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Abstract
The release of pharmaceuticals into the environment induces adverse effects on the metabolism of humans and other living 
species, calling for advanced remediation methods. Conventional removal methods are often non-selective and cause sec-
ondary contamination. These issues may be partly solved by the use of recently-developped adsorbents such as molecularly 
imprinted polymers. Here we review the synthesis and application of molecularly imprinted polymers for removing phar-
maceuticals in water. Molecularly imprinted polymers are synthesized via several multiple-step polymerization methods. 
Molecularly imprinted polymers are potent adsorbents at the laboratory scale, yet their efficiency is limited by template 
leakage and polymer quality. Adsorption performance of multi-templated molecularly imprinted polymers depends on the 
design of wastewater treatment plants, pharmaceutical consumption patterns and the population serviced by these wastewater 
treatment plants.
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Introduction

Pharmaceuticals constitute a wide range of biologically 
active hydrophilic chemical compounds whose derivatives 
have substantial variability in structure, function, behavior, 
and activity (Mezzelani et al. 2018b; Monisha et al. 2022). 
They are generally metabolized by humans and animals' 
bodies subsequent to their intake. Some of them are com-
pletely degraded while others are partially disintegrated in 

the excrements. Finally, they enter the sewage system and 
eventually join the environment via sewage leakages or the 
discharge of wastewater from treatment facilities into aquatic 
systems, consequently degrading the quality of surface and 
subsurface water and the health of living organisms (Yang 
et al. 2017). Additionally, they may enter the environment 
through the pharmaceutical manufacturing processes, 
broadly divided into fermentation, extraction, chemical syn-
thesis, formulation, and packaging. Among them, chemical 
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synthesis and fermentation generate significant amounts of 
wastewater with high levels of spent solvents, recalcitrant 
organics, and pharmaceutical residue as well as salts (Shi 
et al. 2017).

The advancements in analytical techniques have enabled 
the detection of pharmaceuticals' trace concentrations in 
assorted environmental matrices such as surface water, sub-
surface water, drinking water, waste effluents, sediments, 
and biota (aus der Beek et al. 2016). The widespread pres-
ence of pharmaceuticals in aquatic environments confirms 
the inefficiency of conventional (waste)water treatment 
methods with an emergent need for the optimal removal of 
pharmaceuticals through alternative methods. One of the 
biggest challenges in the field of (waste)water treatment is 
the usage of low-cost technologies and guarantee for ensur-
ing safety and health criteria in the recycled treated effluents.

In water pollution control and wastewater management, 
the adsorption process is a promising method because it has 
design and operational simplicity, higher efficacy, lower 
maintenance, and no undesirable byproducts (de Andrade 
et al. 2018; Wang et al. 2022; Zare et al. 2021; Maksoud 
et al. 2022). The non-conventional adsorption approach 
based on molecularly imprinted polymers offers a valid tech-
nology for the selective removal of specific target pollutants 
in (waste)water treatment. Molecularly imprinted polymers 
are constructed using molecular imprinting technology, 
which results in precise three-dimensional cavities aligned 
with the polymer substrates’ template molecules (Morin-
Crini et al. 2022).

Herein, we review the negative impacts of pharmaceu-
ticals on humans and the environment, the syntheses of 
molecularly imprinted polymers, and the advances and limi-
tations of their deployment for adsorbing aqueous pharma-
ceuticals from synthetic solutions. We also provide future 
research directions which could be explored to advance the 
integration of molecularly imprinted polymers in real water 
purification processes (Fig. 1).

Pharmaceuticals

Pharmaceuticals have specific biological activities due to 
their various functional groups and physicochemical prop-
erties. These compounds are commonly categorized as 
analgesic (anti-inflammatory and opioid), antibiotic, anti-
cancer or cytostatic, antidepressant, antidiabetic, antisei-
zure, β-blocker, hormone, and lipid regulator, among others 
(Yang et al. 2017). The important categories of pharmaceu-
ticals and their therapeutic applications are summarized in 
Table 1.

Analgesics have the potential to relieve pain selectively, 
obviously by changing sensory perception, and affect con-
sciousness via supraspinal mechanisms without blocking 

the conduction of nerve impulses. They can be divided into 
anti-inflammatories and opioids that relieve pain by dimin-
ishing local inflammatory responses and affecting the brain, 
respectively. Anti-inflammatories analgesics are classified 
into three types: corticosteroids, nonsteroids, and immu-
nomodulators (Fuller 2022). The anti-inflammatory anal-
gesics (e.g. acetaminophen or paracetamol, acetylsalicylic 
acid or aspirin, and salicylic acid) and nonsteroidal anti-
inflammatory analgesics (e.g. diclofenac, ibuprofen, indo-
methacin, ketoprofen, and naproxen) are consumed to allevi-
ate pain, inflammation, and fever. The action mechanism of 
these drugs is via the synthesis inhibition of cyclooxygenase 
enzymes (COX1 and COX2) in the central nervous system 
and periphery that is responsible for the prostaglandins 
synthesis inducing the responses in local tissue containing 
inflammation and pain.

Antibiotics are substances obtained both naturally and 
synthetically. Natural antibiotics are derived from micro-
organisms such as fungi (Penicillin; penicillin or amoxicil-
lin) and bacteria (Actinomycete; tetracycline or erythromy-
cin). Antibiotics are classified into bactericidal antibiotics 
that kill pathogenic cells and bacteriostatic antibiotics that 
prevent pathogenic cells from growing (Kovalakova et al. 
2020). Antibiotics have revolutionized current medicine and 
extended human life significantly. Besides remedying infec-
tious illness, antibiotics enable the performance of various 
modern medical procedures. Nonetheless, antibiotic misuse 
has resulted in antimicrobial resistance against some infec-
tions (Kovalakova et al. 2020).

Anticancer or cytostatic medications are being increas-
ingly dispensed with the increase in the number of cancer 
patients. Cytostatic drugs, comprising natural and synthetic 
compounds, are applied in cancer therapy and chemotherapy. 
The action mechanism of anticancer drugs entails interven-
ing in cell division, inhibiting deoxyribonucleic acid (DNA) 
replication, and inducing cell death in the tumor. Addition-
ally, preventing transcription and translation may occur in 
some cases by blocking the synthesis of nucleotides or inter-
calating in DNA. Generally, cancer patients have to consume 
anticancer drugs at near-fatal doses for preventing mutation 
and causing cell death, and consequently, the excretion of 
high concentrations of these drugs and their metabolites 
from the body are responsible for their entry into the envi-
ronment (Zounkova et al. 2010).

Antidepressant pharmaceuticals are used to cure depres-
sion, anxiety disorder, and personality disturbance and 
are often referred to as psychotropic drugs that interfere 
with the serotonin or noradrenaline systems; serotonin and 
noradrenaline (norepinephrine), as neurotransmitters, are 
linked to emotion and mood. Serotonin reuptake-inhibiting 
antidepressants (e.g. citalopram, escitalopram, fluoxetine, 
norfluoxetine, paroxetine, and sertraline) or norepineph-
rine reuptake-inhibiting antidepressants (e.g. reboxetine) 
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motivate the secretion of adrenocorticotrophic or cortisol 
hormone or induce an increase in serotonin or norepineph-
rine concentration within the central nervous via their reup-
take inhibition (Schüle 2007).

Antiseizure medications prevent seizures by affecting the 
brain excitability mechanisms by intervening in the creation 
and deployment of epileptic hyperexcitability. The action 
mechanism of antiseizure drugs (e.g. retigabine, ethosux-
imide, and carbamazepine) comprise the modulation in 
voltage-gated potassium, calcium, and sodium channels, 

respectively. Antiseizure medications (e.g. benzodiaz-
epines and perampanel) alter neurotransmitters release and 
the excitation or inhibition of neurotransmission. Among 
the antiseizure drugs, carbamazepine is the most frequently 
used antiepileptic medication for epilepsy treatment, as well 
as in the cure of psychiatric and neurological disturbances 
(Beydoun et al. 2020).

Diabetes mellitus, caused by elevated blood glucose 
levels due to the alteration in carbohydrate metabolism, 
is treated by using antidiabetic medications to control the 

Fig. 1   Fabrication of molecularly imprinted polymers and their appli-
cation in the remediation of pharmaceuticals from contaminated 
water. First, the polymerization is performed in the presence of the 

target drug. Then the drug template is formed after the drug is with-
drawn by leaching operation. The size of the template depends on the 
size of the chemical structure of the drug
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Table 1   Common pharmaceuticals, their excretion mode, and therapeutic properties

Pharmaceutical type Emerging contaminants Molecular formula Molar 
mass 
(g mol−1)

Excretion Therapeutic applications

Antibiotic Amoxicillin C16H19N3O5S 365.40 Urine To treat bacterial infections
Antibiotic Azithromycin C38H76N2O14 748.99 Urine To treat some bacterial infec-

tions like middle ear infection, 
streptococcal sore throat, 
pneumonia, and diarrhea

Antibiotic Cephalexin C16H17N3O4S 347.39 Urine To treat the infections of the 
respiratory, urinary, and genital 
tract

Antibiotic Chlortetracycline C22H23ClN2O8 478.88 Urine To treat the methicillin-resistant 
S. aureus

Antibiotic Clarithromycin C38H69NO13 747.96 Bile, Urine To treat some bacterial infec-
tions like Helicobacter pylori, 
strep throat, bronchitis, and 
sinusitis

Antibiotic Ciprofloxacin C17H18FN3O3 331.34 Bile, Urine To treat some severe and com-
plex infections

Antibiotic Erythromycin C36H65NO13 733.93 Bile, Urine To treat bacterial infections
Antibiotic Gatifloxacin C19H22FN3O4 375.39 Urine To treat eye infections
Antibiotic Lincomycin C18H35ClN2O6S 406.54 Bile, Urine To treat the gram-positive 

microbes’ infections (res-
piratory tract and urinary 
tract infections, osteomyelitis, 
sepsis, otitis, and infectious 
arthritis)

Antibiotic Metronidazole C6H9N3O3 171.15 Feces, Urine To treat bacterial vaginosis and 
pelvic inflammatory disease

Antibiotic Norfloxacin C16H18FN3O3 319.33 Bile, Urine To treat gonorrhea and the 
infections of the urinary tract, 
bladder, and gynecological 
disease

Antibiotic Ofloxacin C18H20FN3O4 361.37 Feces, Urine To treat cellulite, pneumonia, 
urinary tract infections, and 
prostatitis

Antibiotic Oxytetracycline C22H24N2O9 460.43 Urine To treat the infection of the chest 
and mouth

Antibiotic Penicillin C16H18N2O4S 334.40 Bile, Urine To treat infections
Antibiotic Roxithromycin C41H76N2O15 837.05 Feces, Urine To treat the infections of the 

respiratory, urinary tract, and 
soft tissues

Antibiotic Sulfadiazine C10H10N4O2S 250.28 Urine To treat vaginal infections
Antibiotic Sulfamethoxazole C10H11N3O3S 253.28 Urine, Breast milk To treat urinary tract infections, 

bronchitis, and prostatitis
Antibiotic Tetracycline C22H24N2O8 444.43 Urine To treat a wide variety of infec-

tions such as acne
Antibiotic Trimethoprim C14H18N4O3 290.32 Urine To treat urinary tract infections
Anticancer Bleomycin C55H84N17O21S3

+ 1415.55 Urine To treat cancer
Anticancer Cyclophosphamide C7H15Cl2N2O2P.H2O 261.08 Bile, Urine To treat cancer
Anticancer Docetaxel C43H53NO14 807.88 Urine To treat cancer
Anticancer Etoposide C29H32O13 588.56 Bile, Urine To treat cancer
Anticancer Epirubicin C27H29NO11 543.50 Bile, Urine To treat cancer
Anticancer 5-Fluorouracil C4H3FN2O2 130.08 Bile, Urine To treat cancer
Anticancer Ibrance (Palbociclib) C24H29N7O2 447.54 Feces, Urine To treat the breast cancer
Anticancer Methotrexate C20H22N8O5 454.43 Bile, Urine To treat cancer
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Table 1   (continued)

Pharmaceutical type Emerging contaminants Molecular formula Molar 
mass 
(g mol−1)

Excretion Therapeutic applications

Anticancer Oxaliplatin C8H14N2O4Pt 397.29 Feces, Urine To treat the colon cancer
Anticancer Vincristine C46H56N4O10 824.96 Feces, Urine To treat the lymphoblastic 

leukemia
Antidepressant Amitriptyline C20H23N 277.40 Urine To treat the psychiatric disorders
Antidepressant Bupropion C13H18ClNO 239.74 Feces, Urine To treat the major depressive 

disorders
Antidepressant Citalopram C20H21FN2O 324.39 Urine To treat the major depressive 

disorders
Antidepressant Escitalopram C20H21FN2O 324.39 Urine To treat the disturbance of major 

depression or anxiety
Antidepressant Fluoxetine C17H18F3NO 309.33 Urine To treat depression, panic dis-

order, obsessive–compulsive 
disorder, and bulimia nervosa

Antidepressant Norfluoxetine C16H16F3NO 295.299 Urine, Breast milk Selective serotonin reuptake 
inhibitor

Antidepressant Paroxetine C19H20FNO3 329.37 Urine To treat depression and distur-
bance of panic, social anxiety, 
generalized anxiety, and 
obsession

Antidepressant Sertraline C17H17Cl2N 306.23 Urine To treat the disorders of depres-
sion, obsession, panic, and 
social phobia

