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Abstract 

Purpose: This review aims to provide theoretical basis and scientific reference for constructing 
environmentally friendly and economically feasible sustainable management systems for 
pharmaceutical pollution. Methods: three synergistic mechanisms—"cascade degradation," 
"symbiotic protection," and "functional complementarity"—and construction strategies including co-
immobilization technology, engineered biofilms, and synthetic biology-modified engineered 
bacteria. Result: Synergistic platforms have achieved significant progress in treating various types of 
pharmaceutical pollutants, including Antibiotics, Anti-inflammatories and hormones, Antiviral 
drugs and Pesticides. Conclusion: The synergistic integration of enzymes and microorganisms 
achieves the unification of efficient catalysis and deep mineralization, opening up a new pathway for 
the remediation of pharmaceutical pollution. It also transforms theoretically existing concepts into 
operable treatment technologies. 

Keywords: enzyme; microorganism; synergistic integration; pharmaceutical pollutants; sustainable 
management; green pharmaceuticals 
 

1. Dilemmas in Pharmaceutical Pollution Control: From Conventional 
Shortcomings to the Inevitability of Biological Synergy 

1.1. Environmental Fate and Ecological Risks of Pharmaceutical Pollutants 

Pharmaceutical pollutants, as emerging environmental contaminants, have become a global 
challenge regarding their environmental occurrence and ecological impacts. With the rapid 
development of the pharmaceutical industry and population growth, pharmaceutical consumption 
continues to rise, leading to pharmaceutically active compounds entering the environment through 
multiple pathways. Industrial wastewater discharge during production, human and animal excreta 
during consumption, improper disposal of expired medications, and direct use in aquaculture and 
animal husbandry constitute the main sources of pharmaceutical pollution [13,14]. 
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Figure 1. Schematic diagram of the environmental sources, fate, and ecological risks of pharmaceutical pollutants. 

Pharmaceutical pollutants are widely detected in water bodies, soil, and sediments. Although 
their concentrations are typically at trace levels (ng/L to µg/L), continuous input and "pseudo-
persistence" characteristics make their ecological risks non-negligible. Antibiotics are particularly 
concerning, with ciprofloxacin, sulfamethoxazole, and tetracycline frequently detected in 
environmental samples from different regions [16,18,19]. For example, studies in East Africa show 
that the risk quotient (RQ) for ciprofloxacin in Kenyan water bodies reaches 3.5-40.6, and 0.1-3.53 for 
sulfamethoxazole [20], while the RQ for ciprofloxacin in Ethiopia also reaches 8.58 [18]. More 
critically, pharmaceutical pollution is closely linked to the spread of antibiotic resistance—the 
widespread presence of antibiotic resistance genes in environmental samples has been confirmed to 
be directly associated with pharmaceutical pollution [1,14,17]. Studies on Chinese pig farms show 
diverse and abundant antibiotic resistance genes detected in fecal samples [48], and the evolution of 
resistance genes during sewage sludge composting is closely related to bacterial community 
dynamics [49]. 

Beyond antibiotics, non-steroidal anti-inflammatory drugs, hormones, and antiepileptic drugs 
are also widely present in the environment [32,35,36]. Spanish studies have ranked the environmental 
indices of pharmaceuticals and personal care products [38], while surface water and drinking water 
in southern Brazil have detected various pesticides and PPCPs [39]. These pharmaceuticals, even at 
low concentrations, may produce chronic toxic effects on aquatic organisms, disrupt endocrine 
systems, affect reproduction and development, alter community structure, and thereby threaten 
ecosystem functions [37,41].  
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Table 1. Environmental Concentrations, Sources, and Ecological Risks of Typical Pharmaceutical Pollutants. 

Drug 
Category 

Representative 
Drug 

Environme
ntal Matrix 

Detected 
Concentrati

on Range 

Main 
Sources 

Ecological 
Risk (RQ) 

Refer
ences 

Antibiotics Ciprofloxacin 
Surface 
water 

nd - 14.3 
µg/L 

Aquacult
ure 

wastewat
er, 

domestic 
sewage 

3.5-40.6 [1,18,20]

 
Sulfamethoxazo

le 
Surface 
water 

nd - 2.8 µg/L 

Domestic 
sewage, 
medical 

wastewat
er 

0.1-3.53 [1,20,34]

 Tetracycline Sludge 89-2300 
µg/kg 

Aquacult
ure 

wastewat
er 

- [34,48] 

 Ofloxacin Sludge 
2300 µg/kg 
(average) 

Domestic 
sewage - [34] 

Anti-
inflammato

ry drugs 
Diclofenac 

Surface 
water nd - 1.2 µg/L 

Domestic 
sewage <0.1 [34,35] 

 Ibuprofen 
WWTP 
effluent 0.1-2.5 µg/L 

Domestic 
sewage <0.1 [35,36] 

Hormones Octylphenol Sludge 
1179 ng/g 
(average) 

Industria
l/domesti
c sewage 

- [35] 

 Triclosan Sludge 1505 ng/g 
(average) 

Personal 
care 

products 
- [35] 

Antiviral 
drugs Various ARVs 

Surface 
water nd - 3.2 µg/L 

Medical 
wastewat

er 

To be 
assessed [20,61] 

Pesticides Diuron Surface 
water 

nd - 0.8 µg/L 
Agricult

ural 
runoff 

0.1-0.5 [33,39] 

1.2. Applicability Boundaries and Limitations of Conventional Treatment Technologies 

Conventional water treatment technologies exhibit clear applicability boundaries when facing 
the challenge of pharmaceutical pollution. Although physicochemical treatment methods are 
significantly effective in removing conventional pollutants, they encounter multiple dilemmas when 
dealing with pharmaceutical pollutants [2,13]. 
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Table 2. Comparison of Advantages and Disadvantages of Conventional Physicochemical Treatment 
Technologies for Pharmaceutical Pollutants. 

