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Abstract - Due to the extensive use of pharmaceuticals, their 

presence in the environment is ubiquitous. Such compounds are 

classified as emerging contaminants and pose a risk to the 

microbial flora, which contributes to the balanced functioning of 

ecosystems and biogeochemical cycles. This paper aims to provide 

an overview of the characteristics, persistence, and impacts of 

pharmaceutical pollution, particularly its influence on the 

microbial world. To conduct research on the topic under 

consideration, a literature review approach was applied through 

data collected from analysis, molecular, and environmental 

methods. The method can be useful for studying the characteristics 

of pharmaceuticals and their impact on soil and aquatic 

ecosystems. Besides, it is useful for determining how microbes 

counteract the adverse effects of pharmaceutical contamination. 

Pharmaceutical pollution has a significant effect on the microbial 

world. An increased amount of these compounds promotes 

horizontal gene transfer, which is responsible for the development 

of antimicrobial resistance in microorganisms. Furthermore, due 

to persistence, pharmaceutical pollutants accumulate and 

biomagnify in ecosystems, becoming part of food chains and 

posing risks to ecosystems and people. Importantly, some bacteria 

and fungi degrade pharmaceutical products enzymatically, which 

opens perspectives for bioremediation approaches. 

Pharmaceutical pollution can significantly impact ecosystems, as 

its effects extend beyond microorganisms. Rather, the effect 

extends to higher trophic levels, thus negatively impacting 

ecosystems and human beings. As noted above, conventional 

approaches to reducing pharmaceutical pollutants in wastewater 

are often ineffective. Therefore, the use of microbial remediation, 

improved wastewater treatment techniques, and more 

environmentally friendly pharmaceuticals needs to be explored. 
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I. INTRODUCTION

Pharmaceuticals are biologically active compounds that

are widely and increasingly used in both human and 

veterinary medicine to treat various health conditions. The 

extensive use of different pharmaceutical classes results in 

their continuous release into the environment, making them 

emerging pollutants of significant concern. The rapid growth 

in the production and use of synthetic chemicals, including 

pharmaceuticals, far outpaces other global change factors—

such as biodiversity loss, rising carbon dioxide levels, 

nutrient pollution, and land-use changes. Pharmaceuticals 

mainly enter the environment through wastewater treatment 

plants (WWTPs), but they also come from agricultural 

practices, landfills, hospitals, and residential waste [1]. 

Research has confirmed the presence of pharmaceutical 

substances in various environmental media, including surface 

water, settling dust, and groundwater [2]. Several studies 

have confirmed the presence of pharmaceuticals in aquatic 

species in both freshwater and marine environments. Drugs 

such as psychoactive medicines, synthetic hormones, and 

NSAIDs have been found within those organisms [3].  

Microbial communities are essential energy sources in food 

webs and are fundamental components of global energy and 

matter cycles. By breaking down organic material, 

microorganisms release inorganic substances that primary 

producers utilise [4]. If the microorganisms fail to do so, the 

ecosystem's energy and nutrient cycles would be disrupted. 

From another perspective, the microbial community is an 

ideal indicator of an ecosystem's health status. The 

community is important for aquatic ecosystems' self-

purification, thereby removing certain organic and inorganic 

substances and pharmaceutical impurities [5]. 

Pharmaceutical pollutants in aquatic environments can have 

significant, long-lasting effects, inducing substantial 

reductions in energy and oxygen levels and thereby affecting 

the overall well-being of ecosystems [6]. 

This review examines the effects of several pharmaceutical 

classes frequently found in ecosystems—either individually 

or collectively—on soil and aquatic microbial communities. 
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[Fig.1: The Lifecycle and Ecological Impact of Pharmaceutical Pollutants] 
 

II. SOURCES AND PATHWAYS OF 

PHARMACEUTICAL POLLUTANTS 

A. Route of Entry of Human and Veterinary 

Pharmaceuticals 

Pharmaceutical contaminants enter the environment 

through multiple pathways, mainly via effluents from 

wastewater treatment plants resulting from typical patient use 

and excretion. Moreover, drug pollutants originating from 

either humans or animals are increasingly being detected in 

diverse environmental compartments globally, including 

surface water, groundwater, soils, and biota [7], [8]. 

The discharge of pharmaceuticals into wastewater via 

excretion or skin rinse, together with incomplete removal at 

wastewater treatment plants, leads to their distribution in the 

hydrosphere, including drinking water, sediments, soils, food 

chains, and plants [9]. 

High quantities of unused drugs and their metabolites, as 

well as breakdown products, are discharged to the aquatic 

environment through untreated wastewater, treated 

wastewater effluents, and effluents from livestock and 

aquaculture operations. Such pollutants ultimately reach 

marine and coastal environments, where they serve as sinks 

[10]. 

Pharmaceutical factory effluents have been identified as an 

important source of pollution owing to their high content of 

active pharmaceutical compounds in the receiving 

ecosystem. The global occurrence of such pollutants is 

evident by the discovery of 631 different compounds in 71 

countries [11]. 

More significantly, up to 30% to 90% of the drug intake 

through oral administration is excreted in urine in the form of 

the drug itself in human beings and other animals. The 

excreted drug is subsequently flushed out into the sewage 

system, which is not equipped to filter drugs and thus acts as 

the major route of entry for pharmaceutical contamination 

[12]. 

B. Manufacturing and Disposal Practices    

Pharmaceutical production and manufacture are major 

sources of environmental pollution through various 

pathways. Pharmaceutical production involves processes that 

generate effluents, including fermentation broth, process 

liquor, solvents, cleaning water from equipment, and 

undesirable products containing APIs and their metabolites. 

