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Abstract: Plasma membrane mimetics can potentially play a vital role in drug discovery and im-
munotherapy owing to the versatility to assemble facilely cellular membranes on surfaces and/or
nanoparticles, allowing for direct assessment of drug/membrane interactions. Recently, bacterial
membranes (BMs) have found widespread applications in biomedical research as antibiotic resis-
tance is on the rise, and bacteria-associated infections have become one of the major causes of death
worldwide. Over the last decade, BM research has greatly benefited from parallel advancements
in nanotechnology and bioelectronics, resulting in multifaceted systems for a variety of sensing
and drug discovery applications. As such, BMs coated on electroactive surfaces are a particularly
promising label-free platform to investigate interfacial phenomena, as well as interactions with drugs
at the first point of contact: the bacterial membrane. Another common approach suggests the use of
lipid-coated nanoparticles as a drug carrier system for therapies for infectious diseases and cancer.
Herein, we discuss emerging platforms that make use of BMs for biosensing, bioimaging, drug
delivery/discovery, and immunotherapy, focusing on bacterial infections and cancer. Further, we
detail the synthesis and characteristics of BMs, followed by various models for utilizing them in
biomedical applications. The key research areas required to augment the characteristics of bacterial
membranes to facilitate wider applicability are also touched upon. Overall, this review provides
an interdisciplinary approach to exploit the potential of BMs and current emerging technologies to
generate novel solutions to unmet clinical needs.

Keywords: bacterial membranes; biosensing; nanoparticles; antimicrobial resistance; cancer; im-
munotherapy

1. Introduction

Bacteria are single-celled organisms found in their millions in every (micro) environ-
ment, both inside and outside of other organisms. Their membrane, mainly comprised
of proteins, sterols, and phospholipids, has been increasingly explored as a model for
investigating interfacial phenomena at the first point of contact: the plasma membrane.
Drawing inspiration from nature, bacterial membranes (BMs) with various complexity
levels have been widely developed not only to test drug interactions but also for novel
multifaceted therapies, given the multiple roles of bacteria in our body.

The unsupervised excessive antibiotic use has resulted in antibiotic resistance, which is
currently outpacing the launch of new antimicrobials, leading to a global health crisis [1,2].
One strategy to accelerate the drug discovery pipeline is the development of accurate and
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fast assays to systematically test existing and newly developed drugs. BMs can be powerful
test beds as they constitute an important barrier to protect against the external environment
and mediate selective permeability of biomolecules/metabolites into and outside bacteria.
As such, BMs are rapidly explored in conjunction with other technologies, including
bioelectronics, nanomaterials, and microfluidics, resulting in high throughput label-free
assays to test the efficacy of antibiotics, as well as to provide fundamental understanding
of the factors that govern antibiotic/BMs interactions.

BMs have been also used to overcome some of the limitations of conventional cancer
therapy, as bacteria can act as potent antitumor agents or be genetically engineered to
release specific anti-cancer compounds and modify their metabolic pathways. Given
their targeting capabilities, BM coated nanoparticles (BM-NPs) have been explored for
immunotherapy or cancer treatment and have also served as bioinspired platforms for
immunomodulation against existing bacterial infections or to prime the immune system
against pathogenic bacteria [3–6].

Considering the growth in literature on animal cell membrane mimetics and limited
information on bacterial membrane mimetics, this review summarizes the characteristics,
synthesis, and isolation of BMs. It contextualizes the advances in the work on BMs and their
future in the fields of biosensing, cancer therapy, drug discovery, and immunomodulation.
Lastly, strategies to augment the characteristics of BMs and BM-NPs for broadening their
application are highlighted.

2. Bacterial Membrane Characteristics

Bacteria are classified as Gram-positive and Gram-negative, differing in their structure
and cell wall lipid composition (Figure 1). The main difference between the two categories
is the lack of an outer membrane in the Gram-positive cell envelope [7].
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Figure 1. Schematic depiction of the key structural differences between Gram-positive and Gram-
negative bacteria.

Gram-positive bacteria are characterized by a thick cell wall surrounding the cytoplas-
mic membrane consisting of multiple peptidoglycan layers with a mesh-like frame [7]. This
structure provides protection from the environment and maintains cell integrity and shape,
allowing bacteria to withstand the osmotic and mechanical pressures exerted on the plasma
membrane. Gram-positive bacteria are surrounded by a notably thicker murein wall (40–80
nm) compared to Gram-negative bacteria (7–8 nm) [8]. The membranes of Gram-positive
bacteria are composed of phospholipids, lipid-anchoring components (lipoteichoic acid),
lipoproteins, and transmembrane proteins [9].

The Gram-negative cell envelope consists of an inner membrane, a periplasm, and
an outer membrane. The inner membrane is an asymmetric phospholipid bilayer that
wraps around the cytosol [10,11]. The periplasm contains a thin layer of peptidoglycan that
supports the shape and rigidity of the bacterium. The outer membrane is an asymmetric
lipid bilayer that surrounds the periplasmic space [10]. The proximal leaflet is composed
of phospholipids, whereas the distal leaflet is mostly composed of lipopolysaccharides
(LPS) [10], which act as a protective barrier [12]. LPS is a glycolipid whose structure
differs significantly between Gram-negative bacterial species owing to survival adaptations
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in response to changes in environmental stimuli, such as temperature, pH, certain ion
concentrations, toxins, antibiotics, and osmotic pressure [13,14]. The outer membrane and
LPS leaflets are absent in most Gram-positive bacteria [9]. Therefore, alterations in the outer
membrane characteristics, such as hydrophobic properties, LPS, or mutations in porins
and other factors, can create resistance, making Gram-negative bacteria more resistant to
antibiotics than Gram-positive ones [15]. Hence, the majority of the WHO-listed pathogens
are Gram-negative bacteria, which are the cause of significant morbidity and mortality
worldwide.

Typical bacterial plasma membrane phospholipids include phosphatidylglycerol (PG),
cardiolipin (CL), and phosphatidylethanolamine (PE) [10,11]. The composition varies
greatly in different and within the same Gram-type bacterial species, where a high de-
gree of structural, chemical, and functional variation exists in lipid membranes [16–18].
Therefore, many biomimetic bacterial membrane models have been developed over the
last century to study their properties, structure, and physicochemical processes [19]. The
three most common models are lipid vesicles (liposomes), lipid bilayers (SLBs), and lipid
monolayers [20–25]. These systems mimic the lipid assembly of bacterial cell membranes
to some extent, and each has advantages and limitations. Below, the main systems are
addressed, along with examples of their application as bacterial biomimetic membranes.

3. Bacterial Membrane Vesicles (BMVs) to Mimic Bacterial Membranes
3.1. Natural BMVs

BMVs (as described and summarized in Table 1) play key roles in immune regulation
in potential hosts [26], support bacterial biofilm formation [27] as well as participate in
intracellular communication (i.e., horizontal gene transfer between different bacterial
species) [28,29].

There are two main types of BMVs that are secreted not only in stressful but also under
standard growth conditions. One of these is outer membrane vesicles (OMVs), which are
secreted by the outer membrane of the complex cell envelope [30] that surrounds Gram-
negative bacteria. The second type is Cytoplasmic Membrane Vesicles (CMVs), which
are synthesized from Gram-positive bacteria and arise directly from their cytoplasmic
membrane [31]. In addition to these typical BMVs, several other structures, such as
explosive outer-membrane vesicles [32], tubular membrane structures [33], and outer-inner
vesicles [34], are also secreted by bacteria.
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Table 1. Structure, description, features, and applications of biomimetic membranes. [Langmuir–Blodgett (LB), Langmuir–Schaefer (LS)].

Model Type Features Limitations Applications Ref.
Vesicles
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In Gram-positive bacteria, cytoplasmic membrane vesicles are thought to arise from
either dying cells or other conserved vesicle mechanisms [51]. However, owing to the thick
peptidoglycan layer, the effects of membrane instability are relatively negligible, leading to
the protrusion of the cytoplasmic membrane through the pores in the peptidoglycan layer,
ultimately releasing CMVs.

