mg/kg in dogs PubChem (2021)
Ribavirin NOEC for growth inhibition in algae was less than 100 mg/L Roche (2020)
Oseltamivir NOEC for both oseltamivir and oseltamivir carboxylate was 1 mg/L in algae, fish, and 

daphnia
Straub (2009)

Umifenovir Oral  EC50 was 340–400 mg/kg in mice and > 3000 mg/kg in rats Drugbank (2021)
Remdesivir No ecotoxicological data, hence further research is needed Cayman Chemical Co. (2020)
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pharmaceuticals are used to establish the probability of the 
pharmaceutical to cause an adverse effect. The PEC is esti-
mated from daily drug dose (Dd), fraction of pharmaceutical 
excreted by humans following administration (f), number of 
people taking the pharmaceutical per population of 100,000 
(Nt), wastewater generated per inhabitant (Wc), and wastewa-
ter removal efficiency (R) (see Eqs. (1)–(3) in “A summary 
of early results” section).

The EMA recommends Nt and Wc values of 100 people 
and 200 L, respectively. When the PEC in the aquatic envi-
ronment exceeds 0.1 μg/L in the US or 0.01 μg/L in the EU, 
a complete environmental risk assessment is required prior 
to approval. However, the EMA and FDA regulations over-
look the following aspects: (1) potential changes in dosage 
when pharmaceuticals are repurposed, (2) drastic increase 
in population taking medication due to a pandemic, and 
(3) changes in volume of wastewater produced due to ill-
ness. For example, between December 2020 and February 
2021, Los Angeles County in the USA had an Nt > 100 cases 
per 100,000 population, reaching a peak of 150 cases per 
100,000 population on 1 January, 2021. In addition, previ-
ous studies found that among people with Covid-19, 19.4% 
experienced diarrhoea while 3.6–15.9% experienced vom-
iting, suggesting COVID-19 may increase the Wc values. 
Therefore, EMA and US FDA guidelines are probably not 
adequate for estimating the exposure risk of pharmaceuticals 
during pandemics caused by bacteria and viruses. Neverthe-
less, a recent study found the PEC in rivers of oseltamivir, 
umifenivor, chloroquine, hydroxychloroquine, teicoplanin, 
and ribavarin where above 0.01 μg/L.

The single compound toxicity model used to estimate the 
risk of pollutants is probably inadequate for estimating the 
risk of COVID-19 related pharmaceuticals. Environmental 
risk is determined using the ratio of PEC in aquatic environ-
ments and the highest concentration of the pharmaceutical 
that elicit no adverse effects in a specific aquatic organism 
(PNEC). Kuroda et al. (2021) predicted that the ecotoxico-
logical risk was high (risk quotient > 1.0) for lopinavir and 
umifenivor, medium (1.0 > risk quotient > 0.1) for hydroxy-
chloroquine, remdesivir, and ritonavir, and low (risk quo-
tient < 0.1) for chloroquine, dexamethasone, and oseltamivir. 
There are four factors that limit the adequacy of single com-
pound toxicity approach in environmental risk assessment. 
Firstly, contrasting PNEC values can be obtained since the 
biological endpoints used to determine PNEC values can be 
based on chronic or acute toxicity or derived from exposures 
in different species (normally fish, daphnia, and algae). Sec-
ondly, acute toxicity endpoints may not adequately demon-
strate the potential of the pharmaceuticals to elicit chronic 
effects following chronic exposure at sub-acute concentra-
tions. However, when chronic toxicity data are not avail-
able, acute toxicity data may be used when permissible by 
the specific mode of action. Thirdly, considering different 