Effluents are usually contaminated with pharmaceuticals, 

sometimes more than the environmental safety limits, 

inadequately treated, or incorrectly disposed of before they 

enter aquatic environments. Research indicates that 

pharmaceutical production is the main contributor to 

increased concentrations of drugs in the environmental 

surroundings around drug usage zones. The inappropriate 

disposal of pharmaceuticals significantly contributes to 

pollution through various modes of transport. Practices such 

as flushing medicines down toilet bowls and sinks, disposing 

of them in garbage bins, or dumping them in landfills without 

any treatment make it easier for pollutants to enter aquatic 

ecosystems directly or indirectly. Household disposal 

methods, for example, enable APIs to seep from landfills into 

groundwater or flow into water bodies through rainfall [13]. 

At times, healthcare institutions and industries may engage 

in the illegal dumping of excess or outdated medications that 

contain API. In addition, poor disposal techniques, such as 

burning, release hazardous airborne substances, leading to 

environmental pollution and contamination of soil and water 

bodies [14]. 

It is important to note that the   

outcome of such actions is the 

presence of medications in 

the environment since most 

drugs are formulated to 
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withstand chemical processes and decompose slowly. 

Traditional wastewater treatment facilities are ineffective at 

breaking down such components. As a consequence, 

pharmaceutical drugs are disposed of in aquatic habitats, 

sedimentary basins, and organisms. The deposits cause 

environmental contamination and the bioaccumulation of 

pharmaceuticals in marine organisms, leading to 

antimicrobial resistance [15]. 

C. Environmental Fate and Transport 

Processes that control the fate of pharmaceutical pollutants 

in environmental matrices include sorption, 

photodegradation, biodegradation, and oxidation. It is 

important to note that pharma pollutants are relatively stable, 

meaning they will accumulate at higher rates than they 

degrade. This means that such attributes as toxicity, mobility, 

bioaccumulation, and persistence will determine the 

influence of drug pollutants in the environment. Moreover, 

conventional water purification methods typically do not 

eliminate these pollutants, leaving them detectable in purified 

water [16]. 

Pharmaceutical drugs may enter the soil matrix through 

leaching and runoff. Their behaviour in the soil matrix will 

largely depend on components such as pH, organic matter, 

clay, and humus. Certain drugs persist in the soil and are 

known to bioaccumulate or migrate into groundwater. In 

contrast, others are controlled by abiotic factors such as 

oxidation or biological reactions that produce transformation 

products. If these processes are not efficient enough, 

pharmaceuticals will stay in their environmental matrix or be 

eliminated from it; either way, soil organisms may become 

involved [17]. 

Table I: Environmental Sources of Major Pharma Pollutants 

Source Route of Entry 
Environmental   

Compartments Affected 
Key Pollutants 

Wastewater Treatment 

Plants (WWTPs) 
Effluent discharge Rivers, lakes, sediments Antibiotics, NSAIDs 

Pharmaceutical Manufacturing 

Plants 
Industrial effluent Surface water, soil Active Pharmaceutical Ingredients (APIs) 

Hospitals Direct sewer discharge Urban waterways Antibiotics, cytotoxic drugs 

Agriculture & Livestock 
Runoff, manure 

application 
Soil, groundwater Veterinary antibiotics 

Household Disposal 
Flushing, landfill 

leachate 

Groundwater, surface 

water 
Mixed   pharmaceuticals 

 

 

[Fig.2: Dynamics of Pharmaceutical Pollution and its Global Environmental Footprint] 

 

III. FORMS OF PHARMACEUTICAL POLLUTANTS 

AND THEIR ECOLOGICAL EFFECTS 

A. Antibiotics 

Antibiotics enter the environment through various means, 

such as emissions during the manufacture of medicines, poor 

storage of excess or out-of-date medicines, effluent from 

hospitals, runoff from farms, and utilisation of the chemicals 

as crop disinfectants and disease-control agents in 

aquaculture operations. The presence of these chemicals in 

water bodies and soil exerts selective pressure on resistant 

bacteria. It facilitates the transfer of resistance genes, thereby 

contributing to environmental pollution from medicines and 

increasing antibiotic resistance in the environment [18]. 

B.  Analgesics and Anti-Inflammatory Drugs 

Non-steroidal anti-inflammatory drugs (NSAIDs) get into 

the environment through human excretion. Once consumed 

by people, these drugs, including ibuprofen, naproxen, and 

diclofenac, pass through the human body partially unchanged 

or as active metabolites and later get discharged into 

municipal wastewater systems. Conventional wastewater 

treatment techniques are   

inefficient at removing 

chemicals because of the 

drugs' persistence.  

 

https://doi.org/10.54105/ijapsr.D4112.06030426
http://www.ijapsr.latticescipub.com/


 

Pharmaceutical Pollutants in the Ecosystem: Impact on Microbial Community Functioning and Its 

Ecological Implications 

 

                                               18 

Published By: 

Lattice Science Publication (LSP) 
© Copyright: All rights reserved. 

Retrieval Number: 100.1/ijapsr.D411206040626 

DOI:10.54105/ijapsr.D4112.06030426 
Journal Website: www.ijapsr.latticescipub.com 

 

 

Inevitably, the NSAIDs find their way into surface water 

systems such as rivers and coastal marine environments [19]. 

As per [20], the estimated concentrations of a few forms of 

pharmaceutical pollutants in their sources are listed below: 
 

Table II: Concentrations of Some Pharmaceutical Pollutants and their Sources [20]. 