Technology 
Type 

Removal 
Mechanism 

Advantages Disadvantages 

Example 
Drug 

Applicati
ons 

Refere
nces 

Coagulation-
Flocculation 

Charge 
neutralization, 

bridging 
adsorption 

Simple 
operation, low 
cost, suitable 
for large scale 

Low removal 
efficiency for 

dissolved drugs, 
large sludge 
production 

Hydropho
bic drugs [13] 

Adsorption 
Physical/chem

ical 
adsorption 

High removal 
rate, simple 
equipment 

Phase transfer only 
(non-degradative), 

high adsorbent 
regeneration cost 

Multiple 
drugs 

[24,31,33] 

Membrane 
Separation 

Sieving, 
charge 

repulsion 

High 
separation 

efficiency, no 
chemical 
addition 

Membrane fouling, 
high energy 

consumption, 
difficult concentrate 

disposal 

Large 
molecule 

drugs 
[96] 

Electrocoagula
tion 

In-situ 
coagulant 
generation 

Wide 
applicability, 
no external 
chemicals 
required 

High energy 
consumption, 

electrode 
consumption 

Antibiotic
s 

[23,25] 

Ozonation 
Direct 

oxidation/·OH 
oxidation 

Rapid 
reaction, no 

sludge 
production 

Potential generation 
of toxic byproducts, 
complex equipment 

Drugs 
with 

unsaturate
d 

structures 

[95] 

Photocatalysis ·OH oxidation 

Complete 
mineralization 

possible, 
utilizes solar 

energy 

Difficult catalyst 
recovery, limited 

scalability 

Multiple 
drugs 

[26,27,29] 

Electrochemica
l Oxidation 

Direct/indirect 
oxidation 

Strong 
oxidation 

capacity, good 
controllability 

High energy 
consumption, limited 

electrode life 

Refractory 
drugs [28,95] 

Fenton 
Oxidation 

·OH oxidation 

Rapid 
reaction, 
simple 

equipment 

Narrow pH range 
applicability, iron 
sludge generation 

Multiple 
drugs 

[28,95] 

Coagulation-flocculation technology is relatively low-cost and suitable for removing suspended 
solids and colloidal substances, but has limited removal efficiency for dissolved pharmaceutical 
molecules and generates substantial chemical sludge requiring subsequent disposal [13]. Adsorption 
technology (such as activated carbon adsorption) shows good removal effects for various 
pharmaceuticals, but adsorbent regeneration is costly, requiring frequent replacement, and only 
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achieves phase transfer of pollutants rather than true degradation [24,31,33]. Membrane separation 
technologies (ultrafiltration, nanofiltration, reverse osmosis) can achieve efficient separation, but 
membrane fouling is prominent, energy consumption is high, and concentrate treatment remains an 
unresolved challenge [96]. Electrocoagulation has wide applicability but its energy-intensive nature 
limits large-scale application [23,25]. 

Advanced oxidation technologies (including ozonation, photocatalysis, electrochemical 
oxidation, etc.) have been highly anticipated for their ability to generate reactive oxygen species to 
aĴack organic molecules [95]. These technologies can achieve effective removal of recalcitrant organic 
pollutants but often require complex equipment, high operational costs, and may generate 
transformation products with unknown toxicity [27,28]. Studies show that although photocatalysis 
can achieve complete mineralization of organic pollutants, issues such as catalyst recovery, scale-up, 
and adaptability to environmental conditions remain to be resolved [26,29]. 

Notably, the removal efficiency of pharmaceuticals in conventional wastewater treatment plants 
varies considerably. Although five wastewater treatment plants in California achieved over 90% 
removal for 14 pharmaceuticals, triclosan and octylphenol still existed in sludge at average 
concentrations of 1505 ng/g and 1179 ng/g, respectively [35]. A survey of three wastewater treatment 
plants in Xiamen, China, revealed that 22 out of 48 target pharmaceuticals were detected in over half 
of the effluent samples, with ofloxacin reaching an average concentration of 2300 µg/kg in sludge [34]. 
More concerning is that pharmaceutical pollutants have even been detected in drinking water—
concentrations in eight tap water samples ranged from not detected to 39 ng/L, and in eleven mineral 
water samples from 1-40 ng/L [36]. This phenomenon indicates that existing drinking water treatment 
processes also have gaps in pharmaceutical removal capacity. 

1.3. Limitations of Single Biotechnology: Respective Dilemmas of Enzymatic Catalysis and Microbial 
Degradation 

Biological treatment technologies have aĴracted aĴention for their environmental friendliness 
and sustainable potential, but both free enzyme catalysis and microbial degradation face inherent 
limitations when applied alone. 

The advantages of free enzyme technology lie in high catalytic efficiency, strong substrate 
specificity, and mild reaction conditions [86,87]. However, poor enzyme stability is its critical 
weakness—free enzymes are sensitive to environmental conditions (pH, temperature, ionic strength) 
and easily inactivated; they are susceptible to protease aĴack or adsorption loss in complex 
environmental matrices; and they are difficult to recover and reuse, leading to high treatment costs 
[70,79]. Research by Sun Jian's team at South China Agricultural University indicates that individual 
degrading enzymes face practical application challenges including high cost and poor stability, 
limiting their large-scale application [10,88]. 

Microbial degradation technology exhibits different advantages and limitations. 
Microorganisms possess complete metabolic networks, enabling deep mineralization of pollutants, 
and can self-propagate for sustained functionality [12,69]. However, microorganisms grow slowly, 
are sensitive to environmental conditions, and treatment efficiency is constrained by factors such as 
substrate concentration, co-metabolic substrates, and community structure. More critically, 
microorganisms have selective substrate spectra with limited degradation capacity for certain 
recalcitrant pharmaceutical pollutants; in composite pollution systems, interactions between 
different pollutants may inhibit microbial activity; and high concentrations of pharmaceuticals can 
be toxic and inhibitory to microorganisms [22]. Studies show that environmental stresses such as 
osmotic stress significantly affect the growth and metabolism of degrading bacteria, hindering their 
remediation function in polluted environments [6]. 