pharmaceutical classes are used for treating COVID-19 and 
its associated symptoms, an array of COVID-19 related 
pharmaceuticals is discharged into the environment. Hence, 
aquatic biota are exposed to a mixture of COVID-19 related 
pharmaceuticals which can act synergistically, antagonisti-
cally, or additively. Finally, most of the COVID-19 related 
pharmaceuticals such as chloroquine, fluoxetine, tramadol, 
ritonavir, oseltamivir, and remdesivir are chiral compounds 
with at least one chiral centre. Enantiomers of chiral phar-
maceuticals often have different toxicities; hence, pharma-
ceuticals should be treated as mixtures rather than single 
compounds (Sanganyado et al., 2017, 2020). Recent studies 
explored the use of molecular docking in determining the 
risk of pollutants using adverse outcome pathway approach. 
Interestingly, when the primary drug target in aquatic organ-
isms is known, molecular docking can be used to predict the 
toxicity of a pharmaceutical enantioselectively. However, 
there is a need for additional studies to explore the utility of 
coupling molecular docking and adverse outcome pathways 
in assessing the risk of chiral pharmaceuticals in aquatic 
environments.

Preventive and mitigation strategies

Pharmaceutical companies and nongovernmental organiza-
tions agreed in 2015 that the environment had to be pro-
tected from pharmaceutical pollution (Miller et al. 2018). 
Although the agreement was weak because it had no specific 
and legally binding demands on pharmaceutical pollution 
mitigation or data sharing between manufacturers and sci-
entists, it provoked the development of comprehensive regu-
latory frameworks for managing pharmaceuticals and their 
waste to reduce environmental impacts by many regional and 
national bodies (Miller et al. 2018). Over the years, there has 
been a shift from regulating past pollution events towards 
mitigating and diminishing future adverse environmental 
effects. This new regulatory paradigm requires that the phar-
maceutical companies provide data on the potential ecologi-
cal risk posed by their new pharmaceutical compounds prior 
to introduction to the market. Such data can be valuable 
for assessing the environmental impact of repurposed drugs 
whose consumption drastically increases due to pandemics.

Wastewater treatment

The environmental impacts of pharmaceuticals can be mini-
mized by removing the pharmaceuticals from the environ-
ment (pollution clean-up) or controlling pharmaceutical 
discharge into the environment (ecopharmacovigilance). 
Pollution clean-up is concerned with decreasing the levels 
of pharmaceuticals in environmental matrices after a con-
tamination event. Wastewater treatment plants are the most 
used pollution clean-up approaches (Ramiro et al. 2021; 
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Abhradeep et al. 2021). The removal efficiency of COVID-
19 related pharmaceuticals is low following primary and 
secondary treatment, but can be high following tertiary 
treatment. For example, a study in Germany found that 
conventional wastewater treatment plants could not remove 
oseltamivir from the effluent, but removed 59% of its metab-
olite oseltamivir carboxylate. Other studies confirmed that 
oseltamivir was not biodegradable in conventional waste-
water treatment plants or under direct photolysis. In South 
Africa, the removal efficiency of ritonavir, lopinavir, and 
darunavir at three conventional wastewater treatment plants 
were 60–95%, none–43%, and none–66%, respectively. A 
pilot membrane bioreactor plant at a hospital in Switzerland 
removed clarithromycin (50 ± 12%), oseltamivir carboxylate 
(18 ± 62%), and paracetamol (> 99%) but could not remove 
oseltamivir. Using adsorption approach, a recent study found 
nanofibres fabricated from Mondia whitei roots removed 
more than 90% of ritonavir and dexamethasone in wastewa-
ter effluent at pH 5 and 7.

In surface water, COVID-19 related therapeutic drugs are 
susceptible to direct photodegradation through the absorp-
tion of a photon, and indirect photodegradation which is 
mediated by various reactive species such as photo-excited 
natural organic matter, hydroxyl radicals, and peroxyl radi-
cals (Packer et al. 2003). Natural organic matter can enhance 
the photodegradation rates of drugs such as ibuprofen and 
amoxicillin which are relatively photostable. In contrast, 
natural organic matter can inhibit photo-oxidation of sul-
phonamide antibiotics by inhibiting the triplet-induced pho-
todegradation transformation (Wenk et al. 2011) or compete 
for photons especially when the photodegradation products 
of the drug (e.g. sulfathiazole) have high quantum yield (Niu 
et al. 2018). In amine drugs such as propranolol and antipy-
rine, electron-transfer interaction between natural organic 
matter and the amine drugs was influenced by the pres-
ence of available N-electrons and a hydrogen atom on the 
α-carbon on the amine functional group (Chen et al. 2009). 
However, previous studies have shown that photoexcitation 
of therapeutic drugs such as psychotropic and nonsteroidal 
anti-inflammatory drugs elicit phototoxicity by generating 
singlet oxygen and superoxide (Trawiński and Skibiński 
2017).

