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This review summarizes recent progress in cell@MOF, cell@COF, and cell@HOF composites from a
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of porous abiotic exoskeletons, focusing on framework-based materials. Additionally, it discusses the
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framework materials to engineer synthetic cells and enhance cellular functions.

Introduction

In nature, the survival of biological species relies on their
ability to cope with diverse environmental conditions. To adapt
to environmental stress, some microorganisms have developed
the ability to construct abiotic coatings via the self-assembly of
molecular precursors.™* These coatings are purposely designed
to confer various functional properties to the enclosed cells,
such as mechanical strength, thermal resistance, and physical
protection, that ensure cell survival under inhospitable con-
ditions."™ For example, some bacteria produce an organic
polymeric network that provides mechanical robustness to
withstand external pressures and enhances their desiccation
tolerance in water-deficient environments.* This survival
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Fig. 1 Schematic of the natural (a) and artificial (b) sporulation. The natural process begins with asymmetric cell division: the mother cell (purple) forms a
forespore (orange). The mother cell engulfs the forespore, leading to a mature spore (blue) that is resistant to multiple stressors (UV, chemicals, and heat).
The spore can remain dormant until nutrient-rich conditions trigger germination and cell growth. Artificial sporulation similarly employs protective
coatings (blue crystals) around individual cells (purple), suppressing proliferation and enhancing resistance. On-demand dissolution of this abiotic coating

then restores normal growth and metabolism.

mechanism is called sporulation.’ Specifically, the cell divides
asymmetrically, forming a new compartment: the forespore.®®
In the forespore, the cell encapsulates precious biological
materials for the strain’s survival (e.g., deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), and enzymes). Then, the fore-
spore undergoes a maturation process in which a cortex and a
multi-layer coating surround the forespore’s core, forming a
protective shield (Fig. 1a). Subsequently, metabolic inactivation
or dormancy is achieved by gradually dehydrating the core by
replacing water with dipicolinic acid (DPA) and calcium ions,
leading to endospore formation within the mother cell (Fig. 1a).
Finally, the mother cell undergoes programmed cell death
(apoptosis§), accompanied by release of the endospore into
the environment (i.e., spore). The secreted spore can remain
dormant until it senses that harsh conditions are alleviated
(Fig. 1a). Details of this process can be found in dedicated
review papers.®”® The natural formation of protective coating
materials is not restricted to organic biopolymers. Some cells
possess a metabolic machinery to assimilate minerals from
the environment and synthesize an inorganic material-based
coating.’” This process is called biomineralization and yields rigid
and protective exoskeletons for different biological systems."?
Biosilicification is the archetype of individual cell biomineraliza-
tion, wherein diatoms convert soluble silicic acid into an amor-
phous silica shell."” This inorganic coating enhances cell viability

§ Apoptosis describes the orchestrated collapse of a cell characterised by
membrane blebbing, cell shrinkage, condensation of chromatin, and fragmenta-
tion of DNA followed by rapid engulfment of the corpse by neighbouring cells.**
It is a regulated process essential for maintaining tissue homeostasis, embryonic
development, and immune system function. Dysregulation of apoptosis can
contribute to various pathological conditions, such as cancer (e.g. cell immorta-
lization) and degenerative diseases.

Chem. Soc. Rev.

when exposed to environmental stresses, such as heat, desicca-
tion, microbial attack, and lytic enzymatic degradation. Simulta-
neously, the inorganic coating affords optical transparency and
enables transport of nutrients necessary for cellular functions.
Other typical examples of inorganic cell coatings are calcium
carbonate, which can be found in mollusk shells and pearls,’
and calcium phosphate that is present in bone tissue.'® Inspired
by these natural coatings, multidisciplinary research investigates
synthetic methods for the development of abiotic protective
exoskeletons on cells that lack natural biomineralization capabil-
ity. These synthetic cell@shell systems are known as “artificial
spores” (Fig. 1b)'* and can possess three main advantages:

I. Enhanced cell resistance to chemical and physical stres-
sors: unlike naked cells, artificial spores exhibit enhanced
tolerance to unfavourable environmental conditions such as
enzymatic degradation,'” changes in the osmotic pressure,'?
high temperatures,'* and UV radiation (Fig. 1b);"®

II. On-demand suppression and reactivation of cell division:
the formation of rigid artificial shells around living cells
hinders cell division, inducing a state of dormancy akin to
spores. The cell proliferation and natural metabolic functions
can be restored by on-demand shell degradation (Fig. 1b);"*

II1. Tailored exogenous biochemical properties: by designing
coatings with specific chemical and biochemical properties,
cells can be engineered with abiotic exoskeletons with exo-
genous chemical functionalities: the new cell@shell systems
possess functionalities that are not present in the original
naked cells. For example, this material design strategy has
enhanced cell adaptability to nutrient-deficient and protease-
rich environments.'*"®

We note that abiotic exoskeletons should satisfy requirements
such as (i) perm-selectivity, (ii) durability, (iii) degradability on

This journal is © The Royal Society of Chemistry 2026
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demand, and (iv) functionalizability.'"""'®
described as follows:

I. Perm-selectivity: preserving cell viability in a cell@shell
system depends on the continuous supply of nutrients to the
cytosol. Ideally, artificial cell coatings should act as a mole-
cular sieve allowing the free transport of biologically relevant
molecules (e.g. see Video S1), such as cell nutrients, oxygen, and
metabolites, while preventing the diffusion of -cytotoxic
macromolecules."""”'

II. Durability: emulating spore-like features requires the
fabrication of artificial coatings sufficiently robust to withstand
the mechanical stress caused by changes in the osmotic
pressure and dehydration. Additionally, rigid artificial shells
retard or suppress cell division, mimicking the spore-like
dormancy.'**718

III. Degradability on demand: achieving programmable
recovery of original metabolic cell functions, the artificial shell
must be able to degrade upon applying external stimuli. The
on-demand removal of the artificial coating grants control over
the dormant and active state transition."’

IV. Functionalizability: imparting exogenous functional
properties artificially enables the fabrication of systems with
non-natural functions. This approach can be used to adapt
cells to hostile habitats (e.g., nutrient-deficient or cytotoxic
environments).">'®

Inspired by the potential to design distinctive functional
properties, researchers have focused on coating living cells with
various inorganic (e.g., SiO,, CaCO3, and MnO,), organic (e.g.,

These properties are
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Fig. 2 Schematic representation (top) of the inorganic (a), organic (b), and
hybrid materials (c) used as abiotic cell coatings, together with SEM
(middle) and TEM (bottom) micrographs of selected examples. (a) SEM
micrographs of yeast@SiO, at different magnifications. The TEM images of
microtome-sliced yeast@SiO, indicate silica shells with a thickness above
50 nm (adapted with permission from ref. 22 Copyright 2009, Wiley-VCH).
(b) SEM and TEM micrographs of organic polymeric materials for multilayer
cell coatings (adapted with permission from ref. 39). (c) lllustration of single
cells encapsulated within a metal-polyphenol nanoshell (adapted with
permission from ref. 19 Copyright 2014, Wiley-VCH).
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alginate, polyethylene, chitosan, and cell membranes), and
hybrid (e.g. metal-phenolic networks and framework materials)
materials (Fig. 2a—c).”'®?°7° In this review, we focus on frame-
work materials for encasing individual living cells (Fig. 2¢).>' A
framework material can be defined as an extended crystalline
network comprised of molecular building blocks intercon-
nected via directional bonding interactions.*” The most com-
mon framework materials employed to encapsulate living cells
are metal-organic frameworks (MOFs). Recently, the encapsu-
lation of living cells within covalent organic frameworks (COFs)
and hydrogen-bonded organic frameworks (HOFs) has been
reported.>**?* All three framework materials are assembled
via bottom-up synthetic approaches. MOFs consist of inorganic
clusters linked together via multitopic organic linkers,**=®
whereas COFs and HOFs are constructed exclusively from
organic building blocks interconnected through covalent and
hydrogen-bonding interactions, respectively.>”*®* A common
feature of these materials is their bottom-up synthesis, which
allows for the chemical and structural properties of the abiotic
coatings to be precisely tailored.***” For example, pore sizes
can be adjusted to modulate the diffusion of essential cell
nutrients while preventing the cytotoxic effects of proteolytic
agents.*!

In this review, we provide a general overview of the emerging
research on cell@MOF, cell@COF, and cell @HOF composites
from a synthetic biology and materials science perspective.
First, we discuss the principles behind the two synthetic
strategies used to grow framework materials for abiotic exoske-
letons (i.e., one-pot and multi-step processes), the cell surface
chemistry, and the best practices for evaluating the viability of
the coated cells. Next, we explore the applications of cell@MOF,
cell@COF, and cell@HOF composites, including cell adapt-
ability,""” cell therapy,”"** biocatalysis,* biosensing,*® and
CO, mitigation,** with a focus on the preparation and char-
acterization of these biocomposites. Then, we discuss the
potential of MOF-, COF-, and HOF-based abiotic coatings for
the fabrication of synthetic cells. Finally, we provide brief
insights into the future opportunities and challenges of using
framework materials as exoskeletons to enhance cell function-
ality, with specific attention to Escherichia coli (E. coli), or
genetically engineered bacteria for targeted therapeutic delivery.
Such microorganisms can be encapsulated within MOF materi-
als to enhance their therapeutic performance against cancer.
This approach aims to develop a diverse range of bacteria@MOF
biocomposites and explore their potential applications in can-
cer immunotherapy, specifically through bacterial-mediated
cancer therapy (BMCT).*>*

Coating approaches for living cells

Two main synthetic approaches have been used for the fabrica-
tion of cell@MOF, cell@COF, and cell@HOF composites: (i) the
one-pot cell coating (Fig. 3a) and (ii) the multi-step cell cyto-
protective encapsulation strategy (Fig. 3b). In this section, we
introduce aspects that are at the foundation of these two

Chem. Soc. Rev.
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Fig. 3 Schematic representation of (a) the one-pot encapsulation pro-
cess and (b) the “SupraCell®* structure” formed by depositing pre-formed
abiotic nanoparticles onto the cell membrane.

synthetic approaches and underpin all the examples of artificial
spores discussed in this review.

One-pot encapsulation strategy

The one-pot approach requires biological entities regulating
the on-site formation of abiotic coatings (Fig. 3a), mimicking
natural biomineralization processes. Such a one-pot cell coat-
ing method is carried out by mixing a cell suspension with an
aqueous solution of the MOF, COF, or HOF precursors. Similar
to how biological materials can trigger natural biomineraliza-
tion, leading to the deposition of inorganic nanoparticles on
their surfaces, living organisms can induce the self-assembly of
MOF, COF, or HOF materials on their surfaces.?'33*%* At the
bio-interface, two main driving forces promote the growth
of the porous coatings: (i) the free energy of nucleation and
(if) the electrostatic intermolecular interactions. The first can
be explained by a heterogeneous nucleation effect induced by
cells: as observed for inorganic nanoparticles,*>*® these nuclea-
tion seeds lower the energy barrier for the nucleation of extended
network materials. According to the classical crystal nucleation
theory, the free energy associated with the formation of a
spherical crystal has a negative bulk contribution and a positive
surface contribution, the latter opposing the crystal growth.*”
The presence of cells provides the system with a scaffold for the
crystal growth, thus reducing the need to create a new surface
and lowering the crystallization energy barrier.*® Although clas-
sical nucleation theory refers to crystalline materials, experi-
mental evidence in biomineralization, especially in biological
and biomimetic systems, shows that crystal formation may pass
through an amorphous phase that serves as a precursor to the
subsequent crystalline structure.” The second driving force
arises from electrostatic interactions between the cell surface
and the MOF/COF/HOF precursors. In this context, the iso-
electric point (ie, the pH at which the cell carries no net
electrical charge®®) and the synthesis environment (e.g., pH,
ionic strength) together determine the net cell surface charge
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during synthesis, which is commonly described by the zeta
potential ({-potential).>® A large positive or negative value of
the cell {-potential (i.e., >+ 30 mV or <—30 mV) will therefore
indicate that the cell carries a large positive or negative net
charge in the synthetic environment.>" Similarly, the net charge
of the MOF/COF/HOF precursors in the synthetic environment is
determined by their chemical nature (e.g., charge of the metal
cations and pK, of an organic ligand). For MOFs, the role of
electrostatic interactions between biomacromolecules at the cell
surface and framework precursors in porous framework nuclea-
tion and growth has been extensively discussed based on ex situ
observations, whereas for HOFs and COFs the corresponding
mechanistic details require further understanding. In fact,
research on MOF biomimetic mineralization and biomacromole-
cule encapsulation has revealed that the presence of surface-
exposed charged functional groups reduces the {-potential, thus
inducing local supersaturation of oppositely charged precursors
and ultimately triggering MOF nucleation.>**>* Specific cell
membrane components, such as negatively charged glycopro-
teins, peptidoglycans, and carbohydrates, promote electrostatic
interaction between the cell and the MOF metal precursors.>***™>
These interactions are recognized as the main variable driving the
rapid formation of amorphous MOF layers on biomacromolecules
as well as on the outer surfaces of cells and viruses.*>**™* This
amorphous phase can subsequently transform into crystalline
materials."®>°

It is important to note that while electrostatic interactions
and heterogeneous nucleation are widely suggested to be the
primary driving forces for the framework shell formation, direct
in situ experimental data elucidating the kinetics of framework
growth on living cell surfaces are currently lacking. Nevertheless,
there are observations supporting the assumption that mecha-
nistic insights derived from protein systems may be extended to
cells. In particular, the ability of charged proteins to promote the
framework nucleation has been reported as a size-independent
phenomenon, consistent with a mechanism governed primarily
by interfacial charge density and local coordination chemistry
rather than by the dimensions of the biomolecule used as the
nucleation seed.>”>**” Conceptually, this mechanism is consis-
tent with nucleation strategies developed for synthetic surfaces,
on which charged, self-assembled layers are engineered to con-
trol the growth of framework-based films; for example, in layer-
by-layer (LbL) approaches, self-assembled monolayers provide
carboxylate interfaces that enable the formation of a homoge-
neous MOF film.*®>® Systems that are conceptually closer to
cellular interfaces are protein and fatty acid films: these have
been shown to act as effective nucleating systems for different
MOF coatings.®”®' These observations collectively support the
notion that charged biomacromolecules, either as individual
entities or as densely packed biomolecular interfaces, can induce
framework nucleation and growth. However, the direct experi-
mental validation that these molecular-level models accurately
describe the formation of abiotic shells on living interfaces
remains a significant challenge, primarily due to dimensional
constraints. For instance, while time-resolved small angle X-ray
scattering (SAXS) is an advanced technique to investigate the

This journal is © The Royal Society of Chemistry 2026
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nucleation and early growth of frameworks around proteins, the
micrometric size of cells falls outside the observable scattering
range of conventional SAXS setups.®**” Consequently, the devel-
opment of adaptable in situ characterization techniques capable
of bridging the length scale between molecular nucleation and
cellular dimensions is urgently needed to move beyond extra-
polated models and fully clarify the mechanistic details of cell
encapsulation.

When the target cell exhibits a low surface charge density,
the spontaneous and rapid formation of a continuous coating
is more challenging. This limitation can be overcome by
electrostatically adsorbing a charged capping agent onto the
cell surface (e.g., PDADMAC: poly(dimethyl diallyl ammonium
chloride) (+)/PAA: polyacrylic acid (—)),* to synthetically modify
the (-potential of the cell surface. The abundance of charged
groups on the precoated cells, in the presence of the MOF
precursors, accelerates the deposition of the abiotic shell
around the cell surface.®>

We note that rapid formation of the cell coating is often a
crucial condition in maximizing cell viability during encapsula-
tion processes: upon the rapid shell formation, it is possible to
minimize cell exposure to metal cations, toxic linkers, and non-
physiological pH conditions. In contrast, unoptimized coating
protocols that prolong cell exposure to such non-physiological
environments typically result in cell damage and loss of
viability.>*%?

An additional limitation of the one-pot encapsulation strat-
egy is its limited capability to produce shells with controlled
thickness and homogeneity across different cell types. For exam-
ple, the reported cells and zeolitic imidazolate framework-8
(Z1IF-8) composites (cell@ZIF-8) show different ZIF shell thick-
nesses. In general, customized protocols are needed for specific
cell batches; this includes optimization depending on cell types,
cell density, and the specific media used.

