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Abstract
Metal organic frameworks (MOFs) are multi-dimensional network of crystalline material held together by bonding of metal 
atoms and organic ligands. Owing to unique structural, chemical, and physical properties, MOFs has been used for enzyme 
immobilization to be employed in different catalytic process, including catalytic degradation of antibiotics. Immobilization 
process other than providing large surface provides enzyme with enhanced stability, catalytic activity, reusability, and selec-
tivity. There are various approaches of enzyme immobilization over MOFs including physical adsorption, chemical bonding, 
diffusion and in situ encapsulation. In situ encapsulation is one the best approach that provides extra stability from unfold-
ing and denaturation in harsh industrial conditions. Presence of antibiotic in environment is highly damaging for human in 
particular and ecosystem in general. Different methods such as ozonation, oxidation, chlorination and catalysis are available 
for degradation or removal of antibiotics from environment, however these are associated with several issues. Contrary to 
these, enzyme immobilized MOFs are novel system to be used in catalytic degradation of antibiotics. Enzyme@MOFs are 
more stable, reusable and more efficient owing to additional support of MOFs to natural enzymes in well-established process 
of photocatalysis for degradation of antibiotics aimed at environmental remediation. Prime focus of this review is to present 
catalytic degradation of antibiotics by enzyme@MOFs while outlining their synthetics approaches, characterization, and 
mechanism of degradation. Furthermore, this review highlights the significance of enzyme@MOFs system for antibiotics 
degradation in particular and environmental remediation in general. Current challenges and future perspective of research 
in this field are also outlined along with concluding comments.
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1  Introduction

Metal organic frameworks (MOFs), also known as one, 
two or three-dimensional infinite networks of crystalline 
materials that are constructed from metal clusters held 
together by multi-dentate organic ligands [1]. These con-
tain periodic networks structure containing central metal 
atom that is bridged by multi-dentate organic ligand [2]. 
Metal–ligand bond is formed by donation of electron 
pair from ligand to metal and thus they are also known 
as coordination polymers(CPs) [3]. MOFs are character-
ized by large surface area, biocompatibility, non-toxicity, 
tunable pore size and functional group. Owing to these 
properties MOFs have various application such as cataly-
sis, drug delivery, antimicrobial bio-sensing, point of care 
diagnostic wastewater treatment, proton conduction and 
adsorption [4–7]. For instance, zinc imadozolate frame-
work-8(ZIF-8) is one of the widely used owing to it high 
porosity, large surface area and catalytic efficiency. It is 
employed in various process such as bio-imaging, bone 
marrow engineering, anticancer therapy, biosensing, bio-
catalysis and drug delivery [8–11]. Due to tunable and 
regular pore size, MOFs has been used in wastewater treat-
ment by employing adsorption, filtration and degradation 
mechanism [12].

Due to large surface area, high porosity, pore volume 
and high chemical, structural and physical stability in cer-
tain environments, MOFs have been used for immobiliza-
tion of biomolecules such as enzymes [13], deoxyribo-
nucleic acid (DNA) [14], drugs [15] and various proteins 
[16] for multiple applications [17, 18]. Natural enzymes 
are excellent catalysts that are being used widely in several 
industrial fields for providing better catalysis than artificial 
catalysts. These enzymes offer high selectivity, high effi-
ciency (106 times) and excellent working in mild working 
conditions, these features make natural enzyme better than 
chemical catalysts in which these are absent [19, 20]. To 
achieve better and sustainable future for all as envisaged 
by United Nations (UN) in sustainable development goal, 
natural enzymes can play crucial role in its attainment due 
to their green nature [21]. Application of natural enzyme 
catalysts are increasing day by day and it is suitable alter-
native to chemical catalysts due to ecofriendly nature 
and efficiency. Reports suggest that market of industrial 
enzyme is rapidly flourishing and it is expected to jump 
up to 7.0 billion dollars by year 2023 [22]. Natural enzyme 
catalysts are also better than chemical catalyst in terms 
of degradability, compatibility and synthesis as this offer 
biodegradability, biocompatibility and these are synthe-
sized from natural, renewable and inexpensive resources. 
Comparing with natural enzymes, metal catalysts are very 
expensive and results in post-production complications 