In recent years, several advanced oxidation/reduction pro-
cesses have been developed as alternatives for the slower and 
less efficient natural photodegradation. Heterogenous photo-
catalysts (Fenton-like processes) such as metal oxides (e.g. 
 TiO2 and ZnO) are sometimes used to generate reactive spe-
cies that facilitate the photodegradation of therapeutic drugs 
in aquatic systems (Orimolade et al. 2021). While both  TiO2 
and ZnO are highly photoreactive, relatively inexpensive, 
abundant, and effective photocatalysts, they often require 
UV irradiation for excitation since their bandgap energies 
are large (Orimolade et al. 2021). However, heterogenous 

catalysts are susceptible to deactivation over time (since they 
operate at a limited pH range) and have low contact time. 
A recent study found that diclofenac was removed (65%) 
and mineralized (48%) by a catalytic membrane reactor that 
comprised of porous alumina support material in tubular 
form and iron oxide nanoparticles embedded in the pores 
(Plakas et al. 2019). The porous and tubular support materi-
als helped improve the contact time of the photocatalyst. 
Additionally, carbon materials are often used in advanced 
oxidation/reduction processes as doping materials (e.g. car-
bon nanotubes, carbon quantum dots, or biochar) or as sup-
ports (e.g. as electrodes) because they improve photoactivity 
by enhancing electron-transfer interactions (Mestre and Car-
valho 2019). Previous studies have shown that therapeutic 
drugs such as acetaminophen, ciprofloxacin, propranolol, 
and trimethoprim were rapidly (> 80%, 3 h) transformed 
in latrine wastewater via electrochemical oxidation using 
mixed-metal oxide anodes and stainless-steel cathodes (Jas-
per et al. 2016). The results demonstrated that electrochemi-
cal oxidation supported by solar power could be used for 
treating wastewater on-site in regions that have poor waste-
water and energy infrastructure. Additionally, reactive spe-
cies can be produced by chemicals such as ozone (Leresche 
et al. 2019), periodate, and hydroxylamine (Sun et al. 2020). 
However, using periodate and hydroxylamine poses serious 
ecological challenges since it requires potentially toxic rea-
gents, elicits water acidification, rarely mineralizes the pol-
lutants, and often produces potentially toxic transformation 
products (Sun et al. 2020).

Hybrid wastewater treatment comprising of conventional 
configurations (primary and secondary treatment) and mem-
brane bioreactors along with advanced post-treatment meth-
ods such as advanced oxidation processes (ozonation, Fen-
ton oxidation, photocatalysis, and electrochemical oxidation) 
and adsorption (e.g. activated carbon and nanoparticles) 
have been proposed to improve removal of pharmaceuticals 
in wastewater (Lei et al. 2021a, b; Junye et al. 2021).

Ecopharmacovigilance

Ecopharmacovigilance approaches pharmaceutical pollu-
tion mitigation from the drug administration perspective 
to detect, evaluate, understand, and prevent ecological risk 
posed by pharmaceuticals. For example, the antimicrobial 
stewardship initiatives seek to reduce antimicrobial resist-
ance in the environment by educating and encouraging the 
public, health practitioners, and policy-makers to reduce 
overuse, abuse, and misuse of antimicrobial drugs. By 
emphasizing prevention of pharmaceutical pollution and 
assessing environmental risk prior to market approval, regu-
latory agencies such as EMA have adopted the ecopharma-
covigilance approach. For example, the EU's Pharmacovigi-
lance Framework recommends that member states should 
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put in place measures to monitor and evaluate the ecologi-
cal risk of pharmaceuticals. However, for the ecopharma-
covigilance approach to be effective, it requires real-time 
and accessible data on the consumption, production, and 
environmental discharge (i.e. concentration and sources) of 
pharmaceuticals. The current scarcity of data on consump-
tion and pharmaceutical pollution due to the COVID-19 pan-
demic provides evidence for the need for a multi-sectoral 
pharmaceutical emission management system that covers 
pharmaceutical use in hospitals as well as over-the-counter 
drugs. Furthermore, COVID-19 related pharmaceuticals are 
a diverse group of compounds with different physicochemi-
cal, pharmacological, and ecotoxicological characteristics. 
Extensive monitoring and evaluating them during or after 
the COVID-19 pandemic is impractical. Hence, previous 
studies on pharmaceuticals in general recommended targeted 
ecopharmacovigilance where pharmaceuticals are first pri-
oritized based on volume of use, intrinsic ecotoxicity, and 
exposure risk. For that reason, antibiotics and antiviral 
drugs which are known to promote resistance in bacteria 
and viruses can be targeted for ecopharmacovigilance when 
focusing on COVID-19 related pharmaceuticals.