Multi-step encapsulation strategy

Brinker et al.®* have developed a versatile nanoparticle-based
cell coating technique, which can be applied to a variety of
abiotic materials, including ceramics (e.g., SiO, and Fe;0,) and
MOFs (e.g., MIL-100 and ZIF-8). This approach relies on the
electrostatic interactions between proteins on the surface of
cells and the nanoparticles (NPs). Typically, NP—cell interac-
tions lead to the accumulation of NPs around the living cell,
followed by particle internalization through phagocytosis or
micropinocytosis processes (Fig. 3b).%* Such interfacial interac-
tions between NPs and cells suggest that NPs could be used for
cellular encapsulation if the internalization mechanisms of NPs
are suppressed. Internalization pathways can be suppressed
by promoting inter-particle binding through supramolecular
interactions. Therefore, unlike the biomimetic mineralization
approach, in the multi-step strategy, the MOF precursors are
premixed in the absence of the targeted cell, yielding a colloidal
solution of MOF NPs. Then, the cells are added and incubated
in a colloidal suspension of pre-synthesized MOF NPs with the
addition of tannic acid (an additive that promotes interparticle
binding). Non-covalent interactions between the cellular

This journal is © The Royal Society of Chemistry 2026
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membrane and NPs (e.g., metal-phosphate) promote the accu-
mulation of those particles around the cell wall. Tannic acid
enables a strong multivalent metal-phenolic complexation pro-
cess, causing interparticle binding. This process yields a con-
tinuous coating of NPs around individual cells. By engineering
the process of NP adsorption onto cells and selecting the
appropriate additive for interparticle binding, internalization
of MOF nanoparticles can be successfully inhibited, enabling
the formation of a protective abiotic coating based on MOF NPs.

We have thus far described the fundamental criteria and
general approaches to cell coating. In the following sections, we
will further explore how different cell surface properties govern
the affinity between cells and abiotic coatings.

Type of cells

All living cells encode their genetic information with DNA and
are encased by a semipermeable lipid bilayer - termed the
cytosolic membrane in prokaryotes and the plasma membrane
in eukaryotes. Prokaryotes and eukaryotes differ in several
fundamental aspects. For example, eukaryotic cells have a
nucleus in which the DNA is separated from the cytoplasm,
whereas prokaryotic cells lack a nuclear envelope. Prokaryotic
cells are typically smaller and simpler than eukaryotic cells
(e.g., prokaryotic cells do not contain cytoplasmic organelles or
a sophisticated cytoskeleton), and their genomes are smaller
and less complex.

Cells can further be classified depending on whether a cell
can exist in its single-celled form, like microorganisms, or only
in tissues of multicellular organisms, like most higher eukar-
yotes. Microorganisms, including bacteria, archaea, protozoa,
algae, or fungi, produce cell walls in addition to their cell
membranes. Cell walls serve as outer protective layers for many
microorganisms and some multicellular organisms (e.g., plant
cells). Beyond its protective role, the cell wall - composed of
diverse biopolymers - offers structural cohesion. The specific
composition and architecture of the cell wall vary between
species and will be discussed in more detail below. Regarding
synthetic encapsulation methods, these outermost cell compo-
nents act as the primary interface for the MOF, HOF, or COF
precursor/particle crystallization/accumulation, guiding the
formation of the external abiotic layer at the bio-interface.

Bacteria and their cell surface

Bacteria are single-celled prokaryotic microorganisms. Depend-
ing on the composition and structure of their membranes and
cell walls, bacteria are differentiated between Gram-negative
and Gram-positive bacteria.®®

Gram-negative bacteria are surrounded by two membrane
bilayers, the inner (cytoplasmic) and the outer membrane,
separated by a space termed the periplasm. The periplasm
consists of a thin peptidoglycan layer and provides a distinct
reducing environment, which allows more efficient and diverse
mechanisms of protein oxidation, folding, and quality control.*®
The outer membrane of Gram-negative bacteria is an asymmetric

Chem. Soc. Rev.
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bilayer with an inner leaflet consisting of phospholipids and an
outer leaflet consisting of lipopolysaccharides (LPSs).®” Since
LPSs are partially phosphorylated, the phosphate group confers
a net negative charge.® The most prominent example of a
Gram-negative bacterium is Escherichia coli (E. coli). E. coli
colonizes the human and mammalian intestinal tract, and it
is used as a model organism of choice when it comes to DNA
cloning and expression of recombinant genes in the field of
molecular biology and biotechnology.®® Core advantages of this
bacterium are simple and cheap cultivation conditions, fast
growth, and well-established genetic engineering tools. For these
reasons, E. coli is frequently chosen as the benchmark for novel
technologies and was also among the first bacteria used in MOF
encapsulation experiments.”® Another relevant example of Gram-
negative bacterium is Pseudomonas putida (P. putida), a solvent-
tolerant bacterium that can be used as a biocatalyst in two-phase
fermentation systems for the synthesis of fine chemicals.”* Both
examples show negatively charged surfaces under neutral or
slightly acidic conditions. For example, different E. coli strains
exhibit varying (-potentials ranging from —4.9 to —33.9 mV in
150 mM phosphate-buffered saline (PBS) buffer at pH 7.4.”> For
P. putida, {-potentials were found to be typically close to —30 mV
under slightly acidic conditions (e.g., —27.4 mV in 1 mM NaCl);”®
—30 mV in 10 mM KNO; at pH 6.2.7*

In contrast to Gram-negative bacteria, the cell wall of Gram-
positive bacteria consists of a thick peptidoglycan layer that
surrounds the cytoplasmic membrane, and the peptidoglycan is
decorated with teichoic acids, polysaccharides, and proteins.”*
Since teichoic acid is negatively charged, the cell surfaces of
Gram-positive bacteria also exhibit a negative charge.””> Exam-
ples of Gram-positive bacteria are Lactobacillus acidophilus
(L. acidophilus), Staphylococcus aureus (S. aureus), and Moorella
thermoacetica (M. thermoacetica). L. acidophilus CRL 640, a Gram-
positive bacterium, exhibits a {(-potential of approximately
—45 mV.”® A direct comparison of the (-potential of E. coli
and S. aureus was given, for example, by Oh et al, and it was
calculated to be —37.1mV and —12.7 mV, respectively.””

In conclusion, we note that despite the differences in
structure and composition of the cell walls of Gram-negative
and Gram-positive bacteria, bacteria typically display a negative
surface charge under physiological conditions.”®

Eukaryotes and their cell surface

Eukaryotic cells display a diverse range of surface structures,
which serve critical roles in maintaining cell integrity, regulat-
ing interactions with the environment, and mediating bio-
chemical processes. This section will explore the distinct
characteristics of fungal, mammalian, and plant cell surfaces,
illustrating their varied compositions and functions.

Fungal cells have cell walls made up of glucans, chitin, and
glycoproteins. In most fungal species, cell walls are layered. The
innermost layer typically consists of a core of covalently
attached, branched (1,3)-f glucan with 3 to 4% interchain
and chitin, and these components assemble into fibrous micro-
fibrils, which provide the cell with the strength required to
withstand the substantial internal pressure exerted by the
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cytoplasm and membrane.”® The outer layers of the wall tend
to be more heterogeneous and tailored to the physiology of
particular fungi. In Saccharomyces cerevisiae (S. cerevisiae), (1,3)-
B glucan and (1,6)-p glucan are linked to mannoprotein in the
outermost parts of the cell wall, which is thought to control
porosity and thus mass transfer across the cell wall.? The yeast
surface is charged negatively due to the presence of phosphates
in mannoproteins.®* {-Potential values of the S. cerevisiae cell
surface depend on the growth phase and on aerobic or anae-
robic cultivation conditions: (-potentials dropped at later
growth phases (from —10 to —20 mV) and also under anaerobic
conditions (from —18 to —26 mV).** Single-cell measurements
revealed a correlation between the presence of dead cells and
reduced (-potentials, likely resulting from cell wall damage.
Additionally, S. cerevisiae was observed to release significant
amounts of acids into the culture supernatant, which further
contributed to the decrease in (-potentials. Similar findings
were reported by Rogowska et al.®* While the {-potential value
decreased from —3 to —18 mV in the 2-6 pH interval, values
ranging from —19 to —20 mV were measured for pH > 7.%

Plant cells have walls that are arranged in layers and contain
cellulose microfibrils, hemicellulose, pectin, lignin, and solu-
ble protein, whereas the exact composition strongly depends on
the cell type.®" In general, these components are organized into
three major layers: the innermost secondary cell wall (formed
only in specialized, differentiated plant cells), the primary cell
wall, and the outermost middle lamella. The secondary cell wall
is built from three layers, typically referred to as S1, S2, and S3,
and mostly contains cellulose, hemicellulose, and lignin. The
primary cell wall is the thickest layer and contains similar
components, but more pectin, than the secondary cell wall.
The middle lamella is mainly composed of pectic polysacchar-
ides, lignin, and a small amount of proteins and serves as a
cementing layer between the primary walls of adjacent cells.®®
For research purposes, so-called protoplasts are often used,
which are spherical cells whose cell wall has been removed by
mechanical means or digestive enzymes.®*® Removal of the cell
wall leaves the protoplast surrounded and protected by the
plasma membrane only. Even though protoplasts are usually
more sensitive to extracellular stresses than their native coun-
terparts, they exhibit diverse advantages, e.g., simplified hand-
ling of single cells, ease of genetic manipulation, and use in
screening experiments and single-cell microscopy. {-Potentials
have also been measured for diverse plant cell protoplasts, e.g.,
from barley leaf, tobacco leaf, and Rauwolfia serpentina cultured
cell protoplasts,®” and their surfaces typically exhibited a nega-
tive {-potential ranging from —6 to —28 mV.

Mammalian cells, unlike fungi and plant cells, lack cell
walls. Instead, mammalian cells are protected by a dense gel-
like meshwork abundant in carbohydrates, known as the
glycocalyx, which overlays their plasma membrane.®* The gly-
cocalyx constitutes a physical barrier for nanoparticles like
pathogens to enter the cell, and it consists of various proteo-
glycans, glycosaminoglycans, glycolipids, and plasma proteins,
which are important for cellular adhesion and signaling. The
absence of cell walls makes mammalian cells more sensitive to

This journal is © The Royal Society of Chemistry 2026
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Types of cells 4 Exp. conditions Ref.
E. coli —4.9 to —33.9 mV 1 mM NacCl 91
P. putida —74.8 to —27.4 mV 1 mM NacCl 73
S. aureus —37.1 mV 1 mM KCl 77
L. acidophilus —45 mV 1 mM NaCl, pH 7.4 76
S. cerevisiae —3to — 26 mV 5 mM NaNO; at pH range 2-11 83
Tobacco leaf protoplasts —25 mV 0.01 M KCl, 0.6 M sucrose, 6.7 mM sodium phosphate buffer (pH 5.8) 87
Barley leaf protoplasts —18 mV 0.6 M sorbitol, sodium phosphate buffer (pH 5.6) 92
HeLa —19.4 + 0.8 mV PBS (1.7 mM KH,PO,, 5.2 mM Na,HPO,, 150 mM NaCl) 89
Erythrocytes —-31.8 + 1.1 mV PBS (1.7 mM KH,PO,, 5.2 mM Na,HPO,, 150 mM NacCl) 89
Diverse fixed human cell lines —50 to —30 mV Fixed cells resuspended in ultrapure water 90

changes in turgor pressure and shear forces.®® The surface
charge of mammalian cells is typically negative at physiological
pH. At pH 7.4, the {-potential for different types of cells showed
variations over a wide range and was equal to —19.4 £+ 0.8 mV
for HeLa cells and —31.8 + 1.1 mV for erythrocytes.®® The
difference could presumably be attributed to the differences in
the biochemical composition of the cell plasma. Exposure to
45 °C for 30 min induced apoptosisi and necrosisq in 65% of
the cells and decreased the {-potential from —19 mV to —25 mV.
The authors argue that this can be attributed to the presence of
larger amounts of the phospholipid phosphatidylserine on the
cell surface, which is considered to be an early marker of
apoptosis. In another study, {-potentials of different fixed cells
were measured. Cell fixation is achieved by treating cells with
fixatives (e.g., paraformaldehyde), which quickly kill the cell,
prevent autolysis, and preserve the cell structure as faithfully as
possible compared to the living state.”® Fixed cells can then be
applied to different staining and microscopy analyses. The cell
surface charges of CytoRich Red-fixed cells were found to be
lower (—30 mV to —50 mV) than those reported for living cells
(summarized in Table 1).%°

Having disclosed different classes of cells and examined
their surface composition and charge, we will next discuss
various methods to study their viability. This toolkit of knowl-
edge is crucial for assessing abiotic coatings for cells and
guiding the future development of this research field.

Cell viability methods

The viability of cells reflects their ability to sustain metabolic
activity and structural integrity over a certain time frame.
Typically, cell viability is defined as the number of actively
proliferating or dividing cells in a sample or population;** it is
therefore an important parameter in many biological and
biomedical settings. In the context of cell encapsulation, viabi-
lity assays are commonly used to determine cell survival after
encapsulation, or to assess the resistance of encapsulated cells
to toxic chemicals (e.g., antibiotics) or physical stressors such as
elevated temperature, extremes of pH, or radiation.'”'%??

9 Necrosis is a passive, accidental cell death triggered by environmental pertur-
bations, release

components.

leading to
216

the unregulated of inflammatory cellular

This journal is © The Royal Society of Chemistry 2026

Cell viability assays can be classified into direct measure-
ments that quantify the number of dividing cells (e.g., plating
assays) or indirect assays, which measure various parameters as
a proxy of cell viability (e.g., conversion of dyes or quantification
of metabolic key intermediates). Due to the complexity of cells
and their underlying metabolism, it may not always be straight-
forward to distinctly quantify cell viability, and the outcome
likely depends on the assay that is used. The “culturability||”” of
cells remains the preferred definition of cell viability.”* Numer-
ous techniques are available to assess cell viability (summar-
ized in Table 2), including (i) cell counting of colony-forming
units, (ii) membrane permeability assays, (iii) metabolic activity
tests, (iv) luminometric adenosine triphosphate (ATP) measure-
ments, (v) mitochondrial function assays, and (vi) inclusion dye
evaluations.*?

Cell counting methods

Counting of viable cells is a classical technique in microbiology
and relies on the ability of cells to grow and divide on a
nutrient-rich medium. When a cell suspension is spread onto
a solid surface, only proliferating cells undergo binary fission
and eventually form colonies of visible size referred to as
colony-forming units (CFUs). CFUs therefore provide a direct
readout of actively dividing cells in a sample. However, it
should be noted that a variety of Gram-positive and Gram-
negative bacteria, including E. coli (EHEC strains), can enter a
dormant state in which cells remain alive and show metabolic
activity, but do not show significant growth. Such a state was
observed in response to starvation, at extremes of temperature
and non-physiological oxygen concentrations. Wei et al.°> and
Yuan et al®' determined the viability of bacterial strains
(L. acidophilus and Bifidobacterium longum subspecies infantis
(B. infantis)®® and Bifidobacterium breve (B. breve))*' encapsu-
lated in ZIF-8 biomineralized compartments by viable cell
counting after removal of the MOF shell using ethylenediami-
netetraacetic acid (EDTA). The strains showed diverse viabil-
ities: while CFUs of L. acidophilus and B. breve were only slightly
reduced compared to unencapsulated cells, the viability of

| Culturability is defined as the ability of a single cell to yield a population
discernible by the observer, usually a visible colony on the surface of a nutrient
agar plate. Such culture-based techniques have been in use for many decades,
have generated a coherent body of information, and have a proven track record in
protecting public health at relatively low cost.'*”*”
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B. infantis decreased by 2-4 orders of magnitude. For B. breve,
CFU values after the dissolution of the MOF shell were compar-
able to a control using free cells.

Luzuriaga et al.°® investigated the viability of E. coli cells
encapsulated in a polycrystalline ZIF-8 shell. To determine
viability, the ZIF-8 shell was removed by treatment with 500 mM
sodium acetate buffer, pH 5, and the cells were spread on agar
plates to test their ability to form visible colonies. However, no
growth was observed, indicating that the cells were deactivated
during the encapsulation and/or immobilization with the
ZIF-8 shell.

Optical density (OD) measurements provide an alternative,
inexpensive, and rapid method for qualitatively and quantitatively
measuring positive variation in the cell number (cell growth) in a
liquid medium. This method is based on the principle that cells
scatter visible light; thus, a UV-vis spectrophotometer is typically
used with a monochromatic wavelength at 600 nm. The extent of
the scattered light, and thus the measured variation in the
transmittance, is proportional to the density of cells (the number
of cells per unit of volume) in a sample. This method was used by
Gan et al.'® to assess the growth of S. cerevisiae cells released from
ZIF-8- and ZIF-C-based shells with a thickness of 60 £ 20 nm. The
released cells were inoculated into a liquid, nutrient-rich growth
medium, and their proliferation was tracked by measuring the
optical density at 600 nm. Although this technique does not
provide a direct measure of cell viability in the ZIF composite, it
revealed that coated cells exposed to external stressors had a
shorter lag phase before the onset of exponential growth com-
pared with uncoated cells.

Li et al.*” showed that E. coli cells encapsulated in ZIF-90 can
be released and maintain viability. After removal of the ZIF
shell and transfer to a nutrient-rich LB medium, bacterial
growth was restored, although a delay in the onset of exponen-
tial growth was observed.