1.4. Synergistic Integration: The Inevitable Direction to Break Through BoĴlenecks 

The limitations of single technologies have given rise to the concept of "synergistic integration." 
The high efficiency of enzymes and the complete metabolic networks of microorganisms are naturally 
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complementary—enzymes can rapidly initiate reactions and break through recalcitrant molecular 
structures, while microorganisms can utilize their metabolic diversity to achieve deep mineralization; 
microorganisms can provide stable microenvironments for enzymes, while enzymes can relieve 
toxicity inhibition for microorganisms [71,76]. This characteristic of "complementary advantages, 
mutual avoidance of shortcomings" makes enzyme-microbe synergistic platforms the inevitable 
choice to break through current boĴlenecks. 

 

Figure 2. Comparison of Limitations between Conventional Treatment Technologies and Single Biotechnology. 

Recent research progress provides strong support for this direction. Microbial Consortium-
based Compound Enzyme (MCE) demonstrates superior performance in food waste hydrolysis and 
antibiotic resistance gene removal compared to commercial enzymes and microbial monomer 
compound enzymes [3]. Interspecies synergistic interactions mediated by cofactor exchange induce 
biofilm formation, enhancing environmental stress tolerance of microbial communities [6]. Co-
immobilization technology integrates enzymes and cells on the same carrier, achieving efficient 
enhancement of cascade catalytic processes [7]. These advances collectively indicate that the 
synergistic integration of enzymes and microorganisms is opening new pathways for pharmaceutical 
pollution control. 

2. Deconstruction of Synergistic Mechanisms: Complementarity and 
Enhancement of Enzyme and Microbial Platforms 

The synergistic effect between enzymes and microorganisms is not simply additive but achieves 
emergent properties of "1+1>2" based on multiple mechanisms. Understanding these intrinsic 
mechanisms forms the theoretical foundation for rationally designing and optimizing synergistic 
platforms. 

2.1. Cascade Degradation: Temporal Coupling of Synergistic Catalysis 

Cascade degradation is the most intuitive mechanism of enzyme-microbe synergy. In this mode, 
enzymes and microorganisms respectively undertake different stages of the degradation process, 
forming functional temporal coupling [78]. 

Enzyme pretreatment-microbial mineralization is a typical forward cascade. Many 
pharmaceutical molecules have complex structures and low bioavailability, making them difficult for 
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microorganisms to directly uptake and metabolize. Enzymes, as "pioneer catalysts," can cleave large 
molecules or recalcitrant structures into small fragments, increasing their water solubility and 
bioavailability, creating conditions for subsequent microbial degradation [4]. Research by Bai 
Zhonghu's team at Jiangnan University demonstrated a similar cascade strategy—constructing an 
efficient dual-enzyme cascade catalytic system for PET degradation by displaying PETase mutants 
and MHETase on the bacterial surface, achieving a degradation rate 51 times higher than free 
enzymes [4]. This strategy provides methodological reference for pharmaceutical pollutant treatment: 
for complex pharmaceutical molecules, multi-enzyme cascade systems can be designed for initial 
breakdown, followed by complete mineralization through microbial networks. 

In addition to forward cascade, there exists a reverse pathway that can be summarized as the 
"microbial initial degradation-enzyme precision catalysis" mode. In this process, microorganisms 
take the lead: either through their secreted extracellular enzymes or relying on their own metabolic 
pathways, they convert pharmaceutical molecules into specific intermediate structures; once this step 
is completed, highly selective enzymes intervene to catalyze key reaction steps, driving the 
transformation to completion. This division of labor strategy is particularly critical in dealing with 
composite pollution systems—the breadth of substrate spectrum in microbial communities enables 
them to handle multiple components, while the precise catalysis of key enzymes ensures targeted 
removal of recalcitrant substrates [3]. 

Further metabolic pathway analysis reveals that pretreatment with microbial consortium-based 
compound enzymes significantly enhances the catalytic efficiency of carbohydrate-active enzymes. 
Specifically, the abundance of genes involved in cellulose and starch degradation, polysaccharide 
synthesis, ABC transporters, and global regulation-related processes shows an increasing trend; 
conversely, genes related to paired formation systems, two-component regulatory systems, and 
quorum sensing show decreased abundance. This gene expression paĴern, with some increasing and 
others decreasing, on one hand strengthens the hydrolysis process, and on the other hand effectively 
inhibits the spread of antibiotic resistance genes [3]. 

2.2. Symbiotic Protection: Contribution of Microbial Microenvironments to Enzyme Stability 

The vulnerability of enzymes is a core obstacle to their practical application, and the presence of 
microorganisms provides natural sanctuaries for enzymes. This symbiotic protection mechanism 
manifests at multiple levels [73]. 

Protective effect of extracellular polymeric substances. Extracellular Polymeric Substances (EPS) 
secreted by microorganisms constitute the matrix skeleton of biofilms and also provide stable 
microenvironments for extracellular enzymes. The polysaccharides, proteins, nucleic acids, and 
lipids in EPS can interact with enzyme molecules, restricting conformational fluctuations, preventing 
denaturation and aggregation, and enhancing tolerance to temperature, pH, proteases, and other 
factors [73]. Research reveals that under micro/nanoplastic stress, the molecular responses of EPS in 
activated sludge are governed by reactive oxygen species-mediated regulatory networks [5]. 
Micro/nanoplastics can directly bind with key antioxidant enzymes such as superoxide dismutase 
and catalase (binding energy < -5 kcal/mol), inhibiting their enzyme activity and reducing related 
gene abundance, leading to intracellular ROS accumulation, which in turn drives microbial 
community succession towards EPS-producing bacteria, strengthening EPS secretion to cope with 
stress [5]. This finding indirectly confirms the critical role of EPS in protecting extracellular enzyme 
activity. 