Pharmaceutical Class Typical Concentration Range Sources 

Ciprofloxacin 0.32 – 299.88 Groundwater (high) and surface waters 

Acetaminophen 73.48 – 346.3 Rivers and water bodies 

Diclofenac 12.01 – 4.84 (surface); 0.14 – 0.0495 (water) Rivers and drinking water 

Sulfamethoxazole 0.16 – 100.56 Water bodies and surface water 

Amoxicillin 0.001 – 7.45 Surface water and drinking water 

IV. IMPACT OF PHARMACEUTICAL POLLUTANTS 

ON MICROBIAL COMMUNITIES 

A. Effects on Microbial Diversity and Abundance   

Pharmaceutical pollution, primarily comprising antibiotics 

and non-antibiotics, might have a considerable effect on 

population dynamics and the diversity of microorganisms 

present in aquatic environments. Biofilm structure and 

function might be altered by pharmaceutical pollution, 

leading to changes in community structure, a decline in the 

number of taxa, and shifts in dominant microbial taxa. 

Empirical data show that exposure to specific drugs reduces 

the abundance of Rhodobacteraceae and increases 

Gammaproteobacteria. Moreover, pharmaceutical pollution 

might help the dissemination of antibiotic-resistant genes 

within microbial communities. Drugs such as diclofenac and 

ciprofloxacin are characterised by lower bacterial richness, 

reduced Cyanobacteria and diatoms, and increased resistant 

strains. Thus, pharmaceutical pollutants are known to reduce 

microbial diversity and abundance, as well as to disrupt 

biogeochemical cycles and ecological processes in polluted 

ecosystems [21]. 

In addition, because of the increased number of cases of 

substance abuse, the levels of chemical substances have risen, 

which might negatively affect the survival rate, reproduction 

capabilities, metabolism, and other population dynamics 

features [22]. 

The use of medicinal products can influence microbial-

trophic interactions and detritivore activities, and disrupt the 

ecosystem's energy balance. Heavy stream pollution leads to 

higher rates of leaf degradation by microorganisms while 

reducing detritivore activity, altering basic energy flow 

pathways. As for chemical pollutants, such as drugs, their 

characteristic feature is not only their influence on bacteria 

but also their effects on archaea, fungi, and protozoa. The 

metagenomic analysis of the polluted river system has shown 

that, in addition to reductions in microbial abundance and 

biodiversity, chemical pollution increases the abundance of 

certain bacterial and archaeal taxa in several cases [23]. 

The effect of non-steroidal anti-inflammatory drugs 

(NSAIDs) on wastewater treatment could include changes in 

microbial community structure and activity, especially in 

nitrogen removal and in increasing bacterial diversity. It is 

worth mentioning that among the tested NSAIDs, naproxen 

and ibuprofen were removed better while diclofenac 

remained in water for a longer time. Moreover, NSAIDs 

stimulate the development of some bacteria, namely 

Bacteroidetes and Actinobacteria, which could degrade these 

chemicals [24]. 

 

B. Alterations in Microbial Metabolic Functions  

Exposure to pharmaceutical pollutants affects the functions 

of microbial populations in the ecosystem. They affect the 

metabolism of soil microflora with respect to carbon source 

utilisation, leading to decreased metabolic activity and 

diversity. Pharmaceuticals, especially antibiotics, are among 

the most dangerous contaminants. In particular, 

pharmaceuticals could affect the activities and functioning of 

microbial processes in ecosystems [25]. 

In general, contamination with pharmaceuticals, such as 

antibiotics, affects the community structure and metabolism 

of marine microorganisms in coastal sediments. Whole-

genome metagenomic profiling analysis demonstrated shifts 

in gene composition associated with metabolic processes 

(purine and pyrimidine metabolism, ABC transporters, 

carbon fixation) and an increased abundance of antibiotic 

resistance genes [26]. 

Dibutyl phthalate contamination induces genes related to 

nitrogen, carbon, and sulphur metabolism [27]. 

The influence of pharmaceuticals on fungal assemblages is 

complex, and, in addition to affecting their biodiversity, it can 

alter their functions and roles in ecosystems. Being present in 

water sources and their surroundings, the substances can exert 

selective pressures that lead to structural changes within 

fungal communities. In other words, some fungi might 

develop resistance to such substances or become adapted to 

the presence of toxins of these pollutants. Studies have shown 

that fungi used in pharmaceutical bioremediation, such as 

Trametes versicolor, can degrade certain compounds in these 

pollutants. Yet excessive concentrations and prolonged 

exposure may negatively affect fungal and enzyme 

development, reducing their effectiveness. Besides, negative 

metabolites formed during the decomposition of such 

pollutants can harm fungi and enzymes involved in 

biodegradation processes [28]. 

The drug ibuprofen present in streams can negatively affect 

the metabolism of streambed biofilms (consortia of microbes 

living on substrates). The process is crucial for the 

performance of metabolic functions in microbes, which are 

essential for numerous ecosystem processes. What is 

important to note is that the combined effects of 

pharmaceutical pollutants, along with other substances such 

as 17α-estradiol, can reduce the aforementioned inhibition 

[29]. 

C. Changes in Microbial 

Interactions and Ecosystem 

Dynamics  

Selective pressure may be 

exerted upon microbial 
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communities by certain pharmaceutical compounds, such that 

bacteria resistant to those drugs and able to degrade and 

transform them will emerge and flourish in the ecosystem. At 

the same time, the survival of the rest will be suppressed. This 

increases the growth and survival rate of those microbial taxa 

that are usually subdominant members of the microbial 

community. This leads to a profound alteration in the overall 

diversity of microbes and their functioning in the ecosystem 

[30]. 

Interactions between the active moieties of drugs have been 

reported to alter biofilm groups in aquatic systems and shift 

the equilibrium between disparate bacterial populations [31]. 

Under contaminated conditions, relationships among 

microbes (e.g., syntrophy in pollutant dechlorination) could 

be compromised. At several contaminated sites, populations 

of dechlorinating bacteria had been disturbed, and 

relationships among other pollutant-cracking taxa had been 

disrupted. Disturbance can compromise the inbuilt capacity 

for bioremediation and may catalyse intervention to 

complement the microorganisms' action [32]. 