Antidepressant Reboxetine C19H23NO3 313.39 Urine To Treat the disturbance of 
depression, fear, and attention 
deficit hyperactivity

Antidepressant Venlafaxine C17H27NO2 277.40 Urine To treat the disorder of depres-
sion, panic, social anxiety, and 
generalized anxiety

Antidiabetic Metformin C4H11N5 129.16 Urine To control blood glucose
Anti-inflammatory analgesic Acetaminophen C8H9NO2 151.16 Urine To relieve pain and fever
Anti-inflammatory analgesic Acetylsalicylic acid C9H8O4 180.16 Urine To prevent platelet aggrega-

tion, stroke, and myocardial 
infarction

Anti-inflammatory analgesic Diclofenac C14H11Cl2NO2 296.15 Bile, Urine Pain reliever
Anti-inflammatory analgesic Ibuprofen C13H18O2 206.29 Urine To treat pain, inflammation, and 

fever
Anti-inflammatory analgesic Indomethacin C19H16ClNO4 357.79 Feces, Urine To mitigate pain, joint stiffness, 

and swelling
Anti-inflammatory analgesic Ketoprofen C16H14O3 254.28 Urine To relieve minor pains like 

headaches, toothaches, muscle 
aches, backaches, and men-
strual periods

Anti-inflammatory analgesic Naproxen C14H14O3 230.26 Urine To relieve pain, fever, inflamma-
tory diseases like rheumatoid 
arthritis

Anti-inflammatory analgesic Paracetamol C8H9NO2 151.16 Urine Painkiller
Anti-inflammatory analgesic Salicylic acid C7H6O3 138.13 Urine To treat skin problems like 

psoriasis and acne
Opioid analgesic Morphine C17H19NO3 285.34 Feces, Urine To reduce pain and anxiety and 

increase happiness
Antiseizure Benzodiazepine C9H8N2 144.17 Urine To treat anxiety and seizures
Antiseizure Carbamazepine C15H12N2O 236.27 Urine To treat epilepsy, neuropathic 

pain, and bipolar disorder
Antiseizure Ethosuximide C7H11NO2 141.17 Urine To treat seizures
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Table 1   (continued)

Pharmaceutical type Emerging contaminants Molecular formula Molar 
mass 
(g mol−1)

Excretion Therapeutic applications

Antiseizure Perampanel C23H15N3O 349.38 Feces, Urine To treat epilepsy and minor 
seizures

Antiseizure Retigabine C16H20Cl2FN3O2 303.33 Feces, Urine To treat partial-onset seizures
β-blocker Metoprolol C15H25NO3 267.36 Urine To relax blood vessels, slow 

heart rate, and decline blood 
pressure

β-blocker Propranolol C16H21NO2 259.34 Urine To treat high blood pressure, 
slow heart rate, and relieve 
anxiety signs

Hormone Aldosterone C21H28O5 360.45 Urine To treat hypertension and heart 
failure

Hormone (estrogen) Diethylstilbestrol C18H20O2 268.3 Bile, Urine To treat prostate cancer and to 
prevent premature delivery or 
miscarriage in women

Hormone (estrogen) Estradiol
or
17β-Estradiol

C18H24O2 272.38 Feces, Urine To treat menopause symptoms 
like hot flashes, to prevent 
osteoporosis in menopausal 
women

Hormone (estrogen) Estriol C18H24O3 288.38 Urine To control menopause symptoms 
like osteoporosis, frequent 
urinary tract infections, insom-
nia, vaginal dryness, and hot 
flashes

Hormone (estrogen) Estrone C18H22O2 270.37 Urine To manage symptoms of 
perimenopausal and postmeno-
pausal

Hormone (estrogen) Ethinylestradiol
or
17α-Ethynylestradiol

C20H24O2 296.40 Bile, Feces, Urine To relieve moderate to severe 
vasomotor symptoms of meno-
pause, to prevent postmeno-
pausal osteoporosis, to treat 
moderate acne, and contracep-
tive side effects

Hormone Levonorgestrel C21H28O2 312.45 Feces, Urine To prevent pregnancy
Hormone Progesterone C21H30O2 314.46 Bile, Urine To treat abnormal uterine bleed-

ing and intense premenstrual 
syndrome symptoms

Hormone Testosterone C19H28O2 288.42 Bile, Urine To develop the reproductive 
system in men and organs like 
prostate and testicles

Hormone Cortisol C21H30O5 362.46 Urine To maintain immune function, 
blood pressure, and anti-
inflammatory operations

Hormone Insulin C257H383N65O77S6 5808 Urine To control the body's metabo-
lism, provide energy, and 
diminish blood sugar

Hormone Levothyroxine C15H11I4NO4 776.87 Feces, Urine To treat hypothyroidism
Hormone Triiodothyronine C15H12I3NO4 650.98 Feces, Urine Affecting on the almost every 

physiological process in the 
body

Hormone Somatotropin C69H114N22O21S2 1651.9 – To treat short stature and growth 
failure, and to increase the 
growth hormone level

Lipid regulator Atorvastatin C33H35FN2O5 558.64 Bile, Urine To treat high cholesterol and 
diminish the risk of heart 
attack and stroke
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glucose concentration. Antidiabetic pharmaceuticals are 
classified into insulin, stimulating insulin secretion, reduc-
ing insulin resistance, α-glucosidase inhibitors, peptide 
analogs, and glucose-stimulating diuretics. Insulin injec-
tion and metformin are the most often used means of con-
trolling type 1 and type 2 diabetes, respectively (Foretz 
et al. 2019).

β-blockers (metoprolol and propranolol) are a group of 
drugs that act as competitive antagonists to bind with adren-
ergic receptors (Srinivasan 2019). β-blockers are often non-
specific blockers that affect the beta-1 receptor located in 
the heart and arteries. So, β1-blockers can reduce heart rate 
and blood pressure, and they are the most common drugs 
consumed to treat cardiovascular illnesses.

Hormones are substances secreted by endocrine glands in 
very low concentrations that control and regulate the activ-
ity of specific cells in the target organ and are categorized 
based on their structure and the organs in which they are pro-
duced (Möstl and Palme 2002). According to their molecular 
structure, hormones are classified as follows: steroid hor-
mones (adrenal cortex hormones: cortisol and aldosterone, 
ovarian and placental hormones: estrogen and progesterone, 
and testicular hormone: testosterone), eicosanoid hormones 
(e.g. prostaglandins), amino acids (e.g. thyroid hormones), 
and peptide hormones (e.g. insulin, growth hormone, and 
anti-urinary hormone). Based on the hormone-producing 
organs in the human body, we can mention hormones of the 
pituitary, thyroid, adrenal, sex, and so on (Patel et al. 2018).

Lipid regulator drugs (fibrates and statins) are applied to 
diminish plasma cholesterol levels for treating dyslipidemia, 
which is an imbalance in the metabolism of blood lipids 
that results in elevated triglycerides causing the develop-
ment of atherosclerosis. Fibrates (bezafibrate, clofibric acid, 
and gemfibrozil) can increase high-density lipoprotein cho-
lesterol, decrease low-density lipoprotein cholesterol, and 
diminish the triglycerides concentration in blood plasma 
(Staels et al. 1998). Indeed, fibrates have the capacity for 
altering the transcription of protein genes encoding respon-
sible for lipoprotein metabolism and changing the expression 
of high-density lipoprotein. On the other hand, statins (ator-
vastatin and simvastatin) can inhibit 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase in the liver and modify lipid 
metabolism (Stancu and Sima 2001).

Cytotoxic effects of pharmaceuticals

Drugs are designed to maximize the intrinsic biological 
power at low concentrations and are developed for induc-
ing a continued activity in biological systems through con-
venient absorption in living organisms and active interaction 
with them (Li et al. 2020). In addition, the non-biodegrada-
bility of pharmaceuticals leads to their extended biological 
activity for longer periods and such unique attributes and 
situations can potentially create severe biological risks to the 
ecosystem’s balance and human health (Rathi et al. 2021).

Pharmaceuticals can be released into the atmosphere via 
wastewaters from hospitals, drugs companies, research cent-
ers, agricultural activities for fisheries, poultry and livestock 
farming, human excretion and/or direct disposal of expired 
or unused drugs (Pereira et al. 2020). The wastewater dis-
charges in surface water or reclaimed wastewater to irri-
gate agricultural land leads to water and soil contamina-
tion. Drugs contaminants are transferred from the surface 
water and soil to groundwater, plants and animals, to finally 
reach the human body via the food chain (Mackuľak et al. 
2019). Thus, synergistic or antagonistic hazards with acute 
and long-term consequences can ensue because of the phar-
maceutical transfer cycle. Several dangers that threaten the 
environment and human health instigated by pharmaceutical 
pollutants are described in the following sections.

Environmental risks

Pharmaceuticals are constructed for producing a biologi-
cal response in specific organisms, while the biological 
response in non-specific organisms can be created by pro-
longed exposure to their environmental concentrations 
(Khan et al. 2020a). Most pharmaceuticals last long in the 
aquatic environment due to lipophilicity, so their cytotoxic 
effects are chronic rather than acute, even at low concentra-
tions. Chronic pharmaceutical effects depend on the con-
taminant, concentration, exposure duration and the species. 
The ecotoxicology of pharmaceuticals on aquatic organisms 
includes the potential effects on a molecular, histological, 
developmental, and behavioral level, and also on reproduc-
tion and mortality (Godoy and Kummrow 2017).

Table 1   (continued)

Pharmaceutical type Emerging contaminants Molecular formula Molar 
mass 
(g mol−1)

Excretion Therapeutic applications

Lipid regulator Bezafibrate C19H20ClNO4 361.82 Urine To treat hyperlipidemia
Lipid regulator Clofibric acid C10H11ClO3 214.64 Urine To treat dyslipidemia
Lipid regulator Gemfibrozil C15H22O3 250.33 Bile, Urine To treat dyslipidemia
Lipid regulator Simvastatin C25H38O5 418.57 Feces, Urine To treat dyslipidemia
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Research has shown that antibiotics are among the most 
abundant pharmaceutical contaminants in the aquatic envi-
ronment for most countries in the world. The overall haz-
ardous effects of antibiotic pollutants are associated with 
developing antibiotic-resistant genes and bacteria, and 
growth inhibition in algae and cyanobacteria. For instance, 
the tetracycline antibiotics exhibit growth inhibition of 
Cyanophyta (Microcystis aeruginosa), Chlorophyta (Sele-
nastrum capricornutum), and cyanobacteria (Anabaena 
flosaque) (Xu et al. 2021). The growth inhibition of algae 
by antibiotics transpires by affecting the chloroplast tran-
scription, translation, and replication (Cheng et al. 2020). 
Also, antibiotics had toxic effects on the structure, growth, 
internal organs function, and enzymatic activity of fish. For 
example, exposure to erythromycin displays oxidative DNA 
damage in gilthead seabream (Sparus aurata) and rainbow 
trout (Oncorhynchus mykiss) (Rodrigues et al. 2019c).

Research in many countries, such as China, has revealed 
that more than half of the non-antibiotic contaminants in the 
aquatic environment are hormones- or endocrine-disrupting 
chemicals. The estrogens or estrogenic pollutants in water 
can induce chronic alterations in reproductive and nonrepro-
ductive organs and physiologically abnormal behaviors of 
aquatic organisms (Taisen et al. 2006). Also, defeminization 
of female fish takes place by 17α-ethynylestradiol pollutant 
by reducing the synthesis and secretion of estrogen (Aris 
et al. 2014). Undeniably, the fish population and ecosystem 
balance are implicated by gender changes of male fish.

Numerous studies have been reported to evaluate the 
toxicity of analgesics and anti-inflammatory drugs such 
as diclofenac, ibuprofen, ketoprofen, paracetamol, nap-
roxen, etc. in the environment. The environmental risks of 
diclofenac have been investigated, and the results showed 
that diclofenac and its metabolites can cause a high risk 
due to the synergistic interactions with other pollutants, the 
creation of new drug-resistant strains, and the generation of 
novel emerging contaminants (Sathishkumar et al. 2020). 
Chronic effects of diclofenac are reported on DNA methyla-
tion level and reproductive ability in Gladioferens pectinatus 
(marine copepod) (Guyon et al. 2018). Diclofenac contami-
nants can lead to DNA damage, oxidative stress, the raised 
activity of cyclooxygenase, and diminished stability of the 
lysosomal membrane in the mussel Perna perna (Fontes 
et al. 2018).

The long-term exposure to ketoprofen and ibuprofen has 
a hazardous potential in Mytilus galloprovincialis through 
transcriptional changes and alteration of the cellular turn-
over and immunological factors (Mezzelani et al. 2018a). 
Paracetamol, as the most abundant anti-inflammatory drug 
contaminant in the aquatic environment, can cause the geno-
toxicity in kidneys and gills of Rhamdia quelen catfish at 
a concentration of 2.5 μg L−1 (Perussolo et al. 2019), and 
the mortality in D. magna at the concentrations between 

1.2 and 1.7 mg L−1 (Nunes et al. 2014). The acute toxic-
ity of naproxen for B. calyciflorus and T. platyurus (Lethal 
Concentration 50, LC50) is reported at concentrations of 
84.09 and 62.48 mg L−1, respectively. In contrast, naproxen 
chronic toxicity in the form of inhibition growth (half maxi-
mal Effective Concentration, EC50) occurred for T. platyu-
rus and C. dubia, at concentrations of 0.56 and 0.33 mg L−1, 
respectively (Isidori et al. 2005).