On the other hand, in Gram-negative bacteria, OMVs are formed when part of the outer
membrane detaches from the bacterial surface and encapsulates a part of the periplasmic
space. These OMVs are composed of LPS, phospholipids, proteins, and nucleic acids [52].
The synthesis of OMVs in Gram-negative bacteria is thought to occur because of swelling
in areas with impaired peptidoglycan connections, which are disrupted either by breaking
or repositioning the links [53,54]. Further budding of the bulge also occurs due to the
accumulation of periplasmic proteins in the bacterial cell wall, leading to the dissociation
of the outer membrane.

BMV production occurs through the formation of various defects that are triggered by
several genetic and environmental factors, such as disturbance of cell-envelope crosslinking
(between the peptidoglycan and the outer membrane) [53,54], “bilayer coupling” effects
that are obtained by molecules that yield membrane curvatures, and accumulation of
misfolded proteins in the periplasmic space [55,56]. An example of this mechanism is
shown in one of the most explored hypervesiculating bacteria, E. coli JC8031; the vesicles
are produced due to the genetic knockout of the tolRA gene, causing membrane instability
in the E. coli cell envelope [57].

Other environmental factors, including bacterial growth conditions, stress factors
(including thermal stress and antibiotic stress), and media composition, can also trig-
ger the release of large amounts of BMVs [37]. Another possible mechanism for vesicle
blebbing is the degradation of the peptidoglycan layer, catalyzed by the action of the
autolysin/endolysin enzyme. For example, in Gram-negative bacteria, endolysins are used
to destabilize the membrane, leading to explosive cell lysis and vesicle formation [58].

The most common vesicle formation process usually consists of the following steps:
The first step is to control the cultivation in the liquid medium, the composition of the
medium, the timing of harvesting, and the application of different stress conditions that
affect the vesicle formation rate and OMVs content [35]. Slow centrifugation is then
applied to remove most of the intact bacteria, and the remainder is then removed by sterile
filtration. The filtrate is then preconcentrated before centrifugation, either by precipitation
or ultrafiltration [52]. Purification procedures, such as sucrose gradient centrifugation
and size exclusion chromatography, are then used to remove proteins not associated with
OMVs. At each step of the workflow, the OMVs yield can be quantified, and its stability
and associated bioactivity can be monitored, which varies based on different isolation
methods used [52].

Another purification (isolation) procedure depends on the bacterial membrane fea-
tures, where positively charged antimicrobial substances such as ε-Poly-L-lysine are used to
capture extracellular vesicles and precipitate them, depending on the amounts of negatively
charged LPS and lipoteichoic acid that are found in extracellular vesicles produced from
Gram-negative and Gram-positive bacteria, respectively [59]. Besides, immunoaffinity chro-
matography extraction methods are used for isolating OMVs based on the recognition of a
specific ligand binding to its target molecule, where Alves et al. [60] suggested the insertion
of a specific 6xHis-taq sequence that binds to the exterior facing a highly expressed protein
domain (OmpA) usually found on BMVs to act as a biomarker for selective, direct, and
rapid isolation by immobilized metal affinity chromatography. Huang et al. [61] provided a
comprehensive understanding of OMV biogenesis, isolation, purification, and application
in vaccine and immunoadjuvant development.
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3.2. Artificial BMVs: Liposome Techniques

Liposomes is another term used to describe natural and artificial spherical-shaped
vesicles that are comprised of one or more phospholipid bilayers that encase an aqueous
core [35]. In this section, liposomes are used to refer to the artificially synthesized BMVs.

Liposomes are the preferred structures adopted by bilayers when in contact with
water. This is because it adopts a lower, more energetically stable form in this configuration,
where the polar head groups are in contact with the liquid interface while the hydrocarbon
tails remain within the bilayer [35]. The size of synthesized liposomes usually ranges from
nanometers to microns in diameter [62]. Their lamellar structures and properties vary
depending on the manufacturing process, lipophilic composition, functionalization, and
surface charge, allowing for a significant level of customization [35]. They are usually
classified according to vesicle size and lamellar structure [63], where unilamellar vesicles
are small (20–40 nm), medium (40–80 nm), large (100–1000 nm), or even larger (>1000
nm) [62]. Oligolamellar vesicles are composed of 2–10 bilayers, and multilamellar vesicles
have multiple bilayers.

Liposomes can be obtained by several processes, including mechanical techniques,
organic solvents, or detergent removal [35]. The simplest and most common approach
to constructing liposomes is to utilize different types of thin-film hydration techniques
(Figure 2) [63]. This technique utilizes a physical dispersion method, which involves
solvent evaporation followed by rehydration in the aqueous phase prior to downsizing and
homogenization. The size of liposomes is influenced by their lipid charges and aqueous
phase properties [64]. Alternatively, the solvent dispersion method could be applied, where
lipids in the solvent are mixed with the aqueous phase containing the elements to be
encapsulated [38]. Other methods, such as detergent solubilization, are also used, where
micelle–vesicle transition detergents are used to solubilize lipids in micellar systems [38].
These lipids can then be released by dilution, membrane filtration, hollow fiber dialysis,
gel chromatography, or adsorption onto a hydrophobic matrix (resins) [65].
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of Gram-positive S. aureus and S. pneumoniae. It was purified using size-exclusion chro-
matography. This bacterial mimetic liposome was created to provide a suitable model for
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drug release, liposome–cell interactions, and a better encapsulation efficiency for a highly
hydrophobic antibiotic.

Regardless of whether they are artificially synthesized or directly triggered by cells,
all types of BMVs have the same strengths and weaknesses stemming from their structure-
function properties. For example, because vesicles/liposomes are composed of two lipid
sheets, they mimic bacterial biological membranes better than Langmuir monolayers
(discussed later) and provide an excellent model for studying membrane phase behavior
and other membrane processes [35], as further mentioned in Table 1. However, these
preparation techniques are complex and selective. In addition, when using vesicle model
systems, it is more difficult to control lipid asymmetry. Therefore, the final composition of
the produced vesicles should always be examined before direct use, as it may differ from
the composition of the initial lipid mixture used to form vesicles or from the original cell
membrane [62].

4. Lipid Layers to Mimic the Bacterial Membrane
4.1. Langmuir-Blodgett

One of the most common biomimetic systems used to recreate natural membranes is
the Langmuir monolayer (LM) [35]. This lipid monolayer is a simplified model formed via
the Langmuir-Blodgett technique, which utilizes the amphiphilic properties of lipids to
orient themselves in a liquid/air interface (Figure 3A). As the lipid molecules are deposited
on the surface, dispersion forces immediately cause the solution to spread over with
the lipid headgroups submerged into the subphase, and hydrophobic tails point in the
direction of the gaseous phase. This results in forming a monomolecular layer interfacial
film (Figure 3B), which gets compressed by movable barriers along the water’s surface. The
surface pressure can then be constantly recorded as a function of the mean molecular area
to provide more information about the lipid–lipid, lipid–water, lipid–protein, or lipid–drug
interactions (Figure 3C).
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This technique is increasingly recognized in basic biodegradation research for un-
derstanding the mechanism of action of microorganisms. It has been widely used as a
membrane model because of its uniformity, planar shape, and specific orientation, and
because it allows for thermodynamic analysis [19], understanding the mechanism of ac-
tion of micro-organisms through biodegradation, and a plethora of other properties and
applications (Table 1).

Numerous experiments have been conducted on model bacterial membranes utilizing
this technique, most frequently using monolayers made of phospholipid mixtures such as
dimyristoyl phosphatidylglycerol (DMPG), dimyristoyl phosphoethanolamine (DMPE),
and CL at various ratios [68]. As model membranes for Gram-positive membranes and
Gram-negative inner membranes, Langmuir monolayers composed of pure bacterial phos-
pholipids (PE, PG, CL) or mixtures of phospholipids have been used [16]. In a study by
Perczyk et al. [69], models of soil bacterial membranes that varied in the mutual ratio
of primary phospholipids were created utilizing single phospholipids, such as DMPE,
DMPG, phosphatidylethanolamine (POPE), dipalmitoyl phosphoethanolamine (DPPE),
dipalmitoyl phosphoglycerol (DPPG), and dioleoyl phosphatidylglycerol (DOPG), as well
as their mixtures at different molar ratios. Additionally, few studies have reported the
interactions of antibiotics with model bacterial membranes using E. coli extract, DOPC, or
LPSs dissolved in a CHCl3 solution [70–72].