Hormone pollutants such as 17-estradiol alter the structure 

of biological communities and gene expression. This change 

shifts the ratio of methanotropy to methanogenesis in an 

oxygen-rich water body, thereby facilitating greater methane 

release [33]. 

Experiments on contaminated river ecosystems have shown 

that pharmaceutical pollutants alter co-occurrence and 

modularity-based patterns in microbial networks. These 

alterations may diminish resilience and create conditions in 

which key species are vulnerable to extinction, ultimately 

destabilising the ecological system [34]. 

Pharmaceuticals and pollutants might play a role in 

transforming host–pathogen interactions, thereby altering 

parasite and disease transmission and population dynamics. 

Pharmaceuticals, for instance, have an often-underestimated 

effect on the parasite's life cycle and even on the mollusc 

host's life cycle, altering ecosystem health and the risk of 

disease transmission [35]. 

Table III: Impact of Pharmaceuticals on Microbial Taxa and Ecosystem Functions 

Pollutant Observed Microbial Changes Affected Taxa Ecological Implications 

Ciprofloxacin Reduced bacterial richness Cyanobacteria, diatoms Disruption of primary productivity 

Diclofenac Shift in biofilm structure Rhodobacteraceae ↓ Reduced nutrient cycling 

NSAIDs Increased resistant strains Bacteroidetes, Actinobacteria Functional shifts 

Antibiotics (general) ARG proliferation Multiple taxa 
Antibiotic resistance spread 

 

V. ECOLOGICAL CONSEQUENCES 

A. Disruption of Nutrient Cycling  

Pharmaceuticals are increasingly recognised as strong 

ecosystem disruptors, mainly because they can affect 

microorganisms and microbial assemblages, and they are a 

key part of the turnover cycle of essential elements such as 

nitrogen, phosphorus, and carbon. Microorganisms in 

freshwater and soils, particularly bacteria and fungi, are 

highly diverse and functionally diverse. Exposure to an array 

of well-characterised wastewater- and biosolid-linked 

pharmaceuticals has been shown to reduce microbial 

diversity and alter community architecture, thereby hindering 

important processes such as decomposition and nutrient 

mineralisation. It has been found to deliver phosphorus from 

the soil into the plants through their mycorrhizal fungi. 

However, antifungal azoles reduce plant nutrient uptake to a 

degree [36]. 

Pharmaceutical pollutants in sewage sludge, animal 

manure, or irrigation effluents could negatively affect soil 

microorganisms and certain enzymes involved in nutrient 

transformation. Although the negative effects of residues 

from anticancer drugs on human well-being are well 

documented, relatively few studies have examined their 

persistence, breakdown, and interactions with soil quality and 

biological health. Assessments of potential ecotoxicological 

effects of anticancer drug residues are much less common 

compared to those of other xenobiotics. Nonetheless, there is 

increasing interest in understanding the environmental fate of 

these pharmaceutical residues, especially in situations 

involving higher environmental risks. Sewage sludge and 

hospital wastewaters are the primary sources of anticancer 

drug residues entering the soil. Their environmental impact 

and transformation depend on the chemical nature and 

persistence of these residues. Based on their chemical 

properties, residues from anticancer drugs could be 

biodegraded and undergo biochemical changes, producing 

highly mobile molecules that migrate through the soil into 

surface and groundwater, leading to soil changes that affect 

microbial populations as well as their functional roles in 

energy flows, nutrient cycles, and overall ecosystem 

functions [37]. 

Pharmaceuticals such as albendazole, a veterinary 

anthelmintic, can prevent the colonisation and functioning of 

arbuscular mycorrhizal fungi, thereby hindering plant 

nutrient uptake, particularly phosphorus. These actions are 

brought about by the application of fertilisers laced with 

pharmaceuticals to crops, and they interfere with the 

symbiotic relationship between microbes and plants that is 

required for plants to uptake nutrients [38]. 

B. Alteration in the Decomposition Process 

Pharmaceutical pollutants significantly affect ecosystem 

decomposition by impeding the normal functioning of 

microbial populations responsible for degrading organic 

matter. The pollutants are adept at decreasing microbial 

diversity and activity, thereby decreasing the levels of 

microbial enzymes required for efficient degradation. 

Specifically, pharmaceutical chemicals, in addition to adjunct 

pollutants such as heavy metals, nanoparticles, and 

pesticides, can have deleterious effects on the indigenous 

microbiota of aquatic and terrestrial ecosystems, thereby 

impeding the degradation of   

organic matter. The 

interference could lead to a 

slowed degradation of 

organic matter, an 

https://doi.org/10.54105/ijapsr.D4112.06030426
http://www.ijapsr.latticescipub.com/


 

Pharmaceutical Pollutants in the Ecosystem: Impact on Microbial Community Functioning and Its 

Ecological Implications 

 

                                               20 

Published By: 

Lattice Science Publication (LSP) 
© Copyright: All rights reserved. 

Retrieval Number: 100.1/ijapsr.D411206040626 

DOI:10.54105/ijapsr.D4112.06030426 
Journal Website: www.ijapsr.latticescipub.com 

 

 

accumulation of residual matter that is not degraded, and, in 

the long run, impaired nutrient turnover. Furthermore, 

environmental events and pharmaceutical residues may alter 

environmental parameters such as pH and oxygen levels, 

which are crucial in environmental microbiology and 

degradation. These effects may lead to an imbalanced 

microbial population composition, with a few robust strains 

favoured at the expense of others, thereby compromising 

overall ecosystem health [39]. 

Biodegradation entails the breakdown of drug pollutants by 

minute organisms, such as fungi, bacteria, and algae, through 

specific chemical reactions. The microorganisms release 

enzymes, chemicals that catalyse chemical reactions, to 

reduce large pollutant molecules into smaller, less harmful 

ones, such as carbon dioxide, water, and inorganic ions [40]. 