Ji et al.®® used cell counting to determine the growth of the
photosynthetic anaerobic bacterium Moorella thermoacetica
enclosed in MOF-shells with a thickness of 1-2 nm. The cells
maintained full viability, with growth curves for both encapsu-
lated and free cells being identical. The authors used super-
resolution 3D-structured illumination microscopy (3D SIM) to
directly visualize cell division of MOF-enclosed cells. The
growth of encapsulated bacteria in an oxygen-containing atmo-
sphere was found to be faster than that of free cells.

Flow cytometry is a technique that allows for the simultaneous
multi-parametric analysis of the physical and chemical character-
istics of single cells suspended in a liquid medium. Cells are first
singularized before being subjected to a laser beam. As these cells
pass through a laser beam, they scatter light and, if labeled with
fluorescent markers, emit a fluorescence signal.”® Scattered and
emitted light is detected and analyzed for various properties,
such as size, granularity, and the presence of specific molecules,
providing detailed insights into individual cellular characteris-
tics. These parameters offer insights into the cell distribution and
viability within the analyzed cell population.

In addition to scattering-based measurements, labeling of
cells with a variety of fluorescent dyes that can be excited by the
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laser greatly extends the utility of flow cytometry. For example,
the ratiometric membrane probe F2N12S** produces a green
fluorescence (Lexcitation = 405 NM; Aemission = 530 nm) when
bound to the membrane of healthy cells. When cells undergo
apoptosis, a change in the membrane potential (i.e., the differ-
ence in the electric potential between the inside and outside of
the cell) results in a red shift of the emission wavelength to
585 nm. The ratio of the two emission maxima allows for a
quantitative and qualitative estimation of the cell viability. Flow
cytometry can be combined with various dyes and staining
techniques, as elaborated in detail by Kessel et al.'® In the
following section, we discuss frequently employed methods in
the context of cell encapsulation and coating.

Membrane permeability assays

Membrane permeability assays are based on alterations in
membrane integrity that occur in dying or dead cells. Cell
viability can be assessed by measuring the ability of certain
molecules to penetrate the cell membrane.'® This method
involves fluorescent or colorimetric dyes that interact with intra-
cellular components inside the cells. Typically, these assays are
carried out as live/dead staining by combining exclusion dyes,
which penetrate cells with compromised membranes, with inclu-
sion dyes that can pass through intact membranes. However,
membrane permeability does not necessarily reflect cellular
metabolic activity, as membrane integrity can also be affected
by growth conditions, such as growth phase or environmental
stress, potentially leading to under- or overestimation of cell
viability in some cases.'” In mammalian cells, membrane per-
meability assays are often complemented by additional methods
to distinguish between necrosis and apoptosis, as these processes
play distinct roles in cellular responses. Apoptosis is a highly
conserved, controlled, and programmed cell death.'®® In con-
trast, necrosis is an uncontrolled process that results from
external damage, such as toxins or environmental stress, and
is associated with pathological responses.'®® Importantly, the
plasma membrane integrity is lost in necrotic cells, but is
generally preserved during early stages of apoptosis; conse-
quently, apoptotic cells may not be detected by many exclusion
dyes.'” This distinction is crucial in the choice of staining
methods.'*

Propidium iodide (PI) is a widely used membrane perme-
ability probe that functions as an exclusion dye to stain dead
cells. PI cannot enter living cells with intact plasma membranes,
but readily penetrates dead or dying cells with compromised
membrane integrity. Once inside the cells, the positively charged
PI stoichiometrically intercalates with double-stranded nucleic
acids. Upon excitation Aexcitation = 488 nm, the PI-bound DNA
complex exhibits fluorescence at Zemission = 550 nm, enabling the
quantification of inactive cells via fluorescence microscopy or
flow cytometry. However, depending on the growth state, this
method may yield a high fraction (up to 40%) of false positives,

** F2N12S: N-[[4’-N,N-diethylamino-3-hydroxy-6-flavonyl]-methyl]-N-methyl-N-(3-

sulfopropyl)-1-dodecanaminium is a fluorophore which is highly sensitive to
the lipid order of lipid bilayers.*®
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particularly during the early exponential growth phase of the
cells. This increased uptake of PI by viable cells was linked to a
temporary instability of the cell membrane due to cell wall
reconstruction during cell division and growth, which may allow
the dye to penetrate viable cells."*®

Exclusion dyes are commonly used in conjunction with
inclusive counterstains that have non-overlapping fluorescence
spectra and can penetrate intact membranes of living cells. A
frequently employed stain is SYTO9, which can enter both living
and dead cells and exhibits enhanced fluorescence when bound
to DNA (;Lexcitation =485 nmy /lemission =498 nm) or RNA (/lexcitation =
486 NM; Aemission = 501 nm)."%>'%” SYTO9 is frequently used in
combination with PI for live/dead staining since both dyes have
distinct fluorescence profiles. Furthermore, PI has a higher
affinity for DNA than SYTO9; thus, in situations where both dyes
are present inside a cell, SYTO9 will be displaced.'> One known
constraint of SYTO9 dyes is their limited ability to penetrate the
cell walls of Gram-negative bacteria, which depends on their
composition or active export from the cell.'*

Permyakova et al.'®® used fluorescence staining with SYTO9
and PI to discriminate living and dead P. putida cells encapsu-
lated in MIL-100(Fe). This staining method allowed the quali-
tative evaluation of the living/dead cell ratio when coated with a
MIL-100(Fe) exoskeleton. Under optimized conditions, the
large majority of the encapsulated cells displayed intact cell
membranes.

Using cell counting, Yuan et al.>* showed that the ZIF-8
coating moderately reduced the viability of B. breve cells.
However, live/dead staining with PI and SYTO9 indicated
pronounced damage to the cell walls after removal of the ZIF-
8 shell. This damage was also evident from growth curves
recorded by optical density: following inoculation with these
cells of growth medium, the onset of exponential growth was
significantly delayed when compared to an untreated control
sample of B. breve cells. This study highlights the importance of
employing a combination of different viability methods to
obtain a more comprehensive understanding of the effect of
encapsulation methods on cell viability.

An alternative counterstain that detects living cells or early
apoptotic cells is Acridine Orange, which enters intact mem-
branes and causes green fluorescence upon binding to DNA
(Zexcitation = 502 NM, Aemission = 525 nm). A drawback of this dye
is the necessity of washing steps to remove the unbound dye,
since the fluorescence intensity is not notably enhanced upon
binding to DNA. Qin et al.'® used a combined ethidium bro-
mide/acridine orange stain to assess the effect of heat, reactive
oxygen species, UV-radiation, and proteases on S. cerevisiae cells
encapsulated in a copper metal-organic polyhedron (MOP)
hydrogel. In this study, the authors showed by fluorescence
microscopy that encapsulation decreased the percentage of dead
cells after exposing the cell@MOP composite to the aforemen-
tioned physical, chemical, and biological stressors.

Metabolic assays

Metabolic assays are widely used to assess cell viability. Using
these methods, viable cells with intact metabolism produce a

This journal is © The Royal Society of Chemistry 2026
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measurable fluorimetric or colorimetric signal upon the addi-
tion of specific substrates, which can be correlated to the
number of living cells. Conversely, dead or dying cells with
compromised metabolism exhibit decreased or no conversion
rates at all. Such assays can be conducted in conventional
spectrophotometers or plate readers that are routinely available
in biochemical or biological laboratories and thus can also be
used in a high-throughput format.'*°

An excellent indicator for cell viability is the presence of
reducing nicotinamide cofactors (NADH or NADPH), which are
metabolic key components. Several selective tetrazolium dyes
are available to indirectly assess the concentration of these
cofactors through the activity of intracellular, NAD(P)H-dependent
redox enzymes. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) is a widely used positively charged substrate
that can easily penetrate through cell walls.'*° It is converted
through an unknown NAD(P)H-dependent metabolic process to
insoluble formazans, which can be quantified spectrophoto-
metrically at 570 nm after a solubilization step, providing a
quantifiable measure of cell viability. Derivatives of MTT, such
as MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium), XTT (2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) or WTS
(2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium), have been developed with negative sulfone groups
and release soluble formazan derivatives."'" However, the dyes
cannot cross the cell membrane due to their net negative
charge. To overcome this, electron carriers such as PMS
(5-methyl-phenazinium methyl sulfate) or PES (phenazine ethyl
sulfate) are added to the assay. These carriers facilitate forma-
zan reduction by shuttling electrons between the cytoplasm and
the dye, producing a soluble formazan product that can be
measured via spectroscopy.'*>

We note that under certain growth conditions, cells may
undergo a state of dormancy in which they show greatly reduced
metabolic activity but maintain viability. Therefore, assays
require diligent control of the reaction conditions, including
the concentration of the dye and the incubation time. The
outcome of the assay can be influenced by the physiological state
or the microbial strain being used. Tetrazolium-based assays are
prone to a variety of interferences, as reviewed by Grabowiecka
and coworkers.""® For example, unspecific reduction of MTT in
the growth medium and the presence of radical scavengers can
interfere with the assay and affect the result. Also, the presence of
copper(u)-containing complexes can influence the original
absorption of formazan.'"® We note that shifts induced by the
presence of cations may be of particular relevance in experiments
with cell encapsulation into MOFs and other coordination com-
pounds (e.g.,, MOPs). Yu et al. used the commercially available
CCK-8 (cell counting kit-8) viability assay to assess cell viability of
HOF-encapsulated neural stem cells.>* This colorimetric assay is
based on the reduction of the tetrazolium salt WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt), which is converted to a
water-soluble formazan derivative. In this case, encapsulation
showed little effect on the biological activity of cells. The same
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assay was also used to determine the viability of “ZIFSperm-
bots”, consisting of spermatozoa encapsulated in a ZIF-8
framework.'"

Ohtani et al.'*® used the cell counting kit-8 to assess the
viability of Chinese hamster ovary K1 cells (CHO-K1) in
response to cyanide-bridged 2D coordination polymers (CPs)
consisting of metal ions and networking metal complex lipids.
The cells maintained more than 90% viability when challenged
with 40 uM NiCl, but lost 50% viability in the presence of the
metal complex lipid (ie. 10 uM (dabco-(CH,);5-CH3),[MnN-
(CN))).

The tetrazolium derivative MTS (3-(4,5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium)
has been used to determine the viability of ZIF-8-encapsulated
breast cancer cell line (MDA-MB-231 cell), showing that the
viability of coated cells was ~75% after incubation for 6 h.'*®

Calcein acetoxymethyl ester (calcein-AM) is another fre-
quently used non-fluorescent metabolic marker that can pas-
sively cross the membranes of intact cells. Inside the cell, it is
enzymatically hydrolyzed by unspecific esterases into the acidic,
cell impermeable calcein (Zexcitation = 494 NM; Aemission =
517 nm), resulting in a strong, green fluorescence."'” Calcein-
AM is frequently used as an indicator of metabolic activity and
finds widespread application as an inclusion dye to visualize
viable cells in live/dead fluorescence staining. Frequently, it is
used in combination with PI. For example, Yu et al.*® used a
differential staining with the dyes PI and calcein-AM to visualize
the viability of HOF-encapsulated neural cells. Similarly, a dual
calcein-AM/PI live/dead staining was used to assess the viability
of MOF-encapsulated cancer cells.**® Chen et al. used a combi-
nation of the WST-8 dye and calcein-AM staining to show that
“ZIFSpermbots”, consisting of spermatozoa encapsulated in a
ZIF-8 framework, remained largely viable inside the framework,
while the cell growth was arrested.'**

Yan et al.”® determined the viability of E. coli cells encapsu-
lated in ZIF-8 with the colorless probe fluorescein acetate
(FDA). Upon metabolization, the chemical is cleaved by hydro-
Iytic enzymes, thus releasing the highly fluorescent fluorescein.
Enzymes facilitating this cleavage are unspecific esterases,
lipases, or proteases.''® In this study, the authors did not
observe viability differences in encapsulated E. coli cells. Simi-
larly, Chen et al.'*® used the FDA method in combination with
CFU counting and growth curves to assess the viability of E. coli
and S. cerevisiae following encapsulation by different ZIF-8
shells. Also, Falcaro and co-workers'**2° used FDA to monitor
the time-dependent viability of S. cerevisiae cells encapsulated
in a P-galactosidase/ZIF-8 shell. In some cases, fluorescent
proteins produced by the cells themselves have been utilized
to assess cell activity in ZIF-90-coated cells. Li et al.®” encapsu-
lated E. coli cells that recombinantly produced the fluorescent
reporter protein mCherry. However, protein expression had to
be induced prior to MOF encapsulation, as the inducer (iso-
propyl B-p-1-thiogalactopyranoside, IPTG) could not permeate
the molecular-sieving ZIF-90 shell. As a consequence, both
viable and non-viable cells may exhibit fluorescence, and the
fraction of encapsulated viable cells could not be determined.
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A different viability assay is based on the quantification of
intracellular ATP, the primary carrier of chemical energy in
living cells. ATP is continuously synthesized and consumed as a
result of various anabolic and catabolic processes, and its
concentration is an indicator of intact cellular metabolism
and physiology. At the onset of cell death, ATP levels typically
decrease because cells lose their ability to replenish ATP. ATP
levels can be quantified using commercial kits containing the
enzyme firefly luciferase.'*! In these assays, cells are first lysed
to release intracellular ATP, and the resulting lysate is mixed
with a luciferase solution. Luciferase catalyzes the ATP- and
0,-dependent conversion of luciferin to oxyluciferin, producing
a luminescent signal that correlates with the ATP concentration
in the sample and thus overall cell viability. To ensure accurate
ATP quantification, cells are lysed using detergents in the
presence of ATPase inhibitors to prevent enzymatic ATP deple-
tion. Several commercially available kits employ engineered,
robust luciferase systems yielding luminescent signals stable
for several hours. ATP assays are typically fast, with a workup
procedure of a few minutes, and can be implemented in a high-
throughput format, including 1536-well plate configurations."*
Additionally, the ATP assay can detect as few as 20 cells, while the
MTT assay requires the presence of a minimum of ~25 000 cells.®”
It is important to note that ATP concentrations can vary between
different cell types and microbial strains and may also be
influenced by the physiological state of the cell. Because ATP
assays rely on enzymatic activity, careful consideration of media
composition is required to avoid inhibition of luciferase. Over-
all, ATP assays offer a reliable and sensitive method for asses-
sing cell viability.

A recently introduced variation of the ATP assay allows real-
time assessment of viability. Here, a membrane-permeable pro-
substrate of luciferin is added to the sample. Upon uptake, the
pro-substrate is enzymatically converted to luciferin, which
diffuses into the culture supernatant and is converted by
luciferase to yield a luminescence signal.'*

Previously, several commercially available ATP-quantification
kits (CellTiter-Lumi Plus Luminescent Cell Viability Assay Kit and
the CellTiter-Glo cell viability kit) have been used to monitor the
viability of MOF-encapsulated mammalian cells'> and to test the
tolerance of various cell lines including the human cervical
carcinoma cell line (HeLa), human lung adenocarcinoma cell
line (A549), human breast cancer cell line (MCF-7), and mouse
melanoma cell line (B16) in ZIF-8, which has been proposed for
cryoprotective applications.’** For example, ATP-based viability
measurements indicated ~90% viability for mammalian cell
lines such as HeLa, A549, human promyelocytic leukemia
(HL-60), and mouse macrophage Raw 264.7 cells encapsulated in
ZIF-8 and were also used to determine the pH- and UV-tolerance of
the cells.*!

Another class of assays used to investigate cell viability are
mitochondrial assays. Mitochondria are eukaryotic organelles
central to cellular energy metabolism. Through oxidative phos-
phorylation, mitochondria consume oxygen while producing
ATP as the main metabolic energy carrier. The functional state
of mitochondria can therefore serve as an indicator of cellular
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viability and can be assessed using dyes that specifically target
mitochondria."*®* Commercially available mitochondrial
membrane potential kits use cationic, lipophilic dyes (e.g.,
JC-10), which accumulate in the mitochondria and form aggre-
gates. In this state, JC-10 produces red fluorescence (Aexcitation =
570-590 nm)."*® During apoptotic events, the dye diffuses into
the cytoplasm, where it becomes monomeric, resulting in a
shift in emission to 520-540 nm and the appearance of green
fluorescence.'®® Alternatively, calcein-AM in combination with
CoCl, has been used to assess the integrity of mitochondrial
membranes. Calcein-AM is readily cleaved by intracellular
esterases, producing fluorescence that is readily quenched by
CoCl, in the cytoplasm. In intact cells, the fluorescence is retained
within mitochondria, allowing selective evaluation of mitochon-
drial membrane integrity. Upon membrane damage, the dye
diffuses into the cytoplasm, resulting in a loss of mitochondria-
localized fluorescence.'* Thus far, only a few studies applied
mitochondrial assays to assess the viability of MOF-encapsulated
cells. For example, Wang et al. demonstrated that the mitochon-
drial dye JC-1 can be used to quantify the mitochondrial
membrane potential of mitochondria (Mito) encapsulated in
ZIF-8 (Mito@ZIF-8).">” While the membrane potential of the free
mitochondria rapidly decreased after isolation, the Mito@ZIF-8
samples maintained a relatively stable membrane potential and
sustained ATP production for 48 hours. These results show the
potential of the JC-1 assay for viability assessment in encapsulated
cells, offering a sensitive and quantitative approach that could
expand the current tools for assessing eukaryotic cell viability. In
particular, mitochondrial dyes like JC-1 can detect the early onset
of cell death, often before the cell membrane is compromised.
This assay is less influenced by factors such as the shape, size, or
density of mitochondria, which can alter the fluorescence inten-
sity in single-component assays.'”® However, researchers should
carefully assess the potential barriers to implementation: these
might primarily stem from the specific porous properties of the
framework shells, which could restrict the diffusion of assay
reagents. Additionally, the chemical instability of many frame-
works (e.g., ZIF-8) when exposed to acidic or phosphate-rich
environments could be incompatible with typical standard meta-
bolic assay protocols. Furthermore, the potential light scattering
or background autofluorescence introduced by the porous shell
could interfere with the precise ratiometric readings required for
probes like JC-1.