Another advantage of this model, as shown in these studies, is the ability to achieve
varying densities and compositions of lipids at the interface in a controlled manner [40],
which was made possible because of the ease of manipulation of the phospholipid composi-
tion in the monolayer compared to a bilayer (Table 1). Controlling the content of individual
phospholipids in membranes is of great importance, as changes in the composition of acyl
chains or headgroups affect fluidity and stability. Consequently, they influence the mem-
brane response to environmental perturbations [40]. Therefore, the Langmuir technique
can be used to provide a simple platform for manipulating phospholipid composition in a
monolayer to understand the precise roles played by membrane phospholipids in bacterial
physiology and stress adaptation, which has not yet been completely realized [40].

Rowlett et al. [73] exploited this property by systematically manipulating the phospho-
lipid composition of E. coli membranes. They found that changes in CL or PE levels led to
changes in the structure and composition of the cellular envelope, homeostatic pathways,
and membrane biogenesis. Furthermore, phospholipid-modified strains showed disrup-
tion in surface adhesion with altered susceptibility to environmental stress. This indicates
that maintaining proper membrane phospholipid composition is important for bacterial
adaptation. The main drawback of this technique lies in its inherent ability to simplify the
membrane system into one leaflet, which is beneficial for investigating specific interactions
at the molecular level but simultaneously interferes with the accurate understanding of
some membrane functions by not reflecting the complexity of a true biological membrane
(Table 1).

4.2. Supported Lipid Bilayers (SLBs)

Supported lipid bilayers (SLBs) are robust biomimetics that are widely used as models
for mammalian and bacterial membranes [16,35]. There are different types of supported
lipid membranes, such as solid-supported, tethered, or polymer-cushioned lipid bilayers.
All of these systems rely on either lipid-surface interactions or molecular anchors that
attach lipid sheets to structural supports. These models can be further classified based on
the type of support and the techniques used to produce them.

The lipids typically used for SLB formation poorly resemble those of bacterial cell
membranes due to the lack of available protocols to form SLBs relying solely on mixtures
of lipids relevant for bacteria such as PE and PG [23]. Few reports have been published on
the formation of SLBs utilizing mixtures of PC with PE [74,75], or single component PC
membranes to determine the mechanism of action of antimicrobial compounds [76].
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4.2.1. Vesicle Fusion to form SLBs

One popular method to form SLBs is vesicle fusion due to its simplicity [16]. The
formation of small vesicles is usually performed by tip sonification or extrusion through a
filter [35,52,77]. The vesicle fusion method for forming a solid-supported bilayer is composed
of three main stages: vesicle adsorption, rupture, fusion, and SLB adhesion [77]. At the initial
stage, small vesicles are adsorbed to the substrate surface, such as silica, glass, an oxidized
layer on a silicon wafer, and mica, which are negatively charged. Because of the electrostatic
repulsion between negatively charged lipids and the substrates, a divalent cation such as Ca2+
is usually added to allow the fusion of vesicles to take place, forming the SLB.

The technique of vesicle fusion has several advantages associated with the nature of
the vesicles used, such as obtaining more complex and selective bilayers [40]. In addition,
it results in the formation of a double layer that mimics biological membranes better than
the Langmuir monolayer and a more stable membrane compared to lipid vesicles [40].
However, owing to the use of solid support, the interaction between one lipid monolayer
and the support is very strong, thus impacting its physicochemical properties.

4.2.2. Langmuir−Blodgett/Langmuir−Schaefer to form SLBs

As an alternative to vesicle fusion, Langmuir–Blodgett/Langmuir–Schaefer (LB/LS)
deposition has been used to assemble advanced models of bacterial SLBs [16,35]. This
technique deposits lipid bilayers on substrates by combining the vertical dipping Langmuir–
Blodgett (LB) deposition technique with the horizontal dipping Langmuir–Schaefer (LS)
technique.

A lipid monolayer is first generated by LB deposition (Figure 3D). This layer is then
transferred onto a hydrophilic substrate by immersing it into a subphase and then vertically
lifting the substrate using the LB deposition method, creating the lower leaflet of the
bilayer [78]. The substrate is then horizontally oriented with the side coated by the first
layer lying parallel to the air-water interface and slowly lowered until the entire surface is
in contact with the floating monolayer, creating a tail-to-tail interaction. The substrate is
then pushed through the interface to deposit the second layer [78].

4.2.3. Langmuir−Blodgett/Langmuir−Schaefer to form Free “Floating” SLBs

In addition to single-SLBs, the combination of Langmuir– Blodgett/Langmuir–Schaefer
deposition techniques can be used to form floating membranes or supported double bilay-
ers [35]. These multi-bilayer configurations were developed to further minimize the loss of
mobility due to lipid-surface interactions because the floating bilayer is not restrained by
the solid substrates. These membranes interact via electrostatic, hydration, and van der
Waals forces, which creates more room for protein integration but also affects the model's
stability, creating a set of other drawbacks (Table 1). However, not all phospholipids can
form stable double bilayers; for example, double bilayers of DPPE were found to be stable
in the gel phase but destabilized in the fluid phase [44]. Although this method is signifi-
cantly more time-consuming and requires high technical skills, the membranes produced
by LB/LS are asymmetric in nature and can be used to represent an accurate model of the
outer membrane of Gram-negative bacteria.

To date, floating bilayers, have not been heavily explored for bacterial membrane
biomimetics studies. In a hybrid floating membrane model was developed by Clifton et al.
to mimic the asymmetrical outer membrane structure and dynamics of Gram-negative
bacteria [45]. These hybrid systems are usually created by depositing a lipid monolayer
onto a hydrophobic surface, such as gold or a polymer film coated with a self-assembled
monolayer (SAM) [79,80], resulting in the formation of an asymmetric structure. However,
this model had some limitations, in that the outer membrane in the real bacteria is connected
to the periplasm by proteins (Figure 4B) and does not float freely, as in the model (Figure 4A).
This hybrid system sheds light on the power of the floating outer membrane model for
studying the biological and biophysical behaviors of bacterial membranes, which is in line
with other characteristics and properties (Table 1).
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4.3. The Architecture of Mimetic SLBs Supports

In the systems described above, the bilayer is always separated from the substrate
by a thin film of water (∼10–20 Å) [81]. Although the lubricating water film maintains
the long-range fluidity of the membrane [82], the space provided and the stability of the
system are not sufficient, presenting many limitations. One of the main drawbacks is the
restriction in the lateral diffusion of lipids, which occurs due to interactions between the
lipid headgroups and the substrate. In addition, the water layer is too small to accommodate
the large hydrophilic domains of integral proteins if needed for biosensing applications.
Besides, the bilayer is barely physically linked to the surface; therefore, it can easily be
detached from the surface [35].

Membrane stability and mobility depend on several factors, such as pH and salt
concentration, which must be maintained within specific limits to control interactions
with substrates [35]. Apart from maintaining the solution conditions, other modifications
of the system architecture were explored to create various composite systems to reduce
lipid-substrate interactions [35]. These composite systems were found to be more useful
for improving and investigating other physicochemical properties of bacterial membranes,
such as their structural and electrical properties. Some examples are shown in Figure 5,
such as a bilayer supported on a SAM terminated with polar or charged head groups
(Figure 5A) or on a hydrophilic soft polymer cushion (Figure 5B), such as an ultrathin layer
of dextran, or cellulose, showing longer-range mobility and better membrane stability [35].
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Tethered polymer cushions are another widely used model of bacterial biomimetic
membranes. They are placed beneath the SLBs to lift them from the support while main-
taining their structural integrity [46]. The bilayer can covalently attach to the solid support
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via hydrophilic tethers (Figure 5C) or polymer cushions (Figure 5D). By manipulating
the charge, chemical structure, and hydrophilicity of polymers, many proteins have been
successfully added with varying levels of mobility and apparent functionality using this
model [48,49]. Besides, the tether design facilitates the formation of a larger aqueous
region between the lipid bilayer and the substrate, which can accommodate the extra- or
intracellular domains of transmembrane proteins and provide an ionic reservoir required
for ion channel function. In addition, the hydrated tether region or polymer acts as a screen
that “decouples” the bilayer from the substrate [35] to prevent the interactions of the lipids
with the underlying solid substrate.