Perspectives

The present review draws from existing data and material 
safety data sheets to infer the behaviour, fate and health risks 
of old and repurposed COVID-19 therapeutic drugs. The 
potential hotspot sources of such drugs were also discussed, 
but understandably, given that COVID-19 is a recent pan-
demic, dedicated studies investigating these aspects follow-
ing the outbreak of COVID-19 are still limited. Here, future 
research needs are highlighted using the source-pathway-
receptor-impact continuum as an organizing framework to 
track therapeutic drugs.

Sources and occurrence of therapeutic drugs

Studies investigating the nature, occurrence, and concentra-
tions of therapeutic drugs are required targeting wastewaters 
and receiving aquatic systems associated with the potential 
hotspots identified in the current study. These include phar-
maceutical industries, quarantine centres, human heathcare 
facilities, and households in communities with high COVID-
19 cases. Besides the parent drugs, such studies should also 
determine the nature and concentrations of the degradation 
by-products or metabolites. To understand the impacts of 
COVID-19 on aquatic systems, such data should be com-
pared with the corresponding values for the pre-COVID-19 
period. Besides the drugs discussed in the current study, 
records or information from quarantine centres, health 
care facilities, and households on common prescribed and 

of-the-counter drugs used to treat COVID-19 and associ-
ated systems can be used to determine the drugs to target 
in aqueous systems. Such studies should also determine the 
discharges from the various sources in order to estimate total 
loads of drugs released from the various sources. Besides 
identification of point sources, tools such as wastewater-
based epidemiology or surveillance of drugs and their 
metabolites can be used to gain a better understanding of the 
prevalence of use of various COVID-19 drugs at suburban, 
district, and catchment scales.

Behaviour and fate of therapeutic drugs

The short-and long-term behaviour and fate of therapeutic 
drugs and their toxic metabolites in various aquatic systems 
require further investigation. These aquatic systems include 
on-site sanitation systems such as pit latrines and septic 
tanks commonly used in low-income settings, and receiving 
surface water and groundwater systems including those used 
as drinking water sources. Moreover, the behaviour and fate 
of drugs in wastewater and water treatment systems based 
on conventional and advanced treatment processes require 
further investigation. In low-income countries particular 
attention should be paid to drinking water sources close to 
wastewater and on-site sanitation systems. Equally impor-
tant is the need to understand whether or not metabolites of 
such drugs are more toxic to aquatic organisms and humans 
than the parent compounds. Data on behaviour and fate are 
critical in determining the final concentrations of drugs and 
their metabolites to which aquatic organisms and human are 
exposed.

Environmental exposure pathways

Various exposure pathways may contribute to the intake 
of drugs and their metabolites by aquatic organisms and 
humans. In the case of humans, this includes via dermal 
contact, inhalation, and ingestion in contaminated water and 
food. Thus, there is need to investigate the following: (i) 
the nature and concentrations of drugs and their metabolites 
taken via the various routes, and (ii) the probability and rela-
tive contribution of the various pathways to the total burden 
of therapeutic drugs in aquatic organisms and humans, and 
(iii) identification of the receptors or aquatic organisms and 
humans at high risk of exposure to drugs in aquatic systems. 
Such studies may require determining the uptake, bioaccu-
mulation, biotransformation, and fate at trophic levels along 
the aquatic and human food chains. Such data are also criti-
cal in quantitative assessment of ecotoxicological and human 
health risks.
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Ecotoxicological and human health risks