Other exclusion dyes

Trypan blue staining is a commonly used technique to assess
the live-to-dead cell ratio."®® Addition of the trypan blue dye to a
cell suspension results in the accumulation of the dye inside
dead or dying cells with compromised cell membranes. Conver-
sely, the dye cannot penetrate the cell membrane of intact cells,
which remain unstained. The stained and unstained cells can be
counted under a microscope using a cell counting chamber.
Trypan blue staining is a simple and inexpensive technique that
is commonly used in cell biology and immunology."*® Other
commonly used stains that target cytoplasmic structures include
eosin, Congo red, and erythrosine B. Erythrosine B staining is
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based on the ability of the dye to diffuse into the cytoplasm of
cells with compromised membranes, where it binds to basic
proteins. Viable cells remain unstained, whereas dead or dying
cells appear pink. Congo red is a sulfonated azo dye that binds to
amyloid proteins present in the cytoplasm.'*° Eosin, a derivative
of fluorescein, is an acidic dye that binds to basic cellular
components, primarily cytoplasmic proteins.*** Upon binding,
it retains a pink color. To date, none of these dyes has been
applied to assess the viability of MOF-encapsulated cells.

The following section builds upon the basic principles of
artificial spores, cell types, and viability assessment methods
and summarizes current progress in materials and coating
strategies, providing detailed insights into reported protocols.

Materials and coating methods

Initial studies on cell encapsulation focused on using sol-gel
methods to prepare rigid cell exoskeletons of porous SiO, or
Ti0,.%7*>'?* These archetypal oxide-based shells protect cells
from mechanical stressors while allowing mass transfer between
the environment and the encased cells. Although these oxides
fulfilled key requirements such as permselectivity and durability,
their chemical stability made controlled degradation challenging,
especially without affecting cell viability. Interesting develop-
ments in engineering other inorganic nanoparticles, such as
manganese dioxide, could be translated into protective shells,
as MnO, NPs can be degraded via glutathione (GSH) exposure.
However, further progress in this field is required to examine the
pros and cons of MnO, for cell coating.’*! Thus, the intrinsic
chemical robustness of inorganic NPs could significantly limit
their use in specific biotechnological applications aiming at the
controlled release of cells, such as cell therapy.

To address these challenges, current research focuses on the
development of artificial coatings that meet all four criteria
necessary for artificial spore formation (vide supra). A variety of
natural and synthetic materials are under intense research for the
fabrication of degradable exoskeletons under conditions that
maintain cell compatibility. Examples include polysaccharide-
based coatings such as starch, chitosan, and alginate, which
can be enzymatically degraded,"* making them strong candi-
dates for cell therapy. In addition, recent studies have merged the
properties of organic and inorganic materials in hybrid coatings.
Caruso et al."**> demonstrated the self-assembly of metal-organic
coatings, utilizing Fe®" and tannic acid, on S. cerevisiae cells.
These metal-organic coatings are mechanically stable yet degrad-
able on demand, thus meeting the criteria for artificial spore
formation. The selection of appropriate building blocks allows
control over chemical properties such as shell functionalization,
self-assembly conditions, and degradability.

Building on these developments, three notable classes of
microporous materials have emerged as promising options for
encapsulating living cells and fragile biomolecules: MOFs,
COFs, and HOFs.>"** MOFs consist of inorganic clusters linked
by multitopic organic linkers,*?*® while COFs and HOFs are
assembled from organic compounds connected through covalent

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

and hydrogen-bonding interactions, respectively.”> By carefully
selecting the molecular building blocks, the stability, porosity,
crystalline phase, and chemical and structural properties of these
materials can be fine-tuned.

The microporous nature of the coatings provides permse-
lective barriers that allow for the transport of small molecules
such as glucose and oxygen, while preventing contact between
the cell membrane and cytotoxic macromolecules like enzymes
(e.g., trypsin and lyticase)."® These coatings can also be degraded
on demand using chemical stimuli, such as chelating agents or
pH changes for MOFs,*"**'3* or physical stimuli, such as light
for HOF composites.**

Though post-synthetic modification methods have not yet
been widely tested in this context, they have the potential to
further expand the chemical versatility of these coatings.'**
Given the properties of MOFs, COFs, and HOFs, they represent
promising materials for the development of artificial spore-like
systems. Two main approaches have been used for fabricating
cell@MOF and cell@HOF composites: (i) the one-pot coating
strategy and (ii) the multi-step cytoprotective encapsulation
strategy.'®

Cells@shell: one-pot encapsulation

One-pot encapsulation of microorganisms: pioneering
examples. The most extensively studied MOF for cell encapsu-
lation via the one-pot strategy is the zeolitic imidazolate
framework-8 (ZIF-8). This material is comprised of Zn** cations
tetrahedrally coordinated by 2-methylimidazolate (mIM )
linkers."® ZIF-8 can be synthesized under mild reaction condi-
tions, such as aqueous media and room temperature. The
topology of ZIF-8 can be tuned by modifying synthesis condi-
tions such as precursor concentration, metal-to-ligand ratio,
and the presence and type of macromolecules. For instance, the
sodalite topology (sod ZIF-8) is an extended network with a pore
aperture of 3.4 A and pore diameter of 11.6 A.*® Other topolo-
gies with the same molecular formula, Zn(mIM),, can be
accessed, including diamondoid (dia ZIF-8), katsenite (kat
ZIF-8), and ZIF-L.'* In addition, the self-assembly of Zn>*
and mIM in the presence of carbohydrates, proteins, and cells
can lead to the formation of other crystalline materials with
distinct chemical compositions."*® For example, it was
observed that other anions (CO;>~ and OH ), present in the
solution, could replace some molecules of mIM™ to yield the
formation of Zn,(mIM),COj; (ZIF-C)*® and Zns(mIM),OH (ZIF-
EC1), while other observed phases (e.g., U12) are yet to be
solved."® The crystalline arrangement (topology or phase) and
the chemical composition influence the porosity, chemical
stability, and hydrophobicity of a given MOF.>*'37138 Ag a
result, it was shown that different ZIF-based cell coatings will
afford unique properties, as shown by Gan et al.’® Nevertheless,
all Zn-imidazolate-based systems can be degraded upon expo-
sure to acidic conditions (pH < 6), chelating agents such as
EDTA, and certain buffer solutions.™*’

In 2016, Falcaro and co-workers reported the one-pot encap-
sulation of S. cerevisiae and Micrococcus luteus (M. luteus) within
a ZIF-8 exoskeleton (Fig. 4a)."*° The cell coating was formed by
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Fig. 4 Biomimetic mineralization of yeast cells within a ZIF-8 coating. The
schematic of the encapsulation and release processes is shown in (a). The
cell viability (b) of yeast (blue) and yeast plus free ZIF-8 particles (patterned
blue) after exposure to lyticase for 3 h and of yeast released from
yeast@ZIF-8 previously exposed to lyticase for 3 h (red) and 24 h (pat-
terned red) demonstrates the protection offered by the MOF shell. The
homogeneity of the ZIF-8 coating was demonstrated by SEM (see images
of native yeast (c) and ZIF-8 coated yeast (d) and of the calcined
yeast@ZIF-8 sample (e)) and by labelling the living yeast cells with FDA
(green), and the ZIF-8 coatings with Alexa Fluor 647 fluorescent dye (red)
(see the 3D cellular reconstruction of CLSM images (f) and (g) and a cross-
section CLSM image (h) of yeast@ZIF-8). Adapted with permission from ref.
120 Copyright 2016, Wiley-VCH.
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mixing an aqueous zinc acetate solution with a premixed
aqueous dispersion of cells and 2-methylimidazole (HmIM).
After 10 min, the coated cells were recovered by centrifugation
and washed with deionized water (DI water). X-ray diffraction
(XRD) analysis confirmed the formation of ZIF-8 with sodalite
topology (sod ZIF-8), and scanning electron microscopy (SEM)
images showed individual cells encased in a continuous ZIF-8
exoskeleton with an average shell thickness of 100 + 10 nm
(Fig. 4c-e). Confocal scanning laser microscopy (CLSM) was
also employed to assess the homogeneity of the ZIF-8 coating
(Fig. 4f-h). The permselectivity of the cells@ZIF-8 composites
was tested by incubating the coated and uncoated cells in a
medium containing glucose (used as a nutrient) and lyticase, a
cytotoxic biomacromolecule (molecular weight = 54.6 kDa).
According to the viability test assay, the coated cells displayed
a decrease of 19% in cell viability after 24 hours of exposure to
lyticase. On the other hand, the control sample shows that non-
coated cells experience a reduction of 95% in viability after only
three hours of exposure (Fig. 4b). The bioprotection capabilities
of the sod ZIF-8 coating were further validated by exposing the
cells@ZIF-8 composites to an antifungal agent called filipin
(molecular weight = 655 Da)."*° The cell viability assay indicates
that 90% of the cells surviving the coating process remain
metabolically active, even after 24 h of exposure to filipin. In
contrast, the control sample (naked yeast cells) showed nearly
100% mortality.

Finally, the optical density measurements at 4 = 600 nm
(ODggo) obtained from the coated and uncoated cells incubated
in a rich-nutrient medium demonstrated that the MOF shell
formation inhibits cell division; this configuration mimics a
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spore-induced state. Upon exposure of cells@ZIF-8 to an EDTA
solution, the decomposition of the MOF shell allows the
resumption of cell division in those cells that remain viable
after the coating/de-coating process.

In a following study, the authors used S. cerevisiae as model
cells to fabricate a bioactive MOF exoskeleton; such an exoske-
leton was designed to impart cell adaptability in nutrient-
deficient environments.'” The yeast cells were first coated with
B-galactosidase (B-gal),"** an exogenous enzyme adsorbed onto
the cell wall due to electrostatic interaction between the posi-
tively charged enzyme and the negatively charged cell wall. The
protein-decorated cell system was then resuspended in an
aqueous solution of HmIM, followed by the rapid addition of
aqueous zinc acetate to induce the spontaneous formation of
the ZIF-8 exoskeleton. CLSM was used to demonstrate the co-
localization of the B-gal (labeled with purple Alexa Fluor 568)
and the MOF coating (infiltrated with red Alexa Fluor 647). The
SEM images of yeast@p-gal@ZIF-8 composites confirm the
formation of a continuous ZIF coating with an average thick-
ness of 100 nm + 10 nm. The yeast@p-gal@ZIF-8 composite
was incubated in an aqueous solution of lactose, a sugar that
cannot be metabolized by S. cerevisiae cells. The immobiliza-
tion of B-gal in the ZIF shell allowed the hydrolysis of lactose to
glucose and galactose, two sugars that can be used by the cell as
nutrients. Thus, the immobilization of a non-native enzyme
(B-gal) between the cell wall and the MOF coating conferred
adaptability to nutrient-depleted environments. In the same
study, naked yeast (control) and the coated cells (yeast@p-
gal@ZIF-8) were incubated in a nutrient-deficient medium
containing biomacromolecules that are detrimental to both
yeast (e.g., lyticase) and B-gal (e.g., proteases). The cell viability
tests indicate that after seven days, ~70% of the coated cells
that were initially viable after the coating process remained
alive, while the viability of naked yeast rapidly decreased to 10%
within the first days of incubation. Overall, this study showed
that the ZIF-8 coating acts as a semipermeable barrier (i.e.,
molecular sieve) allowing the diffusion of non-nutrients and
their conversion into nutrients via the immobilized B-gal and
preventing contact between cytotoxic lyticase and cells. Lastly,
on-demand release of the protective coating was demonstrated
by exposing the enzyme-functionalized ZIF-coated cells to EDTA.

The potential of abiotic ZIF shells was further expanded by
Gan et al,'® who reported the synthesis of bioactive multi-
layered ZIF coatings on yeast cells (Y). Specifically, the authors
immobilized a protease inhibitor, alpha-1-antitrypsin (AAT),
between the two MOF layers constituting the abiotic exoskele-
ton to impart cell adaptability against protease-rich environ-
ments (Fig. 5a). The synthesis of a multilayered ZIF-8 coating
was achieved by inducing a sod ZIF-8 layer via the biomimetic
mineralization strategy to afford the Y@ZIF-8 biocomposite.
Then, Y@ZIF-8 was exposed to AAT, which was adsorbed onto
the outer surface of the ZIF-8 exoskeleton to yield Y@ZIF-
8@AAT. Finally, Y@ZIF-8@AAT was exposed to a fresh solution
of ZIF precursors, in which the pre-adsorbed AAT triggered the
on-site formation of a second ZIF layer. This work showed that
the bio-replication approach previously applied to synthetic
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Fig. 5 Multi-layered ZIF-coated cells. Schematic of the encapsulation
process (a). SEM images and cross-section analysis of YQZIF-8, Y@ZIF-
8@BSA@ZIF-8, and Y@ZIF-8@BSA@ZIF-C composites (b). Schematic of
yeast cell proliferation upon release of yeast cells in the presence of trypsin
(c). Adapted with permission from ref. 16 Royal Society of Chemistry.

substrates (e.g., silicon, glass, polystyrene, and polypropylene)®''*°
to facilitate the MOF growth can be successfully implemented in
biological systems. We note that the crystalline phase and
composition of the second yeast ZIF coating could be tuned
by varying the Zn*":HmIM ratio, ie. the outer MOF layer could
be either sod ZIF-8 or ZIF-C (Fig. 5b). This allows for the
preparation of two different systems: (i) Y@ZIF-8@AAT@ZIF-8
and (ii) Y@ZIF-8@AAT@ZIF-C. It should be noticed that sod
ZIF-8 and ZIF-C display differences in their chemical composi-
tions (Zn(mIM), for sod ZIF-8 and Zn,(mIM),CO; for ZIF-C),
crystalline structures, and porosity. The different MOF outer
layers can imbue the MOF biocomposites with unique proper-
ties. For example, in terms of porosity, sod ZIF-8 is microporous,
and ZIF-C is nonporous.’® The release profile for ZIF-C is faster
for encapsulated biomolecules at pH = 6.5,>® and ZIF-C has
lower cytotoxicity in specific cancer cells (e.g. human prostate
cancer cells (PC-3))."** To investigate the biopreservation per-
formance of both materials (i.e., sod ZIF-8 and ZIF-C), the
authors incubated both composites, Y@ZIF-8@AAT@ZIF-8
and Y@ZIF-8@AAT@ZIF-C, in a protease-rich medium. The
latter was prepared by dissolving trypsin in a phosphate-
buffered solution (pH = 6.5); the presence of phosphate anions
in the incubation media triggered the slow degradation of the
ZIF shell,"*® followed by the controlled release of the AAT in
solution (Fig. 5c¢). The release profiles recorded for AAT show
that Y@ZIF-S@AAT@ZIF-C releases 50% of the biomacromole-
cule within the first 2 h. In contrast, the Y@ZIF-S@AAT@ZIF-8
composite requires about 18 h to release 50% of AAT. These
results indicate that the crystalline phase of the outer shell
directly affects the MOF degradation and, thereby, the release
kinetics of AAT. Finally, a trypsin activity assay was used to
assess protease inhibitor efficiency. This test revealed that the
trypsin becomes completely inhibited once the AAT is fully
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released from the abiotic coating. Subsequently, the released
cells were incubated in a yeast growth medium (yeast extract-
peptone-dextrose, YPD) to evaluate the cell proliferation by
ODgoo measurements. This experiment demonstrated that the
released yeast cells exhibit exponential proliferation when
placed in nutrient-rich media. A similar concept, combining
yeast and enzyme by utilizing MOFs to enhance enzyme activity,
was reported by Zhan and co-workers in 2023.'** These studies
indicate that yeast@ZIF-8 composites can serve as a platform for
biocompatible immobilization materials and effective biocata-
lysts. Wang and co-workers reported a vaccine adjuvant applica-
tion from the yeast-derived MOF composite named yeast@Mn-
MOF-74@ZIF-8."** Yeast and MOFs can serve as antigen display
carriers, but they cause different immune responses. Yeast can
activate the adjuvant properties of cellular immunity, while MOFs
can induce strong humoral immune responses. The yeast@Mn-
MOF-74@ZIF-8 composite can not only be used as a delivery
system for subunit vaccine antigens but also as an immunosti-
mulant in subunit vaccine and inactivated virus vaccine prepara-
tions. In this study, the yeast@Mn-MOF-74@ZIF-8 composite
demonstrated promising application potential.