Biomimetic membranes based on tethered polymers are among the most success-
ful membrane-based biosensors. Andersson et al. [83] created a model membrane that
mimicked the outer membrane of Gram-negative bacteria, which was then used to in-
vestigate the structural and electrical properties concerning the influence of divalent ions
and antibiotics. The structure of the model is based on a tethered monolayer fused with
vesicles containing LPS molecules. Other characteristics, such as membrane diffusivity,
viscoelasticity, mobility, and lipid and protein symmetry, were investigated by the Daniel
group [50], who developed a model membrane of the outer membrane of Gram-negative
bacteria. Changes in the membrane properties, mass, and kinetics were also investigated in
the presence of antibiotics.

5. Bacterial Membranes in Drug Discovery and Biosensing

Activities of bacterial membrane efflux pumps/porins and alterations in the membrane
characteristics can greatly affect the antibiotics’ efficacy [84,85]. In this perspective, attempts are
directed to utilize transducers that enable ionic signal transduction in a label-free manner [86],
for the direct assessment of drug-membrane interactions (Figure 6), which would facilitate
high-throughput/content drug testing assays and also real time sensing of membrane events.

Biosensors 2023, 13, 189 12 of 30 
 

5. Bacterial Membranes in Drug Discovery and Biosensing 
Activities of bacterial membrane efflux pumps/porins and alterations in the mem-

brane characteristics can greatly affect the antibiotics’ efficacy [84,85]. In this perspective, 
attempts are directed to utilize transducers that enable ionic signal transduction in a label-
free manner [86], for the direct assessment of drug-membrane interactions (Figure 6), 
which would facilitate high-throughput/content drug testing assays and also real time 
sensing of membrane events. 

 
Figure 6. Advances in technologies using plasma membrane mimetics allows us to perform drug 
discovery and sensing by in vitro assays based on drug insertion (i) and membrane disruption (ii) 
and conceive the possibilities of real-time membrane-based hand-held biosensing devices. 

To this end, interfacing organic electronic devices with cell-membrane models have 
shown great promise in various applications, including ion channel activity studies [87–
89]. Su et al. [90] devised a versatile and facile technique to generate supported lipid bi-
layers on a conducting polymer film surface by a solvent-assisted lipid bilayer approach. 
The generated bacterial membrane mimetic bioelectronic device was used to monitor the 
interaction of a bacterial membrane with the antibiotic polymyxin B. The technique was 
found to be compatible with various membrane compositions and to efficiently work in 
microfluidic devices (Figure 7A). The use of an organic electrochemical transistor (OECT), 
a highly sensitive ion-to-electron converter [91], for screening molecules that particularly 
disrupt/alter the permeability of a bacterial membrane has been also reported [92]. Specif-
ically, a lipid monolayer was incorporated in a liquid-liquid interface on top of an OECT 
device, acting as the bacterial membrane (Figure 7B). Alterations in ionic flux caused by 
permeabilizing compounds were elucidated using the OECT device, indicating a bacterial 
membrane disruption. The role of biomembrane-based organic electrochemical transis-
tors as rapid and low-cost biosensing platforms, followed by their advantages and limita-
tions, has been reviewed by Lubrano et al. [93]. Recently, BM-antibiotic interaction were 
reported by Ghosh et al. [94] who created a surface-supported planar BM model on an 
optically-transparent, conducting polymer to determine the impedance of BM-antibiotic 
interaction using polymyxin B, bacitracin, and meropenem. This technique was also ex-
panded to study clinically relevant ESKAPE pathogens, such as Acinetobacter baumannii, 
Enterobacter cloacae, and Pseudomonas aeruginosa [95]. Such surface-supported platforms 
developed from BM of clinically significant bacteria retaining BM characteristics such as 
fluidity, membrane proteins, and lipopolysaccharides have immense potential for screen-
ing and identifying BM-specific antibiotics [96], peptides [97], nanomaterials [98,99] or 
developing recombinant phages targeting BM surface components. 

Figure 6. Advances in technologies using plasma membrane mimetics allows us to perform drug
discovery and sensing by in vitro assays based on drug insertion (i) and membrane disruption (ii)
and conceive the possibilities of real-time membrane-based hand-held biosensing devices.

To this end, interfacing organic electronic devices with cell-membrane models have
shown great promise in various applications, including ion channel activity studies [87–89].
Su et al. [90] devised a versatile and facile technique to generate supported lipid bilayers on
a conducting polymer film surface by a solvent-assisted lipid bilayer approach. The gener-
ated bacterial membrane mimetic bioelectronic device was used to monitor the interaction
of a bacterial membrane with the antibiotic polymyxin B. The technique was found to be
compatible with various membrane compositions and to efficiently work in microfluidic de-
vices (Figure 7A). The use of an organic electrochemical transistor (OECT), a highly sensitive
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ion-to-electron converter [91], for screening molecules that particularly disrupt/alter the per-
meability of a bacterial membrane has been also reported [92]. Specifically, a lipid monolayer
was incorporated in a liquid-liquid interface on top of an OECT device, acting as the bacterial
membrane (Figure 7B). Alterations in ionic flux caused by permeabilizing compounds were
elucidated using the OECT device, indicating a bacterial membrane disruption. The role of
biomembrane-based organic electrochemical transistors as rapid and low-cost biosensing plat-
forms, followed by their advantages and limitations, has been reviewed by Lubrano et al. [93].
Recently, BM-antibiotic interaction were reported by Ghosh et al. [94] who created a surface-
supported planar BM model on an optically-transparent, conducting polymer to determine the
impedance of BM-antibiotic interaction using polymyxin B, bacitracin, and meropenem. This
technique was also expanded to study clinically relevant ESKAPE pathogens, such as Acineto-
bacter baumannii, Enterobacter cloacae, and Pseudomonas aeruginosa [95]. Such surface-supported
platforms developed from BM of clinically significant bacteria retaining BM characteristics such
as fluidity, membrane proteins, and lipopolysaccharides have immense potential for screening
and identifying BM-specific antibiotics [96], peptides [97], nanomaterials [98,99] or developing
recombinant phages targeting BM surface components.
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Figure 7. (A) Solvent-assisted lipid bilayer formation in a microfluidic channel (i); EIS configuration used
in this work (ii). The thin blue layer represents the PEDOT:PSS film, and the gold layer represents the gold
contact supporting the polymer and planar bilayer. Below the diagram are cartoon representations of the
two bilayers we formed with this method and the toxin (α-HL) or compound (PMB-polymyxin B) used
to disrupt them. POPC-1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (light gray) and cholesterol
(yellow) are principal components of the mammalian bilayer, and POPE (green- 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphoethanolamine) and POPG-1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)
(blue) are the components used for the bacterial bilayer (ii). [reproduced with permission from Su,
et al. [90], copyright 2019 American Chemical Society]. (B) Schematic structure of the biphasic–electrolyte
gated organic electrochemical transistor (OECT) system showing the lipid monolayer formation at the
interface with the head and tail groups oriented toward the aqueous phase and organic phases, chemical
components used (i); OECT recordings of the interaction of PMB with the bacterial model system,
comparative transfer and output plots showing the change on the electrical behavior of the OECT before
and after the formation of the POPC:POPG lipid ML and subsequent addition of polymyxin B (ii).
[reproduced with permission from Pitsalidis et al. [92], copyright 2018 American Association for the
Advancement of Science].
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The natural ability of bacteria to selectively sort proteins to both the interior and exte-
rior of the BMs is also exploited to develop engineered BM vesicles (BMVs) for biosensing
and imaging applications [100]. For instance, Chen et al. [101] developed a one-pot syn-
thesis approach to engineer E. coli BMVs-based multi-functional sensors for both antigen
targeting and signal generation. A fusion peptide, SlyB, was used to package nanolu-
ciferase within BMVs, and the INP-Scaf3 scaffold was used for antibody recruitment. The
multifunctional BMVs could detect thrombin with a 0.5 nm detection limit. By inserting a
cohesion domain, these engineered BMVs were functionalized with GFP for imaging cancer
cells. Apart from using BMs as a whole for biosensing, BM components such as aquaporins,
transporters, ion channels, and receptors are also explored to develop biosensors. Similar to
BM mimetics for biosensing, even components of BM are used for biosensing applications;
readers can refer to Novikova et al. [102] and Ryu et al. [103].