such as difficult removal of metal traces from product in 
purification process [23]. Despite being so efficient and 
ecofriendly, large-scale applications of enzyme at indus-
trial scale faces a lot of challenges that are thwarting their 
use in industrial areas. Major challenges of enzyme cataly-
sis include instability in industrial conditions, expensive-
ness, reusability and recovery difficulties [24]. Natural 
enzymes offer very limited stability in harsh industrial 
conditions and they cannot work in situations where high 
temperature, extreme pH and non-aqueous solvents are 
involved [25]. To bring natural enzymes in industrial 
application, there was need of stabilizing and protecting 
these enzymes from harsh conditions. For production of 
efficient and stable enzyme, immobilization is an effective 
and excellent technique. A lot of reports suggest enhance-
ment of life cycles of enzymes after immobilization even 
in harsh industrial conditions. Additionally operational 
cost can be reduced and product quality can be improved 
by immobilization because immobilization offers easy 
recovery and reusability with minimum activity loss [23, 
25–28]. To overcome aforementioned drawbacks, scientist 
came up with immobilization of enzymes on MOFs for 
better stability and catalytic performance [5]. Literature 
survey indicated that MOFs has been used extensively for 
enzyme immobilization owing to their unique and intrigu-
ing features in recent years, as summarized in referenced 
reviews [29–34]. Stability of natural enzymes is dependent 
upon working media and MOFs impose structural restric-
tions on natural enzymes and protect them for denatur-
ing [35]. MOFs having highly ordered framework defend 
enzymes in harsh conditions such as excessive acidic or 
basic pH, high temperature and presence of organic sol-
vents resulting in enhanced stability and catalytic activity 
of enzymes [36, 37]. There are various method for immo-
bilization including surface immobilization by chemical 
bonding [38] and physical interaction [39], diffusion [40] 
or encapsulation [41].

Antibiotics are extensively used class of pharmaceuti-
cal and personal care products (PPCPs). These are emerg-
ing environmental pollutants particularly in water bodies. 
Antibiotics are used in treatment of bacterial infections and 
humans where they enter in ecosystem through fecal and 
water. Owing to slow metabolic rate, these pollutants spread 
slowly and results in physiological effect in human even in 
low dose. Abuse of antibiotics is an emerging and serious 
threat to ecosystem and heath of living organisms [42–44]. 
Proper treatment and degradation of antibiotics from waste-
water is challenging problem that need immediate attention 
to reduce health risks and environmental hazards. There are 
various methods for the removal of antibiotics from waste-
water such as ozonation, catalytic oxidation, membrane fil-
tration and surface adsorption [45] but the biodegradation 
of antibiotics is one of the novel technique for removal of 
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antibiotics via enzyme linked MOFs [46]. In spite of several 
studies in this domain, the literature still lacks a consolidated 
and comprehensive review on the biocatalytic degradation 
of antibiotics using enzyme based natural catalysts. There-
fore, this work is aimed to provide readers with fundamen-
tal knowledge on enzyme immobilization approaches using 
MOFs along with the harmful effects of antibiotics on the 
environment. The main focus of this review is to discuss the 
recent research on the catalytic degradation of antibiotics 
through enzyme@MOFs. Finally, article is summed up with 
current challenges and future recommendations in this field.

2 � Enzyme Immobilization Methods

There are multiple method of enzyme immobilizations but 
all follow one of the three routes i.e.; carrier binding, cross 
linking and encapsulation as exhibited in Fig. 1 [24].

Doonan et al. categorized immobilization techniques 
on the base of binding mechanism between enzymes and 
MOFs into encapsulation, bioconjugation and infiltration 
as presented in Fig. 2 [47]. In this review, immobilization 
approaches are divided in various methods based on their 
basic interaction between enzymes and MOFS.

2.1 � Physical Adsorption

Enzymes are immobilized on the surface through hydro-
gen bonding, van der walls forces, electrostatic interaction 
without any chemical modification (Fig. 3). This method 
of enzyme immobilization is considerably easy to handle, 
cost effect and efficient [48, 49]. Enzymes are immobilized 
by simple bringing of enzyme and MOFs close together 
thus resulting immobilization. This process is reversible, 
and enzymes can be removed at any time from MOFs. 
This method is beneficial in terms of reusing costly MOFs 
after removing unfixed enzymes. There are different fac-
tors (dipole moment, magnetic susceptibility, polarizabil-
ity and electric charge) that determine surface properties 
of both materials and subsequently the strength of adsorp-
tion between enzymes and MOFs. These strength governing 
factors are [50]. Immobilization by physical adsorption is 
considered better methods than other due to various rea-
sons. Physical adsorption effectively confine enzymes and 
prevent them from leaching [48]. By maintaining balance 
in hydrophilic-hydrophobic structure of MOFs prevent 
aggregation, denaturation and passivation of enzymes in 
certain environment and furthermore this process protect 
active sites of enzyme from deactivation and keep catalytic 
activity intact [51–53]. Physical adsorption is green, cost 