Anticancer drugs or cytostatic pharmaceuticals, as dan-
gerous compounds, cause irreparable damage to the environ-
ment because their effective removal has not been possible 
from wastewater; they are present in high concentrations (up 
to 2.12 × 10–4 mg L−1) in the aqueous media (Jureczko and 
Kalka 2020). Cytostatic contaminants, due to their mode of 
action on DNA damage by disturbing the repair activity and 
inhibiting the de novo synthesis, can endanger the organ-
isms’ health (Kleinert et al. 2021).

Among the anticancer pharmaceuticals, 5-fluorouracil, 
cyclophosphamide, methotrexate, bleomycin, and vincris-
tine are the most toxic and widely used drugs. The 5-fluo-
rouracil inhibits the growth of Synechococcus leopoliensis 
(cyanobacteria) and Pseudokirchneriella subcapitata (algae) 
at concentrations of 1.20 and 0.13 mg L−1, respectively 
(Brezovšek et al. 2014). Exposure to environmental con-
centrations of 5-fluorouracil and cyclophosphamide pollut-
ants (0.2–123 μg L−1) for Lithobates catesbeianus (tadpoles) 
can generate morphological changes and mutagenic effects 
in the gastrointestinal tract via formation of binuclei and 
micronuclei as well as melanocytes development (Araújo 
et  al. 2019). The toxicity results for 5-fluorouracil and 
methotrexate to endemic Elliptio complanata (freshwater 
mussels) at the highest concentration (100 μg L−1) for 96 h 
indicate that methotrexate and 5-fluorouracil with a larger 
spectrum of effects can increase the dihydrofolate reductase 
and can decrease the DNA repair activity and lipid peroxida-
tion (Kleinert et al. 2021).

A recent study about carbamazepine, an antiepilep-
tic drug, has demonstrated its toxic effects on bivalves by 
creating oxidative stress at environmental concentrations 
(0.03–11.6 μg L−1). The ecotoxicity of carbamazepine com-
bined with cetirizine on energy metabolism and oxidative 
stress of Ruditapes philippinarum (edible clam) could occur 
at low concentrations (Almeida et al. 2018). Recently, the 
mechanistic toxicity of fluoxetine, as an antidepressant drug, 
was examined in Pimephales promelas (adult fathead min-
nows) (Colville et al. 2022); molecular toxicity in the fish's 
brain and liver could be observed after 96 h. Exposure to 
fluoxetine concentration of 56.7 μg L−1 after 21 days led 
to hepatocyte vacuolation and considerable fertility decline 
(Feijão et al. 2020).

The toxicity of norfluoxetine, a fluoxetine metabolite, was 
evaluated on zebrafish larvae, and the results showed that the 
concentration range 0.64 × 10−6 to 400 × 10−6 mg L−1 could 



2637Environmental Chemistry Letters (2022) 20:2629–2664	

1 3

display remarkable influence on the embryos' malforma-
tions numbers. Sertraline hydrochloride, an extensively con-
sumed antidepressant, could inhibit the growth of Chlorella 
vulgaris (green alga) and Microcystis aeruginosa (cyano-
bacterium), and diminish the photosynthetic efficiency by 
decreasing the concentration of chlorophyll in microcosm 
(Yang et al. 2019). Moreover, the sertraline hydrochloride 
could disturb the cyanobacteria balance by stimulating the 
specific cyanobacteria growth.

The chronic and acute toxicity of loratadine, as an anti-
histamine drug, and its metabolite desloratadine were exam-
ined in two crustaceans; Ceriodaphnia dubia and Thamno-
cephalus platyurus, the Pseudokirchneriella subcapitata 
(alga), and the Brachionus calyciflorus (rotifer) (Iesce et al. 
2019). The bioassay results proved that loratadine could 
exert chronic and acute ecotoxicity, mainly in Ceriodaphnia 
dubia (EC50 = 28.14 μg L−1, LC50 = 600 μg L−1). Whereas 
desloratadine could display the same acute ecotoxicity 
among the mentioned organisms, with the most chronic 
effect of desloratadine being illustrated in Pseudokirchneri-
ella subcapitata and Ceriodaphnia dubia.

Antiviral drugs with the potential of antiviral resistance 
development and ecosystem alterations have attracted global 
anxiety. Antiviral contaminants from antiviral drugs related 
to severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) can cause ecotoxicological effects on bacteria, 
algae, water flea, planktonic crustaceans, and fish (Kumar 
et al. 2021). The cytotoxic assay of efavirenz, a highly toxic 
antiviral drug, exhibited the EC50 values of 34 and 26 μg 
L−1 for Raphidocelis subcapitata (algae) and Ceriodaphnia 
dubia (water flea), respectively (Almeida et al. 2021). In 
addition, the acute exposure of efavirenz drug (anti-human 
immunodeficiency virus, HIV; concentration = 20.6  ng 
L−1) to Oreochromis mossambicus tilapia fish represented 
decreasing the overall health, damaging the hepatocyte cells, 
and even death (Robson et al. 2017).

Blood lipid regulators and β-blockers are among the main 
groups of environmental pollutants, and these contaminants 
instigate the same influences in target and non-target organ-
isms. For example, exposure to atorvastatin, a blood lipid 
regulator, could lead to the depletion of protein pools, lipid, 
and carbohydrates in Mytulis edulis (mussel) at a concentra-
tion of 1.2 μg L−1 (Falfushynska et al. 2019). In addition, 
lipid regulating agents have cytotoxic effects on the growth, 
lipid metabolism, and reproductivity of numerous fish. Pro-
pranolol, a widely used β-blocker, could decline the heart 
rate of Daphnia magna (Jeong et al. 2018) and could create 
raised abnormal cells growth (125 µg L−1), decreased hatch-
ing rate, and increased mortality rate (100% at 12.5 mg L−1) 
in Paracentrotus lividus (zebrafish) (Ribeiro et al. 2015).

A substantial scientific concern is currently related 
to pharmaceutical transformation products, which pose 
a remarkable risk to the ecosystem; pharmaceutical 

transformation products can be generated during the water 
treatment process or in the environment through biodegrada-
tion, photodegradation, and oxidation. The pharmaceutical 
transformation products not only can be as harmful as the 
primary pristine drugs but even more dangerous. For exam-
ple, the polar transformation of the antiviral drug acyclovir 
generates the carboxy-acyclovir and N-(4-carbamoyl-2-im-
ino-5-oxoimidazolidin)formamide-n-methoxy-acid during 
the (waste)water treatment by ozonation (Schlüter-Vorberg 
et al. 2015). The ecotoxicity results of transformation prod-
ucts demonstrated that carboxy-acyclovir could considerably 
diminish the fertility of D. magna (40% at 102 mg L−1) and 
carboxy-acyclovir and N-(4-carbamoyl-2-imino-5-oxoimida-
zolidin)formamide-n-methoxy-acid could prevent the green 
algae growth, whereas no ecotoxicity is reported for acyclo-
vir up to 100 mg L−1 (Borgatta et al. 2015).

The toxic effects of salicylic acid, as a well-known metab-
olite of non-steroidal anti-inflammatory drugs, on early life 
stages of Cyprinus carpio (common carp) comprise lipid 
peroxidation, decreasing weight, and hatching disturbance 
(Zivna et al. 2015). Salicylic acid could cause the neuro-
toxic effect, metabolism disruption, decreased respiratory 
capacity, and induced oxidative stress in M. galloprovin-
cialis (mussel) (Freitas et al. 2019). Investigation of the 
temperature influence on the salicylic acid cytotoxicity on 
M. galloprovincialis revealed more toxicity at higher tem-
peratures (control = 17 ± 1 °C) (Freitas et al. 2020). Due to 
the magnitude of pharmaceutical risks on the environment, 
especially the aquatic environment and aquatic organisms, 
the additional information in this field is provided in Table 2.

Human risks

Pharmaceuticals and their metabolites or transformation 
products are active chemicals that affect the environment 
or aquatic species, make their way into the food chain, and 
ultimately imperil humans as the end consumers. The spread 
of antibiotic-resistant bacteria due to inappropriate antibi-
otic consumption is extremely troublesome. On the other 
hand, the antibiotic-resistant genes are transferred between 
antibiotic-resistant bacteria through horizontal gene trans-
fer and subsequently transported into the human body via 
trophic transfer (Khan et al. 2020b).

Antibiotic-resistant bacteria containing antibiotic-resist-
ant genes can reach the human body through irrigation by 
using treated (waste)water or in other words, via the food 
chain (Kumar and Pal 2018). Additionally, antibiotic-resist-
ant bacteria in drinking water can harm human health by 
disrupting the balance of intestinal microbiota. As a result of 
antibiotic-resistant gene transfer, antibiotic resistance devel-
ops in humans, so antibiotics' therapeutic benefits are less-
ened in the human body (Ma et al. 2018). Antibiotic resist-
ance can result in prolonged morbidity and even mortality 
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as a consequence of pathogenicity, and increased intensity 
and outbreaks of disease.

Human mortality associated with antibiotic resistance 
has been announced up to 25,000 each year by European 
Centre for disease prevention and control. Additionally, the 
Centers for Disease Control and Prevention declared that ~ 2 
million people are infected with antibiotic-resistant bacteria 
each year leading to at least 23,000 deaths. Further, it is 

estimated that by 2050, the world death rate will surpass 
10 million individuals annually if antibiotic-resistant genes 
and antibiotic-resistant bacteria are not addressed (Parry and 
Threlfall 2008).

Another adverse effect of antibiotic contaminants is bio-
accumulation. Prolonged exposure of vertebrates and inver-
tebrates to antibiotic contaminants causes a biological accu-
mulation of antibiotics in their tissues and muscles. So, the 

Table 2   Toxicological effects of pharmaceuticals and their metabolites in the aquatic environment

Category Chemicals Species Class Ecotoxic effects References

Antibiotic Anhydrotetracycline Chlorella vulgaris Algae Alteration in cell perme-
ability and oxidative 
stress

(Xu et al. 2019)

Antibiotic Cephalexin Lemna gibba Plant Decreasing the popula-
tion

(Liu et al. 2020b)

Antibiotic Chlortetracycline Vibrio fischeri Bacteria Luminescence inhibition (Wei et al. 2019)
Antibiotic Ciprofloxacin Pseudokirchneriella 

subcapitata
Algae Toxic effects on the 

antioxidant system
(Nie et al. 2013)

Antibiotic Ciprofloxacin Zebrafish Fish Cardiovascular toxicity (Shen et al. 2019)
Antibiotic Ciprofloxacin Lemna gibba Plant Decreasing the popula-

tion
(Liu et al. 2020b)

Antibiotic Chlortetracycline Oreochromis niloticus Fish Growth inhibition (Liu et al. 2020b)
Antibiotic Clarithromycin Pseudokirchneriella 

subcapitata
Algae Decreasing the popula-

tion
(Liu et al. 2020b)

Antibiotic Erythromycin Sparus aurata Fish Inducting the oxidative 
stress

(Rodrigues et al. 2019a)

Antibiotic Erythromycin Pseudokirchneriella 
subcapitata

Algae Toxic effects on the 
antioxidant system

(Nie et al. 2013)

Antibiotic Erythromycin Sparus aurata Fish Histopathological influ-
ences in liver and gills

(Rodrigues et al. 2019c)

Antibiotic Erythromycin Oncorhynchus mykiss Rainbow trout DNA damage (Rodrigues et al. 2019b)
Antibiotic Erythromycin Synechococcus leop-

oliensis
Algae Decreasing the popula-

tion
(Liu et al. 2020b)

Antibiotic Ofloxacin Microcystis aeruginosa Algae Decreasing the popula-
tion

(Liu et al. 2020b)

Antibiotic Oxytetracycline Sparus aurata Fish Histopathological influ-
ences in liver and gills

(Rodrigues et al. 2019c)

Anticancer Norfloxacin Microcystis aeruginosa Algae Decreasing the popula-
tion

(Liu et al. 2020b)

Antidepressant Norsertraline Scardinius erythroph-
thalmus

Fish Bioaccumulation in the 
liver

(Arnnok et al. 2017)

Antiepileptic Carbamazepine Gammarus pulex Crustaceans Behavioral alterations (Liu et al. 2020b)
Antiepileptic Carbamazepine Danio rerio Fish Diminished steroid 

production
(Fraz et al. 2018)

Anti-inflam-
matory 
analgesic

Paracetamol Rhamdia quelen Catfish Histopathological altera-
tions of the gills and 
kidneys

(Perussolo et al. 2019)

β-blocker Propanolol Daphnia magna Planktonic crustacean Decreased heart rate (Jeong et al. 2015)
Hormone 17α-Ethynylestradiol – Fish Defeminization of female 

fish
(Aris et al. 2014)

Lipid regulator Atorvastatin Mytilus edulis Mussel Metabolic disruption (Falfushynska et al. 2019)
Lipid regulator Gemfibrozil Danio rerio Fish Genetic changes (Liu et al. 2020b)
Lipid regulator Gemfibrozil Danio rerio Fish Diminished steroid 

production
(Fraz et al. 2018)
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consumption of aquatic organisms with bioaccummulated 
antibiotics generates a significant risk to human health.