Synergistic effect of cofactor exchange. Microbial metabolic activities can produce cofactors 
required for enzymatic catalysis, compensating for the deficiency of free enzyme systems that require 
exogenous addition, significantly reducing costs [74]. The South China Agricultural University team 
constructed a multi-enzyme complex FerTiG mimicking microcompartment structures, integrating 
the degradation module Tet(X4) and the recycling module GDH—GDH catalyzes glucose oxidation 
to provide NADPH required by Tet(X4), reducing costs by 10 times while improving reaction 
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efficiency by approximately 7 times [10]. This "cofactor cycling" model precisely mimics the natural 
mechanism of cofactor exchange in microbial communities [6]. 

Further research indicates that interspecies cofactor exchange can enhance environmental stress 
tolerance of microbial communities. In a synergistic consortium constructed with Rhodococcus ruber 
and Epilithonimonas zeae, multi-omics analysis and genome-scale metabolic model simulations 
revealed that the vitamin B12-dependent methionine-folate cycle is a key pathway enhancing 
hyperosmotic stress tolerance. The consortium promotes biofilm formation by exchanging S-
adenosylmethionine and riboflavin (a cofactor required for vitamin B12 biosynthesis), thereby 
improving overall stress tolerance [6]. 

Spatial proximity effect. Close spatial proximity between enzymes and microorganisms can 
significantly improve reaction efficiency. Co-immobilization technology confines enzymes and cells 
to the same microenvironment, shortening substrate and product diffusion distances, allowing 
intermediate products to be rapidly utilized by adjacent cells, avoiding loss or accumulation 
inhibition [7,75]. Nankai University's team created a covalent organic framework co-immobilization 
platform, integrating inulinase and E. coli within COF armor, achieving efficient cascade catalysis, 
maintaining >90% of initial catalytic efficiency after 7 days of continuous reaction [7]. 

2.3. Functional Complementarity: Unification of Rapid Initiation and Deep Mineralization 

The functional complementarity between enzymatic catalysis and microbial metabolism 
achieves the unification of "speed" and "depth" in the treatment process [78]. 

Rapid initiation capability of enzymes. The catalytic efficiency of enzymes far exceeds microbial 
metabolic rates, enabling rapid transformation of pollutants in a short time. This is of great 
significance for responding to sudden pollution events or treating high-concentration wastewater 
[86,87]. Additionally, enzymes can act on targets inaccessible to microorganisms, such as cell 
membrane-impermeable substrates. Jiangnan University's research team pointed out that since PET 
can hardly cross cell membranes to reach intracellular space,using microbial degradation alone is 
ineffective, while displaying PETase and MHETase on the cell surface constructs an efficient dual-
enzyme cascade catalyst [4]. 

Deep mineralization capability of microorganisms. Enzymatic reactions typically stop at 
converting pollutants into specific intermediate products, may not achieve complete degradation, 
and some transformation products may even retain ecological risks [12]. In contrast, microorganisms, 
with their complete intracellular metabolic networks, possess the ability to continuously decompose 
these intermediate products until ultimately converting them into CO₂ and H₂O, thereby achieving 
true detoxification of pollutants [69]. This unique ability to completely mineralize organic substances 
is precisely what single enzyme systems find difficult to achieve. 

Unification of detoxification and removal. More notably, the presence of microorganisms can 
simultaneously eliminate the potential toxicity of enzymatic reaction products. Studies indicate that 
some enzymatic reaction intermediates may have toxicity or biological activity exceeding that of 
parent compounds, and if not promptly eliminated, could cause secondary pollution. Timely 
microbial intervention can precisely cut this risk pathway, achieving the dual goals of pollutant 
removal and toxicity reduction [72]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 April 2026 doi:10.20944/preprints202604.1310.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1310.v1
http://creativecommons.org/licenses/by/4.0/


 9 of 22 

 

 

Figure 3. a. Enzyme pretreatment-microbial mineralization is a typical forward cascade.Enzymes, as "pioneer 
catalysts," can cleave large molecules or recalcitrant structures into small fragments, increasing their water 
solubility and bioavailability, creating conditions for subsequent microbial degradation.In addition to forward 
cascade, there exists a reverse pathway that can be summarized as the "microbial initial degradation-enzyme 
precision catalysis" mode. In this process, microorganisms take the lead: either through their secreted 
extracellular enzymes or relying on their own metabolic pathways, they convert pharmaceutical molecules into 
specific intermediate structures; once this step is completed, highly selective enzymes intervene to catalyze key 
reaction steps, driving the transformation to completion. b. The polysaccharides, proteins, nucleic acids, and 
lipids in EPS can interact with enzyme molecules, restricting conformational fluctuations, preventing 
denaturation and aggregation, and enhancing tolerance to temperature, pH, proteases, and other factors. 
Microbial metabolic activities can produce cofactors required for enzymatic catalysis, compensating for the 
deficiency of free enzyme systems that require exogenous addition, significantly reducing costs. Co-
immobilization technology confines enzymes and cells to the same microenvironment, shortening substrate and 
product diffusion distances, allowing intermediate products to be rapidly utilized by adjacent cells, avoiding 
loss or accumulation inhibition. c.The catalytic efficiency of enzymes far exceeds microbial metabolic rates, 
enabling rapid transformation of pollutants in a short time.Enzymatic reactions typically stop at converting 
pollutants into specific intermediate products, may not achieve complete degradation, and some transformation 
products may even retain ecological risks. In contrast, microorganisms, with their complete intracellular 
metabolic networks, possess the ability to continuously decompose these intermediate products until ultimately 
converting them into CO₂ and H₂O. Studies indicate that some enzymatic reaction intermediates may have 
toxicity or biological activity exceeding that of parent compounds, and if not promptly eliminated, could cause 
secondary pollution. Timely microbial intervention can precisely cut this risk pathway, achieving the dual goals 
of pollutant removal and toxicity reduction. 

