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Abstract
The surfaces of medical devices can quietly become breeding grounds for resilient bacterial colonies, 
which pose a significant risk to patients. These microorganisms form complex communities embedded 
within a self-produced extracellular matrix known as the extracellular polymeric substance, which 
confers enhanced resistance to antimicrobial agents and the host’s immune responses. Thus, developing 
methods to degrade the EPS is crucial for improving infection control in medical implants. Studies reveal 
that enzymes can inhibit biofilm formation by targeting essential components of the EPS, including 
exopolysaccharides, extracellular DNA, and proteins. Enzyme immobilization enhances enzyme 
reusability and stability, thereby improving biofilm eradication capabilities. They exhibit superior 
catalytic activity, turnover rates, and specificity in comparison to free enzymes. This systematic review 
examines literature from the past fifteen years (2010-2024), focusing on articles detailing enzyme 
immobilization techniques and their application against biofilms in the context of biomaterials and 
tissue engineering scaffolds. The enzyme-polysaccharide complex appears especially well suited to 
promote biofilm dispersal. Integrating enzyme immobilization with tissue engineering offers the 
possibility of improved development of infection-resistant tissue constructs.
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INTRODUCTION

	 In the ever-evolving field of healthcare, 
medical devices have revolutionized treatment, 
yet they often face an unseen adversary: bacterial 
biofilms. Biofilms are intricate networks of 
microorganisms that are highly resistant to 
antibiotics due to their robust extracellular matrix. 
In the field of tissue engineering, biofilm growth on 
any biomaterial significantly hinders the process 
of cell attachment, compromises the efficiency of 
the scaffolding material, or contributes to ongoing 
infection. Conventionally, antibiotic treatments 
are inept because EPS presents a shielding ability. 
Therefore, newer approaches toward developing 
strategies are being introduced against biofilm-
mediated challenges with the tissue constructs.1

	 One useful approach to break down 
biofilms is the use of specialized enzymes capable 
of dismantling the basic polysaccharides, proteins, 
and extracellular DNA that can have built up to 
form the biofilm. This way, by targeting these key 
components, the enzymes can cause a shift in 
biofilm structure that can make it more susceptible 
to treatments. Some polysaccharide-degrading 
enzymes have also been reported to be effective 
at dispersing biofilms through structural matrix 

disruption, within which microbial cells are 
embedded. For example, glycoside hydrolases 
degrade exopolysaccharides, resulting in the 
dispersal of the biofilm with increased sensitivity 
towards antimicrobial agents.1

	 Polysaccharides, both in their natural and 
modified forms, serve as effective matrices for 
enzyme immobilization owing to their inherent 
biocompatibility, biodegradability, and tunable 
functionalities. This approach enhances enzyme 
stability and catalytic activity while enabling 
controlled enzyme release, rendering it particularly 
advantageous for biomedical applications. For 
example, immobilization on the biodegradable, 
natural polysaccharide chitosan has permitted 
biofilm degradation through enzyme-impregnated 
biopolymers to effectively accelerate healing in 
wounds.2

	 M o re  re c e n t  b re a k t h ro u g h s  i n 
immobilization technologies have further 
expanded the inventory of available methodologies 
and utilization and led to the building of stronger 
conjugates of enzymes and polysaccharides for 
degrading biofilm.3

	 In summary, enzyme-immobilized 
polysaccharides play an important role as a 
multifaceted approach in the challenge related 

Figure 1. Overview of biofilm development from planktonic cell attachment to mature EPS-embedded biofilm 
(Source: https://BioRender.com)
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to biofilm in tissue engineering. Given the 
properties of the polysaccharide carriers and the 
action mechanisms exerted by biofilm-degrading 
enzymes, one can achieve more durable and 
clinically effective tissue constructs.