Taking clues from animal cell membrane-based biosensing platforms, BMs could be
utilized as biorecognition elements for sensing biomolarkers. For instance, breast cancer cell
membrane (BCCM) extracted from MDA-MB-231 and coated onto an enzyme-deposited
electrode via vesicle fusion technique were used for glucose sensing [104]. Excessive and
selective uptake of α-D-glucose by the glucose transporter-1 on the BCCM allowed the
specific and sensitive detection (Figure 8). The exceptional permselectivity of BCCM coated
biosensor was evaluated using L-cysteine, L-ascorbic acid, D-(−)-fructose, D-(+)-xylose,
D-(+)-maltose, uric acid, and human serum as various interfering biomolecules. Similarly,
the selectively of glucose transporter-1 in the red blood cell membrane (RBCM) was also
exploited for the detection of glucose [105]. The RBCM sensors showed good reliability at
different glucose concentrations and long-term stability.
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Figure 8. Schematic representation of enzymatic glucose sensor coated with breast cancer cell mem-
brane (BCCM). The BCCM acts as a diffusion barrier to impede the transport of large and uncharged
molecules (fructose, xylose, and maltose) and ions (cysteine, uric acid, and ascorbic acid), whereas it
facilitates the active transport of glucose via glucose transporter-1 (GLUT-1). Glucose dehydrogenase
(GDH) then reacts with glucose without any interference. [reproduced with permission from Kim,
Kwon, Lee, Lee, and Yoon [104], copyright 2019 Elsevier].

Combining BM mimetics with photosensitive quantum dots provides an opportunity
to develop photosynthetic semiconductor biohybrids (PSBs). The colloidal quantum dots
in PSBs capture light to regulate biochemical processes in the biosystems such as BMs.
Recently, Suri et al. [106] developed a bioelectronic system that decreases the intricacies
associated with PSBs by focusing explicitly on interactions between P. aeruginosa BM,
quantum dots, and pyocyanin redox mediators. Chronoamperometry, revealed that pho-
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toexcited charge transfer in this platform was driven by the reduction of pyocyanin at the
surface of colloidal quantum dots followed by diffusion of reduced pyocyanin through the
BM. The broad applicability of this PSBs system under a controlled environment across
many bacterial species and diverse quantum dot architectures showcases the possibilities at
the interface of BM mimetics and inorganic nanomaterials to develop advanced biosensing
devices.

6. Bacterial Membranes in Immunomodulation
6.1. Bacterial Membranes against Bacterial Infections

Vaccines based on BMVs have attracted significant attention in the recent past. BMVs
are immunogenic spherosomes secreted by Gram-negative bacteria [107]. BMVs can mod-
ulate/suppress immune cell responses via direct interaction with the host cells. BMVs
are stable, non-infectious, and genetically tractable nanoparticles (NPs) containing ma-
jor immunogenic proteins of the parent bacterium with the capacity to elicit both arms
of the immune system, suggesting their suitability as vaccines and adjuvants [108]. For
instance, Neisseria meningitidis-OMVs is a licensed vaccine to control meningococcal B
disease in humans [109]. Traditionally, the synthesis of N. meningitidis-OMVs followed
the extraction of vesicles from the biomass post-detergent treatment (dOMVs). Further,
genetic detoxification of N. meningitidis LPS allowed detergent-free extraction of OMVs
(eOMVs) [110]. However, current attempts are focused on enhancing the yield of spon-
taneous OMVs (sOMVs), i.e., without the use of detergents or chelating agents that are
required in the case of dOMVs and eOMVs, respectively [111]. On the other hand, the natu-
ral OMNs (nOMVs) produced by the disruption of bacteria through sonication/vortexing
is another approach, where nOMVs have better immunogenic efficacy due to their struc-
tural/functional relatedness to the BM. Vaccination with nOMVs of lpxL1 mutant (a variant
strain of N. meningitides with pentacylated LPS) produced an immune response marked
by complement stimulation via factor H binding and high antibody response, particularly
IgG titers. Also, different routes for administering N. meningitides OMVs are reported; for
instance, intramuscular [112], intraperitoneal [113], and subcutaneous [114].

BMVs have been also exploited to tackle antibiotic-resistant bacterial infections. Both
natural and engineered BMVs isolated directly from the source of bacteria or from geneti-
cally engineered bacteria, respectively, are tested against homologous and heterologous
bacterial infections [115] (Table 2).

Table 2. Natural and engineered bacterial membrane vesicles that have be used as vaccines against
some of the deadliest homologous or heterologous antibiotic-resistant bacterial infections.

Gram Type Bacteria Source Natural/Engineered
BMVs

Target
Pathogen/Disease Reference

Positive
S. pneumoniae Natural BMVs S. pneumoniae ST8 [116]

MRSA Natural BMVs S. pneumoniae
lethal sepsis [117]

Negative

K. pneumoniae Natural BMVs K. pneumoniae [118]

V. cholerae Natural BMVs V. cholerae infection [119]

P. aeruginosa Natural BMVs P. aeruginosa [120]

A. baumannii Natural BMVs Pan drug resistant
A. baumannii [121]

E. coli

Engineered BMVs with S.
aureus HlaH35 L,

SpAKKAA, FhuD2,
Csa1A, and LukE

S. aureus [122]

6.2. Bacterial mem2branes against Viral Infections

The OMVs can serve as an attractive vaccine delivery vehicle for viral antigens because
of their self-adjuvant characteristics and the amenability to be decorated with antigens.
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Loading of OMVs with heterologous antigens by directing protein expression onto the
outer membrane or into the lumen leads to the efficient surface display of foreign protein
with OMVs proteins [123]. The bacterial hemolysin ClyA is one of the best-described
carrier proteins [124]. Considering the continued emergence of SARS-CoV-2 variants,
considerable attention is given to efficiently displaying multivalent antigens on OMVs. For
instance, Wo et al. [125] engineered probiotic-derived OMVs as vaccine carriers to present
SARS-CoV-2 antigens. A bivalent antigen display platform was developed to showcase the
simultaneous presentation of two different virus antigens in the lumens and on the surface
of OMVs. When tested on mice, ClyA-NG06 fusion and the receptor-binding domain (RBD)
of the spike protein in the OMV lumen elicited a stronger humoral response than OMVs
presenting either the ClyA-NG06 fusion or RBD alone. Today, different types of bacteria
are explored to generate engineered OMVs displaying SARS-CoV-2 antigens, such as E.
coli [125], N. meningitides [126], and Vibrio cholerae [127], which could be administered via
intranasal and intraperitoneal routes. This approach can be extended to tackle other viral
infections in the future.