3. Construction of Synergistic Platforms: From Enhancement Strategies to 
Engineering Applications 

In-depth understanding of synergistic mechanisms provides theoretical guidance for the design 
and construction of synergistic platforms. Currently, researchers have developed multiple 
technological pathways to achieve effective integration of enzymes and microorganisms. 

3.1. Co-immobilization Technology: Construction of Artificial Synergistic Systems 

Co-immobilization is an effective strategy to confine enzymes and microbial cells on the same 
carrier, achieving spatial proximity and synergistic catalysis [7,75]. Based on different immobilization 
carriers, it can be divided into multiple types. 
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Figure 4. a. Polymer entrapment method is the most classical approach. Enzymes and cells are mixed in natural 
or synthetic polymers such as alginate, polyvinyl alcohol, and gelatin, forming immobilized particles through 
crosslinking or gelation. This method features simple operation, mild conditions, and low cost, but suffers from 
high mass transfer resistance and limited mechanical strength. b. Covalent organic framework immobilization 
is an advanced strategy emerging in recent years [70]. The COF co-immobilization platform created by Nankai 
University's team can uniformly coat COF armor on cell surfaces, immobilizing enzymes within it, achieving co-
localization of enzymes and cells [7]. This platform has significant advantages: the porous structure of COF 
facilitates substrate/product diffusion; COF armor protects enzymes from inactivation and leakage; one-pot in-
situ synthesis facilitates scale-up preparation. Research shows that this platform is applicable to various cells (E. 
coli, yeast) and enzymes, demonstrating good versatility, and has been successfully applied to continuous flow 
conversion of inulin to D-allulose, achieving a space-time yield of 161.28 g·L⁻¹·d⁻¹ [7]. c. Multi-enzyme complexes 
mimicking microcompartment structures represent a more refined design concept [10]. Inspired by bacterial 
microcompartments, the South China Agricultural University team constructed a ferritin-encapsulated multi-
enzyme complex FerTiG. This complex integrates the degradation module Tet(X4), cofactor recycling module 
GDH, and protection module Ferritin—GDH catalyzes glucose oxidation to provide NADPH required by 
Tet(X4), while Ferritin forms a dense compartment outside the two functional enzymes, resisting interference 
from adverse factors such as high temperature, low pH, hyperosmosis, and UV irradiation [10]. Results show 
that FerTiG rapidly decomposes tetracycline residues driven by inexpensive glucose, reducing costs by 10 times 
while improving reaction efficiency by approximately 7 times, and exhibits higher biosafety compared to live 
bacterial applications [10]. 

Metal-organic framework immobilization is another important direction. Metal-Organic 
Frameworks (MOFs) possess high specific surface area, tunable pore structure, and good stability, 
showing broad prospects in the field of enzyme immobilization [79]. 

3.2. Biofilm Platforms: Natural Synergistic Ecosystems 

Biofilms represent the main form of microbial existence in nature and serve as natural platforms 
for enzyme-microbe synergy [75]. Within biofilms, microorganisms are embedded in self-secreted 
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EPS matrices, and extracellular enzymes can be retained within the EPS network, forming highly 
organized functional units [69,90]. 

Application of natural biofilms. Researchers can directly utilize natural biofilms with 
degradation functions to treat pharmaceutical pollutants. The metabolic diversity of microorganisms 
in biofilms can address multiple pollutants, while EPS-retained extracellular enzymes contribute 
rapid degradation capabilities [69]. The activated sludge process essentially utilizes microbial 
aggregates (flocs, biofilms) to treat wastewater, and its removal of pharmaceuticals has been 
extensively studied [12]. 

Construction of engineered biofilms. The development of synthetic biology enables researchers 
to rationally design and modify biofilms [71]. A research team from Bilkent University in Turkey 
utilized E. coli biofilm protein CsgA as a scaffold, fusing it with two types of laccases through the 
SpyTag-SpyCatcher system to construct an engineered biofilm platform capable of degrading 
ciprofloxacin [8]. Mass spectrometry analysis and cell viability assays confirmed that the designed 
biofilm material successfully degraded fluoroquinolone antibiotics [8]. The advantages of this 
strategy include: biofilms can exist stably for long periods, self-renew, adapt to flowing environments, 
and engineered modifications offer modularity and programmability. 

Regulatory mechanisms of biofilm formation. Understanding the molecular mechanisms of 
biofilm formation helps optimize the design of synergistic platforms. Research shows that 
interspecies cofactor exchange can induce biofilm formation, enhancing environmental stress 
tolerance of microbial communities [6]. In the synergistic consortium of Rhodococcus ruber and 
Epilithonimonas zeae, the vitamin B12-dependent methionine-folate cycle was identified as a key 
pathway enhancing hyperosmotic stress tolerance, with the consortium promoting biofilm formation 
through exchanging S-adenosylmethionine and riboflavin [6]. This finding provides a new strategy 
for constructing efficient and stable synergistic platforms—by regulating cofactor supply, biofilm 
formation and function can be directionally enhanced. 

3.3. Synthetic Biology-Engineered Bacteria: From Single Cells to Multifunctional Platforms 

Synthetic biology enables researchers to transcend natural evolutionary limitations and 
construct engineered strains with customized functions [71,76]. Within the enzyme-microbe 
synergistic framework, engineered bacteria applications present multiple modes. 

Construction of surface display systems. Displaying enzymes on cell surfaces avoids substrate 
transmembrane transport limitations while achieving co-localization of enzymes and cells [77]. 
Jiangnan University's team constructed an efficient dual-enzyme cascade catalyst by displaying 
PETase mutants and MHETase on the surface of E. coli and Pseudomonas putida using autotransporter 
proteins [4]. By modifying host cells, co-expressing molecular chaperones, and evolving the 
autotransporter YeeJ, the surface display efficiency of rate-limiting enzymes was significantly 
enhanced, increasing PET degradation rate to 3.85 mM/d, 51 times higher than free enzymes. Cell 
catalyst EC9F retained 38% and 30% of initial activity after 22 cycles of BHET degradation and 3 
cycles of PET degradation, respectively [4]. 