Biofilms in biomedical applications
Structure and Composition
	 Biofilms are microorganism communities 
that adhere to a surface and develop a self-
sustaining polymeric matrix known as the 
extracellular polymeric substance (EPS). The EPS 
acts as some kind of shell to preserve the microbes 
and allow their mutual coexistence, forming an 
ecosystem within the biofilm (Figure 1). It is crucial 
in biofilm formation for providing the cohesion 
and adhesion forces needed to maintain its 
structure. It also serves as a scaffold for cell-to-cell 
communication.4

	 Furthermore, it functions as a defensive 
barrier against threats such as oxidizing biocides, 
antibiotics, UV radiation, and the host immune 
system.4

	 The EPS matrix is a composition of 
exopolysaccharides, proteins, and nucleic acids. 
A considerable portion of the EPS is more or less 
strongly hydrated, apart from cellulose, which is 
hydrophobic.5 This matrix surrounds the cells and 
allows them to communicate with one another 
through gene exchange and metabolic signals.6 

Under some circumstances, biofilms may become 
fossilized (stromatolites) due to the strength of this 
matrix.

Biofilm-associated challenges
	 Biofilms were initially recognized as 
biofouling agents about a century ago. However, the 
identification of large aggregates of Pseudomonas 
aeruginosa cells in sputum and lung tissue from 
patients with chronic cystic fibrosis in the early 
1970s was instrumental in establishing the concept 
of biofilm infections and their significance in 
medical research.7 Biofilms as agents damaging 
medical instruments like polymer-based cardiac 
pacemakers and catheters.8,9 These findings 
were noted as modern challenges in medicine 

Figure 2. Schematic illustration of the major strategies employed for biofilm dispersion and bacterial eradication 
(Source: https://BioRender.com)
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brought further support toward enhanced 
strategies to prevent and manage biofilm-related 
complications.10 The term “polymer-associated 
infection” emerged to describe biofilm-related 
infections, a consequence of the widespread use 
of medical devices in healthcare environments.
	 The primary microorganisms implicated 
in biofilm formation on indwelling medical 
devices include “Gram-positive bacteria such as 
Enterococcus faecalis, Staphylococcus aureus, 
Staphylococcus epidermidis, and Streptococcus 
viridans, alongside Gram-negative bacteria like 
Escherichia coli, Klebsiella pneumoniae, Proteus 
mirabilis, and Pseudomonas aeruginosa, and 
yeasts”.11 Infected implants are believed to operate 
as a reservoir for infection of the surrounding 
tissue due to the intracellular survival of bacteria.12 
As a result, infections linked to biomedical devices 
are difficult to manage with antibiotic treatments 
and are resistant to the body’s immune defenses.13

Biofilm degradation
	 The formation of biofilms can be 
prevented and bacterial sensitivity increased by 
anti-biofilm tactics that target specific elements of 
bacterial cells and biofilm structure. Competitive 
adhesin inhibitors prevent bacterial attachment 
and biofilm growth by targeting pili and fimbriae 
on the cell membrane. Quorum-sensing inhibitors 
(QSIs) and acylase enzymes affect communication 
routes by interrupting ligands such as acyl-
homoserine lactones. These molecules play an 
important role in biofilm creation. Additionally, 
iron chelators decrease the iron supply, which 
is key for biofilm formation and steadiness2  

(Figure 2). Enzymes have emerged as potent and 
effective agents due to their ability to degrade 
biofilms and liberate microorganisms into a more 
susceptible planktonic state.14 Enzymatic therapies 
as more advantageous than other biofilm dispersal 
techniques.15 Dispersal agents are therefore used 

Figure 3. Different enzyme immobilization methods showing physical (adsorption, entrapment) and chemical 
(covalent bonding, cross-linking) approaches for improved enzyme stability and reusability
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to increase the bacteria’s access to antimicrobials 
and host immune cells, thereby improving 
therapeutic outcomes.16 High specificity and 
efficacy against the targeted biofilms are obtained 
at comparatively low concentrations with the use 
of biofilm-dispersing enzymes, which act more 
significantly against both developing and existing 
biofilms.17,18