Fig. 1   Principal routes for enzyme immobilization. Reprinted from 
[24]. This article is licensed under the creative commons attribution 
3.0 unported license. (https://​creat​iveco​mmons.​org/​licen​ses/​by/3.​0/)

Fig. 2   Categorization of 
immoblization method on the 
base of binding mechanism. 
Reprinted from [47] with per-
mission from American chemi-
cal society. Copyright © 2017, 
American chemical society

https://creativecommons.org/licenses/by/3.0/
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effective and facile method for enzymes immobilization due 
to less number of steps and no requirement of any additional 
chemical for the said process [49]. Figure 3 shows different 
physical forces and construction of physical adsorption of 
enzyme on MOFs surface [54].

2.2 � Covalent Linkage

Contrast to physical adsorption links, there is a need of 
strong linkage between enzyme and MOFs in real indus-
trial situations to avoid denaturation of enzyme. Stronger 
bonding can be attained by involving chemical bod 
between enzyme and MOFs (Fig. 4). For instance, covalent 
linkage gives tight immobilization of enzyme on MOFs 
and prevent denaturation [24]. Commonly employed link-
age between enzymes MOFs involve formation of peptide 
bond between free amino group on enzyme or on the sur-
face of MOFs with carboxyl group on enzyme or surface 
of MOFs [4]. In direct covalent linkage, catalytic per-
formance of enzymes is affected due to steric hindrance, 
charge interaction and presence of reactive groups. How-
ever, it can prevented by prior modification of enzymes 
with molecule having capability to form bond with MOFs 
[36, 55, 56]. This enzyme modification strategy provides 
alternative route for immobilization in the absence of ideal 
binding site between MOFs and enzymes. Covalent link-
age immobilization provides better stability, reusability, 
structural rigidification and easy enzyme accessibility. 
Drawbacks of this method are complicated synthesis, 

require additional expensive chemicals, time consum-
ing and partially reduced enzyme activity [54]. Figure 4 
is reproduced below to illustrate the immobilization of 
enzyme onto MOF surface through covalent linkage [57]

2.3 � Infiltration

Infiltration is novel phenomenon occurring in mesoporous 
MOFs in which enzymes are encapsulated inside MOFs. 
Enzyme penetration is alternative route for enzyme immo-
bilization in MOFs. MOFs behave as cages having pore 
size in accordance with size of enzymes and these pores 
are used to accommodate enzymes inside MOFs. Owing 
to large pore volume and expansive surface, Infiltration 
of enzymes in MOFs offers high enzyme loading as com-
pared to surface conjugation [54, 58, 59]. In infiltration 
method, enzymes are surrounded by MOFs that prevent 
aggregation or unfolding and provides protection against 
harsh environment such as organic solvents, extreme acid-
ity, denaturants and high temperature resulting in mini-
mum protein unfolding and enhanced activity [60–62]. 
Synthetic process of MOFs allow tunability in pore size 
and volume and the resulting tailored pore volume pro-
vide excellent size selectivity which is very advantageous 
for catalytic purposes [63]. Limitations of this method 
include requirement of compatible size, less efficient heat 
and mass transfer [54]. Figure 5 illustrates the enzyme 
infiltration in MOFs [46].

Fig. 3   Physical adsorption 
of enzyme on MOFs surface. 
Reprinted from [54] with per-
mission from Elsevier. License 
Number: 5422500974765

Fig. 4   Immobilization of 
soybean epoxide hydrolase onto 
UiO-66-NH2 through covalent 
linkage. Reprinted from [57] 
with permission from American 
chemical society. Copyright 
© 2016, American chemical 
society



85Enzyme‑Linked Metal Organic Frameworks for Biocatalytic Degradation of Antibiotics﻿	