It will typically involve several steps: 

Identification and internalisation of pollutants: 

microorganisms identify drug molecules emanating from 

outside and internalise them. 

Transformation by Enzymes-It is the phenomenon by which 

favoured enzymes catalyse a variety of reactions, such as 

oxidation and reduction, hydrolysis, and conjugation, due to 

changes in the chemical character of the pollutants. 

Metabolic pathways: The reactions occur along several 

metabolic pathways. These pathways gradually produce 

intermediate metabolites that are broken down until they 

become less toxic or inactive compounds. 

End-products: The metabolism must produce non-toxic 

end-products, such as carbon dioxide and water, which 

complete the detoxification process. 

This biodegradation allows natural degradation 

mechanisms to be disrupted by the application of biological 

action and enzymatic selectivity to break down intricate, 

refractory pollutants that would otherwise accumulate in the 

environment. The natural degradation mechanisms are driven 

by the active metabolism of these refractory substances and 

their subsequent accumulation, thereby accelerating overall 

decay while reducing pollution levels. Additionally, an 

understanding of the metabolic products and pathways 

developed during biodegradation is required to optimise 

processes and prevent the production of harmful metabolites, 

which may otherwise hinder environmental recovery [41]. 

C. Effects on Primary Productivity 

Pharmaceutical pollutants have been identified as the 

principal perturbers of ecosystem functioning, foremost in 

terms of primary productivity, indicating how quickly 

primary producers, such as photosynthetic microorganisms, 

algae, and higher plants, transform inorganic carbon into 

organic matter, primarily through photosynthesis. Primary 

productivity is a foundation of food webs and is an essential 

component in ecological stability in aquatic and terrestrial 

ecosystems. Even at sub-lethal levels relevant to 

environmental conditions, pharmaceuticals have been shown 

to reduce photosynthetic efficacy and inhibit the growth of 

aquatic primary producers such as microalgae and 

cyanobacteria. For example, experiments have shown that the 

antidepressant fluoxetine can suppress diatom growth by 

amplifying oxidative stress and disrupting energy 

metabolism, thereby reducing photosynthetic performance 

and primary productivity [42]. 

NSAIDs and other substances reduce pigment content and 

maximum quantum efficiency in photosensitive algal or plant 

organisms, thereby restricting photosynthetic capacity. 

Directly, these pharmaceutical waste products inhibit the 

growth and development of chlorophyll in cyanobacteria, 

which are the primary producers in any aquatic habitat; 

hence, they become lethal to their continued existence in 

addition to changing the entire productivity of the ecosystems 

[43]. 

Phytoplanktons, which constitute the diatoms and 

planktonic algae contributing about 40% of Earth's oxygen, 

are highly affected when pharmaceuticals are discharged into 

streams. Low productivity leads to low carbon capture, low 

oxygen output, and low contributions in sustaining the higher 

levels. In addition, drugs affect some biological functions. 

For example, if the rate of respiration goes higher while that 

of photosynthesis drops, then there would be low amounts of 

carbon available. Thus, oxygen levels might be affected, 

resulting in an environment with low oxygen content [44]. 

Impacts can extend beyond this extent depending on the 

type of drugs, interactions with other pollutants such as 

microplastics and heavy metals, and chemical-related factors 

such as temperature and nutrients. Global measurements 

reveal that pharmaceutical contamination at nanogram-to-

microgram per litre levels is sufficient to disrupt main 

production in rivers, lakes, estuaries, and inshore waters [45]. 

D. Impact on food web dynamics  

Pharmaceutical pollutants can enter aquatic food webs 

through direct uptake by primary producers, including algae 

and phytoplankton. The organisms absorb pollutants from 

substrates or water through their cell membranes or other 

intracellular uptake mechanisms. At the feeding level just 

above the primary producers in the food web, contaminated 

algae are consumed by herbivorous zooplankton or 

pharmaceuticals are taken directly from solution, enabling 

bioaccumulation in zooplankton tissue. Filter-feeding 

organisms that are important in the food webs of aquatic 

ecosystems may accumulate pharmaceuticals at levels above 

those of the immediate environment, thereby enabling their 

movement through the food web. Pharmaceutical pollutants 

and other harmful organic pollutants can enter the food web 

through polluted inland waters, soil, and sediments. They can 

build up in plants and aquatic animals and then end up in the 

food chain, affecting fish and crops. These chemicals can 

harm wildlife and humans by disrupting hormone function, 

causing cancer, and other health   

problems [46].
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Table IV: Effects of Pharmaceutical Pollutants on Ecological Functions 

Ecosystem Process Affected Mechanism of Disruption Observed Ecological Impact 

Nutrient Cycling Enzyme inhibition, microbial suppression Reduced mineralisation 

Decomposition Lower microbial activity Organic matter accumulation 

Primary Productivity Photosynthetic inhibition Reduced oxygen production 

Food Web Dynamics Bioaccumulation & biomagnification Trophic transfer risk 

 

VI. ANTIMICROBIAL RESISTANCE 

A. Development and Spread of Resistant Genes  

Pharmaceuticals enter the environment through various 

pathways, including human excretion, improper waste 

disposal, factory effluents, and runoff from animal husbandry. 

Wastewater treatment plants (WWTPs) are usually 

significant sites where the above-mentioned pollutants 

accumulate and from which antibiotics are inadequately 

removed from the environment, thereby emitting high 

concentrations of active moieties into natural water bodies. 

The repeated presence of the moieties, albeit in smaller 

amounts, exerts selective pressure on bacterial communities 

in both aquatic and terrestrial systems. Recurrent or episodic 

environmental exposure to sub-therapeutic antibiotic doses 

imposes selective pressure on microbial communities. 