6.3. Bacterial Membrane-Coated Nanoparticles against Bacterial Infections

Adequate literature has already contextualized the potential of BMVs as a clinical
vaccine or for immunomodulation [107,128,129]. However, due to the low structural
stability and limited homogeneity of BMVs, the immune response remains elusive [130].
In this regard, the last decade witnessed a rise in the literature on BM-coated NPs for
immunomodulation against bacterial infections. BMV coating bestows stability, systemic
longevity, biocompatibility, and targeting ability to the resultant BMV@NP conjugate,
which is an added advantage for the tunable physio-chemical characteristics of NPs. NPs
derived from different materials such as metallic, polymeric, composite, magnetic, silica,
and carbon-based offer tremendous opportunities to develop a spectrum of NPs with
diverse structures and functionalities. NPs are explored as carriers of poorly soluble
compounds [131,132] to penetrate across biological membranes [133], targeted therapy,
and theragnostic applications [134]. Gao et al. [135] collected BMVs and successfully
coated them on gold NPs (AuNPs) to give BM-AuNPs with marked stability in biological
buffers. The BM-AuNPs triggered the activation and maturation of dendritic cells (DCs)
in the lymph nodes of vaccinated mice. Compared to the vaccination with BMVs alone,
BM-AuNPs generated immune response was durable and of higher avidity; even the
secretion of interferon-gamma and interleukin-17 was enhanced, but not interleukin-4,
suggesting the capacity to induce Th1 and Th17 biased cell responses. This finding indicates
that BM-AuNPs synthesized using a top-to-bottom approach preserved the immunogenic
determinants on the BMs to trigger antibacterial immune responses and work as bionic
bacteria. Similarly, Helicobacter pyroli BMs coated on polymeric cores made of poly (lactic-
co-glycolic acid) (PLGA) using the nanoprecipitation method could bind with gastric
epithelial cells [136]. BM-PLGA competed with source bacteria to bind the host cells
(Figure 9A); however, this adhesion is dependent on the BM-PLGA concentration and its
dosing sequence. This top-down fabrication strategy avoids the screening/identification of
adhesins and holds the potential to bypass the design of agonists targeting these adhesins.
Adriani et al. [137] synthesized V. cholerae BMVs encapsulated chitosan NPs which were
coated with Eudragit. Mucosal immunization with nanovaccine provided protection
against 108 CFU of V. cholerae.
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(lactic-co-glycolic acid] mediated inhibition of H. pyroli adhesion on the stomach lining; TEM, hy-
drodynamic diameter, the zeta potential of BM-PLGA and its stability in 1 X PBS and simulated 
gastric fluid [reproduced with the permission from Zhang et al. [136], copyright 2019 Wiley]. (B) 
Schematic representation of the preparation of PLGA@BMs, by fusing the derived membrane vesicle 
of the secreted by S. aureus over the surface of PLGA nanoparticles, exposure of a macrophage to S. 
aureus leads to phagocytosis, consequent antigen presentation, and re-exposure of the phagocyte to 
the same pathogen type leads to rapid identification and clearance [reproduced with permission 
from, Gao, et al. [138], copyright 2018 American Chemical Society]. (C) Schematic representation of 
the antipseudomonal immune regulation of LPS@DMON@OMVs encapsulated by BMVs [repro-
duced with permission from Wu et al. [139], copyright 2022 Elsevier]. 
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ocytes, particularly macrophages. This makes it difficult to eliminate intracellular S. aureus 
due to the limited penetration of antibiotics, thus, necessitating intracellular delivery of 
antibiotics. To tackle the issue, Gao et al. [138] implemented a “Trojan horse” strategy, i.e., 
killing the real using fake bacteria. PLGA NPs coated with secreted extracellular vesicles 
from BMs of S. aureus (NP@EV) were designed to target as active drug carriers (Figure 
9B). NP@EV showed higher efficacy of internalization by S. aureus-infected macrophages 
than the naïve counterparts. Intravenous injection of NP@EV resulted in accumulation 
within four major organs bearing S. aureus infection. This observation suggests that BMV 
coating bestows the NPs with targeting ability. Such an actively-targeting system has the 
potential to promote clinical success for intracellular pathogen-associated infections. 
Along similar lines, Chen et al. [140] demonstrated that S. aureus BMV-coated magnetic 
mesoporous silica loaded with indocyanine green (EV/ICG/MSNs) could be used as multi-
antigenic vaccines with the capacity to modulate antigen-presenting pathway in DCs for 
stimulating an immune response. Laser irradiation of EV/ICG/MSNs promoted DC mat-
uration, followed by activation of proteasome-dependent antigen presentation by facili-
tating endolysosomal escape. Immunization with EV/ICG/MSNs coupled to laser irradia-
tion in vivo stimulated CD8+T cell response. Skin experiments showed that EV/ICG/MSNs 
could prevent and treat superficial infections by inhibiting the invasiveness of S. aureus. 

Figure 9. (A) Schematic representation of BM-PLGA [BMs coated on polymeric cores made of
poly (lactic-co-glycolic acid] mediated inhibition of H. pyroli adhesion on the stomach lining; TEM,
hydrodynamic diameter, the zeta potential of BM-PLGA and its stability in 1 X PBS and simulated
gastric fluid [reproduced with the permission from Zhang et al. [136], copyright 2019 Wiley]. (B)
Schematic representation of the preparation of PLGA@BMs, by fusing the derived membrane vesicle
of the secreted by S. aureus over the surface of PLGA nanoparticles, exposure of a macrophage to S.
aureus leads to phagocytosis, consequent antigen presentation, and re-exposure of the phagocyte to
the same pathogen type leads to rapid identification and clearance [reproduced with permission from,
Gao, et al. [138], copyright 2018 American Chemical Society]. (C) Schematic representation of the
antipseudomonal immune regulation of LPS@DMON@OMVs encapsulated by BMVs [reproduced
with permission from Wu et al. [139], copyright 2022 Elsevier].

Staphylococcus aureus complications arise due to its ability to survive inside host phago-
cytes, particularly macrophages. This makes it difficult to eliminate intracellular S. aureus
due to the limited penetration of antibiotics, thus, necessitating intracellular delivery of
antibiotics. To tackle the issue, Gao et al. [138] implemented a “Trojan horse” strategy, i.e.,
killing the real using fake bacteria. PLGA NPs coated with secreted extracellular vesicles
from BMs of S. aureus (NP@EV) were designed to target as active drug carriers (Figure 9B).
NP@EV showed higher efficacy of internalization by S. aureus-infected macrophages than
the naïve counterparts. Intravenous injection of NP@EV resulted in accumulation within
four major organs bearing S. aureus infection. This observation suggests that BMV coating
bestows the NPs with targeting ability. Such an actively-targeting system has the potential
to promote clinical success for intracellular pathogen-associated infections. Along similar
lines, Chen et al. [140] demonstrated that S. aureus BMV-coated magnetic mesoporous
silica loaded with indocyanine green (EV/ICG/MSNs) could be used as multi-antigenic
vaccines with the capacity to modulate antigen-presenting pathway in DCs for stimulat-
ing an immune response. Laser irradiation of EV/ICG/MSNs promoted DC maturation,
followed by activation of proteasome-dependent antigen presentation by facilitating en-
dolysosomal escape. Immunization with EV/ICG/MSNs coupled to laser irradiation
in vivo stimulated CD8+T cell response. Skin experiments showed that EV/ICG/MSNs
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could prevent and treat superficial infections by inhibiting the invasiveness of S. aureus. An-
other study [130] explored the potential of Klebsiella pneumoniae BMVs by reinforcing them
internally with size-controlled and stable bovine serum albumin NPs (BN-OMVs). The
synthesized BN-OMVs exhibited core-shell morphology, and the size was around 100 nm.
Immunization with BN-OMVs by subcutaneous injection resulted in a significantly high
antibody titer and survival of immunized mice infected with a lethal dose of K. pneumoniae.
Recently, Wu et al. [139] developed a nanovaccine encapsulated in P. aeruginosa BMVs to en-
hance immunotherapy against bacterial pneumonia. Nanovaccine (LPS@DMON@OMVs)
synthesized using lipopolysaccharide, dendritic mesoporous organosilica NPs using non-
replicable BMVs as antigen and LPS as adjuvants triggered activation and maturation of
DCs. Antibody titer stimulated by LPS@DMON@OMVs was 180 times higher than that of
free BMVs. It also induced the generation of cytokines and memory T cells (Figure 9C).

6.4. Bacterial Membranes to Deliver Antibiotics

Apart from immunomodulation and intracellular targeting, BMV-NPs and bare BMVs
are capable of delivering antibiotics in a target-specific manner. For instance, to enhance the
efficacy of conventional antibiotics, Wu et al. [141] developed a biomimetic nano-delivery
system consisting of BMVs derived from E. coli and rifampicin-loaded mesoporous silica
NPs (Figure 10A). The biomimetic coating of BMV enabled the selective uptake of the NPs
by E. coli but not S. aureus due to homotypic targeting (Figure 10B). This system, completely
eradicated the bacteria at the concentration of 4 µg/mL compared to free rifampicin while
elevating the survival rate of mice and maintaining good biocompatibility in both in vitro
and in vivo conditions. Similarly, Huang et al. [142] exploited the ability of A. baumannii
to efflux antibiotics into periplasmic spaces, followed by packing in BMVs for developing
nanoantibiotics. The novel nanoantibiotics consisted of BMVs loaded with antibiotics,
which showed excellent bactericidal effects both in vitro and in vivo. Nanoantibiotics were
biocompatible and demonstrated effective protection against enteric E. coli infection with
oral administration.
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7. Bacterial Membranes in Cancer Immunotherapy

The use of BMs in cancer immunotherapy is still an under-explored area but has
gained attention in recent years. A critical limitation of photothermal therapy (PTT) hinders
the implementation of systemic anticancer therapies owing to unsatisfactory photothermal
conversion efficacy, insufficient tumor accumulation, and lack of anticancer immunity of
PTT agents. In this regard, Qin, et al. [143] exploited BMVs derived from Escherichia coli
Nissle 1917 as the nanoreactors to fabricate biomimetic copper sulfide NPs (CuS-BMVs) to
perform systemic photothermo-immunotherapy. The CuS-BMVs exhibited photostability,
tumor-targeting ability, and excellent photothermal conversion efficacy. The CuS-BMVs
cause hyperthermia as a result of second near-infrared irradiation at the tumor site. Also,
strong immunogenic tumor cell death, DCs maturation, and CD8+ T cell activation were
observed. Further, CuS-BMVs acted as immune-adjuvants and repolarized M2-like tumor-
associated macrophages into M1-like phenotypes for reshaping the immune-suppressive
tumor microenvironment. Neoantigens that are specific to an individual’s cancer are major
tumor determinants recognized by T cells.