Polysaccharides as an immobilization platform
	 Polysaccharides serve well as medicinal 
agents and enzyme carriers due to several 
factors,19,20 such as (a) their abundance in the 
environment, and well-established techniques 
for extracting them from biotic sources are 
readily available.21 (b) Despite their eco-friendly 
nature, polysaccharide-based biopolymers remain 
underutilized.22 (c) These polysaccharides can be 
modified using both synthetic approaches and 
protein-related techniques to maximize their 
functionality.23 Glycans offer a diverse range of 
properties that can improve many types of carrier 
systems. For instance, ionic glycans possess 
increased sensitivity and pH, which leads to 
improved catalytic reaction in the enzyme-carrier 
procedure.24 Because of these characteristics, 
they are an ideal biomaterial for developing 
controlled enzyme delivery systems. This system 
is designed to release the encapsulated enzyme 
at a target location and specific time during a 
pharmacological process, in response to a specific 
biological catalyst.24

Carriers of immobilized enzymes can be divided 
into two types: organic and inorganic
	 In the instance of organic carriers, only 
a few synthetic polymers and some natural 
polysaccharides, such as chitin, chitosan, 
pectin, cellulose, and alginate, are used.25 
Polysaccharides as enzyme carriers have gained 
much attention from researchers globally due to 
their numerous advantages, like facile chemical 
modifiability post-immobilization and easy 
control of the enantioselectivity, chemoselectivity, 
and regioselectivity characteristics of enzymes 
for a particular application after the enzyme 
immobilization process. It aids in enhancing the 
yield of the end product, reversing an undesirable 
reaction, and controlling the homogeneity of a 
reaction.25

Mechanism of enzyme immobilization
	 Biochemical and biophysical research 
has aimed to immobilize enzymes to increase 
their stability and activity throughout the 
past few decades.26 Immobilized enzyme 
catalysts have significantly enhanced industrial 
processes’ technical performance, leading to 
higher economic efficiency and productivity.27 

Enzyme immobilization strategies are broadly 
categorized into two types: physical and chemical28 

(Figure 3). Physical methods rely on fragile 
interactions such as affinity binding, ionic binding, 
van der Waals forces, hydrophobic interactions, 
hydrogen bonds, and entrapment of the enzyme 
within the support.29,30 On the other hand, 
chemical techniques are characterized by the 
formation of covalent bonds between the 
enzyme and the support material through ether, 
thioether, amide, and carbamate linkages.29 The 
four main techniques for immobilizing enzymes 
are categorized as follows:
	 1. Adsorption; 2. Entrapment; 3. Covalent 
Bonding and 4. Cross-linking

Adsorption
	 A m o n g  t h e  s i m p l e s t  fo r m s  o f 
immobilization is the adsorption of enzymes 
on the solid surfaces of biosensor transducers. 
Adsorption mechanisms are based on weak bonds 
such as van der Waals forces, hydrogen bonds, and 
hydrophobic interactions.27 Under ideal situations 
that allow for enzyme activity, the solid support 
is in proximity for a determined amount of time. 
Some popular supports for enzyme immobilization 
through adsorption include collagen, chitin, 
cellulose, and polyethylene glycol (PEG).25 After 
that, the surface is cleaned with a buffer to get rid 
of the unadsorbed enzyme molecules. Since there 
is no functionalization of the support involved, 
immobilization by adsorption is a straightforward, 
cost-effective, reagent-free technique that is 
often non-destructive to enzyme performance.26 
The disadvantages of this method include the 
possibility of enzyme desorption or leaching due 
to temperature difference, pH, or ionic strength 
because the enzymes are only weakly physically 
bonded to the support. In addition, nonspecific 
adsorption of other proteins or chemicals on the 
transducers’ surface can contaminate and block 



	  www.microbiologyjournal.org6Journal of Pure and Applied Microbiology

Mutsuddi et al | J Pure Appl Microbiol. 2026. https://doi.org/10.22207/JPAM.20.3.08

signals, making adsorbed enzyme biosensors 
unstable both during operation and storage.31