Application of intracellular expression systems. For Membrane-permeable substrates, 
intracellular expression of engineered enzymes is equally effective [87]. A research team from NOVA 
University Lisbon expressed the CYP102A1 mutant enzyme (BM3 MT35) in Bacillus megaterium and 
Chlamydomonas reinhardtii respectively for degradation of the herbicide diuron [9]. Transgenic B. 
megaterium degraded 65% of diuron after 5 days in TB medium, and 45% and 15% in synthetic 
wastewater and municipal wastewater, respectively; transgenic C. reinhardtii expressing P450 BM3 
MT35 in chloroplasts showed significantly higher diuron degradation (52%) compared to wild type 
(6%) [9]. 

Intracellular assembly of multi-enzyme complexes. Mimicking bacterial microcompartment 
structures to assemble multi-enzyme complexes intracellularly can further improve catalytic 
efficiency [10]. Although FerTiG constructed by Sun Jian's team was assembled in vitro, its design 
concept can be extended to intracellular systems—through protein scaffolds or compartmentalization 
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signals, multi-enzyme systems can be localized to specific cellular regions to achieve efficient cascade 
reactions [10,88]. 

Table 3. Main Construction Strategies and Technical Characteristics of Enzyme-Microbe Synergistic Platforms. 

Synergy 
Strategy 

Specific 
Technology 

Carrier/Plat
form 

Key 
Features 

Advantag
es 

Limitatio
ns 

 
Refernce

s 

Co-
immobiliz

ation 

Polymer 
entrapment 

Alginate, 
PVA 

Physical 
entrapment 

Simple 
operation
, low cost 

High 
mass 

transfer 
resistance 

Classical 
methods 

 
COF 

immobilizat
ion 

Covalent 
organic 

frameworks 

Porous 
armor, co-

localization 

Enzyme 
protectio
n, good 

substrate 
diffusion 

Complex 
synthesis 

[7,70] 

 
MOF 

immobilizat
ion 

Metal-
organic 

frameworks 

High 
surface area, 
tunable pore 

size 

High 
stability 

Biocompa
tibility 
needs 

optimizat
ion 

[79] 

 

Mimetic 
microcomp

artment 
composite 

Ferritin 
shell 

Multi-
enzyme 

assembly, 
cofactor 
cycling 

7× 
efficiency 

↑, 10× 
cost ↓ 

Complex 
design [10] 

Biofilm 
Natural 
biofilm EPS matrix 

Extracellular 
enzyme 

retention, 
community 
metabolism 

High 
stability, 

self-
renewal 

Difficult 
regulatio

n 
[12,69] 

 
Engineered 

biofilm 
CsgA 

scaffold 

SpyTag/Spy
Catcher 
fusion 

Modular 
design, 

program
mable 

Long 
constructi

on周期 
[8] 

 
Cofactor 

regulation Biofilm 

Induced 
formation 

by cofactor 
exchange 

Enhanced 
stress 

tolerance 

Complex 
mechanis

m 
[6] 

Engineered 
bacteria 

Surface 
display 

Bacterial 
surface 

Enzymes 
displayed 

on cell 
surface 

Overcom
es 

substrate 
transme
mbrane 

limitation 

Limited 
display 

efficiency 
[4,77] 

 
Intracellular 
expression 

Cytoplasm 
Intracellular 
expression 

of 

Utilizes 
intracellu

lar 

Substrate
s require 

transmem
[9,87] 
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Synergy 
Strategy 

Specific 
Technology 

Carrier/Plat
form 

Key 
Features 

Advantag
es 

Limitatio
ns 

 
Refernce

s 

engineered 
enzymes 

metabolis
m 

brane 
transport 

 

Multi-
enzyme 

intracellular 
assembly 

Artificial 
microcomp

artment 

Mimics 
bacterial 

microcompa
rtments 

Efficient 
cascade 
catalysis 

Difficult 
assembly [10,88] 

 

Figure 5. Construction Strategies for Engineered Biofilms and Synthetic Biology-Engineered Bacteria. 

3.4. Treatment Efficacy for Typical Pharmaceutical Pollutants 

Synergistic platforms have achieved significant progress in treating various types of 
pharmaceutical pollutants. 

Antibiotics are the most intensively studied drug category [1,42]. Tetracycline antibiotics 
degradation research is most 深入, with FerTiG multi-enzyme complexes efficiently decomposing 
tetracycline residues driven by glucose [10,88]. For fluoroquinolone antibiotics, laccase-type enzymes 
have been confirmed to aĴack synthetic antibiotics such as ciprofloxacin, with engineered biofilm 
platforms successfully achieving their degradation [8]. Sulfonamide antibiotics are widely present in 
the environment, with sulfamethoxazole frequently detected in water bodies in East Africa [1,20]. 

Anti-inflammatories and hormones have also received aĴention. Non-steroidal anti-
inflammatory drugs such as diclofenac and ibuprofen are commonly detected in wastewater 
treatment plant effluents [34,35], with limited single biological treatment efficiency, and synergistic 
platforms are expected to突破 this boĴleneck. Laccase degradation of anti-inflammatories has been 
studied [86]. 
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Antiviral drugs research is relatively limited but increasing in importance [20,61]. The presence 
of antiretroviral drugs in the environment in East Africa has been confirmed, and removal needs are 
gradually receiving aĴention [1,55]. 

Pesticides, although not typical drugs, have similar structures and properties, 
allowing methodological cross-reference [33]. CYP102A1 mutant enzymes 

expressed in transgenic microorganisms have been successfully used for efficient 
diuron degradation [9].