Research has shown that children, especially those who 
are susceptible to the toxic xenobiotics load, can endanger 
by consuming fish treated with a legal oxytetracycline dose 
(Limbu et al. 2018). Furthermore, the direct consumption 
of antibiotic residues via drinking water can affect human 
health. For example, tetracycline residue may result in 
nephropathy, joint illness, endocrine disturbance, muta-
genicity, central nervous system dysfunction, and altering 
photosensitivity.

Anticancer or cytostatic drugs despite their impressive 
influences in treating cancer and saving human lives, have 
many unpleasant side effects (Jureczko and Kalka 2020). 
Anemia, alopecia, and nausea or vomiting are among the 
undesirable effects of anticancer drugs. Moreover, the rap-
idly dividing of cells in bone marrow, mucous membranes, 
and hair can be disrupted by cytostatic pharmaceuticals. 
The most vulnerable groups to the DNA harm induced by 
chemotherapy pharmaceuticals are the fetuses, babies, and 
children due to the many rapidly growing cells they possess 
(Jureczko and Kalka 2020).

Chemotherapy-induced mutations could trigger embry-
onic mortality or congenital impairments in a fetus, and 
intense illnesses like autism, diabetes, idiopathic arthritis, 
and even cancer in babies or children. Cytostatic pollut-
ants can generate serious hazards in non-patients and cause 
carcinogenic, mutagenic, and genotoxic effects (Zounková 
et al. 2007). It is widely established that exposure to low 
concentrations of cytostatic pollutants can have irreversible 
health consequences.

Although the risks of endocrine-disrupting compounds on 
human health have been nearly ignored in the scientific com-
munity due to a shortage of studies on their possible harmful 
influences, endocrine-disrupting compounds exposure at low 
levels (ng L−1) could detrimentally impact the human physi-
ological function and ultimately human populations (Wee 
and Aris 2017). The endocrine-disrupting compounds can 
cause the following dangerous effects: abnormalities of the 
central nervous system (behavioral and neurological altera-
tion), thyroid (hypothyroidism), pancreas (hyperinsuline-
mia), reproductive system (early puberty, diminished fer-
tility, disrupted embryonic growth, and breast or prostate 
cancer), and metabolic system (obesity, diabetes, cardiovas-
cular and autoimmune illnesses). For example, the results 
of exposure to ibuprofen in young men demonstrated that 
it can change the endocrine system and testicular physiol-
ogy by selective transcriptional suppression in the testes, 
hence inducing compensated hypogonadism (Kristensen 
et al. 2018).

The relationship between mortality and β-blockers tox-
icity has been investigated in Finland on 595 people who 
underwent treatment for hypertension or other cardiac 

diseases (Kriikku et al. 2021). Examination of the post-
mortem toxicological profile of metoprolol/propranolol-
positive individuals exhibited that propranolol compared 
with metoprolol can be associated with more drug abuse, 
suicide, and lethal poisoning. Given the destructive effects 
of pharmaceutical contaminants and their metabolites on 
human health and the environment, it is necessary to develop 
more efficient methods for eliminating them from the aquatic 
environment.

Molecular imprinting polymers and their 
role in water decontamination

The removal of pollutants from water is very important due 
to their adverse effects on human health and the environ-
ment. So far, many methods such as coagulation, sedimen-
tation, ion exchange, among others, have been proposed to 
eliminate contaminants from water. However, the typically 
employed methods are usually nonselective and often lead 
to secondary contamination impacts. Thus, it appears that 
the innovative newer approaches for the selective removal 
of toxic contaminants from water sources are of great eco-
nomic and environmental importance. Consequently, cur-
rent research efforts for tailor-made materials, with high 
selectivity and specificity and long-term stability, as well 
as the development of modern, efficient, eco-friendly, and 
cost-effective water purification technologies are the needs 
of the hour.

Molecular imprinting is a method to produce pattern-
shaped holes in material matrices with prearranged selec-
tivity and high affinity. It is one of the most innate nature-
mimicking approaches wherein the idea of creating selective 
substrate recognition positions in a matrix entails a molecu-
lar pattern by the casting technique. First, the pattern mole-
cule makes variable interactions with one or more functional 
materials in the pre-arrangement step. Then, the locking 
of interactions between pattern molecules and functional 
materials leads to the creation of a matrix containing the 
location-selectable identification sites for the pattern. Thus, 
this method can create specific binding sites for the location 
of selected molecules and is similar to the “Fisher Lock and 
Key Model” model for the enzyme.

A “molecular key” can be anything from drugs or metal 
ions to proteins. The size of the molecular key is an impor-
tant factor in the preparation of molecularly imprinted 
polymers as the formation of molecularly imprinted poly-
mers is very difficult by increasing of molecular key. There-
fore, the use of molecular mold materials in the removal 
of drugs can be considered in many ways which are dis-
cussed in the following sections encompassing the methods 
of making molecular mold materials, their advantages and 
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disadvantages, limitations, and prospects for their deploy-
ment in water treatment.

Molecularly imprinted polymers

Molecularly imprinted polymers, newer kinds of tailor-
made materials with strong molecular recognition ability, 
are obtained by a copolymerization process following a 
self-assembly step between the cross-linkers and functional 
monomers in the appropriate solvent with the presence of the 
template molecule (Liu et al. 2021b). Molecularly imprinted 
polymers exhibit unique characteristic features such as spe-
cific target recognition, structural predictability, and practi-
cability, which collectively ensure their broad applications 
in various fields, including chemical sensing, drug delivery, 
artificial antibodies, biotechnology, separation science, and 
water treatment (Li and Yang 2021). Molecularly imprinted 
polymers are highly cross-linked polymers with great physi-
cal stability that can be harnessed under harsh environmental 
conditions, such as extreme pH, high temperatures and pres-
sures, and reactions in organic solvents. These advantages 

make molecularly imprinted polymers utmost suited for vari-
ous environmental remediation applications.

General procedures for the preparation 
of molecularly imprinted polymers

Molecularly imprinted polymers are usually produced via 
three main successive steps, as depicted in Fig. 2A: (1) 
formation of a pre-polymerization complex by self-assem-
bling functional monomers into a selected template through 
metal ion coordination, covalent or non-covalent bonds; (2) 
polymerization and crosslinking reactions of the template-
monomer complex in the presence of an initiator and an 
appropriate cross-linker; and (3) removal of the template 
molecules using suitable solvents for creating available 
binding sites (i.e. cavities). The choice of the appropriate 
chemical reagent(s) for the template, monomer, initiator, and 
cross-linker is vital in the synthesis of molecularly imprinted 
polymers with highly specific cavities designed for the tem-
plate molecule.

The most critical requirement for selecting a monomer is 
that it needs to have functional groups capable of interacting 

Fig. 2   Molecularly imprinted polymers synthesis including (1) for-
mation of a pre-polymerization complex by self-assembling func-
tional monomers (2) polymerization and crosslinking reactions of the 
template-monomer complex (3) removal of the template molecules 

using suitable solvents (A) and main tactics for producing molecu-
larly imprinted polymers based on the nature of interactions between 
the functional monomers and templates (B)
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with the template but not participating in the polymeriza-
tion with the template. Meanwhile, the template should have 
characteristic properties such as solubility under imprinting 
conditions, strong interaction with functional monomers, 
and availability in large quantities at a competitively low 
price. The choice of the cross-linker must also be taken into 
consideration because the binding capacity and stability of 
the molecularly imprinted polymers increase with the degree 
of cross-linking. The initiator is used in the imprinting pro-
cess to initiate the polymerization of the cross-linking agent 
by means of heat and light (Pichon and Chapuis-Hugon 
2008).

Furthermore, the ratios of template/monomer and mono-
mer/crosslinker also play important roles in preserving the 
selectivity, efficiency, and required rigidity of the molecu-
larly imprinted polymers. The standard ratio of the template 
to functional monomer in most of the studies is 1:4, while 
the optimum ratio of monomer-crosslinker is 1:2 (Azizi and 
Bottaro 2020). Some common functional monomers, tar-
get templates, cross-linkers, and initiators used in molecu-
lar imprinting are summarized in Table 3 (Pan et al. 2018; 
Sajini and Mathew 2021).

Based on the nature of interactions between the functional 
monomers and templates in the pre-polymerization step, 
molecular imprinting approaches can be classified into cova-
lent, non-covalent, semi-covalent, and metal-ion exchange 
(Fig. 2B). Covalent imprinting was initially reported for 
designing artificial receptors (Pan et al. 2018). Covalent 

interactions in this type of imprinting can be the establish-
ment of Schiff base bonds (Wulff and Vietmeier 1989), 
acetal (Wulff and Wolf 1986), ketals (Shea and Dougherty 
1986), or boronic ester bonds (Wulff and Schauhoff 1991).

To implement covalent imprinting, the template molecule 
prerequisite is to have at least one functional group amenable 
to being derivatized; and aldehydes, amines, ketones, car-
boxylic acids, or alcohols are some of the common examples 
found in the literature (Herrera-Chacón et al. 2021). The 
covalent-based molecularly imprinted polymers display the 
utmost homogenous structures with well-defined binding 
sites and cavities owing to the fixed stoichiometric ratio of 
template molecules to functional monomers arising from the 
specificity of the bond formation (Azizi and Bottaro 2020).

However, the application of covalent imprinting is 
restricted by the following drawbacks: (i) the limited choice 
of an appropriate monomer-template complex that can form 
a covalent bond with reversible behavior (Elugoke et al. 
2021); (ii) prolonged synthesis time due to slow rebinding 
kinetics; and (iii) the need for extreme effort to remove the 
template because of strong covalent interactions (Sajini and 
Mathew 2021).

The non-covalent imprinting approach, as the name 
suggests, is based on the non-covalent interactions (e.g. 
hydrogen bonding, electrostatic attraction, charge transfer, 
the van der Waals forces, dipole–dipole and/or π-stacking) 
between the template and functional monomers, which 
has been established by Mosbach’s research group (Sajini 

Table 3   Common functional monomers, target templates, cross-linkers, and initiators used in molecularly imprinted polymers

Essential elements Typical example

Functional monomers Covalent: 4-Vinyl benzene boric acid; 4-vinyl aniline; 4-vinyl benzaldehyde; tert-butylp-vinylphenylcarbonate
Semi-covalent: 3-Isocyanatopropyltriethoxysilane
Non-covalent: Acrylic acid; methacrylic acid; trifluoromethyl acrylic acid; itaconic acid; 2-vinylpyridine; p-vinylbenzoic 

acid; 1-vinylimidazole; allylamine; 4-vinylpyridine; styrene; 4-ethylstyrene; methyl methacrylate; acrylamide; meth-
acrylamide; 2-hydroxyethyl methacrylate; 2-acrylamido-2-methy-1-propane sulfonic; 3-aminopropyltriethoxysilane; 
trans-3-(3-pyridyl)-acrylic acid; methylvinydiethoxysilane; glycidoxypropyltrimethoxysilane; 3-methylacryloxyprolyl 
trimethoxysilane

Ligand exchange: Fe2+/methacrylic acid complex; Cu(II)-iminodiacetate-derivatized vinyl monomer
Target templates Biomacromolecules: Bovine serum albumin; adenosine; lysozyme; 3,5-cyclic monophosphate

Organic molecules: Pesticides: Benzimidazole fungicides; 2,4-dichlorophenoxyacetic acid; atrazine. Explosive: 
2,4,6-trinitrotoluene

Endocrine-disrupting chemicals: Oestradiol; bisphenol A; polycyclic aromatic hydrocarbon; oestrone. Amino acids and 
peptides: alanine; tyrosine; N-terminal histidine sequence of dipeptides; tripeptides; cinchona alkaloids; helical pep-
tides. Pharmaceuticals: quinolones; tetracycline; sulphonamides; propranolol; digoxin. Sugars: d-glucose; d-fructose; 
d-galactose

Ions: CH3Hg(I); Sr(II); Fe(III); Pb(II); Hg(II); As(III); Cu(II); Cd(II); Cr(III); Ni(II); Th(IV); PO4
3−; UO2

2+; Eu(III)
Cells and viruses: Bovine leukemia virus; gut-homing; tobacco mosaic virus; dengue virus

Cross-linkers Covalent: Dicumyl peroxide; bis-(1-(tert-butylperoxy)-1-methylethyl)-benzene; triallyl isocyanurate
Non-covalent: Divinylbenzene; N,N′-methylenediacrylamide; ethylene glycol dimethacrylate; 1,3-diisopropenyl benzene; 

2,6-bisacryloylamidopyridine; pentaerythritol tetraacrylate; N,N′-1,4-phenylenediacrylamine; 3,5-bis(acryloylamido)
benzoic acid; trimethylpropane trimethacrylate; N,O-bisacryloyl-phenylalaninol; tetra-methylene dimethacrylate; 
1,4-diacryloyl piperazine; glycidilmethacrylate; N,O-bismethacryloyl ethanolamine

Initiators 4,4′-Azo(4-cyanovaleric acid); potassium persulfate; azobisdimethylvaleronitrile; 2,2-azobis(2,4-dimethylvaleronitrile); 
dimethylacetal of benzyl; benzoylperoxide; azobisisobutyronitrile; 2,2-azobis(2-methylbytyronitrile)
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and Mathew 2021). The non-covalent-based molecularly 
imprinted polymers are more flexible in the selection of tem-
plates and monomers and are easier to prepare. Furthermore, 
this imprinting type is universal due to the more favorable 
rebinding kinetics, simplicity in the removal of templates, 
and broad applications (Liu et al. 2021b).