The progress of ZIF-based abiotic shells showcases that
protective exoskeleton functions of biomineralized MOFs can
be engineered with biomacromolecules; by selecting the MOF
coating property (e.g., phase and thickness) and the bio-
molecule property (e.g., enzymes and enzyme inhibitors), the
coating enables functional adaptability, converting hostile
environments (e.g., nutrient-deficient and lyase-rich media)
into biocompatible ones. Subsequent programmable release
of cells from their ZIF coating can enable the restoration of
the proliferation functions of the cells surviving the coating/de-
coating procedure.

One-pot encapsulation of microorganisms: cell viability.
While the aforementioned proof-of-concept studies focused
on the potential of ZIF coatings, it is worth noting that the
assembly of artificial exoskeletons should have minimal influ-
ence on cell viability. With this aim, Chen et al.'*® employed
S. cerevisiae and E. coli as model cells to evaluate the influence
of the ZIF-8 precursors on cell viability. The authors compared
the cytotoxicity between three different zinc precursors (ZnSO,-
7H,0, Zn(OAc),-2H,0, and Zn(NOj3),-6H,0) by exposing cells
separately to various concentrations of the individual ZIF
precursors dissolved in a 0.9% NaCl solution. The yeast cells
showed no significant toxicity when exposed to zinc salts or
HmIM alone at concentrations ranging from 4 to 20 mM.
However, upon simultaneous exposure to zinc salts and HmIM,
the viability of yeast cells varied significantly depending on the
zinc precursor used during the encapsulation process. These
findings suggest that cytotoxic effects are enhanced during the
MOF shell formation, rather than by the individual precursors.
Notably, the cytotoxic effect depends on the zinc salt used as a
precursor, which was attributed to differences in the bypro-
ducts generated during MOF formation. The highest toxicity
was observed for ZnSO,: cell viability dropped to 50% for the
lowest concentration (4 mM). In contrast, for Zn(OAc), and
Zn(NOs3),, a cell viability of 70% and 90% was reported under
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the same conditions. Furthermore, according to this study, the
{-potential of S. cerevisiae rises from { = —7 to { =10, { = 5, and
{ = 3 when the cell is coated with three different zinc sources:
ZnSO,4, Zn(OAc),, and Zn(NOj),, respectively. The authors
further used the Zn(OAc), and Zn(NOs), precursors to investi-
gate their cytotoxic effect during the coating process of E. coli.
In contrast to yeast cells, MOF shell formation did not com-
promise the viability of E. coli. The authors hypothesized that
lipopolysaccharides (LPS), located on the outer cell membrane
of E. coli, could strongly interact with the zinc ions. Similar to
other biomacromolecules used as bioreplication agents (fatty
acids, negatively charged proteins, and carbohydrates),>*"*>146
LPS may induce rapid ZIF nucleation, thereby forming a
protective shell that limits subsequent interactions between
free metal ions and the cell.

One-pot encapsulation of microorganisms: expanding the
portfolio of porous frameworks. The use of ZIFs for encapsula-
tion has been extended to ZIF-90, a single crystalline material
composed of Zn>" cations coordinated with imidazolete-2-
carboxaldehyde (ICA™) anions.”” ZIF-90 forms a continuous,
defect-free shell, which enhances the perm-selective properties
of the MOF by minimizing the formation of grain boundaries, a
common issue observed in polycrystalline ZIF-8 shells. This
property enables effective encapsulation with mass diffusion
that is exclusively controlled by the ZIF microporosity, thus
preventing the influence of intercrystalline defects. Specifically,
an E. coli strain was genetically engineered to contain a plasmid
with the gene for the expression of red fluorescent protein
mCherry under the control of the T7 promoter. Upon addition
of IPTG, transcription of the mCherry gene was induced, leading
to the production of the red fluorescent protein. Subsequently,
polyvinylpyrrolidone-assisted aqueous encapsulation of the
genetically activated E. coli was performed. The expressed red
fluorescent protein is larger than the micropores of ZIF-90; thus,
the Tsung group demonstrated that proteins expressed in living
organisms can be confined within cells by a defect-free ZIF-90
shell. After mCherry protein expression, the engineered bacteria
exhibited strong red fluorescence (610 nm) when excited by
580 nm green light, making the ZIF-90-encapsulated cells easily
detectable using fluorescence microscopy. To evaluate the pro-
tective effect of the ZIF-90 shell, the E. coli@ZIF-90 composites
were exposed to toxic bactericides such as benzaldehyde, cinna-
maldehyde, and kanamycin, while free E. coli exposed to the
same toxic environment were used as controls. After treatment
with benzaldehyde and cinnamaldehyde, free cells lost fluores-
cence, whereas ZIF-90 encapsulated cells retained fluorescence
signals. These results demonstrate that cells encased within ZIF-
90 remain viable after exposure to cytotoxic environments and
can proliferate following removal of the ZIF-90 exoskeleton by
exposure to EDTA. This finding suggests that the ZIF-90-based
exoskeleton is a feasible system for protecting and prolonging
the lifespan of bacterial cells. Importantly, this work demon-
strates that ZIF coatings can be used to retain expressed
proteins within a living organism, providing a new tool for
bioengineering applications. In addition to the one-pot, water-
based synthesis method mentioned above, the Shieh group has
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proposed the mechanochemical approach (ie., inducing
chemical reactions through mechanical force, such as grinding
or ball milling, with minimal solvent use) for the encapsulation
of cells in MOFs. By applying mechanical forces to a mixture of
E. coli and ZIF-90 precursors through ball milling, the authors
encapsulated E. coli within ZIF-90."*” This method is not only
environmentally friendly and ultrafast, requiring only a few
seconds, but also demonstrates that the ball milling process is
compatible with bacterial viability, highlighting the suitability
of this rapid mechanical approach for encapsulating fragile
biomaterials. These findings suggest that ZIF-90-based exoske-
letons provide a viable strategy for protecting and prolonging
the lifespan of bacterial cells.

More recently, Luo et al.**® reported the cascade biosynth-
esis of p-phenyllactic acid (p-PLA) from r-phenylalanine using
two E. coli strains (pET28a-Irldh and pET28a-ladd2) immobi-
lized in an amorphous ZIF-90 (aZIF-90) exoskeleton. The encap-
sulation was achieved via a one-pot method by mixing Zn(NO3),
with imidazole-2-carboxaldehyde (HICA) in the presence of the
E. coli strains in a 1:1 mixture. The resulting amorphous
E. coli@aZIF-90 biocomposites were characterized via SEM,
infrared spectroscopy, thermogravimetric analysis (TGA), XRD,
X-ray photoelectron spectroscopy (XPS), and CLSM, confirming
successful cell encapsulation and a mesoporous structure con-
ducive to substrate diffusion. Catalytic performance assays
revealed that aZIF-90 encapsulation enhanced the cells’ thermal
and pH stability, tolerance to metal ions and organic solvents,
and retained >75% of activity over four reuse cycles. In a fed-
batch system, the immobilized biocatalyst reached a peak yield
0f 9.00 g L™* p-PLA with an 89.4% conversion rate after 12 hours.
Compared to free cells, E. coli@aZIF-90 exhibited a 1.15-fold
increase in space-time yield and superior resistance to harsh
environmental conditions. These results underscore the poten-
tial of aZIF-90 as a robust platform for whole-cell catalysis in
industrial bioproduction of p-PLA.

One-pot encapsulation of living cells within abiotic MOF
coatings is not restricted to Zn-based MOFs. Recent studies
suggest that Fe-based MOFs are suitable candidates for one-pot
encapsulation of living microorganisms. Lee et al.®® reported
the encapsulation of the model cell S. cerevisiae within a MOF
coating made of Fe** ions and benzene-1,3,5-tricarboxylate
(BTC) linkers. This abiotic coating was formed by mixing an
aqueous solution of FeCl; with a premixed aqueous dispersion
of cells and BTC. After 1 min of stirring, the resulting yeast@Fe-
BTC composites were recovered by centrifugation and washed
with DI water. This MOF coating process was repeated three
times to obtain a robust MOF coating. The (-potential for
uncoated S. cerevisiae cells is { = —37.8, while for the resulting
yeast@Fe-BTC composite, it is { = —13. Cell viability was
assessed by the live/dead assay, which monitors cell membrane
integrity and internal esterase activity. This test indicates that
95% of yeast cells remained metabolically active after the
encapsulation process, confirming the cytocompatibility of
the MOF coating process. Then, to impart cell adaptability
against cytotoxic agents like octyl-B-p-glucopyranoside, the
MOF shell was functionalized with a set of exogenous enzymes,
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including B-glucosidase (B-glu), glucose oxidase (GOx), and horse-
radish peroxidase (HRP), yielding a yeast@B-glu&GOx&HRP@Fe-
BTC composite with a bioactive MOF shell. This bioactive shell
was designed to enable an enzymatic cascade reaction that starts
with B-glu, which cleaves the O-glycosidic bond at C1 of octyl-p-b-
glucopyranoside to yield 1-octanol and p-glucose. Then, GOx
transforms p-glucose and O, to p-gluconic acid and H,O,. Finally,
HRP uses H,0, as a co-substrate for the catalytic oxidation of 2,2’
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) into its
radical cation (ABTS'®). The radical cation, which has a distinct
blue color, was used to monitor the feasibility of the enzymatic
cascade reaction when exposing the encased cells to an octyl-B-p-
glucopyranoside-rich medium.

Then, to evaluate the bioprotection capabilities of the bioac-
tive coating to the encased cells, the authors compared the
viability of the yeast@p-glu&GOx&HRP@Fe-BTC and the free
yeast cells after being exposed to lethal concentrations of octyl-
B-p-glucopyranoside (20 x 10%, 50 x 103, and 100 x 10™* M)
for 48 h. Cell viability measured upon exposing yeast@p-
2lu&GGOX&HRP@Fe-BTC at each lethal concentration was
47.7%, 47.3%, and 42.7%, respectively. In contrast, for the free
cells exposed to the same cytotoxic conditions, the viability
values obtained were 17.4%, 16.2%, and 14.6%, respectively.
These observations support the integration of multiple exogen-
ous enzymes into the MOF coating without compromising their
catalytic activity. This study further expands the versatility of
MOF coatings for designing bioactive shells capable of mitigat-
ing the adverse effects of specific cytotoxic agents.

More recently, Sicard and co-workers reported the one-pot
encapsulation of P. putida CFBP 5039 within a Fe-based MOF
known as MIL-100(Fe) (MIL = Matériaux Institut Lavoisier).'*®
MIL-100(Fe) is a mesoporous crystalline material comprised of
Fe-oxo trimers interconnected by BTC linkers."*® The synthesis
of MIL-100 around living cells required carefully optimized
conditions to form a crystalline MOF coating without compro-
mising cell viability. To determine the concentration threshold
at which each molecular precursor begins to drive cell stress,
the authors exposed the P. putida cells to various concentra-
tions of MOF precursors. Then, the bacteria’s integrity was
assessed by a live/dead assay using propidium iodide (PI), a
fluorescent dye that only permeates damaged cell membranes,
and SYTOY, a fluorescent probe that permeates healthy mem-
branes. The study indicates that when using diluted concentra-
tions of BTC (8.5 mM) and iron(m) nitrate (13 mM), the cell
membrane remains intact, suggesting that these are the opti-
mal concentrations to prepare a MIL-100 MOF coating. The
one-pot synthesis was performed by mixing aqueous solutions
of MOF precursors in the presence of the cells; this mixture was
kept at 30 °C for 21 h. The XRD pattern of the resultant
biocomposite indicates the successful formation of crystalline
MIL-100(Fe). Furthermore, the TEM micrographs (Fig. 6a—c)
and elemental mappings (Fig. 6d) indicate the formation of a
continuous MOF coating with a thickness of 30-60 nm. Inter-
estingly, TEM images reveal that the MOF particles are not
directly attached to the cell wall; instead, a gap of ~60-80 nm
is observed between the MOF coating and the cell. The authors

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

a)

1000 nm. . i J |
Fig. 6 One-pot encapsulation of P. putida within MIL-100. TEM images
(a) and (b) and STEM-HAADF images (c) of P. putida@MIL-100(Fe). The
STEM-HAADF image and STEM-XEDS elemental maps of the biohybrid
material (d) demonstrate the localization of the MOF shell on the bacterial
surface. Adapted with permission from ref. 108 Copyright 2022, American
Chemical Society.

suggested that this separation might be caused by an exopoly-
saccharide (EPS) network surrounding the bacterium. The EPS
secretion is typically observed in many Gram-negative bacterial
strains during their stationary phase. The author claimed that
the functional groups of the EPS network (-OH, -COOH, -NH,)
might enhance local interactions between the cell and Fe ions,
leading to the heterogeneous nucleation of MOF crystals at
the cell’s surroundings, mimicking the natural mineralization
process.

In 2024, the one-pot encapsulation of living cells within
abiotic coatings was expanded from MOFs to COFs. J. Liang
and co-workers coated S. cerevisiae cells with a COF based on
p-phenylenediamine and  benzene-1,3,5-tricarboxaldehyde
(COF-LZU1)."*° After suspending the cells in a solution contain-
ing the two COF precursors, COF formation was induced by
subsequent addition of acetic acid and sodium hydroxide, for a
reaction time of 15 min. Microscopy studies showed that the
COF shell was a uniform thin film of approximately 40 nm
firmly adhering to the cell wall and particle aggregates. The
authors attributed the film homogeneity to the formation of
covalent bonds between the COF material and the amine or
thiol groups of (glyco) proteins in the yeast cell wall during the
one-pot reaction. Notably, upon encapsulation within COFs,
72.5% of cellular activity was retained (resazurin assay results),
suggesting that the rapid formation of the COF coating mini-
mizes the harmful effects on yeast cells induced by exposure to
acetic acid and sodium hydroxide. The COF coating provided a
high degree of protection against different stressors (high
temperatures, pH fluctuations, oxidative stress, high metal
ion contents, bisphenol A, and UV radiation). Furthermore,
by incorporating exogenous enzymes (i.e., catalase) into the
COF coating, stable yeast fermentation and ethanol production
were achieved. Building on this approach, in 2025, P. thermo-
glucosidasius Gt-08, a Gram-positive bacterium genetically opti-
mized for high riboflavin production, was encapsulated into
COF-42."*' Upon encapsulation, the authors showed that the
production of riboflavin was preserved, demonstrating that the
COF shell effectively safeguards cells. The one-pot encapsula-
tion is based on the exposure of the bacteria to an acetic acid
and water solution of one of the COF-42 precursors (1,3,5-
triformylbenzene). Subsequent addition of the second COF
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precursor (2,5-diethoxyterephthalohydrazide) induced immedi-
ate COF formation and precipitation. Microscopy and struc-
tural investigations confirmed the growth of a COF thin film
(35-80 nm) around the cells. {-Potential measurements demon-
strated the interaction between the cell surface and the acid-
activated 1,3,5-triformylbenzene: bare cells showed a {-potential
of —12.4 mV, whereas the exposure to the COF ligand increased
the {-potential to +15.5 mV. Based on these data, the authors
hypothesized that the enrichment of the cell surface with 1,3,5-
triformylbenzene promoted the COF nucleation directly at the
cell surface, leading to the homogeneous coating observed via
electron microscopy. Overall, these findings indicate that COF
precursor—cell surface interactions follow principles analogous
to MOFs on cell surfaces, where electrostatic interactions
between the cell and precursors play a crucial role, highlighting
mechanistic similarities in the growth of different extended
framework materials on living cells.

One-pot encapsulation of complex cells. Mammalian cells,
which lack a cell wall, are much more sensitive to environ-
mental changes than microbial cells. Therefore, single-cell
encapsulation has gained attention as an engineering strategy,
for example, to endow mammalian cells with greater durability
and strength or to develop whole-cell cancer vaccines. In a bio-
mimetic approach, biocompatible biohybrids can be considered
as artificial exoskeletons. Due to its excellent biocompatibility,
ZIF-8 is the most often applied biocomposite for higher eukar-
yotes. For example, a MOF exoskeleton coating of mammalian
cells was developed via a one-pot biomimetic mineralization
process in PBS as the solvent system. The ZIF-8-coated mam-
malian cells were produced by incubating the glass-adhered
MDA-MB-231 cell line in a 1 x PBS solution containing
Zn(OAc),-2H,0 and HmIM with gentle shaking.'** The resulting
exoskeleton was shown to protect individual cells successfully
against proteolytic enzymes (i.e., proteinase K), whereas smaller-
sized nutrients could still cross the exoskeleton. As expected,
ZIF-8-coated cells exhibited arrested replication behavior, yet
maintained excellent viability for up to 72 h. Moreover, the
function of transmembrane GLUT transporters was unaffected
by the formation of the MOF exoskeleton on the cell surfaces."*®
Following the same approach, the group also described the
preparation of MOF-coated Janus cells.'*® Janus carrier cells
were produced by asymmetrically immobilizing MOF nano-
particles (i.e. ZIF-8) containing cytotoxic enzymes on one hemi-
sphere of the cell surface. These Janus cells served as cell-
mediated drug delivery systems, preserving the intrinsic bind-
ing capacity of the cells to their microenvironment and demon-
strating the ability to carry a variety of enzymes.