Limited recognition of neoantigens in immunologically cold tumors results in a lack
of antitumor immunoregulation, making it is as a clinical challenge to target such tumors,
which are unresponsive to most immunotherapies. Further, radiation therapies alone
barely result in a systemic antitumor response. To tackle this, Patel et al. [144] developed a
multifunctional BM-NPs composed of immunomodulating PC7A/CpG polyplex core en-
capsulated with BM and imide group to increase antigen retrieval. The BM-NPs could bind
neoantigens following radiation treatment and increase their uptake and cross-presentation
to dendritic and T cells, respectively. Treatment of mice with syngeneic melanoma and
neuroblastoma with BM-NPs and radiation therapy resulted in the activation of antitumor
immune regulation.

Animal cell-based drug carriers prepared in vitro may induce negative physiological
function of cells and cause possible immune rejection when used in different individuals.
Further, the immune suppressive tumor microenvironment limits immune cell-mediated
delivery. In this regard, Gao et al. [145] developed E. coli BM-coated NPs (gold core modified
with β-cyclodextrin and adamantane), which, when injected intravenously, hitchhike
circulating phagocytic immune cells by selective phagocytosis (Figure 11A). This leads to
intracellular degradation of BMVs and supramolecular self-assembly of NPs driven via
β-cyclodextrin-adamantane host-guest binding (Figure 11B). This results in the aggregation
of NPs (with photothermal effect), which were previously dispersed (without photothermal
effect), leading to a significant reduction in the leakage of NPs from the immune cells.
Further, the inflammatory tropism generated by primary photothermal treatment of tumor
results in the movement of immune cells carrying NPs toward tumor tissue in vivo. Positive
feedback recruits more immune cells (including carriers of intracellular NPs aggregates),
leading to enhanced tumor accumulation of NPs for secondary photothermal therapy
(Figure 11C). The immune cell hitchhiking strategy offers new insight into the use of
BM mimetics for minimizing the loss of nanomedicine and improving the efficacy of
photothermal therapy.
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Figure 11. (A) E. coli BM coated on β-cyclodextrin-adamantane to prepared BM-NPs. (B) Selective 
phagocytosis of BM-NPs (Bacterial membrane coated nanoparticles) followed by degradation of 
coated BM and subsequent intracellular aggregation of NPs by host-guest binding of β-cyclodextrin-
adamantane. (C) Primary photothermal therapy of tumor trigger inflammatory signals and pro-
vides a positive feedback to recruit immune cells carrying NP aggregates, secondary photothermal 
therapy induces significantly enhanced antitumor immune response. [reproduced with permission 
from Gao et al. [145], copyright 2022 AAAS]. 

8. Augmenting the Functionalities of Nanomaterials 
The amenability of nanomaterials towards fabrication and availability in different 

dimensionalities make them versatile tools for drug sensing, discovery, and delivery ap-
plications. Metallic, metal-oxides, magnetic, silica, carbon-based, polymeric (both syn-
thetic and biodegradable), and bio-inspired nanomaterials are being reported for either or 
all such applications. For instance, gold NPs could help in the preservation of complex 
biological characteristics of coated BMs (BM-NPs) and better mimic antigen presentation 
by bacteria than just BMs. This combines the merits of two distinct materials, thus increas-
ing the expectation to generate strong antibacterial or immunogenic responses [135]. The 
properties of nanomaterials could influence the behavior of the coated/encapsulated ma-
terials [146]. For instance, nanomaterials with inherent toxicity or poor biocompatibility 
may restrict the desired application. Therefore, nanomaterials that are predominantly bi-
ocompatible such as gold, could be preferred for in vivo application [135,147]. In another 
way, the biocompatibility of nanomaterials can be enhanced or modulated by coating 
them with either biomolecules and biocompatible materials such as proteins/amino-ac-
ids/metabolites [148,149], and biodegradable polymers like chitosan, respectively [131]. 
Similarly, the inherent characteristics of some NPs could be exploited to encapsulate both 
hydrophilic and hydrophobic drugs/fluorescent molecules prior to BM coating for tar-
geted delivery and biosensing in bacterial infections, cancers, and immunomodulation. 
For instance, as an effective approach, hydrophilic–hydrophobic chemotherapeutic drug 
pairs (paclitaxel and doxorubicin) were co-encapsulated into magnetic O-carboxymethyl-
chitosan NPs [150]. Further, to endow these NPs for programmed delivery, they were 
camouflaged with an Arg-Gly-Asp anchored erythrocyte membrane. Compared to the 
contemporary approach of polyethylene glycol coating, this biomimetic strategy demon-
strated better circulation time, improved tumor accumulation, facilitated tumor uptake, 

Figure 11. (A) E. coli BM coated on β-cyclodextrin-adamantane to prepared BM-NPs. (B) Selective
phagocytosis of BM-NPs (Bacterial membrane coated nanoparticles) followed by degradation of
coated BM and subsequent intracellular aggregation of NPs by host-guest binding of β-cyclodextrin-
adamantane. (C) Primary photothermal therapy of tumor trigger inflammatory signals and provides
a positive feedback to recruit immune cells carrying NP aggregates, secondary photothermal therapy
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8. Augmenting the Functionalities of Nanomaterials

The amenability of nanomaterials towards fabrication and availability in different
dimensionalities make them versatile tools for drug sensing, discovery, and delivery appli-
cations. Metallic, metal-oxides, magnetic, silica, carbon-based, polymeric (both synthetic
and biodegradable), and bio-inspired nanomaterials are being reported for either or all
such applications. For instance, gold NPs could help in the preservation of complex bi-
ological characteristics of coated BMs (BM-NPs) and better mimic antigen presentation
by bacteria than just BMs. This combines the merits of two distinct materials, thus in-
creasing the expectation to generate strong antibacterial or immunogenic responses [135].
The properties of nanomaterials could influence the behavior of the coated/encapsulated
materials [146]. For instance, nanomaterials with inherent toxicity or poor biocompat-
ibility may restrict the desired application. Therefore, nanomaterials that are predomi-
nantly biocompatible such as gold, could be preferred for in vivo application [135,147].
In another way, the biocompatibility of nanomaterials can be enhanced or modulated by
coating them with either biomolecules and biocompatible materials such as proteins/amino-
acids/metabolites [148,149], and biodegradable polymers like chitosan, respectively [131].
Similarly, the inherent characteristics of some NPs could be exploited to encapsulate both
hydrophilic and hydrophobic drugs/fluorescent molecules prior to BM coating for tar-
geted delivery and biosensing in bacterial infections, cancers, and immunomodulation.
For instance, as an effective approach, hydrophilic–hydrophobic chemotherapeutic drug
pairs (paclitaxel and doxorubicin) were co-encapsulated into magnetic O-carboxymethyl-
chitosan NPs [150]. Further, to endow these NPs for programmed delivery, they were
camouflaged with an Arg-Gly-Asp anchored erythrocyte membrane. Compared to the con-
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temporary approach of polyethylene glycol coating, this biomimetic strategy demonstrated
better circulation time, improved tumor accumulation, facilitated tumor uptake, and tuned
the intracellular fate of NPs. For more details, readers can follow the existing literature
by Fang et al. [151], Kroll et al. [152], and Zou et al. [153] on the cell membrane coating
nanotechnology for application in drug delivery, detoxification, and immunomodulation.