The main disadvantage of non-covalent imprinting 
is the low selectivity of extraction due to the presence of 
many non-specific binding sites in the ensued molecularly 
imprinted polymers caused by the excess of functional 
monomers. To reduce non-selective binding, semi-cova-
lent imprinting, an intermediate strategy that combines 
the advantages of both, the covalent and the non-covalent 
synthesis, has been used (Adumitrăchioaie et al. 2018; Gao 
et al. 2020; Ndunda 2020; Sajini and Mathew 2021). In this 
method, the template-monomer complex is linked together 
by covalent bonds, but after the polymerization step, the 
covalent features are replaced by non-covalent functionali-
ties so that the removal of template molecule occurs via non-
covalent interaction (Azizi and Bottaro 2020).

Similar to the semi-covalent imprinting process, metal-
ion exchange imprinting appears as an alternative to improve 
the performance of existing methods. This methodology of 
imprinting aims to utilize metal ions to create ionic bonds 
(stronger than electrostatic interactions or hydrogen bonds) 
that strengthen the interaction between the template mol-
ecule, and monomer, while also combining the benefits of 
covalent and non-covalent methods. The strength of the 
interactions and the stability of the template-monomer 
complexes can be adjusted by varying the metal, its oxida-
tion state, and/or the ligand characteristics (Herrera-Chacón 
et al. 2021). Despite its evident potential, this approach is 
limited to strategies containing complex-forming groups 
with metals.

The selection of the polymerization method for imprint-
ing is an important factor as it greatly affects the shape and 
size of the required Molecularly imprinted polymers (Farooq 
et al. 2018). Bulk polymerization, also known as traditional 
polymerization, is reported as the most extensively used 
technique for the preparation of molecularly imprinted pol-
ymers due to its simplicity (Sajini and Mathew 2021). The 
principle of this method involves the mixing of the template 
molecule, functional monomer, initiator, and crosslinker in 
a container with subsequent application of light, heat, or 
radiation. The resultant polymer monolith is then crushed, 
ground into small particles mainly in the 25–50 µm size 
range, and sieved (Pichon and Chapuis-Hugon 2008). The 
last step consists of sedimentation to remove fine particles.

The major disadvantages of bulk polymerization are the 
difficulty in removing the template from the interior part 
of the molecularly imprinted polymer particles, the low 
yields, and fewer binding sites due to the grinding damage 
(He et al. 2021; Sajini and Mathew 2021), other methods 

of polymerization, such as suspension polymerization, 
precipitation polymerization, in-situ polymerization, and 
sol–gel polymerization, are exploited to obtain spherical 
and monodispersed particles of molecularly imprinted 
polymers. An example of morphological differences of 
curcumin molecularly imprinted polymers synthesized 
by different polymerization methods (Suwanwong et al. 
2014). The principle as well as the associated advantages 
and disadvantages of various polymerization methods are 
summarized in Table 4.

Currently, the aforementioned polymerization methods 
(Table 4) are being modified to improve the properties of 
the molecularly imprinted polymers which include strat-
egies deploying dual functional monomers (Zhao et al. 
2019; Ut Dong et al. 2021), ultrasound-assisted precipita-
tion polymerization (Abdullah et al. 2019), the use of a 
dual template (Lu et al. 2019), microwave-assisted emul-
sion polymerization (Chen et al. 2015), and microwave-
assisted heating (Fu et al. 2015). Furthermore, the tra-
ditional polymerization techniques are also upgraded by 
newer techniques, including green chemistry concepts, 
with the use of deep eutectic solvents (Li and Row 2019), 
supercritical carbon dioxide (Byun et al. 2013), and ionic 
liquids (Viveiros et al. 2018; Liu et al. 2021a).

For example, Li and Row (Li and Row 2019) described 
the fabrication of hexagonal boron nitride-molecularly 
imprinted polymer nanoparticles from deep eutectic 
solvents containing hexagonal boron nitride, template 
(quercetin), porogen (methanol), initiator (2,2-azobi-
sisobutyronitrile), and crosslinking agent (ethylene gly-
coldimethacrylate) and used it for the improved solid-
phase extraction of flavonoids from Ginkgo biloba leaves 
(Fig. 3). The application of deep eutectic solvents resulted 
in the enhanced recognition capability of hexagonal boron 
nitride-molecularly imprinted polymer for flavonoids com-
pared to conventional molecularly imprinted polymer nan-
oparticles because the recognition sites of the monomers 
are protected via the hydrogen bond of the deep eutec-
tic solvents before the molecularly imprinted polymer is 
polymerized.

Shichao Ding et al. (2018) applied a novel imprinting 
strategy with amphiphilic ionic liquids as a surfactant to 
prepare well-defined peptide-imprinted mesoporous silica 
for specific recognition of an immunostimulating hexapep-
tide from human casein (Fig. 4). Herein, the ionic liquid, 
1-dodecyl-3-methylimidazolium chloride, was selected 
as a surfactant, which assisted the imprinted template 
(Val–Glu–Pro–Ile–Pro–Tyr) to form micelles (mesoporous 
template) in the pre-polymerization system. Due to the 
multiple weak interactions between the imprinted tem-
plate, the ionic liquids, and the hole of molecularly 
imprinted polymer, the dual-template was easily removed.
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Removal of pharmaceuticals by molecularly 
imprinted polymers

In recent years, the widespread use of pharmaceutical drugs 
has raised serious concerns about potential unfavorable 
effects on human health due to their improper disposal into 
the environment (Metwally et al. 2021). The pharmaceuti-
cals and their metabolites can infiltrate the aquatic environ-
ment via different routes as illustrated in Fig. 5 for various 
pathways and the fates of pharmaceuticals discharged into 
the aquatic environment.

As can be seen, after metabolism in the animal and 
human body followed by excretion, pharmaceuticals or their 
metabolites have been significantly discharged as domestic 
wastewater (Quesada et al. 2019). In this context, they head 
to wastewater treatment plants and sometimes can transform 
into more persistent and toxic compounds by additional 
chemical reactions with the existing substances in waste-
waters and the materials used in the wastewater treatment 
process (Mackuľak et al. 2019). The majority of pharmaceu-
ticals are water-soluble with high polarity, therefore they can 
easily sidestep wastewater treatment plants and enter ground 

and surface water (Sharma et al. 2019). If pharmaceutical 
drugs and their residues in contaminated food and water 
sources are inadvertently ingested, they can cause distur-
bance in the enzymatic and hormonal systems of animals 
and humans (Husin et al. 2021).

In the last decade, molecularly imprinted polymers and 
their composites have been garnering widespread attention 
in the removal of pharmaceutical residues from aqueous 
solutions in view of their high stability, good adsorption 
capacity, and superior selectivity towards target pollutants 
(Madikizela et al. 2018a). Compared to other materials com-
monly used for several pharmaceutical treatments such as 
biochar, activated carbon, and resin, the adsorption capac-
ity of molecularly imprinted polymers is not significantly 
inferior, but the selectivity is much superior (Yu et al. 2022). 
The recent applications of some novel molecularly imprinted 
polymers, in the removal of pharmaceutical residues from 
wastewaters, are summarized in Table 5.

It has been well recognized that different types of phar-
maceuticals including antibiotics, antiseptics, antidepres-
sants, analgesics, antiretroviral, anticonvulsant, hormones, 
and non-steroidal anti-inflammatory drugs were found in 

Fig. 3   Formation of hexagonal boron nitride  (h-BN)-molecularly 
imprinted polymers and the solid-phase extraction process. The h-BN 
was mixed with EGDMA as a crosslinking agent, AIBN as an initia-
tor, methanol as a porogen, and quercetin as a template. Afterward, 
the product was leached by methanol in a Soxhlet extractor. Reprinted 

with permission of Springer from ref. (Li and Row 2019). h-BN hex-
agonal boron nitride; h-BN-MIP hexagonal boron nitride-molecularly 
imprinted polymer; MIP molecularly imprinted polymer; EGDMA 
ethylene glycol methacrylate; AIBN 2,2-azobisisobutyronitrile; HPLC 
high-performance liquid chromatography
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wastewaters (Khulu et al. 2021, 2022; Metwally et al. 2021). 
Among them, antibiotics are considered as a new class of 
environmental pollutants, which can cause potential damage 
to ecosystem survival since continuous exposure leads to the 
development of bacterial resistance to existing antibiotics 
(Yang et al. 2018; Hu et al. 2021a,b). The removal of antibi-
otics by molecularly imprinted polymers has received a lot 
of research interest due to the difficulty of the former being 
biodegraded and their strong durability (Liu et al. 2021b; 
Zhao et al. 2021; Li and Yang 2021).

For highly efficient norfloxacin removal from the aqueous 
solution, a combined strategy involving molecular imprint-
ing technology, and an in-situ growth strategy was applied 
to prepare advanced metal–organic frameworks (MOFs) par-
ticles of aminated porous chromium-benzenedicarboxylate 
(named NH2-MIL-101) anchored on the molecular imprint-
ing metal–organic frameworks/carbon foam (MI-MOF/CF) 
(Fig. 6) (Liu et al. 2021d). The as-prepared MI-MOF/CF 
with the average particle size of 364 nm and developed sur-
face area of about 200 m2 g−1 exhibited a far superior maxi-
mum capacity of 456 mg g−1 within 60 min for norfloxacin, 
compared to pristine nonimprinted material. Importantly, a 
specific recognition ability of the active sites played a cru-
cial role in the selective pharmaceuticals’ adsorption ability 
of MI-MOF/CF, along with particle size and large surface 

area. Moreover, the MI-MOF/CF displayed a sustained 
good adsorption performance and stability over four con-
secutive cycles that carry a great value for industrial-scale 
application.

Another newer kind of magnetic molecularly imprinted 
polymer based on CoFe2O4@TiO2 for adsorption and pho-
tocatalytic degradation of norfloxacin was synthesized 
via surface imprinting technology (Fang et al. 2021). As 
reported, CoFe2O4@TiO2-molecularly imprinted polymer 
had selective adsorption ability towards norfloxacin with a 
maximum capacity of 14.26 mg g−1. The removal efficiency 
was enhanced by additional photocatalytic reaction based on 
TiO2 under ultraviolet irradiation and reached 99.4% after 
60 min. Interestingly, the magnetic molecularly imprinted 
polymer exhibited excellent stability, a high level of in-situ 
photocatalytic regeneration, and recycling performance after 
nine consecutive reuses with insignificant loss of the adsorp-
tion efficiency.

Nowadays, the synthesis of green molecularly imprinted 
polymers in water solutions instead of using toxic and vola-
tile, chloroform, or acetonitrile has attracted considerable 
attention due to the introduction of environmentally friendly 
and benign protocols. The secondary pollution burden to 
the environment can be caused by the polymerization pro-
cess using organic solvents, and the fabricated molecularly 

Fig. 4   Synthesis of peptide imprinted mesoporous silica by 1-dodecyl-3-methylimidazolium chloride amphiphilic ionic liquid as the surfactant 
through docking oriented imprinting approach. Reprinted with permission of IOP from ref. (Ding et al. 2018)
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imprinted polymers show a poor recognition for target pol-
lutant molecules in water-rich media (Madikizela et al. 
2018c).

Ionic liquids composed only of cations and anions are one 
of the good choices to synthesize more eco-friendly molec-
ularly imprinted polymers in water solutions due to their 
non-toxicity and water solubility (Elencovan et al. 2022). 
In highly polar media, they can form multiple interactions 
with target molecules thanks to their diversity of functional 
groups (Peng et al. 2019).

By using 2-acrylamide-2-methyl propane sulfonic acid 
and 1-allyl-3-vinyl imidazolium chloride ionic liquid on 
the surface of poly (styrene–divinylbenzene) particles, an 
innovative and greener molecularly imprinted polymer was 
successfully fabricated in water for the selective removal 
of kitasamycin in mixed solution (Chen et al. 2021). The 
molecularly imprinted polymer revealed a significant 
affinity towards kitasamycin with the maximum adsorp-
tion capacity of 127.06 mg g−1, in which about 90% of 
kitasamycin bounded onto the molecularly imprinted 
polymer surface within the first 30 min (Fig. 7). The pow-
erful affinity and selectivity of the prepared molecularly 
imprinted polymer for kitasamycin are attributed to its 

molecule structure, π-π interaction, and hydrogen bond 
between the molecularly imprinted polymer’s surface and 
the target pollutant.

Furthermore, a variety of molecularly imprinted polymers 
as adsorbents and photocatalysts have been developed for the 
removal of other antibiotics, such as ciprofloxacin (Kumar 
et al. 2020), tetracycline (Sun et al. 2019; Du et al. 2020), 
tylosin (Zeng et al. 2021b), chloramphenicol (Mohamed 
Idris et al. 2020), and sulfonamides (Zhu et al. 2019; Fan 
et al. 2020) in wastewater. The synthesis methods including 
imprinting factor and the results of molecularly imprinted 
polymers’ main characterization, the removal method, and 
conditions for other’s antibiotics treatment as well as their 
removal performance are presented in Table 5.