1 3

2.4 � One Pot Embedding

Infiltration is no doubt efficient method of enzyme immobi-
lization inside MOFs, but a large number of available MOFs 
have smaller pore size as compared to size of target enzyme 
resulting in impossibility of diffusion of enzyme. To cope 
with this challenge and prevent unfolding and leakage of 
enzyme, recently a new strategy of one pot embedding has 
been developed to immobilize enzyme inside MOFs. This 
single step method involve nucleation and crystallization of 
MOFs fabrication and enzyme encapsulated immobilization 
simultaneously [64]. One post embedding is also known as 
in situ encapsulation and this technique involve process of 
bio-mineralization and co-precipitation simultaneously [65]. 
General procedure of one pot embedding involves mixing 
of metal ions, organic ligands and enzymes in specially 
designed solvents that leads to nucleation and crystalliza-
tion of MOFs with encapsulated enzymes. Sometime special 
kind of additives are also used to expedite and facilitate the 
process. Immobilization of enzymes inside MOFs is often 

accompanied by cross linking of enzyme molecules [41, 64]. 
This method eliminates shortcomings of infiltration tech-
nique by offering reduction in reaction steps, reduction in 
leaching and enhancement in stability, reusability and last 
but not least, there is no requirement of size compatibility. 
Requirement of strictly controlled environment and partially 
decreased catalytic activity of enzymes are identified as limi-
tations of this method [54]. Figure 6 shown below depicts a 
good overview of one pot embedding of enzymatic proteins 
in MOFs [66].

3 � Characteristics of Enzyme Immobilized 
MOFs

The main purpose of enzyme immobilization is conversion 
of enzymes into sophisticated biocatalyst by enhancing their 
catalytic activity, stability, reusability and selectivity. Stud-
ies suggest that some of the desired feature has been attained 
particularly in terms of stability as some enzyme@MOFs 

Fig. 5   Schematic illustaration 
of enzyme infiltration in MOFs. 
Reprinted from [111] with per-
mission from Elsevier. License 
Number: 5422520239353

Fig. 6   One pot embedding of enzymatic proteins in MOFs. Reprinted from [112] with permission from Springer Nature. This article is licensed 
under creative commons attribution 4.0 International license (http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.)

http://creativecommons.org/licenses/by/4.0/
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can work efficiently in harsh industrial conditions. Here few 
improved aspects of enzyme@MOFs are discussed to justify 
immobilization of enzyme on MOFs.

3.1 � Catalytic Activity

MOFs has been used as supporting material for enzyme 
immobilization, but they couldn’t play significant role in 
enhancement of catalytic activity of enzymes. Enzyme 
activity centers are shielded by dense MOFs networks that 
is achieving barrier towards higher catalytic activity [5]. 
Studies support another line of arguments that in organic 
solvent, enhancement in catalytic activity can be achieved 
significantly while in case of aqueous solvent it is a chal-
lenging task. Jung et al. proved this enhancement of catalytic 
activity in organic solvent by chemically bonding Candida-
antarctica-lipase-B (CAL-B) on the surface of MOFs while 
using isopropyl ether. Catalytic performance of CAL-B@
MOFs was 103 times higher than simple CAL-B. There was 
no change in enantioselectivity of enzyme in transesterifica-
tion of 1-phenylethanol [67]. In a similar instance, microp-
eroxidase-11 was immobilized on Cu-MOF and their cata-
lytic activity was compared with simple microperoxidase in 
dimethylformamide. Microperoxidase-11@Cu-MOF exhib-
ited 10 times better catalytic activity in catalysis of Amplex 
ultra red and methyl blue as compared to simple microperox-
idase-11 [68]. Challenging task of catalytic activity enhance-
ment in aqueous solvent has been performed by few but not 
in significant terms as compared to enhancement in organic 
solvent. Enhanced peroxidase catalytic activity was exhib-
ited by Cytochrome complex (Cyt c) after its incorporation 
into MOF. Potassium phosphate buffer was used as aqueous 
solvent and immobilization was performed through one pot 
embedding process [41]. Protection of enzymes from dena-
turation, presence of maximum enzymatic active sites near 
MOFs surface and large surface area are important factors 
and enhance catalytic activity of enyzme@MOFs signifi-
cantly [69].