Surviving bacteria that possess the resistance genes resist the 

drugs, spread, and overgrow non-resistant bacteria. The 

selective environment enhances the proliferation of 

antibiotic-resistant bacteria (ARB) within wastewater, soil, 

and aquatic systems. Areas affected by pharmaceutical 

pollutants have witnessed a growing clinically significant 

population size of ARB. Antibiotics, along with other drug-

based pollutants, may facilitate the horizontal transfer of 

ARGs between bacteria. This is achieved through processes 

such as conjugation (plasmid exchange), transduction 

(bacteriophage-mediated gene transfer), and transformation 

(absorption of extracellular DNA), which enable the 

dissemination of resistance across various genera and species. 

Certain pharmaceutical compounds have the mechanism to 

increase the membrane permeability of the bacterial cells. 

They can induce stress responses (e.g., SOS response), and 

upregulate plasmid mobilising genes, all of which favourably 

alter the frequency of gene transfer [47]. 

The majority of contaminated sites, mostly those in 

proximity to hospitals or downstream farms, including rivers, 

have high levels of ARGs with broad antimicrobial spectra. 

The selective pressure is exacerbated by co-pollutants, such 

as heavy metals and antiseptics, which co-select ARGs in the 

presence or absence of antibiotics at subinhibitory 

concentrations. These environmental compartments, in turn, 

become reservoirs of multidrug resistance, as observed in 

natural, agri-food, and aquatic environments. Research in 

various countries demonstrates a strong association between 

the abundance of ARGs and the occurrence of pharmaceutical 

residues. Metagenomic and molecular characterisation have 

confirmed the presence of ARGs in pollution hotspots, with 

ARGs co-occurring with mobile genetic elements, enabling 

horizontal transfer between microbial communities. Research 

spotlights hotspots of pharmaceutical pollution—in the form 

of hospital waste-impacted zones, animal manure, 

aquaculture, and drug manufacturing—as the main areas 

where environmental pools of ARGs could be significantly 

reduced through intervention. Effective mitigation measures 

include enhanced wastewater treatment technologies, natural 

adsorption, bioremediation products (e.g., microalgae, 

natural coagulants such as Moringa oleifera seeds), and 

environmental discharge policies to reduce pharmaceuticals 

[48]. 

B. Implications on the Environment and Human Health  

ARGs and ARB developed as a result of pharmaceutical                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

pollution can propagate through water networks, be 

consumed by wildlife, and reintroduce themselves in human 

communities through polluted water, food, and direct contact 

with contaminated environments. Water sources raise major 

concerns because, in addition to harbouring resistant genes, 

they also transfer and distribute them through a chain of 

interlinked ecosystems, thereby harming human health and 

ecosystem stability. In relation to the threat of human 

infections, the development of resistant microorganisms and 

thus increased opportunities for resistance will result in the 

transmission of resistant agents to humans through water, 

food products, and even contact. The spread of antibiotic-

resistant bacteria from livestock to humans may occur via 

direct contact with livestock, consumption of contaminated 

meat, and environmental routes mediated by manure and 

agricultural runoff. Research has confirmed that antibiotic-

resistant bacteria, such as Campylobacter and Escherichia 

coli, are transmitted from livestock to humans through the 

food chain. This results in serious infections whose treatment 

becomes very difficult [49]. 

VII. BIOACCUMULATION AND 

BIOMAGNIFICATION 

A. Accumulation in Microbial Biomass 

Bioaccumulation is the process by which chemicals, such 

as medicinal compounds, accumulate in the tissues of various 

organisms, including microbes, at levels greater than those in 

the surrounding environment. This accumulation is acquired 

either directly from the environment or through the food 

chain. Biomagnification is the process by which chemicals 

become increasingly concentrated as they move through a 

food web. This leads to greater exposure to organisms higher 

up in the food chain. 

Microorganisms are significant in the environment because 

their populations can accumulate a wide range of drugs due 

to their diversity and sheer numbers. The pollutants adhere to 

or are assimilated by microbial cells; hence, they become 

constituents of the microbial mass. This accumulation is 

significant because microbes form the foundation of 

numerous food chains. Hence,   

harmful pollutants 

accumulated in microbial 

mass may be magnified by 
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biomagnification and affect larger ecological systems. 

The microbial cells are likely to gather substances through 

several ways, such as: 

▪ Adsorption and Uptake: Extracellular polymeric 

substances and microbial cells provide sites for drug 

attachment, particularly charged or hydrophobic 

drugs. Adsorption through such a process could lead 

to high drug concentrations in biofilms and clumps 

of microbial cells. 

▪ Intracellular Uptake and Metabolism: Certain 

fungal and bacterial organisms can internalise drugs 

into cellular structures, resulting in metabolic 

conversion or drug breakdown. However, a 

proportion of such drugs is not subject to microbial 

catabolism and accumulates in cells, leading to their 

net accumulation in a biological system. 

▪ Enzymatic Biotransformation: Microbial 

enzymes, such as cytochrome P450 

monooxygenases and ligninolytic enzymes (notably 

from fungi), can metabolise and, in certain 

instances, detoxify pharmaceuticals. Non-complete 

metabolism, though, generates stable transformation 

products themselves that also accumulate. 

Extracellular polymeric substances produced by aquatic 

microbial cells mature into sophisticated matrices as a 

constituent of biofilm material. EPS, comprising a range of 

biomolecules such as polysaccharides, proteins, lipids, and 

nucleic acids, exhibits physicochemical properties for the 

sorption of drug molecules. Due to their three-dimensional 

networks, they enable the sequestration and concentration of 

pollutants in microdomains surrounding microbial 

aggregates, thereby facilitating bioaccumulation. EPS 

regulates pollutant availability. Bacterial organisms are 

protected from harmful chemicals by diffusion barriers. EPS 

present in water bodies is an important contributor to drug 

sequestration, ensuring prolonged residence times and 

enhanced biological effects. Furthermore, EPS's participation 

in the formation of marine snow and transparent exopolymer 

particles indicates its contribution to biogeochemical cycles 

and pollutant transport in aquatic environments [50].  

