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Building on a productive two de-
cades of advancements in synthetic 
biology, engineering biology now 
promises to enable the implementa-
tion and scale-up of novel biological 
systems tailored to tackle urgent 
global challenges. Here we explore 
the latest engineering biology ap-
proaches for the control and modifi-
cation of bacterial biofilms with 
exciting new functionalities. 
Engineering biology, which refers to 
the application of engineering principles 
(e.g., standardization, quantification, auto-
mation, simulation) to biological systems, 
aims to expand the potential of synthetic 
biology approaches for translation into 
real-world processes. While microorgan-
isms have frequently been employed in bio-
technological applications, this typically 
involves growing single strains of free-
floating cells, as opposed to the dynamic, 
synergistic biofilm communities found 
in nature. Biofilms have been studied pri-
marily from a human health perspective, 
where bacteria form a sticky gelatinous 
matrix to colonize biotic surfaces 
(e.g., teeth, skin, and lungs) and abiotic 
surfaces (e.g., water pipes and medical 
tubing), posing a particular threat to the 
health of vulnerable groups such as im-
munocompromised individuals. The pos-
itive attributes of bacterial biofilms have 
been investigated to a far lesser extent, 
but these biofilms have been used, for 
example, as part of bioremediation and 
wastewater treatment processes in the 
breakdown and removal of pollutants. 
By harnessing the ability of biofilms to at-
tach to surfaces, self-repair, and with-
stand environmental stresses, we can 
develop beneficial biofilm-based solu-
tions, and, using genetic tools, we can 
engineer biofilms with enhanced proper-
ties for a variety of biotechnological appli-
cations (see Figure 1).

Targets for engineering biofilms 
Given that biofilm formation is mediated 
at a molecular level by genes, regulatory 
pathways, and environmental signals, we 
can design novel synthetic constructs that 
offer improved control over this powerful 
property. While the aim has often been 
to understand, disrupt, and reduce prob-
lematic biofilm formation, we can also regu-
late different elements to take advantage of 
the structural and functional complexity of 
biofilms. The protein and polysaccharide 
components of the self-secreted biofilm 
extracellular matrix have been investigated 
as engineering targets. Bacterial adhesins 
have been engineered for use as building 
blocks in the development of synthetic 
multicellular materials, enabling tunable 
cell–cell adhesion, self-assembly, and cell 
differentiation [1]. In another study, modi-
fied cellulose glycans were coassembled 
with curli fibril peptides to generate biofilm-
inspired materials, where the morphological 
and mechanical properties of these artificial 
matrices could be selectively modulated, 
depending on the synthetic polysaccharide 
structure (i.e., chain length and degree 
or pattern of modification) [2]. In addition 
to extracellular matrix components, another 
potential engineering target is quorum 
sensing (QS), which facilitates cell–cell 
communication between microbes and 
the coordinated responses of microbial 
cells within biofilm communities. For exam-
ple, the QS class of molecules acyl 
homoserine lactones (AHSLs) have been 
used to establish artificial cellular com-
munication between synthetic liposome-
based AHSL-producing cells and AHSL-
responsive Escherichia coli cells, which pro-
duce a green fluorescent protein (GFP) 
reporter upon receiving the AHSL signal [3]. 

With any engineering biology approach, it 
is crucial to consider the transferability of 
the chosen strategy to a diverse range of 
microbes and the portability of newly de-
signed synthetic constructs, particularly 
for the optimization of novel wild-type 
strains. In terms of targeting biofilm forma-
tion, many regulatory components may be 
specific to a given genus or may only be 
well studied in a model organism. A more 
universal approach is to manipulate a 
molecule that can be used to control bio-
film formation across the majority of bacte-
rial species, as exemplified by the targeting 
of cyclic-di-GMP to increase the biofilm-
forming capacity of recombinant plastic-
degrading E. coli [4]. Here, the E. coli host 
was engineered with native and non-
native diguanylate cyclases for the synthe-
sis of cyclic-di-GMP, increasing levels of 
which stimulated biofilm formation and in 
turn enhanced attachment to and interac-
tion with plastic such that the efficiency of 
degradation was enhanced. This strategy 
could be extended to native plastic-
associated biofilm communities that are 
found living in association with plastic 
waste to augment their natural capacity to 
degrade plastics [5]. 