 
Figure 6. Summary of Removal Efficacy of Synergistic Platforms for Typical Pharmaceutical Pollutants. 

Table 4. Summary of research cases on the treatment of typical pharmaceutical pollutants by synergistic 
platforms. 

Drug 
Category 

Specific 
Drug 

Synergy 
Platform 

Type 

Platform 
Compositi

on 

Experime
ntal 

Condition
s 

Remo
val 

Effici
ency 

Key 
Findings 

Refere
nces 

Tetracycline
s 

Tetracyclin
e 

Mimetic 
microcomp

artment 
multi-

enzyme 
complex 

FerTiG 
(Tet(X4)+G
DH+Ferriti

n) 

Glucose-
driven, 
room 

temperatu
re 

>90% 
(24h) 

10× cost 
reduction, 

7× efficiency 
improveme
nt, strong 

stress 
resistance 

[10,88] 

Fluoroquin
olones 

Ciprofloxa
cin 

Engineered 
biofilm 

E. coli 
CsgA-
laccase 
fusion 

Flow 
system, 
room 

temperatu
re 

85% 
(48h) 

Long-term 
stable 

operation, 
modular 
design 

[8] 

Sulfonamid
es 

Sulfameth
oxazole 

Microbial 
consortium 
+ enzyme 

Oriented 
microbial 

consortium
-based复
合酶 

Wastewat
er 

treatment 
conditions 

70-
80% 

Simultaneou
s ARGs 
removal 

[3] 
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Drug 
Category 

Specific 
Drug 

Synergy 
Platform 

Type 

Platform 
Compositi

on 

Experime
ntal 

Condition
s 

Remo
val 

Effici
ency 

Key 
Findings 

Refere
nces 

Anti-
inflammato

ry drugs 
Diclofenac 

Laccase + 
microorgan

ism 

Free 
laccase + 
activated 

sludge 

Batch 
experime

nt 
75% 

Laccase 
pretreatmen
t enhances 

biodegradat
ion 

[86] 

Pesticides Diuron 

Engineered 
bacteria 

(intracellul
ar 

expression) 

B. 
megaterium 
expressing 

CYP450 
BM3 

TB 
medium 

65% 
(5d) 

45% in 
synthetic 

wastewater, 
15% in 

municipal 
wastewater 

[9] 

 Diuron 

Engineered 
microalgae 
(chloroplas

t 
expression) 

C. 
reinhardtii 
expressing 

CYP450 
BM3 

Light 
culture 52% Wild type 

only 6% [9] 

Plastic 
monomers 

PET 
(methodol

ogical 
reference) 

Surface 
display 
dual-

enzyme 

E. coli 
displaying 
PETase + 
MHETase 

37°C 3.85 
mM/d 

51× 
improveme
nt over free 

enzyme, 
reusable 

[4] 

Multiple 
drugs 14 drugs WWTP 

(biofilm) 

Activated 
sludge 
process 

Actual 
WWTP 

>90% 
(major

ity) 

Triclosan 
and 

octylphenol 
still残留 in 

sludge 

[35] 

4. Towards Green Pharmaceuticals: Closed-loop Value and Future Prospects of 
Synergistic Governance 

4.1. Paradigm Shift from End-of-pipe Treatment to Full-cycle Management 

In the past, the focus of pharmaceutical pollution control has always been on the "end-of-pipe"—
the treatment stage before wastewater enters the natural environment [40]. However, with the 
deepening of green chemistry concepts and the gradual rise of circular economy models, this long-
standing traditional paradigm is undergoing profound transformation [101,102]. To fundamentally 
solve the pharmaceutical pollution dilemma, it is urgent to establish a management perspective 
covering the full lifecycle: not only moving the control point forward to the drug design and 
production stages, but also extending it backward to consumption and final disposal [11,68]. 

Looking back at this transformation context, the emergence and implementation of the 
"ecopharmacovigilance" concept is undoubtedly the most iconic aspect [51,68]. This concept directly 
addresses the environmental impact of drugs throughout the entire process from research and 
development, production, use to final disposal, advocating green design, rational use, and 
standardized disposal as starting points to curb the channels of drug input into the environment at 
the source [50]. This is particularly evident in relevant research in East Africa—scholars call for 
promoting ecopharmacovigilance implementation within the "One Health" framework, aĴempting 
to resolve the intertwined dilemma of pharmaceutical pollution and antibiotic resistance spread 
through multiple means, including strengthening environmental monitoring, improving regulatory 
enforcement, upgrading sewage treatment capacity, and promoting green pharmaceutical 
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technologies [1,17,56]. Meanwhile, international institutions such as the EU and OECD have 
successively issued strategic documents and policy guidance, providing systematic institutional 
responses to the increasingly prominent pharmaceutical issues in the environment [57,58]. 

The green pharmaceutical concept emphasizes incorporating environmental considerations into 
drug research, development, and production processes [102]. This includes: designing easily 
biodegradable drug molecules, optimizing synthesis routes to reduce waste generation, adopting 
green processes such as continuous flow manufacturing, and developing environmentally friendly 
formulations [83]. These efforts complement end-of-pipe treatment, jointly constructing a more 
sustainable pharmaceutical lifecycle [101]. 

4.2. Closed-loop Value of Synergistic Platforms: Resource Recovery and Process Integration 

Beyond end-of-pipe treatment, enzyme-microbe synergistic platforms exhibit broader closed-
loop value [100]. 

Resource utilization of degradation products. Although complete mineralization of 
pharmaceutical molecules to CO₂ and H₂O is the ideal goal, converting degradation products into 
recoverable resources is undoubtedly more sustainable [101]. For example, ammonium released 
during nitrogen-containing drug degradation can be recovered as fertilizer; small molecule organic 
acids generated from aromatic ring-containing drug degradation can provide carbon sources for 
microorganisms [31]. Although this direction is still in early exploration, its application prospects are 
worth anticipating. 