Entrapment
	 Entrapment for enzyme immobilization, 
involves enclosing the enzymes in a matrix; this 
could be a material’s lattice structure, or polymer 
membranes.32-34 It holds the enzyme together, 
but allows the substrate and products to pass 
through.35 Because the enzyme does not chemically 
react with the polymer, the enzyme is protected 
by the polymer, limiting denaturation.36,37 Because 
this appeals to an immobilization method, it is 
possible to modify the encasing material, creating 
the ideal environment for the enzyme. The ideal 
environment could contain ideal pH, polarity, 
and amphiphilicity. These characteristics can be 
adjusted with a variety of polymers, sol-gels, 
polymer /sol-gel /inorganic hybrid composites.38-41 

Research identifies as acceptable polpes: alginate, 
carrageenan, collagen, polyacrylamide, gelatin, 
silicone rubber, polyurethane and poly(vinyl) 
alcohol with styrylpyridinium substituent.42 

Alginates are one of the most commonly used 
polymers because of their “relatively low toxicity 
and mild gelling properties”.36 Even with the 
benefits of entrapment discussed above, this 
technique has a limited usefulness because of the 
mass transfer limitations of the substrate/analyte 
to the enzyme active site.43 Additional drawbacks 
include deactivation during immobilization, 
potential enzyme leaking, diffusion barriers, and 
wearing down of the support matrix.28

Covalent Bonding
	 Covalent bonds is one of the most popular 
approaches for immobilizing enzymes because 
they make strong, stable complexes between 
the enzyme and support matrix. The enzyme 
coupling is usually accomplished by functional 
groups, such as the side chains of lysine (e-amino 
group), cysteine (thiol group), and aspartic and 
glutamic acids (carboxylic group),44 imidazole, a lot 
of phenolic groups, etc.45 The process of enzyme 
coupling to a stiff matrix usually involves two steps: 
surface activation using appropriate linkers (such 
glutaraldehyde or carbodiimide) and covalent 
enzyme binding to the activated support.42 
The surfaces are bi-functional (glutaraldehyde/
carbodiimide) pre-linking molecules, in which part 

of the prewashed and condensed support make 
covalent bonds to the exterior of the enzyme(s), 
while the other half become covalently linked to 
the enzyme through the functional groups. The 
first group, used for the creation of self-assembled 
monolayers (SAMs), became highly ordered by 
binding to the surface. The second group linked 
to the pre-activated support tightly enough to 
form a covalent bond with the enzyme. The size, 
shape, and composition of the carrier material as 
well as the type of coupling mechanism affect the 
covalently coupled enzyme’s activity.45

Cross-linking
	 Cross-linking is an irreversible enzyme 
immobilization technique that relies on cross-
linking reagents to form covalent bonds between 
enzyme molecules.32,46,47 The multipoint binding 
reagents link enzyme molecules into three-
dimensional crosslinked aggregates.48,49 The 
reaction mixture contains an immobilized enzyme 
that has not been bound. Cross-Linking Enzyme 
Aggregate (CLEA) and Cross-Linking Enzyme 
Crystal (CLEC) are two common approaches to 
cross-linking immobilization.42 Glutaraldehyde, a 
common cross-linking agent, is employed in both 
methods to establish covalent bonds between 
the free amino groups present on the lysine 
residues of adjacent enzyme molecules.43,48,49 

In the CLEC method, glutaraldehyde is applied 
after the enzyme has been crystallized. Enzymes 
immobilized using CLECs are generally more 
stable and effective than their untreated forms, 
as they often demonstrate mechanical properties. 
Glutaraldehyde usage, however, may cause 
significant enzyme alterations, including loss of 
function and potential structural abnormalities.70 
Therefore, to minimize the significant alteration of 
enzymes as they are immobilized, inert proteins 
such as gelatin and bovine albumin need to be 
incorporated into the process.71