Yang et al. encapsulated cancer cells using ZIF-8 ~” to apply
these cells as whole-cell cancer vaccines. Here, a biocompatible
and selective cell encapsulation strategy based on a precursor-
functionalized nucleolin aptamer and in situ MOF mineraliza-
tion on the aptamer-identified cancer cell surface was developed.
After MOF coating, the encapsulated cancer cells (HeLa, A549,
MCF-7, and B16 cells) underwent immunogenic cell death,
which was associated with variations in cell stiffness. As aspired,
immunogenic dead cancer cells efficiently exposed calreticulin,
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a hallmark of efficient whole-cell cancer vaccines, on their cell
surface, and were able to release antigens and induce in vivo
antitumor T-cell immune responses.

An alternative strategy was shown for neural stem cells,
which were encapsulated with biocompatible HOFs.*>* These
composites formed at the cytomembrane of neural stem cells
via electrostatic interaction, as well as hydrogen-bonding inter-
actions between protein residues on the cytomembrane and the
HOF building blocks. Additionally, porous carbon nanosphere
nanozymes (PCNs) were doped into the HOF shells to endow
the cellular exoskeletons with hierarchical hydrogen bonds,
NIR-II triggered degradation, and antioxidant activity. Neither
the biological activity nor the cell viability of neural stem cells
was influenced by the encapsulation process. Neural stem cells
are of great interest for the treatment of neurodegenerative
diseases, but successful transplantations are often impeded
due to loss of ‘stemness’, cytomembrane damage, and apopto-
sis resulting from the oxidative stress in the adverse patholo-
gical microenvironment. To prove that HOF-encapsulated cells
can be transplanted, they were injected into the brains of
neurodegenerative disease mouse models. These mice indeed
exhibited ameliorated neurogenesis.

Even though the number of these pioneering examples is still
limited, they suggest that this could be a promising approach
for creating high-performing carriers for biotherapeutics and
vaccines in the near future.

Cells@shell: multi-step encapsulation

Multi-step encapsulation of microorganisms. One of the
main advantages of the multi-step encapsulation strategy is
the possibility of encapsulating cells into MOFs that cannot be
synthesized under biocompatible conditions. In this way, it is
possible to employ MOFs with enhanced hydrolytic stability
(e.g. Zr-based MOFs). For example, Yang, Yaghi, and co-workers
reported the use of pre-synthesized monolayers of a Zr-based
MOF (Zrs04(OH)4(BTB),(OH)s(H,0)6) to wrap M. thermoacetica
cells.”® The deposition of the MOF layers over the microorganism
was induced by the formation of coordination bonds between the
zirconium clusters and the phosphate moieties of the cell sur-
face. The scanning transmission electron microscopy (STEM)
analysis indicated the formation of a homogenous MOF coating
with a thickness of 1-2 nm. Interestingly, wrapping the cells with
pre-synthesized MOF monolayers did not induce a dormant state
in the coated cells; the bacteria preserve their reproductive
capacity when cultured under anaerobic conditions. To demon-
strate the cytoprotective effect of the MOF coating on M. thermo-
acetica under oxidative stress, the authors exposed the coated and
uncoated cells to an O, environment (21%) for 2 days. The
viability assay obtained upon the O, exposure indicated that the
coated cells exhibit a viability of 76 + 8%, whereas the popula-
tion of bare cells decayed to 50 £+ 7%. Subsequently, the coated
and non-coated cells were exposed to different concentrations of
H,0, to evaluate the ROS-scavenging properties of the Zr-based
coating. This study further confirmed that the MOF coating
prevents the oxidative stress caused by reactive oxygen species
(ROS). The authors suggested that the protection against
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oxidative stress might be caused by the presence of active metal
sites on the zirconium clusters, which mediate the decomposi-
tion of H,0, and prevent its accumulation in the cell culture
medium.

Multi-step encapsulation of bacterial spores. Spores can be
formed in some bacteria, like Bacillus subtilis, to survive in
challenging environments."> When exposed to favorable growth
conditions, spores can germinate and begin to grow. Therefore,
using abiotic exoskeletons to coat spores instead of cells for
artificial sporulation may bring additional benefits.">**>*
Firstly, spores have stronger environmental resistance
compared to cells and can adapt to harsher encapsulation
conditions of certain exoskeletons. Secondly, the controllable
germination of spores can not only extend the storage period,
but also provide the opportunity for use in environments out-
side the laboratory. Thirdly, transportation is simplified, avoid-
ing the low-temperature environment typically required for
cells. Given that spores can be combined with various materials
and genetically modified, spore-based biomaterials have great
potential for applications, yet they are rarely used in MOF
systems.””*™"*” For example, Zhong, Chou, and co-workers
demonstrated the encapsulation of Bacillus subtilis spores in
hollow ZIF-8.">* The ZIF-8 hollow shell was synthesized by the
soft template method, using microscopic water-in-oil droplets.
The synthesis conditions are relatively harsh for bacteria, so
this proves the adaptability of the spores. The hollow ZIF-8 layer
provides enhanced environmental resistance for spores, shield-
ing them from harsh conditions that bare spores cannot bear,
such as hypochlorous acid, ultraviolet radiation, and even
vacuum conditions. The release and germination of spores
can be regulated based on nutrient concentration. Further-
more, the spores were genetically engineered using environ-
mentally sensitive genetic circuits, resulting in bacteria capable
of detecting specific molecules such as IPTG or citric acid.

Multi-step encapsulation of complex cells. For higher eukar-
yotes, the use of nanoparticles (NPs) has fewer difficulties than
in situ cell encapsulation, presumably due to the lower con-
centrations of toxic compounds required for this method. The
Brinker lab has shown that HeLa cells can be encapsulated
by applying the SupraCell approach.®* SupraCell formation
requires the preparation of synthetic nanoparticles (e.g., from
ZIF-8, MIL-100, or UiO-66-NH,), which attach to the cell surface
via tannic acid acting both as a chemical binder between NPs
and the cell membrane and as an interparticle crosslinker,
forming a continuous porous exoskeleton. The use of different
NP building blocks enables the formation of different pore
sizes, which results in selective permeability. SupraCells were
shown to maintain normal cellular functions (e.g:, viability and
metabolism), while remaining in a spore-like state. The artifi-
cial exoskeleton confers resistance to mechanical and osmotic
stresses, ROS, pH changes, and UV exposure. In a similar
approach, functional MOF NPs, including ZIF-8, MIL-100 (Fe),
UiO-66-NH,, magnetic iron oxide (Fe;O,) NPs@ZIF-8, and
hybrid mesoporous silica NP@MOF (MSNs, dye-labeled MSNs,
sensing probe-loaded MSNs@ZIF-8), have been prepared and
used to coat red blood cells."*** Exoskeletons were generated
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within seconds through MOF NP interlocking based on metal-
phenolic coordination and RBC membrane/NP complexation via
hydrogen-bonding interactions at the cellular interface. Encapsu-
lated red blood cells showed enhanced tolerance against diverse
external stressors, including detergents, toxins, antibody-mediated
agglutination, osmotic stress, and freezing. Interestingly, MOF
encapsulation was shown to positively affect cryopreservation, a
process that includes quick freezing and thawing of cells. Cryo-
preservation is a method in which cells are rapidly frozen, stored at
very low temperatures (~—80 °C), maintaining their viability until
defrosted months or years later. The method is used to preserve all
different types of cells, including important medical samples
required for blood transfusion, bone marrow transplantation,
artificial insemination, and in vitro fertilization. The most proble-
matic step of cryopreservation is the thawing step, which often
compromises cell viability. Several studies have shown that
nanoparticle-facilitated MOF-encapsulation can be an alternative,
even more efficient solution to protect mammalian cells during
freezing and thawing events and help cells fully recover. Red blood
cells could be preserved by applying zirconium (Zr)-based metal-
organic framework (MOF) nanoparticles (NPs).** Altogether, five
Zr-based MOF NPs, namely, UiO-66, UiO-66-NH,, UiO-66-OH, UiO-
67, and MOF-808, were selected and synthesized according to the
reported solvothermal methods. The Zr-MOF NPs exhibited well-
defined surface chemistries and were found to inhibit ice recrys-
tallization while also accelerating ice crystal melting. Cryopreserva-
tion tests revealed cell recoveries of up to 40% after freezing and
thawing.

Jeon et al. applied zirconium (Zr)-based MOF-801 NPs as a
cryoprotectant for human embryonic kidney (293T), non-
tumorigenic lung bronchial epithelial (BEAS-2B), and lung carci-
noma epithelial (A549) cell lines.'** MOF NPs with diameters of
10, 35, 100, and 250 nm were prepared. In this approach, the
amino acids valine and threonine were introduced into the MOF
NP-surface through the acrylate-based functionalization to mimic
ice-binding proteins and provide surfaces with hydrophilic and
hydrophobic dualities. The MOF-801 NPs were biocompatible
regardless of concentration or NP surface-functionalization,
whereas the smaller-sized surface-functionalized NPs showed a
good cell recovery rate after freezing/thawing by inhibiting ice
recrystallization.

So-called ZIFSpermbots were created by encapsulating
sperm cells using pre-synthetized ZIF-8 NPs.''* Coating of
sperm membranes was facilitated through complexation with
tannic acid, resulting in selectively permeable, porous ZIF-8
wrappings. This cell surface engineering had a negligible
impact on sperm motility under optimized conditions, whereas
it efficiently blocked the binding of antisperm antibodies.
These so-called ‘“ZIFSpermbots” may be used as active drug
delivery systems by making use of the drug-loading capacity of
ZIF-8 NPs.

MOF cell-surface coatings can also be applied to create
microdomains on the cell membrane of mammalian cells like
Chinese hamster ovary K1 (CHO-K1).'" For this approach, a
metal complex lipid (dabco-(CH,);5-CH3),[MnN-(CN),] was inserted
into mammalian cell membranes through simple incubation
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and cross-linked by adding Ni cations, forming stable MOF
microdomains and leading to phase separation. The induced
phase separation systems remain stable even in the absence of
the actin cytoskeleton. Moreover, these cells showed enhanced
cellular calcium response to ATP due to the activation of P2
purinoceptors.

Emerging applications
of framework-encapsulated cells
Immunotherapy

The preservation of cell viability during cell@shell formation
opens the possibility of using these composites in novel appli-
cations. For instance, degradable abiotic shells to encase living
bacteria may significantly improve bacterial-mediated antitumor
therapy (BMAT).>”*>°87160 Although the use of live bacteria for
cancer treatment has been known since the 19th century, the
risks of uncontrolled bacterial infection have hindered the clin-
ical application of BMAT.'®! Nevertheless, with the advent of new
antibiotics and genetic engineering techniques, researchers have
developed safe strategies for using attenuated bacteria in cancer
therapy."® When compared to traditional chemotherapy, BMAT
provides several advantages: (1) tumor targeting: the hypoxic
tumor microenvironment promotes bacterial colonization,'®*
(2) intratumoral penetration: the bacterial flagella enhance the
bacteria’s ability to penetrate within the tumor mass,'® (3) tumor
colonization: the immunosuppression of the tumor microenvir-
onment promotes the preferential accumulation of bacteria in
the cancer tissue;**'*® and (4) development of bacteria-based
delivery systems, where by genetic engineering and bacterial
surface modification, it is possible to create delivery systems that
use living cells as carriers.*>"*® Therefore, these systems are ideal
for delivering antitumoral therapeutics with high spatial and
temporal precision.'**3816

One effective way to enhance the efficacy of bacteria-based
therapy is encapsulation of living microorganisms within an
abiotic shell. This strategy enables co-delivery of therapeutic
agents to cancer cells, prolongs bacterial circulation lifespan,
and improves regulation of bacterial proliferation at the treat-
ment site.”>**® A recent study by Yan and co-workers show-
cased the synergistic potential between the abiotic MOF coating
and bacterial-based cancer therapy.”® In this work, the authors
reported the one-pot encapsulation of E. coli ({ = —23) within a
bioactive ZIF-8 coating to yield E. coli@ZIF-8 composites ({ =
7.5).”° The ZIF-8 coating preserved the viability of the encased
cells while preventing uncontrolled bacterial replication in
healthy tissue. To further improve the therapeutic efficacy of
the E. coli@ZIF-8 composites, the researchers used the MOF
shell for the co-immobilization of two therapeutic agents,
doxorubicin (DOX) and chlorin e6 (Ce6), resulting in an
E. coli@DOX&Ce6@ZIF-8 composite (( = —14). DOX is an
anthracycline antibiotic commonly used in chemotherapy,'®*
and Ce6 is an FDA-approved photosensitizer utilized in cancer
photodynamic therapy (PDT)."®® Ce6 is known for its high reactive
oxygen species (ROS) generation efficiency upon exposure to mild
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near-infrared (NIR) irradiation. The NIR radiation, which ranges
from 800 to 2500 nm, is less phototoxic than UV or high-energy
visible light. In addition, in mammalian tissues, NIR light pene-
trates more deeply than visible light, making it more suitable for
treating deeper-seated wounds, infections, and cancers.'®

The chemo-photodynamic therapeutic efficacy of the
E. coli@DOX&Ce6@ZIF-8 composite was evaluated through
both in vitro and in vivo experiments. The in vitro tests were
performed by evaluating the cell viability of mouse breast
tumor (4T1) cells after different treatments with and without
laser exposure (L). These treatments included: (1) free E. coli,
(2) E. coli@ZIF-8, (3) E. coli@DOX&Ce6@ZIF-8, (4) E. coli@
Ce6@ZIF-8 + L, and (5) E. coli@DOX&Ce6@ZIF-8 + L. The
results showed that 4T1 cells retained over 80% viability after
being exposed to E. coli@ZIF-8. This observation confirms the
biocompatibility of the E. coli@ZIF-8 composite. However, the
cell viability dropped to ~60% after exposure to the E. coli@
DOX&Ce6@ZIF-8 composite. The moderate toxicity of the
E. coli@DOX&Ce6@ZIF-8 composite was attributed to the
release of the chemotherapeutic drug DOX. Nevertheless,
the therapeutic efficacy of the E. coli@DOX&Ce6@ZIF-8 com-
posite could be intensified with NIR laser exposure. Thus, the
dual chemo-photodynamic therapy provided by the E. coli@
DOX&Ce6@ZIF-8 + L treatment resulted in a cell viability of
~25%. These observations indicate that the strong synergy
between Ce6 and DOX leads to higher therapeutic efficacy in
in vitro tests. To explore the efficacy of the dual chemo-
photodynamic therapy, the authors investigated the biodistribu-
tion of E. coli@DOX&Ce6@ZIF-8 in mice. E. coli@DOX&Ceb6@
ZIF-8 was injected into tumor-bearing mice, and the biodistri-
bution analysis after 24 h revealed that the accumulation
efficacy of E. coli@DOX&Ce6@ZIF-8 was ~6.1%. This value
was obtained from the ratio of E. coli colonies in tumor sites
to the injected number of E. coli@DOX&Ce6@ZIF-8. Then, by
tracking the tumor size and weight, the authors demonstrated
that E. coli@DOX&Ce6@ZIF-8 inhibits tumor growth after a one-
time NIR laser treatment (10 min, 2 = 600 nm). This study
highlights the versatility of using bacteria@MOF coatings as a
cell-based delivery platform for biotherapeutic applications.