3.2 � Stability

One of the most desired features in enzymes is their stabil-
ity and this can be achieved by immobilization on MOFs. 
Natural enzymes are sensitive material as they can’t bear 
a slight change in working environment. They denaturize 
in harsh conditions such as extreme acidity and basicity, 
organic solvents and high temperature ultimately. Having 
structural balance and controllable pore morphology MOFs 
act as protective shield against harsh conditions and pro-
vide enhanced thermal, OH, medium and storage stability 
to enzyme@MOFs [70]. Soybean epoxide hydrolase (SEH) 
is important catalyst for synthesis of valuable vicinal diols. 
Cao et al. Immobilized SEH on UiO-66-NH3 and studied 

its stability. SEH@ UiO-66-NH3 exhibited 88.0% enzyme 
activity recovery, storage stability of 97.5% of initial activ-
ity and demonstrated better pH, organic solvents and ther-
mal stability as compared to simple SHE [57]. Horseradish 
peroxidase (HRP) immobilized on ZIF-8 MOF exhibited 
brilliant thermal stability as their activity remained intact 
even after heating in water at 100˚C and boiling with DMF 
at 153 °C for 1 h [13]. Chemical, mechanical, and thermal 
stabilities are determining factor for MOF stability and 
ultimately that of enzyme@MOFs. Enhanced stability of 
enzyme@MOFs can be realized by providing efficient and 
suitable protection to enzyme and preventing it from leach-
ing and denaturation without creating hurdles for proper 
functioning of active sites of enzyme [71].

3.3 � Reusability

By preventing enzyme denaturation and protecting it from 
harsh conditions, MOFs make sure its reusability. Immobi-
lization is one of the main purposes to enhance reusability 
and make this system cost effective and commercial. Studies 
suggest better reusability of enzyme immobilized on MOFs 
than simple as demonstrated by Shih et al. where they immo-
bilized trypsin on MOFs and studied stability and reusabil-
ity of enzyme@MOFs system. These results confirmed the 
role of MOFs in enhancement of reusability [72]. Glucose 
oxidase was immobilized on MOFs and its reusability and 
stability was studied. Results showed that enyzme@MOFs 
system offered promising reusability and stability even under 
harsh industrial conditions. When reusability of simple glu-
cose oxidase and glucose oxidase@MOF were compared, 
it was very clear that simple glucose oxidase lost 80% of 
its catalytic activity while glucose oxidase@MOF retains 
its 90% of catalytic activity [73]. In some cases to attain 
challenging task of enzyme and MOFs separation, mag-
netic ferric oxide (Fe2O3) were employed during process 
of synthesis, such cases CAL-B@UiO-66 [74], trypsin@
Cu3(btc)2 [75] and lipase@MIL-88B [38]. This involvement 
of Fe2O3 in synthetic process facilitate separation and reuse 
of enzyme@MOFs system ultimately leading to separation 
of natural enzyme that can be reused with loss of catalytic 
activity. Studies suggest this strategy is showing great results 
particularly if enzyme@MOFs system is composed of nano-
materials [76].

3.4 � Selectivity

Natural enzymes are highly selective for natural substrate 
but there are chances of loss of this selectivity in case on 
other substrate such as antibiotics. At industrial process 
such as catalysis of antibiotics demands higher level of sub-
strate selectivity. Given the demand of highly selective cata-
lyst and relevant industrial products, it is significant to get 
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highly selective enzymes, and this can be achieved through 
immobilization of enzyme on MOFs. Studies support that 
immobilization of enzyme using different techniques results 
in improvement of enzyme selectivity [77]. Selectivity of 
enzyme can be enhanced by stabilizing enzyme conforma-
tion, changing structure of enzyme active sites and elimina-
tion of substrate diffusion limitation [78, 79]. Selectivity of 
glucose oxidase@ZIF-8 was investigated by employing it on 
other glucose analogues such as fructose and galactose. The 
result revealed that enzyme@MOFs system didn’t respond to 
these analogues indicating highest level of selectivity [80]. 
Other such system with higher selectivity for glucose are 
glucose oxidase and horseradish peroxidase@ZIF-8 [76] 
and glucose dehydrogenase@ZIF-70 [81]. Immobilization 
of microperoxidase-8 on materials institute Lavoisier-101 
(MIL-101) produce synergistic effect with higher selectiv-
ity of enzyme toward degradation of methylene blue dye, 
huge change was observed in oxidation rate of dye after 
immobilization of enzyme [82]. There is another approach 
toward enhancing selectivity of encapsulated enzyme in 
MOF by tuning their pore size and structure according to 
dimensions of substrate. This novel approach was reported 
by Kenedel et al. in their work, where they produced lac-
case@ZIF-8 through in  situ encapsulation and activity 
toward 2, 6-dimethoxyphenol (2, 6-DMP) and 2, 2ʹ-azino-bis 
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS). Results 
showed that original enzyme efficiency was 55% as deter-
mined by atomic absorption spectroscopy while efficiency of 
laccase@ZIF-8 toward 2, 6-DMP was 13% and toward sub-
strate of larger size ABTS efficiency was zero. This proved 
that substrate size selectivity can be achieved in enzyme 
encapsulated MOFs [83].