Inferential evidence points to the ecotoxicological health 
risks of drugs to aquatic organisms. However, COVID-19 
may increase both the types and concentrations of drugs 
and their metabolites in aquatic environments. Hence, the 
impacts could be more significant thant currently reported 
in the literature. Studies are required to quantitatively esti-
mate the ecotoxicological and human health risks of the 
drugs at environmentally relevant concentrations under typi-
cal real-life conditions. While earlier studies were limited 
to single drugs, such future studies should also address the 
following: (1) determine the nature of interactions among 
various drugs and their metabolites, including synergis-
tic, antagonistic, and neutral effects, and (2) interactions 
between COVID-19 drugs and their metabolites, and other 
aquatic and human health stressors. An understanding of 
the ecotoxicological health risks should consider the various 
levels of biological organization. This includes genotoxic-
ity, teratogenicity, mutagenicity, reproductive toxicity, organ 
toxicity, behavioural effects such as info-disruption, and dis-
ruption of ecosystem function, trophic interactions, and eco-
system goods and services. In the case of human health, such 
studies can be complemented with case–control toxicologi-
cal and epidemiological studies to determine whether or not 
the prevalence and incidences of certain human health con-
ditions/outcomes are significantly associated with exposure 
to drugs in aquatic systems via the various exposure routes.

Conclusion

The present perspective investigated the nature, sources, 
behaviour, fate, and potential environmental health risks 
of COVID-19 related therapeutic drugs in aquatic systems. 
The COVID-19 related drugs commonly used belong to a 
wide range of categories including: (1) veterinary medicines, 
(2) nonsteroidal anti-inflammatory drugs, (3) protein and 
peptide therapeutics, (4) disease-modifying anti-rheumatic 
drugs and anti-malarials, (5) antiretrovirals, (6) analgesics, 
and (7) supporting agents. COVID-19 therapeutic drugs 
include, among others, remdesivir, hydroxychloroquine, 
lopinavir, interferon regimens, paracetamol, ibuprofen, 
umifenovir (Arbidol), favipiravir (Avigan), oseltamivir 
(Tamiflu), and Ivermectin. Supporting agents include inter-
leukin 6 (IL-6) antagonists, nitric oxide, ascorbic acid, cor-
ticosteroids, and azithromycin. Prescribed and of-the counter 
therapeutic drugs and their metabolites are excreted via fae-
ces and urine of COVID-19 infected people into wastewater 
and on-site sanitation systems.

Potential sources of COVID-19 related drugs and their 
metabolites include in wastewater/effluents from pharmaceu-
ticals industries producing such drugs, quarantine centres, 

healthcare facilities, and households. Once in on-site sani-
tation and wastewater treatment systems, drugs and their 
metabolites are released into surface water and groundwa-
ter systems via multiple pathways, including: (1) direct dis-
charges of raw, partially treated, and treated wastewaters, 
(2) run-off and seepages, (3) infiltration and groundwater 
recharge, and (4) surface water-groundwater interactions. 
The behaviour and fate of the drugs in aquatic environments 
were discussed, including: (1) physicochemical processes 
such photodegradation, sorption/phase partitioning, and 
removal via wastewater treatment processes, and (2) bio-
uptake, bioaccumulation, and biotransformation in aquatic 
organisms. However, available evidence, including infor-
mation provided in material safety data sheets is silent on 
the degradation mechanisms and the behaviour and fate of 
metabolites of such therapeutic drugs.

The potential ecotoxicological risks including acute 
and chronic toxicity were summarized. However, data on 
impacts on ecosystem functions and trophic interactions 
in aquatic organisms are still limited. Moreover, currently, 
no data exist on human health risks associated with human 
exposure via drinking water and aquatic foods contaminated 
with COVID-19 therapeutic drugs. Future research direc-
tions, including knowledge gaps on sources, estimation of 
contaminant loads, behaviour and fate, removal in wastewa-
ter treatment systems, and health risks are presented.
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