The presence of drug pollutants in the microbial ecosystem 

poses a serious risk to biotic communities and biodiversity. 

The resultant negative effects are as follows: 

▪ Modified Microbial Diversity: When drugs are 

released into the environment, microbial diversity is 

modified. Research has found higher levels of 

Pseudomonas, Gemmobacter, and some members of 

the Comamonadaceae family when drugs are 

emitted. This unveils how these pollutants affect 

some microbes [51]. 

▪ Disruption of Biodegradative Function: This 

occurs when drugs damage certain groups of 

microbes, reducing their capacity to degrade organic 

matter or nutrients. This decline then impairs 

ecosystem services such as purifying wastewater 

and cycling nutrients. 

▪ Selection of Resistance to Antibiotics: Non-

antibiotic substances sometimes induce stress in 

microorganisms. This will stimulate the shuffling of 

genes to produce microorganisms resistant to 

antibiotics and to propagate organisms that pose a 

risk to public health. 

B. Transfer through Trophic Levels 

Pharmaceutical chemicals embedded in microbial biomass 

are likely to be transferred to these organisms through 

biomagnification. This has been observed in aquatic food 

webs, where pharmaceutical chemicals, through their 

metabolites, accumulate to higher concentrations in predators 

than in organisms at lower trophic levels. This is compounded 

by the lipophilic character and tendency to accumulate of 

certain pharmaceutical molecules, which support their 

incorporation into food chains and transfer within the trophic 

web. The manner in which drugs interact with microbial 

populations influences how pollutants are transformed and 

degraded. It also influences how compounds accumulate in 

microbial cells. Accumulating pharmaceutical compounds 

are transferred along ecosystem food chains by microbial 

grazers, protozoa, and higher consumers, leading to potential 

biomagnification in successive higher trophic levels. Such 

transfer increases exposure risk from invertebrates to fish and 

ultimately to human consumption, hence the relevance of 

evaluating microbial functions and vectors in pollutant 

transfer. Pharmaceutical compounds and metabolites have 

been detected in several biological compartments of 

microbial food webs, including microbial grazers such as 

protozoa and small invertebrates feeding on microbial 

biofilms. Gradient concentrations of pharmaceutical 

compounds have been documented in several studies, with 

higher concentrations in grazers than in microbial producers, 

indicating high trophic transfer and potential 

biomagnification. Biofilms, densely clustered aggregations 

of microorganisms embedded in EPS, act as pools for 

pharmaceutical accumulation and hold them, thereby serving 

as both sites of storage and exchange in aquatic ecosystems. 

Such an accumulation in the biofilm makes the effective 

transfer of pharmaceutical compounds via grazing efficient. 

For example, stream ecosystem studies documented the 

presence of various pharmaceutical compounds in 

invertebrates and in riparian spiders, providing evidence of 

the transfer of pharmaceutical compounds from aquatic 

insects in aquatic larval stages by terrestrial predators, 

describing cross-ecosystem channels of biomagnification 

[52]. 

In aquatic ecosystems, biomagnification is the transfer of 

pollutants through feeding links, such that chemical 

accumulation in predator species occurs at rates higher than 

their removal. It has been well-documented for traditional 

pollutants, such as heavy metals and recalcitrant organic 

chemicals, but is now emerging for pharmaceuticals as well. 

Pharmaceutical chemicals with physicochemical traits 

favouring persistence and bioaccumulation, especially 

lipophilicity and resistance to metabolic breakdown, are 

particularly vulnerable to biomagnification. An increase in 

concentration with higher trophic levels can have toxic effects 

on wildlife and pose a risk of human exposure through the 

consumption of aquatic 

organisms. Aquatic 

microbial assemblages are 

responsible for 

pharmaceutical 
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accumulation at the base of the food web and are involved in 

the early stages of biomagnification. Experiments carried out 

in aquatic food webs demonstrate that biomagnification of 

certain pharmaceutical substances is possible; however, 

biomagnification is specific to particular compounds and is 

complicated by metabolism and depuration. The persistence 

and accumulation of pharmaceutical compounds by aquatic 

organisms underscore the importance of understanding their 

trophic transfer kinetics [53]. 

Biofilm structures consist of highly organised communities 

of microorganisms entrapped within EPS matrices bound to 

surfaces of aquatic ecosystems. These structures provide sites 

for pollutant accumulation and sequestration, making them 

important contact points for pharmaceuticals and microbial 

communities that inhabit them. Such biofilms serve as 

sources of pollutant interactions with a variety of microbial 

species and as nutrient sources for microbial grazers. 

Protozoans and small invertebrates feeding on organic matter 

in biofilms are important links in the accumulation and 

transfer of pollutants up the food chain. According to past 

research, the importance of biofilms in the retention of 

pharmaceuticals and as transition points affecting pollutant 

dynamics is evident. The detection of pharmaceuticals in 

grazers, as reported in existing studies, clearly suggests 

biomagnification via biofilms [54].

Table V: Pharmaceutical Pollution Accumulation in Living Organisms 

Trophic Level Uptake Mechanism Transfer Pathway Ecological Risk 

Microbial 

Biomass 

Adsorption, intracellular 

uptake 
Base of the food    web Pollutant reservoir 

Zooplankton Grazing on biofilms Aquatic food web Tissue accumulation 

Fish Dietary uptake Higher trophic transfer Toxicity risk 

Humans 
Consumption of aquatic 

organisms 
Food chain Health risk 

 

VIII. MITIGATION STRATEGIES 

A. Microbial Degradation of Pharmaceutical Pollutants  

The use of microbial mechanism-based bioremediation 

represents an excellent approach for eliminating 

pharmaceutical contaminants from water sheds. Advances 

such as microbial fuel cells, biofilters, and engineered 

microbial consortia for enhanced degradation, Adsorption, 

and Catalytic action represent possibilities for efficient 

pollutant removal. Integration of green nanobiotechnology, 

leveraging microbial properties combined with 

nanomaterials, can increase pollutant removal efficiency 

[55]. Innovations in synthetic biology, metagenomics, and 

microbial ecology enhance microbial consortia with 

improved metabolic pathways for the removal of 

pharmaceutical contaminants. 