4 � Characteristics of Enyzme@MOFs

Characteristics of enzyme@MOFs are determined by 
immobilization approach because in different immobiliza-
tion approaches different bonding or connecting forces are 
involved. These connecting forces have been elaborated in 
earlier section of immobilization methods in this review. If 
one immobilization technique is advantageous for one appli-
cation, it is also disadvantageous for other. Immobilization 

approaches come with both merits and demerits; a compari-
son has been presented in Table 1.

5 � Sources and Health Risks of Antibiotics

Since 1980s presence of antibiotics is acknowledged but 
these were not considered a concern. A decade later due 
development of new analytic techniques such as liquid 
chromatography/tandem mass spectroscopy, their presence 
particularly in water was considered an emerging concern 
for humans and environment owing to their toxic effects 
[84]. Reportedly 100 000 and 200 000 tons of antibiot-
ics are consumed annually, and a large quantity of these 
antibiotics is disposed in sewage system unused. If these 
antibiotics are no eliminated or degraded during wastewa-
ter treatment, they move into ground water, surface water 
and potentially into drinking water. As these antibiotics 
can pass into aquatic environment through wastewater 
this results in disaster for aquatic life. Antibiotics used for 
microbial infection in human and animals are excreted and 
ultimately enter into wastewater unmetabolized causing 
unfathomable risks to environment [85, 86]. Report sug-
gest the presence of cephalexin and amoxicillin in the range 
of 170–5070 and 64–1670 ng/L in wastewater and 6.1–493 
and 0.64–76 ng/L in sea water [87]. Presence of antibiotics 
at this level is enough to produce resistance in pathogens 
resulting epidemic diseases [88]. Aquatic life is mainly 
affected by these materials because they cause reproduc-
tion problem, breathing and skin diseases in fishes and other 
aquatic organisms [89]. Antibiotics in environment cause 
bioaccumulation and pseudo-resistance leading to problems 
in treating pathological infections and imbalance in micro-
bial ecosystem. Considering the problem posed by presence 
of antibiotics, it is necessary to eliminate or degraded them. 
Municipal wastewater treatment can’t degrade them and 
there are some advanced methods that degrade them such 
as ozonation, electrochemical oxidation, chlorination and 
catalysis. These methods have been reviewed thoroughly for 
deep understanding [46]. There is novel approach employed 
for catalytic degradation of antibiotics by using enzyme 
immobilized MOF. Although at present, there is scarcity 
in research in this area but this approach is promising and 

Table 1   Comparison of characteristics of enzyme@MOFs by different immobilization approaches [54, 79]

Immobilization method Catalytic activity Stability Reusability Selectivity Pore reduction 
percentage

Ref.

Physical adsorption Enhanced activity Enzyme leaching Poor reusability – 98.2% [39]
Covalent linkage Decreased activity Excellent stability Excellent reusability Good selectivity – [55]
Infiltration Enhanced activity Excellent stability Excellent reusability Excellent selectivity 79% [106]
One pot embedding Decreased activity Excellent stability Excellent reusability Excellent selectivity  < 10% [73]
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effective for proper disposal and degradation of antibiotics in 
environment to eliminate serious threat posed by these toxic 
substance to ecosystem and human health [46].