Antiseptics, also known as antimicrobial substances, 
which have the ability to safely destroy bacteria within the 
body, are widely used in healthcare to reduce the possibil-
ity of infection. Among commonly used antiseptics, tri-
closan is widespread throughout the world in pharmaceu-
ticals and personal care products due to its multi-purpose 
appliance (Kong et al. 2020). However, triclosan has bio-
logical toxicity such as biological inhibition and has been 
frequently detected in wastewater because of its chemical 

Fig. 5   Routes and fate of discharged pharmaceuticals into the aquatic 
environment. The pharmaceuticals and their metabolites can infiltrate 
the aquatic environment. After metabolism in the animal and human 
body followed by excretion, pharmaceuticals or their metabolites have 
been significantly discharged as domestic wastewater. They head to 
wastewater treatment plants and sometimes can transform into more 

persistent and toxic compounds by additional chemical reactions 
with the existing substances in wastewaters and the materials used in 
the wastewater treatment process. The majority of pharmaceuticals 
are water-soluble with high polarity, therefore they can easily side-
step wastewater treatment plants and enter ground and surface water. 
WTPs wastewater treatment plants
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Table 5   Application of recent molecularly imprinted polymers in the removal of pharmaceuticals from wastewater

Pharmaceu-
ticals

Target
pollutant

Molecularly 
imprinted 
polymers

Particle size 
(nm)/specific 
surface area 
(m2 g−1)

Removal method and condi-
tions

Qm or 
R-MIP
(mg g−1 or 
%) a

Imprint-
ing factor 
(IF) b

Synthesis
method

References

Antibiotics Norfloxacin MIP-MOF/CF 364/~ 200 Adsorption:
m = 10 mg
pH = 7
t = 3 h
V = 100 mL

456 1.93 Surface 
imprinting 
combined 
with the 
solvother-
mal method

(Liu et al. 
2021d)

CoFe2O4@
TiO2-MMIP

–/88.9 Adsorption:
m = 40 mg
pH = 6–8
t = 60 min
V = 100 mL

14.26 – Surface 
imprinting 
combined 
with the 
solvother-
mal method

(Fang et al. 
2021)

Kitasamycin MIP –/– Adsorption:
m = 10 mg
pH = 8–10
t = 3 h
V = 100 mL

127.06 2.97 Surface 
imprinting

(Chen et al. 
2021)

Ciprofloxacin BiPO4@GO-
MIP

–/– Adsorption:
m = 20 mg
pH = 6–8
t = 15 min
V = 100 mL

252 9.33 Surface 
imprinting

(Kumar 
et al. 
2020)

Tetracycline ZnO@NH2-
UiO-66

–/152.99 Photocatalysis:
Visible light
t = 30 min
50 W xenon lamp
m = 10 mg
V = 1 mL

61.9% – Post-synthetic 
modifica-
tion method

(Du et al. 
2020)

Ag/Ag3VO4/g-
C3N4

–/97.6 Adsorption:
m = 50 mg
t = 1.5 h
V = 100 mL

16.51 1.08 Surface 
imprinting

and photo-
induced 
polymeriza-
tion

(Sun et al. 
2019)

Photocatalysis:
λ > 420 nm
t = 120 min
C = 20 mg/L

90.18% –

Tylosin MIP –/– Adsorption:
m = 16 mg
pH = 8.5
t = 8 h
V = 10 mL

74.3 1.73 Precipitation 
polymeriza-
tion

(Zeng et al. 
2021b)

Chloram-
phenicol

Si@MIP-CAP  ~ 439/58.99 Adsorption:
m = 5 mg
pH = 7
t = 24 h
V = 1 mL

32.26 2.27 Precipitation 
polymeriza-
tion

(Mohamed 
Idris et al. 
2020)

Sulfonamides MIP –/144.78 Adsorption:
m = 20 mg
pH = 7
t = 3 h
V = 2 mL

3.33 1.44 Surface 
polymeriza-
tion

(Zhu et al. 
2019)
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Table 5   (continued)

Pharmaceu-
ticals

Target
pollutant

Molecularly 
imprinted 
polymers

Particle size 
(nm)/specific 
surface area 
(m2 g−1)

Removal method and condi-
tions

Qm or 
R-MIP
(mg g−1 or 
%) a

Imprint-
ing factor 
(IF) b

Synthesis
method

References

MIP –/– Adsorption:
m = 20 mg
pH = 7
t = 1 h
V = 50 mL

12.48 1.4 Prepolymeri-
zation

(Fan et al. 
2020)

Antiseptics Triclosan TCS-CTS-Fe0-
MIP

–/– Adsorption:
m = 10 mg
pH = 6–9
t = 6 h
V = 100 mL

20.86 1.38 Surface 
polymeriza-
tion

(Chen et al. 
2017)

MIP@Fe3O4 200/- Adsorption:
m = 20 mg
pH = 6–9
t = 20 min
V = 10 mL

0.218 2.46 Surface 
imprinting 
and sol–gel

(Kong et al. 
2020)

Antidepres-
sant

Sertraline MIP –/193 Adsorption:
m = 5 g
pH = 6–8
t = 20 h

72.6 3.7 Bulk Polym-
erization

(Gornik 
et al. 
2021)

Anticonvul-
sant

Carbamaz-
epine

Fe3O4@
CTS@MIP

500/265.8 Adsorption:
m = 4 mg
pH = 9
t = 3 h
V = 4 mL
T = 30 °C

76.34 4.83 Reversible 
addition-
fragmenta-
tion chain 
transfer 
polymeriza-
tion

(Wang et al. 
2019)

4VNIA-MIP 24.65/384.9 Adsorption:
m = 10 mg
t = 2 h min
V = 50 mL

28.40 2.72 Two-step 
polymeriza-
tion

(He et al. 
2020)

Non-steroidal
anti-inflam-

matory
drugs

Diclofenac MIP –/320 Adsorption:m = 5 mg
t = 10 min
C = 10–4 Mol/L
V = 6 mL

32.5 – Bulk polym-
erization

(Cantarella 
et al. 
2019)

MIP 200/– Adsorption:
m = 10 mg
pH = 7
t = 120 min
V = 20 mL

5.5 – Precipitation
polymeriza-

tion method

(Amaly 
et al. 
2021)

MIP-TiO2  > 100/49.07 Adsorption:
m = 10 mg
pH = 6.5
t = 2 h
V = 10 mL

0.16 mg/g 1.83 Surface 
imprinting 
technology

(Bi et al. 
2021)

Photocatalysis:
λ < 400 nm (300 W xenon  

lamp)
m = 80 mg
C = 1 mg g−1

V = 200 mL
T = 1 h in dark + 10 min  

irradiation

 ~ 89%
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Table 5   (continued)

Pharmaceu-
ticals

Target
pollutant

Molecularly 
imprinted 
polymers

Particle size 
(nm)/specific 
surface area 
(m2 g−1)

Removal method and condi-
tions

Qm or 
R-MIP
(mg g−1 or 
%) a

Imprint-
ing factor 
(IF) b

Synthesis
method

References

Potassium
diclofenac

MIP-BC –/47.98 Adsorption:
m = 12.5 mg
pH = 6
t = 5 min
V = 5 mL

1.82 5.5 Bulk polym-
erization

(Da Silva 
et al. 
2019)

MIP-SDS –/43.36 1.12 3.2
MIP-TTX-100 –/42.49 0.51 1.45

Naproxen Fe3O4@MIP-
ChCl-BuIM

–/– Adsorption:
m = 30
mg
pH = 5
t = 20 h
V = 10 mL

90.91 – Bulk Polym-
erization

(Husin 
et al. 
2021)

Ketoprofen MIP 2–50/209 Adsorption:
m = 8 mg
pH = 5
t = 45 min
V = 10 mL

8.7 – Bulk polym-
erization

(Madikizela 
et al. 
2018d)

Others Sildenafil MOG@HP-
MIP

30 − 100/219.6 Adsorption:
m = 5 mg
t = 30 min
V = 1 mL

17.8 2.5 Surface 
imprinting 
technology

(Wan et al. 
2021)

Cyprohepta-
dine

MMIP 300 ± 20/11.50 Adsorption:
m = 20 mg
pH = 8
t = 1 h
V = 10 mL

48.89 4.74 Surface 
imprinting 
technology

(Cao et al. 
2021)

Amitriptyline 47.14 5.63
Deslorata-

dine
47.33 5.69

8-Chloroaza-
tadine

46.89 6.91

Ketotifen
fumarate

42.14 5.68

1-Praziquan-
tel enanti-
omers

MMIPPy –/– Adsorption:
m = 75 mg
pH = 6.5
t = 10 min
V = 1 mL

1322 – Surface 
imprinting 
technology

(Do Nas-
cimento 
et al. 
2019)

2-Praziquan-
tel enanti-
omers

1508

MIM molecularly imprinted materials; MIP molecularly imprinted polymer; MMIP magnetic molecularly imprinted polymer; MIP-MOF/CF 
molecular imprinting with metal–organic framework particles anchored to porous carbon foam; Si@MIP-CAP silica-grafted molecularly imprinted 
polymers for chloramphenicol adsorption; TCS triclosan; CTS chitosan; MIP-ChCl-BuIM Molecularly imprinted polymer-choline-imidazole based 
deep eutectic solvent; MOG@HP-MIP hierarchically porous molecularly imprinted polymers in metal–organic gel; MMIPPy magnetic molecularly 
imprinted polypyrrole; MIP-BC MIP-SDS MIP-TTX-100 benzalkonium chloride Sodium dodecyl sulfate and Triton ×-100 molecularly imprinted 
polymers; g-C3N4 graphitic carbon nitrides; NH2-UiO-66 Amino-functionalized zirconium-based metal–organic; 4VNIA-MIP 4-Vinyl benzoic 
acid molecularly imprinted polymers; m adsorbent dosage; t time; V volume; T temperature min minute; h hour
a Qm or R–MIP, Maximum adsorption capacity (mg g−1) or removal efficiency of molecularly imprinted polymers (or %)
b IF, Imprinting factor, a ratio between adsorption capacity of molecularly-imprinted and nonimprinted materials
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stability and ability to bioaccummulate (Alshishani et al. 
2019; Magro et al. 2020).

Moreover, toxic dioxins and chloroform can be formed 
from the decomposition of triclosan in the chlorination 
under the effect of sunlight (Li et al. 2018). For triclosan 
removal from the environmental water, a water-compatible 
triclosan imprinted material coated on the surface of mag-
netic nano-zero-valent iron was synthesized by Chen et al. 
(2017) via surface polymerization. The stable triclosan 
imprinted material had a good recyclable adsorption per-
formance of about 20 mg g−1 in a wide pH range (6.0–9.0) 
with a high enrichment factor and selectivity in complex 
water samples.

Later, a molecularly imprinted polymer layer on mag-
netic Fe3O4 nanoparticles has been developed by Kong et al. 
(2020) based on combined surface imprinting and sol–gel 
technique (Fig.  8). The ensuing molecularly imprinted 
polymers @Fe3O4 nanoparticles with uniform core–shell 
structure exhibited a quite impressive imprinting factor of 
2.46, good selectivity, and a fast adsorption rate with only 
20 min to establish adsorption equilibrium. However, the 
obtained adsorption capacity of 0.218 mg g−1 is still not 
alluring when compared to previously documented molecu-
larly imprinted polymers. To enhance removal performance 
based on the selectivity of molecularly imprinted polymers 
for antiseptics in general and triclosan in particular, more 
advanced molecularly imprinted polymers encompassing 

Fig. 6   Synthesis process for the MI-MOF/CF composite (A), adsorp-
tion isotherms of NOR (B), and adsorption performances of MOF/
CF and MI-MOF/CF on NOR, IBU, NAP, SMM, and CAF (C). 
Reprinted with permission of Elsevier from ref. (Liu et al. 2021d). Ce 
equilibrium concentration; PF polyurethane foam; CF carbon foam; 
MI-MOF molecular imprinting metal–organic framework; MI-MOF/

CF molecular imprinting metal–organic frameworks/carbon foam; 
NH2-MIL-101 aminated porous chromium-benzenedicarboxylate; 
NH2-MIL-101/CF aminated porous chromium-benzenedicarboxylate/
carbon foam; NOR norfloxacin; NAP naproxen; IBU ibuprofen; SMM 
sulfadimethoxine; CAF caffeine
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much higher adsorption capacities should be developed and 
additional treatment techniques should be applied along with 
adsorption mechanism.

The most prescribed class of antidepressants, selective 
serotonin reuptake inhibitors including sertraline, metabo-
lite norsertraline, paroxetine, fluoxetine, escitalopram, and 
bupropion have been regularly detected in surface waters and 
wastewater (Mole and Brooks 2019; Castillo-Zacarías et al. 
2021). In aquatic organisms, they cause changes in growth 
processes, and feeding and survivorship behavior (Sehonova 
et al. 2019; Stoczynski and van den Hurk 2020). Recently, a 
molecularly imprinted polymer based on methacrylic acid as 
functional monomers and sertraline as a template has been 
used for removal of not only targeted template but for the 
whole class of selective serotonin reuptake inhibitors has 
been reported by Gornik et al. (2021); maximum imprinting 

factor was found to be 3.7, and the maximum capacity for 
sertraline was estimated at 72.6 mg g−1. The molecularly 
imprinted polymers can form more non-specific interac-
tions with the targets due to their high surface area and pore 
volume, thus improving the overall removal efficiency in 
wastewater treatment.