There are various microbial mechanisms for degrading 

pharmaceutical contaminants. These include: 

8.1.1 Adsorption and Catalytic Action: Microbes produced 

nanomaterials (NPs) such as iron oxide NP and Palladium 

NPs having high surface area and dense active sites, allowing 

for drug adsorption like ibuprofen, 17β-estradiol, and 

sulfamethoxazole. These NPs also promote chemical 

reactions that break down complex drug molecules into less 

toxic compounds. 

▪ Biogenic Nanocatalysts: Microbial production of 

metal nanoparticles supports the development of 

biocatalysts for dehalogenating and detoxifying 

drug molecules like diclofenac and steroids. For 

example, producing palladium nanoparticles with 

Shewanella oneidensis demonstrates their capacity 

to dehalogenate aromatic drug molecules and reduce 

their toxicity. 

▪ Enzymatic Activity: Microbial organisms produce 

enzymes capable of degrading the pharmaceutical 

pollutants. The enzymes can degrade or convert drug 

molecules, thereby detoxifying them and facilitating 

their eventual removal from an aquatic environment. 

▪ Higher Removal Efficiency: Biogenic NPs 

synthesised from bacteria like Pseudomonas putida 

were capable of effectively eliminating endocrine-

disrupting compounds (e.g., estrone) and medicines 

under in situ conditions [56]. 

B. Improved Wastewater Treatment Technologies  

WWTPs now have to be designed to operate in tandem to 

remove pharmaceutical pollutants, given their staying power 

in the environment. Conventional strategies such as 

sedimentation, filtration, and biological treatment are 

ineffective at stopping such chemicals. As such, recourse is 

required and is often implemented in recent and hybrid 

technologies for WWTPs. 

▪ Membrane and Advanced Oxidation 

Technologies: Membranes are effective in removing 

harmful substances and are applied to industries 

where high-grade drinking water is required. 

Membrane bioreactors (MBRs) in conjunction with 

advanced oxidation technologies (AOPs), such as 

ozonation, UV/H₂O₂, and the Fenton reaction, are 

highly effective in degrading hard pharmaceuticals 

and organo-pollutants and do so without forming 

harmful by-products. The combination utilises the 

physical screening effectiveness of membranes and 

chemical oxidation to degrade hard molecules [57]. 

▪ Adsorption Processes: High-order adsorption by 

virtue of activated carbon, carbonaceous 

nanomaterials, biochar, and functionalized 

nanocomposites in the form of MOFs and chitosan 

derivatives has been effective in realising the 

removal of several drug molecules. As an example, 

carbon-based and biochar adsorbents are an 

economical and high-capacity method for removal. 

In contrast, nanocomposite adsorbents, such as 

chitosan-based 

adsorbents, are 

highly promising 

in terms of 

sustainability and 
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performance-specific effectiveness [58]. Scalability 

issues and material regeneration are still roadblocks. 

▪ Constructed Wetland Treatments: Biological 

processes, such as activated sludge, upflow 

anaerobic sludge blankets (UASB), and constructed 

wetlands, may enhance elimination of certain drugs, 

particularly when combined. Hybrid processes that 

use fungi or bacteria to degrade chemicals are ideal 

from an environmental and economic standpoint. 

Certain types of fungi, such as Ganoderma lucidum, 

are true eliminators of certain drugs, and specifically 

chosen bacteria can tackle recalcitrant substances 

[59]. 

C. Green Pharmacy Initiative and Pharmaceutical Take-

Back Programmes 

The Green Pharmacy Project seeks to promote sustainability 

in drug development and production to minimise 

environmental impact. Such a strategy employs techniques 

such as green chemistry, including energy-saving measures, 

renewable sources for drug production, and safer solvents, 

which considerably reduce the amount of hazardous waste. 

Besides, the strategy utilises new techniques that minimise 

the generation of harmful byproducts during the conventional 

drug manufacturing process, such as biotransformation, 

enzymatic catalysis, and nanotechnology. On the other hand, 

the drug collection program can be considered an effective 

means of eliminating unused drugs. Research shows that 

failure to establish proper procedures for the disposal of 

pharmaceutical waste, such as flushing medications down 

toilets and disposing of them in garbage cans, results in the 

discharge of active pharmaceutical ingredients into sewage 

treatment facilities and landfill sites. Consequently, these 

toxins pollute surface water and groundwater sources and 

pose significant harm to aquatic life [60]. 

IX. CONCLUSION 

Owing to their persistence and the potential indirect effects 

on microbial communities, pharmaceutical pollution is 

becoming a significant environmental problem. 

Pharmaceutical pollutants disrupt essential biogeochemical 

cycles and ecosystem stability by altering microbial 

community function. The development of antibiotic 

resistance among microbes that naturally occur in the 

environment poses yet another threat to human health. 

Despite the progress that has been made, many unknowns 

remain regarding the effects of pharmaceutical drug 

combinations, the recovery ability of ecosystems, and what 

constitutes irreparable functional disruption. It would thus be 

beneficial for future research in this field to adopt a more 

multidisciplinary approach that encompasses aspects of 

molecular biology and modelling. Finally, legislative 

intervention, improved sewage treatment facilities, and 

recognition of the role of microorganisms in supporting 

ecosystems should all be part of future efforts to alleviate 

ecological risks posed by pharmaceutical substances. 
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