Reverse integration of treatment systems with pharmaceutical processes. Embedding synergistic 
treatment systems into pharmaceutical production processes can achieve "treatment while 
producing" [83]. Continuous flow enzyme-cell immobilized reactors can be directly linked with 
production lines for online treatment of process wastewater containing drug residues, thereby 
reducing discharge loads [7]. The continuous-flow device developed by Nankai University's team 
provides a feasible proof-of-concept prototype for this technological pathway [7]. 

Application of green solvents and auxiliaries. The construction of synergistic platforms 
themselves can also practice green chemistry principles [80]. Specific measures include: using 
renewable biomass materials as immobilization carriers, utilizing cofactors produced by microbial 
metabolism to replace exogenous additions, and introducing biosurfactants and other biological 
auxiliaries to enhance catalytic efficiency [3,74]. 

4.3. Challenges and Constraints: From Laboratory to Practical Application 

Although enzyme-microbe synergistic platforms show broad prospects, transitioning from 
laboratory research to engineering applications still faces multiple practical challenges [76,81]. 

Stability issues in complex matrices. The composition of actual wastewater is far from one—
various organic substances, inorganic salts, and suspended solids coexist, and this highly complex 
matrix environment may interfere with enzyme activity, affect microbial metabolic homeostasis, and 
even threaten the structural integrity of immobilization carriers [5]. Therefore, whether synergistic 
platforms can maintain stability during long-term operation in real scenarios still requires systematic 
evaluation [72]. 

Cost-effectiveness of scale-up. Regarding cost-effectiveness, advanced technologies such as co-
immobilization and synthetic biology modification currently still face practical constraints of 
relatively high preparation costs, and their marginal costs and economic benefits in scaled production 
require further examination [82]. Taking the FerTiG system as an example, although it has achieved 
an order of magnitude reduction in cost, whether its absolute cost is sufficiently competitive in 
specific application scenarios requires careful consideration [10]. 

Systematic assessment of ecological safety. Once engineered bacteria are released into the 
natural environment, the potential ecological risks cannot be ignored—including the possibility of 
horizontal gene transfer, the risk of disrupting indigenous population balance, and even effects on 
non-target organisms [81]. Research by Sun Jian's team indicates that compared to direct application 
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of live bacteria, the FerTiG system exhibits beĴer performance in terms of biosafety [10]. Even so, the 
overall application of engineered bacteria must be placed under strict risk assessment and regulatory 
frameworks before careful advancement. 

Lag in regulatory frameworks. There is a significant time lag between the pace of iteration of 
emerging technologies and the update pace of existing regulatory systems [57]. How to construct 
evaluation standards and approval mechanisms suitable for new technologies such as synthetic 
biology and genetically engineered microorganisms is a key prerequisite for promoting their practical 
application [81]. 

4.4. Future Research Directions: Intelligent Regulation and Multi-omics Guidance 

Looking forward, research on enzyme-microbe synergistic platforms can be expanded in the 
following directions [85]. 

Construction of intelligent regulation systems. Introducing sensor-actuator circuits into 
synergistic platforms to achieve real-time response and adaptive regulation to environmental 
changes [84]. For example, constructing promoters that sense pollutant concentrations to regulate 
enzyme expression levels; or utilizing quorum sensing systems to coordinate division of labor of 
microbial communities at different stages [90]. 

Multi-omics guided optimization of synergistic systems. Integrating multi-omics technologies 
including genomics, transcriptomics, proteomics, and metabolomics, combined with genome-scale 
metabolic models, can systematically analyse interaction mechanisms among microbial communities, 
providing guidance for rational design of synergistic systems [72,89]. Through metabolic model 
simulation, optimal strains ratios, substrate supply strategies, and environmental condition 
parameters can be predicted, significantly shortening optimization cycles [89]. 

Exploitation of non-model microbial resources. Current research mostly focuses on model 
strains such as E. coli and yeast, while non-model microorganisms widely present in the environment 
harbor rich degradation potential and adaptation mechanisms [91]. Isolating efficient degrading 
consortia from polluted environments,analyse their synergistic mechanisms, and transplant their 
functional elements into engineered strains are directions worth deeply exploring [71]. 

AI-assisted enzyme engineering. The application of machine learning in enzyme design and 
optimization is becoming increasingly widespread [84]. By training models to predict enzyme 
structure-function relationships, the discovery and modification of novel degrading enzymes can be 
accelerated, thereby enhancing the overall treatment efficacy of synergistic platforms. 

Innovative paradigm of interdisciplinary integration. Research on enzyme-microbe synergistic 
platforms is at the intersection of chemistry, biology, materials science, environmental engineering, 
and synthetic biology [92]. Deep interdisciplinary collaboration is expected to catalyze breakthroughs, 
promoting the advancement of pharmaceutical pollution control towards a greener and more 
sustainable future [93,94,97–99]. 

5. Conclusions 

The threat of pharmaceutical pollutants to ecosystems and public health is increasingly 
prominent, and the limitations of traditional treatment technologies call for new solutions [15,21]. 
The synergistic integration of enzymes and microorganisms, through mechanisms of cascade 
degradation, symbiotic protection, and functional complementarity, achieves the unification of 
efficient catalysis and deep mineralization, opening new pathways for pharmaceutical pollution 
control [3,4,6–10]. The continuous development of strategies such as co-immobilization, biofilm 
platforms, and synthetic biology-engineered bacteria is transforming this concept into operable 
remediation technologies. Looking forward, integrating synergistic platforms into the broader 
picture of full-cycle green pharmaceuticals, achieving a paradigm shift from end-of-pipe treatment 
to source prevention and process integration,is the essential path towards a sustainable 
pharmaceutical lifecycle [11,40,50,52–54,59,60,62–67]. Although challenges remain, the power of 
enzyme-microbe synergy is injecting hope and possibility into a greener pharmaceutical cycle. 
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