The MOF bioprotection can also be extended to cellular
organelles. This was recently demonstrated by Zhou and co-
workers, who reported a novel strategy to biomineralize iso-
lated mitochondria within ZIF-8,"®” to preserve their bioactivity
and enhance their transplantation efficiency into cancer cells
for therapeutic purposes. The mitochondria were isolated from
non-tumorigenic mammary epithelial cells (MCF-10A). The
encapsulation was achieved through a one-pot synthesis
method by mixing the freshly isolated mitochondria with
Zn>" and HmIM in a 0.9% NaCl solution. To improve intracel-
lular delivery, the resulting MIT@ZIF-8 nanostructures were
further surface-functionalized by incorporating polyethylene-
imine (PEI) and the cell-penetrating peptide TAT during the
synthesis process. TEM images confirmed the formation of a
distinct ZIF-8 layer around the mitochondria, and cut-section
analysis revealed the inclusion structures. Fluorescence life-
time measurements of a mitochondrial-binding dye (MVG)
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further confirmed the full encapsulation of mitochondria by
the ZIF-8 shell. This study indicates that the encapsulated
mitochondria effectively maintained their bioactivity, assessed
by mitochondrial membrane potential and ATP synthesis cap-
ability, for at least 4 weeks at room temperature. In contrast,
non-encapsulated controls, even when stored on ice, lost a
significant portion of their membrane potential within 6 hours.
The MIT@ZIF-8 nanostructures were shown to release the
encapsulated mitochondria in response to an acidic environ-
ment, with approximately 70% release at pH 5.0 after 6 hours,
compared to minimal release at pH 7.4. The surface modifica-
tion of MIT@ZIF-8 with PEI and TAT resulted in improved
aqueous dispersion, which enhanced cellular uptake. The mod-
ified MIT@ZIF-8 was successfully delivered into breast cancer
cell lines (BT-549 and MDA-MB-231) with uptake efficiencies of
11.8% and 17.2%, respectively, after 4 days of incubation. CLSM
imaging showed the presence of these exogenous mitochondria
within the recipient cancer cells, and instances of fusion
between the transplanted and endogenous mitochondria were
observed. Functional analysis via Seahorse assays revealed an
increased oxygen consumption rate (OCR) and an extracellular
acidification rate (ECAR) in cancer cells that received MIT@ZIF-
8, indicating improved mitochondrial function. Therapeutically,
the transplantation of these non-tumorigenic mitochondria into
cancer cells resulted in significant inhibition of cancer cell
proliferation, reduced the cancer stem cell population in
MDA-MB-231 cells from 95.5% to 76.5%, and suppressed the
epithelial-mesenchymal transition (EMT) process in these cells.
The authors concluded that this MOF-based biomineralization
technique represents an advancement for mitochondrial
research and transplantation, offering a robust method to
preserve mitochondrial activity and enhance mitochondrial
delivery for potential cancer therapy.

Probiotic bacteria and enzyme delivery

A different research direction to explore the potential of cell@
ZIF-8 composites targets the encapsulation of probiotics. Pro-
biotics are microorganisms that confer health benefits when
administered in adequate amounts to humans or animals, as
they maintain, restore, and balance intestinal microflora,*®®*%°
The latter is especially crucial for the clinical control of intest-
inal tract infections.'””'”* However, the beneficial effects of the
probiotic bacteria can only be achieved if the microorganism
reaches the intestinal target in a viable state.'®®'°® Nevertheless,
from a practical point of view, this represents an important
challenge, since orally administered probiotics are subjected to
strong acidic conditions during their journey through the
gastrointestinal tract.'®® Such acidic'”® conditions can severely
hamper the probiotic viability, limiting their efficacy in restor-
ing gut flora. On the other hand, the clinical treatment of
intestinal infections typically requires the co-administration of
antibiotics and probiotics. Therefore, to ensure the effectiveness
of the treatment, it is crucial to develop strategies that provide
probiotics with protection against antibiotics, such that anti-
biotics only kill infectious pathogens without altering the via-
bility and functionality of probiotics."”
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Microencapsulation technology has emerged as a promising
solution to tackle these issues and boost probiotic viability when
deployed alongside antibiotics for treating intestinal infections.
Traditional microencapsulation techniques involve immobilizing
probiotics within organic matrices."”*'”> One crucial aspect of
microencapsulation is ensuring that the encapsulating material
can release the probiotic cells at the site of action. Advances in
nanotechnology have led to the development of novel abiotic
coatings that enable targeted delivery of probiotics upon expo-
sure to an external stimulus while protecting them against the
harsh conditions of the gastrointestinal tract. In this regard,
Busscher and co-workers explored the encapsulation of probiotic
bacteria such as B. breve,”* and L. acidophilus’® within various
abiotic coatings, including (i) protamine-assisted SiO, nanopar-
ticle yolk-shell coating, (ii) alginate hydrogel, and (iii) sod ZIF-8.
Then the authors compared the bioprotection properties of
B. breve against simulated gastric fluid (SGFf1) and a model
antibiotic (ie., tetracycline).”” The SiO, yolk-shell encapsulation
was obtained through the pre-adsorption of a protamine film
onto a bacterial cell, followed by exposure to a colloidal suspen-
sion of SiO, NPs. The SiO, NPs get assembled onto the protamine
film, leading to the formation of a silica shell. The protamine
film was subsequently internalized into the bacterium to create a
void between the bacterial cell surface and the nanoparticle shell.
The alginate hydrogel shell was prepared by adding dropwise a
PBS suspension of either B. Breve or L. acidophilus and alginate
into a CaCl, solution. The electrostatic interaction between Ca*"
ions and the alginate chains triggers the formation of a three-
dimensional hydrogel around the microorganisms. Finally, the
ZIF-8 coating was deposited by mixing an aqueous solution of
zinc acetate with a premixed aqueous dispersion of probiotics
and HmIM. The authors demonstrated that the {-potential of
non-coated B. Breve cells remained negative across the pH range
from 2 ({ = —0.1 mV) to 9 ({ = —0.2 mV). However, protamine-
assisted SiO, encapsulation increased the (-potential over the
entire pH range. For example, at pH = 2, the reported {-potential
was { = 8 mV, whereas at pH = 9, the (-potential —18 mV.
Interestingly, when using ZIF-8 as a cell exoskeleton, the B. breve
{-potential only changed in the pH range from 7 to 9 (see
Table 1). The (-potentials B. Breve cells encased within the
alginate-hydrogel were not reported. The elemental surface com-
position of the cell@shell systems was analysed by XPS. The
marked differences in the elemental composition of free probio-
tics and the cell@shell composites indicated the successful
encapsulation of B. Breve and L. acidophilus within the SiO,,
alginate, and ZIF-8 abiotic coatings. Then, the authors evaluated,
for each abiotic coating, how the encapsulation process affected
the viability of the encapsulated cells (B. breve and L. acidophilus).
The number of viable cells before and after the encapsulation was
determined by the colony-forming unit technique (CFU). The cell
viability assay showed that, on agar plates, the growth of B. breve
cells coated with SiO, and alginate hydrogel shells had a cell
death comparable to the non-coated cells (control). However, on

1 SGF: simulated gastric fluid, a lab-prepared solution mimicking the acidic
conditions in the human stomach.
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agar plates, the cells coated within ZIF-8 showed slightly
decreased bacterial viability, indicating an enhanced cytotoxic
effect of the MOF coating. To assess potential cell wall damage
produced by the different abiotic coatings, the authors used the
SYTOY/propidium iodide staining test (BacLight Bacterial Viabi-
lity Kit). In this experiment, microorganisms with cell wall
damage present red fluorescence, while those without cell wall
damage exhibit green fluorescence. This study concluded that
neither the protamine-assisted SiO, coating nor the alginate
hydrogel damaged the cell wall. However, the formation of a
ZIF-8 coating induced cell wall damage. The authors hypothe-
sized that this might be attributed to the strong interaction
between the bacterial surface proteins and the zinc cations.
Subsequently, the authors determined the protection offered by
the three different abiotic coatings against SGF and the antibiotic
tetracycline. Thus, to mimic the conditions encountered by the
probiotics on their way to an intestinal infection site, the same
number of uncoated cells and the three different cell@shell
composites were suspended in SGF medium at pH = 2. Then,
the exposed microorganisms were collected by centrifugation and
analyzed by the CFU test. L. acidophilus encapsulated within ZIF-8
and alginate-based shells exhibited around 75% viability upon
being exposed to SGF. By contrast, the cell viability dropped to
50% for the cells encased within the SiO, yolk-shell. The results
obtained from B. breve composites indicated that only the
alginate-based coating provided effective protection to the cells
against SGF. Similarly, the coated and non-coated cells were
cultured in a modified medium supplemented with a model
antibiotic (ie., tetracycline), and then the L. acidophilus and
B. breve cells were plated on agar for CFU counting. The results
obtained from L. acidophilus@shell composites indicated that
none of the abiotic coatings protected against negatively charged
tetracycline. Nevertheless, cell viability assay of B. breve compo-
sites exposed to the model antibiotic indicates that only the
alginate-based coating provides full protection against tetracy-
cline. Finally, the authors performed in vitro experiments to
determine the therapeutic effect of the coated probiotics against
pathogenic E. coli adhered to intestinal epithelial layers. This
experiment indicated that B. breve@alginate operated synergisti-
cally with tetracycline in protecting intestinal epithelial layers
against tetracycline-resistant E. coli.

In combination with probiotic bacteria, researchers are
investigating the delivery of enzymes (e.g. lipase) as a therapeu-
tic strategy designed to enhance digestive efficiency, boost the
survival and efficacy of the probiotics, and improve metabolic
health. In 2024, Qi and co-workers reported the engineering of
E. coli with a ZIF-8 exoskeleton for long-term oral delivery of
lipase.'”® The ZIF-8 coating was formed by first mixing an
aqueous dispersion of E. coli with lipase, followed by sequential
addition of HmIM and Zn(NOs3), under stirring for 10 min; the
resulting E. coli@ZIF-8 composites were then recovered by
centrifugation and washed with deionized water. Transmission
electron microscopy (TEM) confirmed the formation of a con-
tinuous ZIF-8 shell surrounding individual E. coli cells without
altering their rod-shaped morphology. Confocal laser scanning
fluorescence microscopy, combining DAPI/SYTOX Green
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live-dead staining with Cy5-lipase imaging, showed homoge-
neous distribution of lipase within the ZIF-8 exoskeleton and
demonstrated that ~10.3% of bacteria remained viable after
coating. IR spectroscopy revealed a P-O stretching band shift
from 1080 cm™! to 1146 cm™!, consistent with coordination
between Zn>" and phosphates on the bacterial surface, while
PXRD patterns matched the sod ZIF-8 topology. In simulated
gastric fluid (SGF, pH ~ 2.0) and simulated intestinal fluid
(SIF), the encapsulated lipase retained 8.5% and 23.4% of its
activity, respectively, whereas free lipase activity dropped to
<5% in SGF and was severely impaired in SIF, indicating that
the ZIF-8 shell conferred protection against harsh gastrointest-
inal conditions. Upon oral gavage of Cy5-labeled E. coli@ZIF-8
in BALB/c mice, in vivo fluorescence imaging demonstrated
pronounced retention in the gastrointestinal tract, as lipase@-
ZIF-8 persisted for ~4 h, and E. coli&lipase@ZIF-8 was detect-
able up to 48 h post-administration. Finally, histological
analysis of major organs (heart, liver, spleen, lung, and kidney)
as well as stomach, small intestine, and large intestine after
48 h of exposure showed intact tissue architecture and no signs
of inflammation or damage, confirming the biocompatibility of
the ZIF-8-engineered E. coli platform.

Bioremediation

E. coli@ZIF-8 composites can also be included in bio-remediation
applications. For instance, in 2023, Ghasemi et al.'”” synthesized
rod-shaped E. coli@ZIF-8 via biomimetic mineralization, mixing
an aqueous suspension of E. coli with HmIM and Zn(OAc),-2H,0
followed by centrifugation and drying, which yielded ~3 pm rods
mirroring the bacterial template. SEM and PXRD analyses con-
firmed the homogeneous coating with the sod ZIF-8 topology.
These E. coli@ZIF-8 particles were then incorporated (40 wt%)
into polyacrylonitrile (PAN) nanofibers via electrospinning
(10 wt% PAN in DMF, 20 kv, 15 cm), producing E. coli@ZIF-
8@PAN composites. The resultant material was then employed
for thin-film microextraction (TFME) of benzoylurea insecticides
(hexaflumuron and teflubenzuron). The performance of the
synthesized E. coli@ZIF-8@PAN composite mat was compared
with bare PAN and ZIF-8@PAN fiber mats by using HPLC-UV to
evaluate their extraction efficiency. The results indicated that
E. coli@ZIF-8@PAN fibers showed better extraction than the
other fiber mats. This result was attributed to the increased
surface area and the variety of functional groups obtained from
the inclusion of the biocomposite into PAN fibers.

More recently, Liu et al.'’® reported the biomimetic miner-
alization of B. subtilis ZL09-26 using ZIF-8 and the green
modifier citric acid (CA), forming a protective shell (ZIF-8-CA)
to enhance phenanthrene (PHE) biodegradation. The miner-
alization was achieved by co-incubating B. subtilis with HmIM
and zinc acetate, followed by surface modification with CA.
SEM and EDS analyses confirmed the formation of uniform
ZIF-8 and ZIF-8-CA coatings, with the latter exhibiting a more
compact and negatively charged shell.

The encapsulated bacteria demonstrated a significantly
improved PHE removal efficiency of 94.1% within 6 days, which
was 1.9 times that of non-encapsulated cells. Proteomic and
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enzymatic analyses revealed that the MOF coating reduced
oxidative stress and upregulated key metabolic pathways,
including central carbon metabolism and oxidative phosphor-
ylation. Additionally, encapsulated cells retained over 83.31%
degradation efficiency after five cycles and showed superior
viability and storage stability. These results underscore the
utility of ZIF-8 coatings in enhancing microbial resilience and
bioremediation efficacy under environmental stress.

Whole-cell vaccines

Recently, studies have demonstrated the applicability of
micoorganisms@MOF even though the encased cells were
inactivated during the coating process. For instance, Luzuriaga
et al.®® reported the encapsulation of E. coli (CFT073) within
ZIF-8 to treat urinary tract infections. Developing immunity
against bacterial infection can be achieved through the admin-
istration of inactivated bacteria or a lysed fraction of dead cells.
The whole-cell formulations contain strain-specific proteins
that trigger antibody production against pathogenic bacteria.
However, whole-cell vaccines often fail to provide long-term
immune protection, because they elicit weak immune responses,
resulting from the short half-life of whole-cell formulations in the
body and surface antigen degradation caused by harsh fixation
methods.””® Thus, to enhance the bioprotection of the cell-
surface antigens, the authors prepared E. coli@ZIF-8 composites,
obtained by mixing a zinc acetate aqueous solution with a
premixed aqueous dispersion of cells and HmIM. Both solutions
were prepared in saline media (NaCl, 100 mM) to keep bacteria
near isotonic conditions. After 20 min of stirring, the resulting
composite E. coli@ZIF-8 was recovered by centrifugation. Then,
the authors employed the CFU assay to evaluate the viability of
the encapsulated cells. This experiment revealed that the ZIF-8
shell formation process itself inactivated bacteria; this effect was
explained by overexposure to Zn”*, causing cell death. Never-
theless, the challenge in whole-cell formulation is inactivating
the bacteria with minimal damage to the surface epitopes,
including membrane proteins and oligosaccharides. Therefore,
to demonstrate that the encapsulation process inactivates the
bacteria while preserving the native protein conformation, the
authors performed an agglutination assay to monitor the binding
affinity of bacterial glycoproteins towards carbohydrates. This
test demonstrated that the growth of the MOF coating does not
significantly influence the surface epitopes. Preservation of
natively folded bacterial proteins might result in a stronger
immune response against E. coli than traditional inactivation
methods. To test this hypothesis, the authors measured antibody
titers in mice injected with a saline solution containing different
formulations of inactivated E. coli: (i) uncoated and thermally
inactivated E. coli, (ii) formalin-fixed E. coli, and (iii) E. coli@ZIF-8
composite. Mice immunized with the E. coli@ZIF-8 composite
produced the highest antibody levels, whereas the uncoated and
thermally inactivated E. coli formulation induced the lowest
antibody production. The authors explained the difference by
suggesting that the high temperatures required to inactivate cells
cause denaturation of proteinaceous and sugar-based epitopes.
By contrast, in the case of the E. coli@ZIF-8 formulation, the ZIF
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encapsulation helped to prevent protein denaturation. In addi-
tion, it provided a depot effect by prolonging the presence of
E. coli@ZIF-8 in the tissue compared to the uncoated bacteria.

Energy storage

Another attractive application of cells@ZIF-8 composites is for
energy storage. Gassensmith and co-workers reported the
application of the E. coli@ZIF-8 composite as a soft template
for fabricating hierarchical porous carbons employed in energy
storage.'®® The fabrication of E. coli@ZIF-8 was performed by
using biomimetic mineralization conditions. However, the
authors stated that, unlike S. cerevisiae, the encapsulation of
E. coli required a higher ligand-to-metal ratio to form a homo-
genous cell coating. The TEM micrographs of the E. coli@ZIF-8
composite revealed the formation of a MOF shell comprised of
closely packed nanocrystals. Interestingly, the nitrogen sorp-
tion isotherm of the E. coli@ZIF-8 composite, collected at 77 K,
shows a hysteresis loop at a P/P, of 0.45-1.0. The latter is
typically associated with the capillary condensation of the
adsorbate in mesopores. Then, pore size distribution analysis
confirmed the presence of mesopores of ~60 nm.