Enzyme polysaccharide systems for biofilm 
degradation
	 Extracellular enzymes have the ability 
to effectively disrupt bacterial biofilms by 
targetting the main structural components of the 
extracellular polymeric substance (EPS) specifically: 
exopolysaccharides, extracellular DNA, and 
extracellular proteins.18 The three enzyme classes 
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or categories promote bacterial cell transition 
from a surface-adhering state to a planktonic 
state by affecting the stability of the biofilm’s 
polysaccharide matrix. This transformation makes 
the bacteria more vulnerable to antibiotics and 
the host’s immune system.72 Therefore, to harness 
this property, biofilm-dispersing enzymes can be 
produced in large quantities through laboratory 
approaches like recombinant overexpression in 
vectors and then applied externally to microbial 
populations for efficient biofilm degradation.18

	 Biofi lm disruption is  done using 
three main groups of enzymes: proteases,73 
deoxyribonucleases74,75 and glycoside hydrolases.76 
The mechanism and application of these biofilm-
dispersing enzymes are reviewed in Table.

Application in tissue constructs
	 B i o f i l m - d i s s o l v i n g ,  e n z y m e -
functionalized, and polymer-based scaffolds are 
transforming tissue engineering by promoting 
tissue incorporation and inhibiting microbial 
colonization. As biofilm formation can disrupt 
healing, the vital role of biofilm-reactive scaffolds 
in skin, vascular, and bone tissue regeneration.18 
This is consistent research emphasize the use 
of enzyme-containing polysaccharide-based 
composites to remove biofilms from chronic 
wounds and create a sterile environment for 
the growth of new tissue.3,77  The effectiveness 
of enzyme-functionalized scaffolds, adopt a 
more nuanced stance, contending that localized 
antibacterial effects via polysaccharide-enzyme 
drug delivery systems may lessen systemic side 
effects and improve therapeutic outcomes.78 This 
presents a shift from merely biofilm clearance to 
a controlled antibacterial response that minimizes 
potential adverse effects.
	 In the context of bone and cartilage 
regeneration, biofilm-resistant constructs 
play a major role in maintaining an aseptic 
environment crucial for grafting success.79 Their 
claim underscores the necessity of biofilm-
resistant scaffolds, that vascular graft infections, 
while mitigated through infection prevention 
programs and endothelialization support, also 
depend on enzyme-immobilized polysaccharides 
for success.80 This indicates that while biofilm 
resistance is essential, additional factors beyond 
scaffold functionality play a role in vascular graft 

integration. The subject of dental implants has 
become increasingly debatable. Enzyme-coated 
polysaccharide scaffolds assist in prolonging 
the lifespan of implants by preventing bacterial 
adhesion and proliferation.1 While this is in 
line with previous claims of biofilm-resistant 
benefits, it raises the question of whether other 
antibacterial strategies, without enzyme-based 
coatings, could yield similar or superior outcomes.
	 Overall, while enzyme-functionalized, 
biofilm-resistant scaffolds are a cutting-edge new 
product in regenerative medicine, how effective 
they are varies with the application environment. 
Although most studies are in favor of their ability 
to enhance healing and improve implant survival 
rates, other studies introduce complications, 
raising questions as to whether biofilm resistance 
is always optimal.

Challenges and limitations
	 Systems for biofilm degradation that are 
based on enzymes face numerous challenges that 
must be dealt with before they can be successfully 
applied in biomedical fields. One of the main issues 
is the stability and activity of the enzymes since, 
during physiological processes, they are often 
deactivated due to denaturation or interactions 
with host factors.81 As evidenced by recent studies 
where nanostructured carriers preserved enzyme 
activity under physiological stress, future research 
may concentrate on encapsulating enzymes in 
nano-polysaccharide hybrid matrices to improve 
thermal and conformational stability.71

	 The next big hurdle is associated with 
scalability and cost because the production of 
polysaccharide-enzyme systems, on a large scale, 
is still very expensive and resource-heavy. Even 
developing cheaper synthesis and extraction 
technologies for sustainable polysaccharide 
polymers could serve as a remedy for this 
challenge.82 Cost-effective cross-linked enzyme 
aggregates (CLEAs) and continuous-flow bioreactor 
designs have demonstrated promise for industrial-
scale enzyme immobilization, which could reduce 
production costs and increase reusability.83