6 � Application of Enzyme@MOFs 
for Antibiotics Removal

Owing to enhanced stability, catalytic activity, reusability, 
and selectivity enzyme@MOF system has been employed 
for catalytic degradation of penicillin. Yang et al. employed 
self-assembly method to synthesize ZIF-8 and encapsu-
lated β-lactamase for catalytic degradation of penicillin. 
Degradation was performed in water and target antibiotic 
was degraded 45% in first 10 min. Degradation percentage 
increases with increase in time and this percentage reached 
to 94% after 1 h. This is excellent efficiency for degradation 
in wastewater. Without immobilization, same enzyme can 
degrade only 10% antibiotics proving enhancement of cata-
lytic activity due to immobilization. Stability of enzyme@
MOF system was determined by changing pH 5.0–10.0 and 
there was no significant change in catalytic performance 
until pH was 6.0. At pH 5.0 in buffer solution due to influ-
ence of environment on enzyme activity, there was signifi-
cant loss in degradation efficiency. This loss in degradation 
efficiency is attributed to partial destruction of structure of 
β-lactamase@ZIF-8 in acidic medium [90, 91]. Mechanism 
of catalysis of simple enzyme involve attack of β-lactamase 
on amide bond of 4-membered ring of β-lactam resulting 
in breakage of amide bond and penicilloic acid is formed 
[92]. Mechanism of action of β-lactamase@ZIF-8 slightly 
different than simple enzyme (Fig. 7). In this case, metal 
organic framework is involved in degradation. Zinc ion of 
MOFs form complexes with two parts of antibiotic, one is 
carbonyl group on β-lactam ring and other position is amino 

group nitrogen. Participation of ZIF-8 MOFs improve degra-
dation efficiency of antibiotic because formation of complex 
of zinc ion and carbonyl group weakens the amide bond 
of β-lactam’s 4-membered ring. This weak amide bond is 
more easy to break leading to degraded product penicillioic 
acid [46].

Triclosan is an efficient antibacterial agent and essential 
part of pharmaceuticals and personal care products (PCPs) 
such as cosmetics, antibacterial soaps and toothpastes etc. 
[93, 94]. Owing to the extensive use of PCPs, triclosan can 
enter in water bodies massively and it has been confirmed by 
several studies reporting its concentration in wastewater in 
the range of L−1 to µ L−1 [95, 96]. To prevent bioaccumula-
tion and avoid subsequent hazardous effects its degradation 
is necessary. Jia et al. applied physically adsorbed laccase 
enzyme on the surface of MIL-53(Al) to use this enzyme@
MOFs system for conversion of triclosan into innocuous 
2, 4-dichlorophenol (2, 4-DCP). By employing enzyme@
MOFs, 99.24% of triclosan was degraded due to the excel-
lent adsorption phenomenon of MOFs and laccase. Stability 
and reusability test resulted in retention of 60% of initial 
catalytic activity after 8 cycles, proving that enyzme@MOFs 
not only provided excellent catalytic activity but also offered 
unmatched stability and reusability. Proposed mechanism 
involved the cleavage of ether bond of triclosan and fur-
ther oxidation and alternatively self-coupling of phenoxyl 
radicals and this mechanism was also supported by other 
studies for conversion of triclosan into dimers, trimmers and 
tetramers [97]. Zhang et al. employed in situ method for 
laccase immobilization on copper trimesic acid framework 
(Cu-BTC) and used them in degradation of tetracycline and 
ampicillin. MOFs immobilized laccase provided almost 
100% degradation efficiency of both ampicillin and tetra-
cycline into nontoxic products. Compared to free laccase 
immobilized system showed 16.5-fold better activity with 

Fig. 7   Reaction pathway and mechanism of penicillins bio-degradation by β-lactamase and β-lactamase@ZIF-8. Reprinted from [46] with per-
mission from Elsevier. License Number: 5422480981917
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high temperature tolerance, stability in acidic conditions and 
reusability. Recycling of laccase@Cu-BTC and its employ-
ment in real water showed no change in catalytic activity 
even after 6 cycles. They employed technical method for 
determination of nontoxic nature of degraded products in 
which they measured antibacterial efficacy of products and 
results proved complete degradation of antibiotics into non-
toxic products [98]. Diclofenac belongs to non-steroidal 
anti-inflammatory class of drugs but studies reported it 
antibiotic activity, particularly against gram positive and 
gram negative bacteria [99]. Ren et al. prepared laccase 
immobilized MOFs through three-dimensional modifica-
tion and employed them for the degradation of wastewater 
micro pollutant diclofenac. Results showed that enzyme@
MOFs provided better permeability, acid/base environ-
ment tolerance, reusability and excellent selectivity with 
remarkable degradation of diclofenac [100]. Compared to 
other antibiotics degradation process such photocatalysis 
by semiconductor photocatalyst this system is more effi-
cient and cost effective as in photocatalyst narrowband gap 
and structural suitability requirement are major limitation. 
These problems are reasons that make semiconductor based 
photocatalysts less viable than enzymes linked MOFs [101, 
102]. A more greener approach of employing microalgae, 
ligninolytic fungi and bio-chars for antibiotics degradation 
is slower process and dependent upon conditions such as 
temperature and PH, minor changes in conditions can halt 
the degradation reaction [103, 104]. Adsorption of antibiot-
ics by adsorbent is highly expensive owing to cost of adsor-
bents and employment of natural adsorbent system such as 
microalgae leads to low efficiency. Disposal of adsorbent is 