A widely used anticonvulsant drug, carbamazepine, has 
complex body metabolic processes and can be excreted from 
the urine (Hassan et al. 2021; Kefayati et al. 2021) and the 
drug and its metabolites can be uncovered in the environ-
ment through different treatment processes of wastewater 
treatment plants (Björlenius et al. 2018). For undertaking 
the removal of carbamazepine, a synthesized molecularly 
imprinted polymer via reversible addition-fragmenta-
tion chain transfer polymerization coated on the surface 
of the chain transfer agent-modified magnetic chitosan 

Fig. 7   Synthetic procedure for molecularly imprinted polymer by 
1-allyl-3-vinyl imidazolium chloride ionic liquid and 2-acrylamide-
2-methyl propane sulfonic acid as a co-functional monomer on the 
surface of PS-DVB (A), kinetic adsorption curves (B), and adsorption 
isotherm curves of MIP and NIP towards kitasamycin at 25 ℃ (a), 

35 ℃ (b) and 45 ℃ (c), respectively (C). Reprinted with permission 
of Elsevier from ref. (Chen et al. 2021). MIP molecularly imprinted 
polymer; PS-DVB poly (styrene–divinylbenzene); NIP non-imprinted 
polymer; Q adsorption capacity; Ce equilibrium concentration
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nanoparticles has been developed by Wang et al. (2019). The 
prepared molecularly imprinted polymer showed a desirable 
adsorption capacity of 76.34 mg g−1, high adsorption selec-
tivity, and a high imprinting factor of 4.83.

It should be emphasized that the adsorption selectivity 
and imprinting factor play a significant role in the removal 
of carbamazepine in real aqueous environments because the 
removal is often disrupted by co-existing organic matter 
while using advanced oxidation processes or other adsor-
bents such as activated carbon (He et al. 2020). To screen 
for the most appropriate monomer, thereby addressing car-
bamazepine removal disruptions, ten different functional 
monomers were constructed via molecular simulation by 
He et al. (2020) to choose more stable, low-energy confor-
mations of the template-monomer interaction systems. It 

was found that the molecularly imprinted polymer based 
on 4-vinyl benzoic acid was the best fit for carbamaz-
epine removal with a maximum adsorption capacity of 
28.40 mg g−1. The selective adsorption was ensured by elec-
trostatic forces comprising hydrogen bonding and van der 
Waals forces, including the p–p conjugate (He et al. 2020).

Non-steroidal anti-inflammatory drugs such as diclofenac, 
potassium diclofenac, naproxen, and ketoprofen, with their 
concentration up to μg L−1, may be enough to cause toxic 
effects that can often be located in water sources (Qiao et al. 
2021). As persistent toxic pollutants in the environment, 
diclofenac and its derivatives can cause serious damage to 
human livers, kidneys, and affect the growth of microorgan-
isms even at very low concentrations (Amaly et al. 2021; Bi 
et al. 2021).

Fig. 8   Synthetic route for MIP@Fe3O4 via sol–gel condensation reac-
tion (A), the binding specificity of MIP@Fe3O4 and NIP@Fe3O4 
towards TSC, Ph, and p-CP, (B) and reusability of MIP@Fe3O4 and 
NIP @Fe3O4 (C). Reprinted with permission of Wiley–VCH from 

ref. (Kong et  al. 2020). MIP molecularly imprinted polymer; NIP 
non-imprinted polymer; TEOS tetraethylorthosilicate; APTES 3-ami-
nopropyltriethoxysilane; TCS triclosan; Ph phenol; p-CP p-chloro-
phenol; Q adsorption capacity



2653Environmental Chemistry Letters (2022) 20:2629–2664	

1 3

In 2019, a diclofenac-selective molecularly imprinted 
polymer was synthesized based on methacrylic acid as func-
tional monomers and diclofenac sodium salt as template mol-
ecule by Cantarella et al. via a simple bulk polymerization 
process for removal of these drugs from water (Cantarella 
et al. 2019). The prepared molecularly imprinted polymer 
exhibited a good adsorption capacity of 32.5 mg g−1 with 
extreme selectivity towards diclofenac due to the imprinting 
effect (Fig. 9). The outstanding adsorption performance of 
the molecularly imprinted polymer with ~ 90% of diclofenac 
removal from an aqueous solution was recorded after only 
10 min wherein the molecularly imprinted polymer also 
showed good reusability after a simple regeneration step. 
The low-cost synthesis procedure with less time and solvent 
consumption and the first use of hydrophilic methacrylic 
acid as a monomer has opened up the prospect of large-scale 
production of the molecularly imprinted polymer with excel-
lent compatibility in water.

Subsequently, recyclable nanospheres with an average 
size of 200 nm were fabricated with methacrylic acid as 
functional monomer and N,N-methylene bis(acrylamide) as a 
crosslinker for removal of diclofenac by Amaly et al. (2021). 
Accordingly, a high adsorption capacity of 5.5 mg g−1 and 
adsorption efficiency of ~ 82% of diclofenac can be attained 
even after seven regeneration cycles. To increase the effi-
ciency and shorten processing time, the photodegradation 
of diclofenac in water was applied using a molecularly 
imprinted film on TiO2 particles in 2021 (Bi et al. 2021). 
The stable film exhibited excellent photodegradation activity 
towards diclofenac, about 89% of diclofenac was removed 
from 200 mL solution (1 mg/L) and complete mineralization 
of ~ 17% after only 10 min of irradiation.

To evaluate the influence of surfactants on the perfor-
mance of molecularly imprinted polymers towards potas-
sium diclofenac, different adsorbents were synthesized via 
the double-imprinted process deploying various kinds of 

Fig. 9   Synthetic route for the diclofenac-selective molecularly 
imprinted polymer (A), the time profile of diclofenac adsorbed by 
MIP and REF as a reference (B), adsorption performance in 10 min 
of MIP (C) and REF (D), respectively, towards diclofenac, acetylsali-

cylic acid, trimethoprim and methyl orange. Reprinted with permis-
sion of Elsevier from ref. (Cantarella et  al. 2019). MIP molecularly 
imprinted polymer; REF non-imprinted polymer; DICLO diclofenac; 
C0 initial concentration
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surfactants including Triton ×-100, sodium dodecyl sulfate, 
and a mixture of alkyl benzyl dimethyl ammonium chlo-
rides (Da Silva et al. 2019). The surfactants could interact 
with the template and the polymer network to create a more 
connected hierarchically imprinted structure. Thus, all the 
obtained surfactant-based molecularly imprinted polymers 
had better affinity and selectivity for potassium diclofenac 
compared to those of bare molecularly imprinted polymers 
and non-molecularly imprinted polymers.

Among non-steroidal anti-inflammatory drugs, naproxen 
is one of the most widely used pharmaceuticals to relieve 
pain from various conditions (Friedman et al. 2018). How-
ever, naproxen can cause serious side effects, such as gastric 
vomiting, bleeding, ulcers, and kidney and central nervous 
system problem if it reaches the body through contaminated 
water (Kwak et al. 2018; Quesada et al. 2019). A molecu-
larly imprinted polymer-coated with Fe3O4 nanoparticles 
was successfully prepared by Husin et al. using choline-imi-
dazole-based deep eutectic solvent for the selective removal 
of naproxen from the aqueous environment (Husin et al. 
2021). Due to hydrogen bonding between adsorbents and 
adsorbates and strong formation of stable complexes through 
the π–π interaction, this molecularly imprinted polymer dis-
played a better adsorption capacity of 90.91 mg g−1 towards 
naproxen compared to Fe3O4@ molecularly imprinted poly-
mer. The details for the removal of the last studied non-
steroidal anti-inflammatory (ketoprofen) (Madikizela et al. 
2018d) and other drugs including sildenafil (Wan et al. 
2021), cyproheptadine (Cao et al. 2021), amitriptyline (Cao 
et al. 2021), desloratadine (Cao et al. 2021), 8-chloroazata-
dine (Cao et al. 2021), ketotifen fumarate (Cao et al. 2021), 
praziquantel enantiomers (Do Nascimento et al. 2019) are 
presented in Table 5. The main inferences that can be drawn 
from Table 5 comprise:

1.	 Molecularly imprinted materials have promising per-
spectives to be used in wastewater treatment due to their 
high selectivity towards target pharmaceuticals, com-
pared to traditional adsorption materials

2.	 The deployment of molecularly imprinted polymers 
for pharmaceutical removal may be more cost-effective 
compared to other removal techniques, such as photo-
chemical, ozonolysis, or electro-decomposition meth-
ods because of co-existing organic matter in the water 
environment. The interaction of the chemicals in those 
techniques with other organic substances besides target 
molecules requires a large number of treatment agents 
which increases the treatment cost

3.	 The combination of using molecularly imprinted poly-
mers and other removal techniques should be exploited 
to enhance the removal performance

4.	 Studies on the usage of molecularly imprinted polymers, 
especially molecularly imprinted polymers prepared via 

nano-imprinting or surface imprinting with larger sur-
face areas and higher selectivity for more kinds of drugs 
need to be promoted in the future

Limitations of molecularly imprinted 
polymers

Based on the above discussions, it is clear that many 
molecularly imprinted polymers are endowed with excel-
lent adsorption capabilities. As a result, they could selec-
tively sequester a range of pharmaceuticals from synthetic 
solutions under adsorption-related parametric variability. 
Despite these encouraging adsorption performances of 
molecularly imprinted polymers for pharmaceuticals, their 
known adsorptive capabilities are limited to laboratory-scale 
systems containing only a few adsorbates.

In reality, these molecularly imprinted polymers need to 
display highly stable, profoundly efficient, and reproducible 
adsorption performances for the uptake of at least one target 
pharmaceutical in extremely complex contaminated aque-
ous milieus. Additional research and development efforts 
are warranted to address a number of limitations for them 
to be able to embody this breadth and depth of morphologi-
cal excellence and phenomenological performance in taking 
up pharmaceutical micropollutants by adsorptive pathways 
from highly competitive aqueous environments.

During the realization of this review, more than 150 pub-
lications were perused and analyzed. However, certain key 
limitations which are still associated with the use of molec-
ularly imprinted polymers for adsorbing pharmaceutical 
micropollutants are reported in relatively few articles (Wu 
et al. 2017; Madikizela et al. 2018b; Tian et al. 2019; Can-
tarella et al. 2019; Li et al. 2019; Zhang et al. 2020; Azizi 
and Bottaro 2020; Bagheri and Ghaedi 2020; Yuan et al. 
2020; Fan et al. 2020; Mohamed Idris et al. 2020; Yahaya 
et al. 2021; Fang et al. 2021; Liu et al. 2021a; Li and Yang 
2021). These limitations, which may be specific to certain 
molecularly imprinted polymers, are summarized below:

•	 Target adsorbates which are directly utilized as molecu-
lar templates to synthesize molecularly imprinted poly-
mers can consume large quantities of standard products 
(Zhang et al. 2020)

•	 Template leakage can be persistent during the sample 
preparation and this can result in inaccurate quantifica-
tion of trace adsorbates/analytes (Zhang et al. 2020)

•	 When the number of adsorbates/analytes increase from 
one to more chemically complex combinations of mol-
ecules (such as aqueous mixtures of norfloxacin, ibupro-
fen, ciprofloxacin, phenol, and carbamazepine), removal 
efficiencies resulting under highly competitive adsorp-
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tion onto magnetic molecularly imprinted polymers can 
decrease significantly (Fang et al. 2021)

•	 Besides the complexity and number of steps involved in 
the time- and solvent-consuming precipitation polymeri-
zation approach to construct molecularly imprinted poly-
mers (Dai et al. 2012; Manzo et al. 2015; Madikizela and 
Chimuka 2016a; Cantarella et al. 2019), their swelling 
ratio in aqueous solutions is often entirely different from 
the swelling behavior observed in the organic solvent in 
which they were synthesized, thus making them incapa-
ble of differentiating target species from non-target ones 
(Shen et al. 2013; Cantarella et al. 2019)

•	 In a research study, graphene oxide–functionalized 
molecularly imprinted polymer particles were pre-
pared for cefadroxil extraction using a new imprinting 
approach. A dispersive solid-phase extraction method 
based on these particles, combined with ultra-high-
performance liquid chromatography with photodiode 
array detection, was formulated for the determination 
of cefadroxil in water samples wherein a narrow linear 
range was obtained because the particles had attained 
maximum saturation adsorption (Chen and Ye 2017)

•	 Adsorption performances of a multi-templated molec-
ularly imprinted polymer differed because of factors 
related to the wastewater treatment plant design, con-
sumption of pharmaceuticals, and the population ser-
viced by these wastewater treatment plants (Madikizela 
and Chimuka 2016b)

•	 In certain situations, the selectivity of molecularly 
imprinted polymers can be significantly impaired dur-
ing the treatment of aqueous samples, and this can then 
lead to the extraction of non-targeted species (CARO 
et al. 2004; Madikizela and Chimuka 2016a; Madikizela 
et al. 2018b). This could also result in the impairment 
or blockage of pores that are present on the surface of 
the molecularly imprinted polymer because of extensive 
washing performed to remove interfering species that 
eventually influence the reusability of the molecularly 
imprinted polymers (Madikizela et al. 2018b)

•	 The need to extract water-soluble compounds becomes 
necessary in the wake of their selective rebinding from 
water samples (Azizi and Bottaro 2020)

•	 Given that Molecularly imprinted polymers are normally 
constructed in organic solvents and this approach low-
ers their efficiency in aqueous samples (Azizi and Bot-
taro 2020), optimal water compatibility of hydrophobic 
molecularly imprinted polymers has to be ensured if they 
are intended for use in treating pharmaceutical-contam-
inated aqueous streams