9. Augmenting the Functionalities of Bacterial Membranes

Since the first report on repurposing BMs to coat NPs, a wide range of BM-NP systems
have been developed and exploited for immunomodulation and cancer therapy; however,
not much has happened in the field of biosensing using BMs. BM coating of electrodes for
sensing or functionalization of NPs for immunomodulation and cancer therapy provides a
facile strategy to recapitulate the bio-interface characteristics of the bacterial cell membrane.
Functionalization of electrodes and NPs by direct use of BMs circumvents the often lengthy,
expertise-, cost- and time-driven process of developing artificial ligands [154]. However,
certain characteristics of BMs may limit their applicability. BMs can often possess unde-
sirable surface markers for a given application, or those essential might not be present
in sufficient quantity/quality or ratio. Therefore, different strategies, such as membrane
fusion, genetic and metabolic engineering followed by lipid modifications, are adopted to
improve the application and overcome undesirable characteristics of BMs (Figure 12).
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hybrid membranes to combine the properties of two different cell types. Genetic engineering for
the expression of transmembrane channels, receptors, porins, and efflux pumps that are otherwise
difficult to incorporate using traditional techniques. Lipid modification strategy to enhance the
affinity of cell membrane lipids to anchor ligands onto the NPs. Metabolic engineering to modify cell
surface glycans that can be studied for their participation in conjugation and immunogenic responses.

Membrane fusion is an approach where cytoplasmic membranes of two distinct cell
types are fused to form hybrid membranes/vesicles, which are then coated on NPs. Hybrid
membranes synthesized by the fusion of BM and eukaryotic cell membranes, such as
from cancer cells, are increasingly explored for their enhanced abilities [155]. Cancer cell
membranes are exploited as tumor vaccine candidates due to the abundance of cancer-
related antigens and are emerging contenders for homologous targeting [156]. Cancer cell
membranes inherit all the membrane antigens and neoantigens, which are explored for
personalized therapy; however, the membrane-associated antigens alone are often low-
immunogenic, making it difficult to trigger a systemic immune response. Besides being
carriers of antigens to stimulate the immunogenicity of low-immunogenic antigens [157],
BMs are also reported to potentiate antitumor innate immunity for immunotherapy [158].
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As aggressivity and maintenance of cytotoxic T cells is an attribute of innate immunity,
hybrid membranes consisting of BMs can overcome the limited low-immunogenicity with
cancer cell membranes. Numerous hybrid vesicle systems are designed and explored to
stimulate innate and adaptive immunity for personalized tumor therapy. Table 3 showcases
some examples of hybrid membrane vesicles alone or coated onto NPs.

Table 3. Examples of hybrid membrane systems consisting bacterial and animal cell membranes.

Bacteria Animal Cell
Source Nanoparticle Application Reference

E. coli 4T1 tumor N/A Personalized
immunotherapy [155]

E. coli DH5α B16-F10 Hollow
polydopamine

Photothermal
therapy [159]

E. coli 4T1 tumor PLGA Personalized
immunotherapy [160]

Genetic engineering is a powerful strategy to modify cell membrane characteristics,
particularly proteins, and has been employed for the generation of BMVs with enhanced
functionalities [154]. A major advantage of this approach is the direct manipulation of
transmembrane proteins, which is often an easier task compared to NP functionalization
with individual BM components. Readers that are interested in understanding the know-
how of genetic engineering to develop BMV carriers as vaccines and tumor-modulating
agents are directed to the literature review [115]. Owing to the well-established protocols
of bacterial genome editing as well as plasmid transformation to express transgene(s), it is
easy to manipulate the BMs and ensure the stability of transgene as well as its protein prod-
ucts. Genetic engineering is a potent tool to modulate the BM surface protein expression,
enabling major alterations to the structural and functional properties, including modi-
fications to cellular-/organ-level tropism. For instance, the viral protein hemagglutinin
expressed on the BM of the bacteria increased the capacity of resulting BMV-NPs to escape
endosomes after cellular capture [161]. The virus-mimicking potential bestowed on BMs
via genetic engineering resulted in enhanced delivery of mRNA payload to the target cell
cytoplasm. Huang et al. [162] isolated BMVs from a genetically engineered E. coli capable
of secreting BMVs containing luciferase with Z-domain (together called as NanoLuc). The
multifunctional NanoLuc emitted strong blue luminescence at 460 nm after interacting
with furimazine. This phenomenon of NanoLuc was further exploited for noninvasive
in vivo bioimaging.

Lipid modification is another strategy to potentiate the characteristics of lipid-bilayer
for wider application. For instance, though not in actual BM, the PEGylated lipid-bilayer
was modified with folic acid to reduce the efficiency, and side effects of mesoporous
silica NPs (MSNs) coated with a PEGylated membrane [163]. Folic acid modification
rendered biological adhesion properties to the lipid bilayer-coated MSNs, which also
increased their uptake by NB4 cells. The folic acid functionalization resulted in the effective
targeting of tumors in nude mice. Pichler and Emmerstorfer-Augustin [164] summarized
and highlighted the possibilities of engineering the membrane lipid for pharmaceutical
interventions.

Metabolic engineering, where the source bacteria is cultured with modified sugars,
followed by their display via surface glycans, is another approach to altering the BMs [154].
Glycoengineering has emerged as an interesting strategy to elicit the immune response
against bacterial infections and cancer. For instance, Price et al. [165] used glycoengineered
OMVs isolated from E. coli as vaccines to enhance antibodies and effectively combat
infection by mouse S. pneumoniae and Campylobacter jejuni, confirming the versatility of this
strategy. Valguarnera and Feldman [166] provide a detailed method to design and prepare
glycoengineered OMVs against the prominent pathogen E. coli as a concept. One of the best
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examples is the conjugate vaccine against Haemophilus influenzae type b, which practically
eliminated the disease caused by this bacterium in vast parts of the world [165].

A new approach is to use a cell-free expression system for the co-translational integra-
tion of membrane proteins into BMs. Manzer et al. [167] employed a cell-free expression
method to demonstrate tow routes to integrate a channel protein (large conductance
mechanosensitive channel) fused to green fluorescent protein into a hybrid supported lipid
bilayer. The lipid bilayers were assembled either by cotranslational integration of channel
protein into hybrid vesicles, followed by fusing these proteoliposomes to generate hybrid
lipid bilayers, or generation of hybrid lipid bilayers and subsequently the cell-free synthesis
followed by insertion of channel protein directly into the bilayer. This newly reported
facile strategy can accelerate the research focused on understanding the role of several
proteins for biotechnological applications, including biosensing and drug screening. Of
note, an integrated database of prokaryotic and eukaryotic extracellular vesicles, EVpedia
(http://evpedia.info, accessed on 15 January 2023), could be referred to as a fundamental
repository to advance BM studies, which would help to understand the structure/function
of BMVs and realize novel applications [168]. It provides an array of tools to search and
browse vesicular components, with literature on extracellular vesicles.

10. Conclusions

Several strategies are being explored and developed in the quest to realize the full
potential of BMs. As the fields of BM mimetics, bioelectronics and nanotechnology evolve,
we can get a deeper understanding of the interacting structural and functional elements
of BMs, which will proportionally increase their applicability. Further, BM mimetic plat-
forms such as BM-on-chip and BM-NPs can accelerate the speed and accuracy of drug
discovery/delivery and personalized medication. This interdisciplinary strategy provides
unprecedented opportunities to harness the untapped potential of native BMs as well as
engineer them to render multifunctionality and create more realistic models. It is essential
to perform biophysical research on emerging antimicrobial agents using BM mimetics to
investigate the actual interactions between the antibiotics and BMs. Similarly, novel and
more biocompatible NPs and transducers can be explored for BM mimetic research for
improved efficiency and readouts. Further, advanced characterization systems should
be implemented to establish and realize near-natural BMs for such mimetic platforms.
Overall, BM mimetics have huge prospects in the pharmaceutical and biomedical industry
due to the anticipated biosafety and cost-efficiency, both for drug discovery and targeted
therapies.
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