	 Also, the heterogeneous biological nature 
of the biofilm renders the design of a universal 
enzyme system incompetent. It is crucial to 
customize the enzyme formulations relative to 
targeted specific biofilm compositions along with 
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the developmental stages of biofilms for the overall 
functioning of enzymes.84 According to recent 
modeling studies, degradation efficiency could 
be greatly increased by customizing immobilized 
enzyme systems to particular EPS compositions 
using directed evolution and computational 
enzyme design.85

	 T h e  i n h e re nt  r i s k  o f  p o te nt i a l 
immunogenicity remains a concern, especially 
for sensitive patients, since both enzymes and 
polysaccharides trigger the immune response. 
To attenuate these effects, biocompatible and 
hypoallergenic materials be used.86 Equally 
contributing to the challenge is the fact that 
regulatory challenges encompass the clinical 
applicability of enzyme-polysaccharide systems 
that need stringent approval requirements. 
By standardizing test procedures, the market 
authorization process shall be streamlined.87 
Other obstacles include the short half-life of 
enzymes, which warrants schemes like repetitive 
reapplication or formation of reservoir-based 
enzyme delivery systems.88 Finally, there are 
still some administrative and operational 
challenges that result from the combination 
of  enzyme-polysaccharide systems with 
advanced technologies such as 3D bioprinting, 
nanotechnology, and smart materials. There is 
an exigent need for novel approaches to bridge 
such gaps and enhance the functional potentials 
of the enzyme-immobilized constructs.71 The 
integration of enzyme-functionalized bioinks into 
3D-bioprinted scaffolds can facilitate spatial control 
of enzyme activity, bridging the gap between tissue 
regeneration and biofilm degradation, according 
to recent biofabrication research.88

	 Interdiscipl inary collaboration in 
enzyme engineering, materials science, and 
regulatory science to tackle these challenges 
may help accelerate the translation of enzyme–
polysaccharide biofilm degradation systems from 
bench to bedside and from the laboratory to 
industry.

CONCLUSION

	 T h e  e n z y m e  i m m o b i l i z e d  o n 
polysaccharides concept is a breakthrough 
idea to come up with solutions for the biofilm 
issues, which are a major problem in tissue 

engineering. Researchers have proposed the 
fabrication of biofilm-resistant scaffolds, the 
use of enzyme technology, and the integration 
of allium-derived compounds to address major 
challenges in tissue engineering, including biofilm 
eradication, enhanced wound healing, and the 
advancement of regenerative medicine. To 
achieve catalytic activity and to control enzyme 
release next-generation enzyme–polysaccharide 
systems are expected to have the features of 
nano-hybrid carriers, microfluidic designs, and 
stimuli-responsive biopolymers. Besides that, 
the synergy of immobilization technology, AI-
based enzyme modeling, and 3D bioprinting 
could be the source of therapeutic scaffolds for 
regenerative applications that are infection-
resistant and adaptable. Nevertheless, this 
industry is still a newborn and has a lot of bumps 
on the road. Areas of further research may be 
to enhance enzyme stability to physiological 
conditions, decrease production costs, and 
improve system integration in complex tissue 
constructs. Broad, interdisciplinary strategies 
involving nanotechnology, 3D bioprinting, and 
intelligent materials would not only speed up but 
also broaden the scope of their developments. 
These technologies will have to deal with 
regulatory issues and scalability on their way to 
clinical translation. Hence, the establishment of 
standardized evaluation procedures, regulatory 
standards, and in vivo validation systems will be 
vital for the clinical use transition to be successful. 
To assure biosafety and effectiveness over long 
periods, these tasks will call for interdisciplinary 
collaboration between the fields of biochemistry, 
materials science, and clinical practice.
	 O n  t h i s  p o i n t ,  t h e  e n z y m a t i c 
mechanisms of biofilm degradation synthesized 
in conjunction with newly developed sophisticated 
polysaccharide-based carriers represent a 
guarantee for the invention of adaptive, biofilm-
resistant, regenerative tissue constructs that have 
the potential to change infection control in clinical 
biomaterials fundamentally.
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