•	 Molecularly imprinted polymers prepared by the free rad-
ical polymerization method can have binding sites which 
are inaccessible and heterogeneous, and such a morphol-
ogy can hamper the mass transfer of species involved 

resulting in low selectivity (Hu et al. 2012; Azizi and 
Bottaro 2020). Accordingly, an optimal homogeneity of 
molecularly imprinted polymers has to be safeguarded 
(Azizi and Bottaro 2020)

•	 Although at a higher cost, the need to have precise 
construction of microscopic binding cavities motivates 
additional research efforts in this direction (Li and Yang 
2021). This is because there are different bonding inter-
actions between the templates and molecularly imprinted 
polymers which have to be sustained so that the aque-
ous micropollutants (such as pharmaceuticals) can be 
effectively detected in the aqueous systems (Li and Yang 
2021)

Molecularly imprinted polymers have been widely syn-
thesized using a single template molecule. Such materials 
enable the selective uptake and segregation of only one 
specific target adsorbate. Hence, they can be inadequate for 
use in more complex real aqueous media which can com-
prise a significantly higher number of potential analytes 
including pharmaceuticals. There are reports in the litera-
ture that indicate that wastewaters generated from medical 
and hospital facilities contain a complex mixture of phar-
maceuticals having different stereochemistries and toxic-
ity. For example, a study was conducted for preliminary 
characterization of Turkish hospital wastewaters wherein 
an assessment was made on their environmental risk and 
toxicity; 14 pharmaceuticals in hospital wastewater were cat-
egorized as “high risk” with hazard quotients greater than 
10 (Yilmaz et al. 2017). Diclofenac, ofloxacin, clarithromy-
cin, ciprofloxacin, trimethoprim, and sulfapyridine found in 
the hospital wastewaters had hazard quotients greater than 
100, with ofloxacin having a hazard quotient of 9090 and 
thus being the most hazardous species (Yilmaz et al. 2017). 
Despite the decreases in the hazard quotients observed in 
the treated hospital wastewater, the environmental (pollu-
tion) load remained a serious issue (Yilmaz et al. 2017). 
Thus, advanced treatment processes would still be required 
to scavenge completely the persistent pharmaceuticals.

One recent study, which involved the long-term character-
ization of medical laboratory wastewaters generated in diag-
nosis and examination units, revealed that such wastewaters 
are extremely toxic (Basturk et al. 2021). These wastewa-
ters contained the following pharmaceutical micropollutants 
(highest four concentrations are provided in brackets and 
have units μg L–1): acetaminophen (paracetamol), acetyl-
salicylic acid, allopurinol (1.14), atenolol, caffeine (2.68), 
carbamazepine, cephalexin, ciprofloxacin, clarithromycin, 
erythromycin (2.33), iomeprol, morphine and sulfamethoxa-
zole (1.82) (Basturk et al. 2021). The results of two-year 
monitoring of a specific study Site Pilote de Bellecombe 
(SIPIBEL) indicated that 11 pharmaceuticals could still 
be detected in hospital and urban wastewaters even after 
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treatment and they comprise paracetamol (12.2), sulfameth-
oxazole (5.9), ciprofloxacin (35.3), vancomycin (50.0), 
ketoprofen (9.3), diclofenac (5.0), ibuprofen (0.5), salicylic 
acid (13.3), atenolol (4.1), propranolol (0.6) and carbamaz-
epine (0.6) (values in brackets are the respective limit of 
quantification in ng L–1 of the pharmaceutical) (Wiest et al. 
2018). In another study, nine pharmaceuticals were detected 
in the real hospital wastewater samples (average concen-
tration given in brackets in μg L–1): paracetamol (29.886), 
diclofenac (0.110), naproxen (0.824), ciprofloxacin (2.386), 
ampicillin (8.256), carbamazepine (1.042), cyclophospha-
mide (2.234), warfarin (1.950), and tris(2-butoxyethyl)phos-
phate (2.578) (Top et al. 2020).

The above discussion leads to the following two key 
points. First, given in the case of a single template molecu-
larly imprinted polymer to be used as an adsorbent, the pres-
ence of several pharmaceuticals within the same aqueous 
milieu and them exposed to the same adsorbent surfaces 
imply that competitive adsorption will be a complex phe-
nomenon. This complexity will influence the competitive 
equilibrium adsorption capacity of the adsorbent for the tar-
get pharmaceutical. For example, the removal efficiencies of 
norfloxacin, ciprofloxacin, ibuprofen, carbamazepine, and 
phenol by a magnetic molecularly imprinted polymer were 
91.1%, 85.9%, 34.0%, 3.4%, and 2.9%, respectively, when 
unitary aqueous systems were considered for adsorption 
experiments (Fang et al. 2021). However, when the latter 
five compounds co-existed, the adsorptive removal efficien-
cies were 56.3%, 52.8%, 19.2%, 3.2%, and 4.3% for norfloxa-
cin, ciprofloxacin, ibuprofen, carbamazepine, and phenol, 
respectively (Fang et al. 2021).

Second, in the case of a dual or multiple-template molec-
ularly imprinted polymer to be used as an adsorbent, the 
extent of competitive adsorption can become even more 
intricate. This further complexity will still affect the compet-
itive equilibrium adsorption capacities of the adsorbent for 
the target pharmaceuticals. Indeed, with a view of extending 
the real-world use of molecularly imprinted polymers for 
micropollutant adsorption, new multiple-template molecu-
larly imprinted polymers have to be synthesized (Madikizela 
et al. 2016; Sun et al. 2018; Kechagia et al. 2018; Wang et al. 
2020; Liu et al. 2020a, 2021c; Wu et al. 2020; Deng et al. 
2021, a; Zeng et al. 2021a; Mohiuddin et al. 2021). These 
multi-template molecularly imprinted polymers can foster 
the concomitant selective recognition and efficient separa-
tion of more than one micropollutant from contaminated 
water/aqueous or other liquid samples. They have delivered 
excellent adsorption performance at the laboratory scale of 
adsorption system analysis.

In a nutshell, the point here is that competitive adsorption, 
which has been evoked in many other adsorption-related 
studies (Turk Sekulic et al. 2019; Kim et al. 2021; Shin et al. 
2021; Almuntashiri et al. 2021), is a crucial parameter that 

has to be absolutely considered. A thorough consideration 
of competitive adsorption becomes all the more necessary 
when designing and engineering molecularly imprinted pol-
ymers intended for purifying real contaminated water (e.g. 
drinking water) and real wastewaters in large-scale water 
treatment processes applying adsorption.

Real pharmaceutical-contaminated waters and phar-
maceutical-containing wastewaters in the aqueous media 
will be requiring treatment in large-scale water treatment 
processes. These aqueous media will comprise complex 
mixtures of potentially harmful pharmaceutical molecules. 
Encompassing the latter two facts, it then becomes an abso-
lute necessity to ensure that nearly all of the pharmaceuticals 
are scavenged down to and below their respective accepted 
safe limits. This need stems from two crucial premises.

First, the duty of care is to stop the release of any resid-
ual pharmaceuticals in the natural receiving water bodies. 
Second, an obligation to abide by environmental protection 
laws that regulate the quality and intensity of such releases 
after the final stage(s) of advanced water treatment. Along 
the same lines, it becomes a more substantial challenge to 
fully elucidate and understand the interrelationships and 
influences of the potential dominating molecular interac-
tions which can onset and operate in such multi-pharmaceu-
tical adsorbate-multi-template adsorbent-type molecularly 
imprinted polymers. As of now, a major limitation exists 
in comprehending these molecular interactions the multi-
template molecularly imprinted polymers can exhibit in real 
contaminated aqueous environments. Conceivably, adequate 
documentation of these molecular interactions can enable 
a more optimized design and tuning of the selected multi-
template adsorbent-type molecularly imprinted polymers 
for use in real water treatment systems containing multiple 
pharmaceuticals.

At this point, the competitive adsorption that can get 
onset and affect the removal efficiency of each pharmaceu-
tical becomes a combined material science & engineering 
and process engineering challenge. As it appears, multiple-
template molecularly imprinted polymers can become a 
class of adsorbents choice for use in large-scale water treat-
ment systems given their prima facie ability to sequester 
more than one target compound at reasonably high adsorp-
tion capacities and removal efficiencies. Yet, before this goal 
may actualize, the feasibility of designing multiple-template 
adsorbent-type molecularly imprinted polymers which can 
sustain a prolonged and stable multiple adsorption cycle 
usage in harsh water/wastewater treatment environments 
should be first tackled as a material science & engineering 
challenge.

It will be challenging to work out the actual mode(s) of 
multi-template molecularly imprinting on a specific adsor-
bent ‘base’ and ensure chemical integrity and adsorption site 
delineation. ‘Chemical integrity’ pertains to the selective 
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binding of one specific target pharmaceutical at a dedicated 
adsorption site location programmed to host molecules of 
that target pharmaceutical. And then, to make that specific 
binding permanent and protected enough against any subse-
quent preferential rebinding by another more ‘competitive’ 
target pharmaceutical species.

Apart from this challenge related to the chemical mor-
phology of the multiple-template adsorbent-type molecu-
larly imprinted polymers, it will be interesting, and possibly 
useful, to map and delineate the chemical molecular imprint-
ing of specific ‘segments of active surface adsorption sites’ 
developed on the surface of the material. Such a ‘molecu-
larly imprinted map’ of chemically stimulated adsorption 
sites may be generated using suitable analytical methods. 
These maps can then be analyzed to gauge the relative pro-
pensity and probability of binding of the target pharmaceu-
ticals on the surface of the multiple-template adsorbent-type 
molecularly imprinted polymers.

Depending on the optimal adsorption dynamics and net 
removal efficiency sought for each target micropollutant, 
the map may be ‘redrawn’ by reapportioning the molecular 
imprinting with suitable templates. In this manner, an opti-
mally functional assembly of the multiple-template molecu-
lar imprinting may be reached for the specific adsorption-
based water/wastewater treatment operations designed to 
scavenge the target pharmaceutical(s) using the selected 
multiple-template adsorbent-type molecularly imprinted 
polymers.

The process engineering challenge resides, first, in 
designing economic and relatively benign large-scale pro-
duction schemes for the selected multiple-template adsor-
bent-type molecularly imprinted polymers. At this point, it 
is also crucial to select and scale up an imprinting strategy. 
For example, boronate affinity imprinting, stimuli-respon-
sive imprinting, fragment template imprinting, or dummy 
template imprinting (Bhogal et al. 2021) will best meet the 
requirements of the real-scale water/wastewater treatment 
processes. Second, the large-scale handling, dispersion, and 
physicochemical stabilization of the selected multiple-tem-
plate adsorbent-type molecularly imprinted polymers within 
the successive unit operations of the industrial water/waste-
water treatment systems have to be optimized. Third, both 
technically and economically feasible large-scale recovery 
and regeneration schemes for the saturated or spent multiple-
template adsorbent-type molecularly imprinted polymers 
need to be worked out and optimally implemented.

At this stage, the use of multiple-template adsorbent-type 
molecularly imprinted polymers that have strong magnetic 
properties will be extremely desirable. Having magnetic 
properties under certain controlled conditions of process 
operations can imply that these spent magnetic multiple-
template adsorbent-type molecularly imprinted polymers can 
be recovered from the treated effluent streams quasi entirely 

by applying an appropriately designed external magnetic 
field. In this way, the application of the centrifugation and 
filtration unit operations for the separation and recovery of 
micropollutant-loaded adsorbent-type molecularly imprinted 
polymers can be avoided (Aylaz et al. 2021). Fourth, green 
and environmentally compatible disposal routes have to 
be designed for regenerating as much as possible the com-
pletely exhausted multiple-template adsorbent-type molecu-
larly imprinted polymers.

Conclusion

In this review, we have discussed the toxicity impact of 
pharmaceuticals on the human body and ecosystem and 
their removal by molecularly imprinted polymers. Subse-
quently, we illustrated various procedures for the prepara-
tion of molecularly imprinted polymers, and their advan-
tages and disadvantages; molecularly imprinted polymers 
have a high potential for water decontamination, owning 
to high selectivity and strong affinity. They have proven to 
be effective sorbents for selective drug uptake of a group 
of structurally analogous compounds. Integration of nano-
particles into Molecularly imprinted polymers can preserve 
their distinguished selectivity and maybe oblige innovative 
performance e.g. high uptake ability. To date, huge steps 
have been made to bring the imprinting technology one step 
closer to water purification appliances.

Despite these encouraging adsorption performances of 
molecularly imprinted polymers for pharmaceuticals, their 
known adsorptive capabilities are limited to laboratory-scale 
systems containing only a few adsorbates. In addition, other 
limitations that can be specific to one molecularly imprinted 
polymer may include, template leakage that can be persistent 
during sample preparation which can result in inaccurate 
quantification of trace adsorbates/analytes.

The need to extract water-soluble compounds becomes 
necessary in the wake of their selective rebinding from water 
samples, molecularly imprinted polymers have been widely 
synthesized using a single template molecule. Such materi-
als enable the selective uptake and segregation of only one 
specific target adsorbate. Hence, they can be insufficient for 
use in more complex real aqueous media which can com-
prise a significantly higher number of potential analytes 
including pharmaceuticals. However, we are optimistic 
about the future potential of molecularly imprinted polymers 
as selective adsorbents for water decontamination.
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