Tools for engineering biofilms 
Successful biofilm engineering is dependent 
on the availability of appropriate biofilm con-
trol and modification tools. For example, a 
UV-controlled QS gene expression system 
in which light-sensitive 2-nitrobenzyl groups 
were incorporated into the DNA of synthetic 
cells, such that transcription from the T7 
promoter could be tightly controlled in an 
ON–OFF manner in the presence and ab-
sence of UV light, represents an inexpensive 
and scalable alternative to chemical induc-
tion [3]. Also, the production of cyclic-di-
GMP has been brought under tight regula-
tion by engineering a near-IR and blue light
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Figure 1. Toward the biological engineering of biofilms for diverse applications. Synthetic biology tools can be adapted to gain control over biofilm formation and 
endow biofilms with new structural and functional properties, which may subsequently be employed in a range of biotechnological applications from bioprinting to 
environmental bioremediation. Created in BioRender. McCarthy, R. (2024) BioRender.com/k56o466
dichromatic gene circuit for improved biofilm 
formation control [6]  or  a  blue  light–activated 
diguanylate cyclase, offering fast response 
time and application-specific operational 
range [7]. Such optogenetic approaches 
could be extended to the engineering of 
synthetic biofilms, allowing switchlike control 
of biofilm formation. 

Examples of engineered biofilms 
In an effort to move beyond current micro-
bial engineering practices that have focused 
on planktonic cells, a highly controllable 
synthetic gene circuit was recently con-
structed to allow the directed assembly 
1526 Trends in Biotechnology, July 2025, Vol. 43, No. 7
and decomposition of biofilms, inspired by 
the constant lifestyle alterations displayed 
by microbes in nature as they respond to 
changes in their environmental conditions 
[8]. In this system, autonomous phase 
transition and phase-specific gene expres-
sion enable programmable production of 
biomolecules across different physiological 
contexts. Such synthetic genetic programs 
help to establish biofilm-based systems as 
versatile and scalable platforms to address 
complex challenges. Biofilms have already 
been investigated as tunable platforms for 
the biomanufacturing of ordered materials, 
such as using self-organizing biofilms of 
Cellulophaga lytica [9]. Here, iridescent poly-
crystalline biofilms with controllable optical 
and spatial properties were characterized 
for the potential production of biomimetic 
materials at scale. Similarly, the mechanical 
strength and self-repairing ability of biofilm-
based textile composites expressing and 
secreting amyloid curli fibers have been 
studied to assess the feasibility of delivering 
synthetic bio-based fabrics [10]. On the 
basis of these examples, the importance of 
developing engineered living systems that 
can be readily integrated into existing indus-
trial practices is highlighted. This will require 
interdisciplinary cooperation and the early
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identification of the challenges faced at scale 
and whether a synthetic biofilm engineered 
for a specific purpose could withstand or 
circumvent such obstacles. 

The  future  of  biofilm engineering will be 
reliant on the development of universal 
toolkits to readily modify microorganisms 
of interest, the use of simple reporter 
assays and characterization methods 
that can be widely adopted to test novel 
biofilm-based systems, as well as compu-
tational modeling and omics technologies 
to predict and understand system perfor-
mance. Additionally, quantification and 
predictability of the microbial communities 
will be largely dependent on improved 
imaging and bioreactors coupled with bio-
sensors. In particular, the engineering of 
biofilms for the biodegradation and biore-
mediation of environmental pollutants will 
be of critical importance in the sustainable 
management of synthetic waste. A biofilm 
of Pseudomonas aeruginosa has recently 
been engineered to establish a ‘capture-
and-release’ system for the trapping and 
aggregation of microplastics through the 
exploitation of the native cyclic-di-GMP sig-
naling system [11]. It has also been shown 
that biofilms can be engineered as living 
glue systems with the capability of autono-
mous repair upon damage with applica-
tions spanning from medical to industrial 
sectors [12]. Circuit-based control strate-
gies that incorporate kill switches, as re-
cently achieved in the probiotic E. coli 
Nissle 1917 strain using chemical- and/or 
temperature-responsive CRISPR-Cas9 kill 
switch cassettes, can be leveraged for the 
robust biocontainment of engineered 
biofilms in environmental applications [13]. 
Moreover, engineered biofilms can be 
used for the microbial fabrication of biode-
gradable bioplastic for packaging and 
coating, for example, by modified E. coli 
to produce protein-based hydrogels [14]. 
Development of multispecies microbial 
communities into engineered living materials 
provides the opportunity of customizing self-
growing and self-repairing catalytic biocom-
patible materials and their use for various 
applications [15]. These living systems 
can be further evolved by multispecies 
biofilms, as exemplified by the growth of a 
synthetic symbiotic culture of bacteria and 
yeast where cellulose-rich biofilm forming 
Komagataeibacter rhaeticus bacterium, 
used to provide scaffolding, was cocultured 
with engineered Saccharomyces cerevisiae 
yeast programmed to produce specific 
enzymes in response to chemical or light 
signals [16]. Given the inherent resilience 
and bioactivities of natural biofilms, to-
gether with the latest advances in synthetic 
biology, the prospects for engineering 
biofilms as industrial hosts are promising. 
However, it is crucial to consider the long-
term challenges in the scale-up and de-
ployment of biofilm-based systems and to 
encourage dialogue between key stake-
holders, including scientists, investors, 
policy makers, environmental advocates, 
and the general public. 
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