another limitation that makes adsorption process not suitable 
at industrial scale [105]. As compared to other materials, 
enzyme@MOFs could provide excellent stability, reusabil-
ity, catalytic activity and selectivity as proved by aforemen-
tioned works elaborated here and it is evincible from effi-
ciency and cost effectiveness that these systems are ideal 
for biocatalytic antibiotics removal from wastewater as an 
environmental remediation process. More enzyme@MOFs 
systems and their degradation efficiencies are presented in 
Table 2.

7 � Current Challenges

Scarcity of research in catalytic degradation of antibiotics 
employing enzyme immobilized MOFs is fundamental chal-
lenge. There are a lot of enzyme@MOFs system but their 
application in degradation of antibiotics is very limited. 
Requirement of specific working medium i.e., organic or 
aqueous is major hurdle toward making these as versatile 
catalytic systems. Strict pore size compatibility leads to dif-
fusion problem resulting in limitation of catalytic activity 
and this is huge challenge. To make enzyme@MOFs system 
to work in harsh industrial conditions without compromising 
catalytic activity, there is urgent need of work to be done 
on potential, availability and flexibility of enzyme center. 
To make this system versatile and efficient new adsorption 
method are needed to develop and there is need of bringing 
diversity in both enzymes and MOFs materials. Antibiotics 
are present in environment at industrial scale and present 
research is not enough to move toward industrialization of 
process.

Table 2   Catalytic degradation 
of antibiotics by enzyme@
MOFs catalytic system

Sr. No Antibiotics Enzyme@MOF Percent degraded Reference

1 Ampicillin β-lactamase@ZIF-8 94% [46]
2 Amoxicillin β-lactamase@ZIF-8 90% [46]
3 Cephalexin β-lactamase@ZIF-8 10% [46]
4 Cephradine β-lactamase@ZIF-8 15% [46]
5 Meropenem β-lactamase@ZIF-8 37% [46]
6 Triclosan Laccase@MIL-53 99.24% [97]
7 Ampicillin laccase@Cu-BTC 99% [98]
8 Tetracycline laccase@Cu-BTC 99% [98]
9 Tetracycline Laccase@BDMMs 60% [107]
10 Tetracycline hydrochloride laccase@HMCs 99.4% [108]
11 Cephalosporin hydrochloride laccase@HMCs 96.9% [108]
12 Tetracycline laccase@UiO-66 – [109]
13 Diclofenac Laccase@MIL-101 76% [100]
14 Tetracycline Laccase@MIL-101 15% [100]
15 Diclofenac laccase@MWCNTs 100% [110]
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8 � Conclusion

In this review, recent works on catalytic degradation of 
antibiotics by employment of enzyme immobilized MOFs 
have been summarized. This review primarily focusses on 
immobilization approaches of enzyme, enhancement of 
properties of enzyme@MOFs and catalytic mechanism 
of degradation of antibiotics while providing a brief on 
fundamentals of MOFs and their structural, physical and 
chemical uniqueness. Literature survey is evincing the 
scarcity of research in this field particularly immobiliza-
tion of enzyme MOFs aimed at degradation of antibiot-
ics. Although present research in this filed is very limited 
but it is enough to support enzyme@MOFs as promising 
catalysts for degradation of antibiotics at industrial scale. 
For sophisticated removal of antibiotics as environmental 
remediation process, we suggest future research should 
be focused on producing variety of enzyme@MOFs for 
degradation of antibiotics in all compartments of environ-
ment with enhanced efficiency so that this process should 
be applied at industrial scale. Furthermore diversification 
of enzyme@MOFs system in terms of enzymes, MOFs and 
antibiotics is necessary to upgrade this process. Owing to 
uniqueness and research gap, we believe this direction will 
predominate future research with results having long last-
ing impacts on environmental remediation process.
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