Mesopore formation was attributed to crystalline defects
arising during the rapid MOF nucleation process. Then, the
E. coli@ZIF-8 composite underwent a carbonization process to
remove the bacterial matter. The TEM images showed that
calcinated samples, calc-E. coli@ZIF-8, retained the rod-like
morphology from the starting biocomposite. However, unlike
the E. coli@ZIF-8, the calc-E. coli@ZIF-8 exhibited reduced con-
trast in the inner region of rod-like structures. This observation
confirmed successful removal of the biological entity, leading to
a material with high graphitic carbon content. The gas sorption
isotherm and the pore size distribution analysis indicated that
calc-E. coli@ZIF-8 material retains the mesoporosity, confirming
the formation of hierarchical porous carbon (HPC). Finally, the
authors compared the electrochemical properties of the calc-
E. coli@ZIF-8 sample against the calc-ZIF-8. The cyclic voltam-
metry analysis indicated that calc-E. coli@ZIF-8 presented super-
ior electrochemical capacity compared to calc-ZIF-8. Overall, this
study demonstrated the potential of cells as templating agents
for the preparation of hierarchical porous carbons for energy
storage.

Recently, Teng and colleagues used the E. coli@ZIF-8 system
for the fabrication of a biological nanoreactor.'®" They achieved
this by expressing alcohol dehydrogenase (ADH) and glucose
dehydrogenase (GDH) within E. coli and then coating the cells
with ZIF-8. The ADH&GDH multi-enzyme cascade catalytic
system demonstrated high efficiency in asymmetrically redu-
cing ketones to produce chiral alcohols with high enantio-
selectivities (<99%). The researchers also investigated the
recyclability of the E. coli@ZIF-8 system. They found that
although catalytic reactivity decreased gradually, possibly due
to hydrolysis of the ZIF-8 shell under acidic conditions, the
system still retained 80% after four cycles. Similarly, Wang and
co-workers reported the encapsulation of two bacterial strains
(E. coli/pET28a-world and E. coli/pET28a-ladd2) within an amor-
phous ZIF-90 shell for the catalytic synthesis of p-phenylacetic
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acid from 1-phenylalanine through a two-step cascade reaction."*®
Using E. coli@ZIF-90 as a bioreactor for p-PLA production resulted
in a yield of 9.00 g L' with a conversion rate of 89.4%. After
7 cycles, the immobilized material retained 43.8% of its relative
activity. After 9 days of storage at 4 °C, the activity of immobilized
cells remained above 75%. In contrast, free cells became almost
inactive under the same conditions. This demonstrates the suc-
cessful catalytic conversion of r-phenylalanine to p-PLA without
the need for coenzymes or intermediate substances. Furthermore,
compared with free cells, the immobilized cells exhibited good
stability toward high temperatures, acidity, alkalinity, organic
reagents, and metal ions. This work showed that the immobilized
cell method has great potential as an industrial production tool
for cost-effective p-PLA production.

Biosensing

The fabrication of cell@MOF composites obtained from inacti-
vated microorganisms has been recently studied for biosensing
applications. As an example, Xiang and co-workers reported the
use of microorganism@UiO-66-NH, as a diagnostic probe for
the detection of colorectal cancer.'®* Specifically, three differ-
ent microorganisms were used for the cell@shell preparation,
including (i) S. cerevisiae, (ii) E. coli (DH5a), and (iii) Synecho-
cystis sp. PCC 6803 (PCC 6803). These microorganisms were
inactivated using formaldehyde treatment before the MOF
coating. Then, the dormant cells were suspended in a solution
of the MOF precursors (Zr(OnPr), and H,BDC-NH,) for 18 h.
The coated cells were collected by centrifugation and dried in
an oven at 60 °C for 12 h. The SEM images collected from the
three different cell @ MOF composites showed the presence of a
uniform abiotic coating. The structural characterization of this
artificial coating confirmed the formation of porous UiO-66-
NH,. The high surface area of this MOF resulted in advantages
for immobilizing biologically relevant molecules, as the Zr*" ions
located on the outer surface of the MOF shell acted as multiple
binding sites for protein immobilization. Following this
approach, the authors adsorbed streptavidin (SA) onto the outer
surface of the MOF shell. Then, the biotinylated-capture probes
were immobilized through the strong SA-biotin non-covalent
interaction. Using cytometry-based analysis technology, the func-
tionalized cell@MOF composites were used to detect three
different miRNA biomarkers (miRNA-21, miRNA-17, and
miRNA-182) for colorectal cancer. This study indicated that due
to the large amount of protein immobilization on cell@MOF
composites, miRNA detection sensitivity could be enhanced to
the picomolar range. The reported limit of detection (LOD) values
for miRNA-21, miRNA-182, and miRNA-17 biomarkers are 0.75,
0.30, and 0.25 pM, respectively.

Biocatalysis

Chen and co-workers developed protocols to co-immobilize
enzymes (i.e., inulinase and lipase) and cells (e.g, S. cerevisiae)
or bacteria (e.g., E. coli) into a series of parent COFs (ie.,
NKCOF-98, COF-42-B, and NKCOF-141) to produce cascade
biocatalysts with high efficiency, stability, and recyclability
(Fig. 7a and b).** The COFs investigated in this manuscript

Chem. Soc. Rev.

View Article Online

Chem Soc Rev

B Extracellularn environment

w & In-situ encapsulation | f ;

. Inulin

Enzyme g ¢ = S =
e o N y
Cell Enzyme&cell@COFs H
Intracellular environment
Amino monomer of COFs ~( Aldehyde monomer of COFs
@i# INU ;f.‘;% DAE Glucose (@ Fructose p-allulose
b) uin  ©)
Inulin
008, T
— " 2l
" & 20 b S o
! 2 O
o V—o—o—, 9
> =]
= 15-
1)
[y
o
£ 10
[
-
c
o
(&) 5
0 2 4 6 8 10 12 14
D-allulose Time (day)

Fig. 7 Pioneering example of the co-encapsulation of cells and enzymes
within COFs. Schematic diagram of the in situ assembly approach of
enzyme&cell@COFs and SEM micrograph of a representative example
(a). Schematic diagram of the continuous-flow reaction for the production
of p-allulose from inulin and E. coli/p-allulose 3-epimerase co-
encapsulated in NKCOF-141 (b). Time-dependent content p-allulose for
the continuous-flow reaction at room temperature (30 °C) and 0.1 mL
min~ (c). Adapted with permission from ref. 44 (licensed under CC BY 4.0,
https://creativecommons.org/licenses/by/4.0/).

are based on 1,3,5-triformylbenzene and derivatives of ter-
ephthalohydrazide that differ in the presence of hydrophilic
(NKCOF-98), hydrophobic (COF-42-B), or amphiphilic (NKCOF-
141) functionalization. The authors showed that coating with
NKCOF-98 did not result in effective surface coverage, coating
with COF-42-B was non-uniform, and only NKCOF-141 pro-
duced homogeneously coated cells. The authors hypothesized
that, since cell walls usually exhibit amphiphilic features, the
amphiphilic nature of the NKCOF-141 ligand facilitated the
homogenous growth of the COF on the cell surface. The authors
focused their attention on NKCOF-141 for further biocatalytic
tests. In particular, by integrating inulinase in E. coli cells
expressing p-allulose 3-epimerase coated with NKCOF-141, the
authors developed a flow reaction apparatus for the continuous
production of p-allulose. The performance of these innovative
biocatalysts (e.g., inulinase/E. coli@NKCOF-141: productivity of
p-allulose of 161.3 ¢ L™* day !, with >76% initial catalytic
efficiency retained after 2 weeks of continuous reaction)
showed that the co-immobilization of enzymes and cells into
COFs could lead to innovative and customizable platforms for
biocatalysis, favoring the development of enzyme-cell cascade
production of high value products.
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The cells@MOF composites have been recently investigated
to boost the performance of strictly anaerobic bacteria for
photocatalysis, in particular for artificial photosynthesis applica-
tions. One example is M. thermoacetica: this bacterium employs
solar energy and CO, as the only carbon source to produce
acetate, which is attractive for carbon remediation applications.
However, M. thermoacetica exhibits high susceptibility to O, and
reactive oxygen species (ROS), reducing its performance as a
photocatalytic agent.*"'®* To tackle this drawback, Yang, Yaghi,
and co-workers reported the use of a pre-synthesized Zr-based
MOF (ZrsO4(OH),(BTB),(OH)¢(H,0)s) to coat M. thermoacetica
cells and exploit the ROS-scavenging properties of the Zr-based
coating.”® The authors tested the performance of M. thermoace-
tica and M. thermoacetica@MOF in the photocatalytic conversion
of CO,. This study revealed that the bare cells could only fix CO,
within the first day of reaction since the accumulation of ROS
and O, by-products caused cellular damage. By contrast, the
M. thermoacetica@MOF system remained photo-catalytically
active for 2.5 days. Such results showcase the suitability of
cell@MOF composites to enhance the bioproduction of value-
added chemicals.

MOF-based coatings for cell-like
systems

In addition to investigating the encapsulation of living cells,
inspired by nature, researchers are engaged in developing
synthetic cell-like structures or systems to achieve analogous
biological functions in vitro. The capacity of cells to perform
chemical reactions with high efficiency and selectivity is attrib-
uted to the spatial organization of cell-restricted reaction media
and cellular components, which enables the attainment of high
local concentrations and spatially directed transport of cellular
components.'®* Consequently, the fabrication of micro/nanor-
eactors (MNRs) that emulate the internal configuration of cells
is a highly active area of biomimetic study (Fig. 8). Such
reactors can be regarded as highly functional material units
that can function as biosensors,"®> therapeutics,'®® and espe-
cially in biocatalysis'®’ either independently or in conjunction
with other material matrices. One of the most crucial elements
of the reactor is the shell, which can also be defined as the
exoskeleton. The outer coating plays a dual role in the reactor,
providing robust protection against external factors while reg-
ulating the transport of substances and molecules. This phe-
nomenon enables these reactors to perform specific biological
functions.

At the outset, liposomes based on phospholipid bilayer
membranes were the most prevalent type of coating used for
cell-like reactors.'®® This is because liposomes most closely
resemble the phospholipid bilayer structure of cell membranes
in nature, affording them the potential to exhibit states and
functions analogous to those observed in living cells. In addition
to liposomes, MNRs based on polymersomes,'*>**° colloido-
somes,'”® and proteinosomes'®' have also been developed.
Nevertheless, these classes of MNRs continue to exhibit
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shortcomings, including suboptimal membrane permeability,
limitations imposed by osmotic pressure, diminished mechan-
ical stability, and inadequate modulation of small molecules.
The advent of organic and hybrid framework materials presents
an additional avenue for engineering cell-like MNRs, distin-
guished by selective molecular diffusion and enhanced protec-
tion. As previously stated, MOF materials are notable for their
porousness, tunable synthesis, adaptable modification, and
extensive diversity, which collectively position them as compe-
titive tools in a multitude of fields. As with the encapsulation of
living cells, MOF shells of MNRs can provide effective enhance-
ment of stability, ensure space for molecular reactions, and
increase the functional versatility of the reactor (Fig. 8).'°>
Furthermore, the tunable organic and metal components of
the MOF provide a rich chemical microenvironment conducive
to reactor functionality."®?

Pickering emulsion-based coating strategy

A fundamental attribute of living cells is compartmentalization,
which safeguards the integrity of biological processes from
external influences. It follows that the majority of cell-like
MNRs also exhibit a well-defined compartmentalized structure.
To achieve this structural feature, these MNRs are typically
encapsulated using a Pickering emulsion-based strategy, which
can be described as the self-assembly of MOFs as shells around
emulsion droplets."** Enzymes with dimensions larger than the
MOF micropore can be encapsulated, and the dynamic environ-
ment facilitates the transport of biomolecules within the
compartment.'®” In addition, the Pickering emulsion strategy
permits the encapsulation of guest molecules with diverse
properties in oil-in-water (O/W) systems or water-in-oil (W/O)
systems."” For instance, in W/O systems, the construction of
hollow composite microspheres called MOF capsules (MOF-Cs)
is achieved through the self-assembly of hydrophobic MOF
nanoparticles at the water-oil interface.'®® The structural sta-
bility of the capsules is enhanced through the precipitation of
polymers. Xu et al. demonstrated that such MOF-Cs possess a
MOF layer regulating molecular migration, a hollow structure
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facilitating a confined reaction space, and an encapsulation
capability providing catalytically active sites.'®” Additionally,
these characteristics enable MOF-Cs to encapsulate incompa-
tible substances and facilitate mass diffusion for tandem
reactions.'®” Therefore, MOF-Cs can be considered analogous
to cells in that they can occupy different regions to compart-
mentalize enzymes or molecules that might otherwise interfere
with each other, yet still allow the free diffusion of external
molecules necessary for reactions.

Despite the exceptional functionality of some hydrophobic
molecules, such as organic dyes and organic catalysts, the
challenge of dispersing them in aqueous solutions due to their
hydrophobic nature can impede their practical applications.
Accordingly, researchers introduced hydrophobic molecules
(also known as guests) into the oil phase, subsequently forming
stable O/W emulsions through the self-assembly of UiO-66-NH,
NPs at the water—oil interface. The hydrophobic guests were
encapsulated within the MOF-Cs, followed by PMMA deposi-
tion.'?® The successful encapsulation of a hydrophobic dye, Nile
red, in MOF-Cs resulted in an improvement in energy transfer
and promoted size-selective catalysis.'*® Therefore, O/W systems
are relevant for the utilization of hydrophobic molecules.

Recently, researchers have aimed at expanding single-
chambered MOF-Cs into multi-compartmental MOF micro-
reactors, structures much closer to living cells that can catalyze
cascade reactions. Tian et al. prepared hierarchically multi-
compartmental MOF microreactors through a general Pickering
double emulsion-based interfacial synthesis method (Fig. 9a)."*”
The stabilized Pickering double emulsion (oil-in-water-in-oil
double emulsion, O/W/O) can be employed as a growth-
oriented template for the formation of a crystalline MOF struc-
ture in a large liquid-liquid interfacial region, thereby creating
dense MOF layers. The double emulsion system is influenced by
many forces, including van der Waals forces between droplet
surfaces, intrinsic migratory interactions of droplets generated
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Fig. 9 Schematic illustration of (a) the construction of multi-
compartmental MOF microreactors via Pickering double emulsions and
multi-interfacial growth (adapted with permission from ref. 197, licensed
under CC BY 4.0, https://creativecommons.org/licenses/by/4.0/) and (b)
and of the electrostatic interaction between MOF-MNRs and chemical
catalysts.
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by interfacial tension, and interactions between metal nodes
and organic linkers."*®'?° These forces collectively influence the
formation of the MOF shell. Accordingly, the interior micro-
structure of multi-compartmental MOF microreactors can be
modified by adjusting the volume fraction of O/W droplets.'®”
The results demonstrate that the Pickering double emulsion-
based synthesis method exhibits robust scalability,"®” which will
further accelerate rapid development and application of MOF-
based MNRs. The structure of MOF-encapsulated MNRs is
approaching a configuration that closely resembles the overall
structure of living cells. MOFs serve as both a potential outer
shell for the reactor and a pivotal element for internal partition-
ing, offering a broader range of possibilities for MOF-based cell-
like reactors and artificial cells.

Development in cascade catalysis

Cascade catalysis is a pervasive phenomenon in natural sys-
tems, whereby multiple enzymes are confined within subcellu-
lar compartments. An efficient and highly selective series of
catalytic reactions within cells are crucial for maintaining
normal metabolic processes and overall organismal function-
ing. In addition to the requisite reactants and catalysts, the
spatial environment in which these biocatalytic reactions occur
is particularly important. To be more precise, a confined space
can effectively isolate and compartmentalize incompatible sub-
stances, while the cascade reactions that take place therein can
enhance effective communication between catalysts by facil-
itating the diffusion of intermediates.**® In light of this natural
phenomenon, MOF-Cs have been employed to serve as cell-like
structures, encapsulating enzymes within the capsule. The
outer MOF shell assumes a cell membrane-like function, pro-
viding protection and size-selectivity, thus ensuring that the
specific substrate enters the capsule to undergo the reaction.
The capacity for protection and size selection is attributable to
the hierarchical pore structure of MOF-Cs, which is achieved
through the self-assembly of MOF nanoparticles (MOF NPs)."®”
In particular, the intrinsic microporous structure of MOF NPs
regulates molecular transport, while the hollow structure inside
the capsule allows for the loading of different enzymes. For
example, Xu et al. synthesized MOF-Cs in W/O emulsions
comprising UiO-66-NH, NPs as components, encapsulating
GOx within them (GOX@MOF-Cs). Their findings demonstrated
that GOX@MOF-Cs exhibited efficient glucose oxidation without
being affected by proteases in the external environment.'®”
Consequently, MOF-Cs exhibit the ability to transport, encapsu-
late, and compartmentalize.

Biocascade reactions in one-pot. It would be interesting to
investigate whether MOF-Cs encapsulating different species
could achieve similar subcellular or intercellular molecular
transport, thus enabling cascade reactions. Therefore, in addi-
tion to GOx, Xu et al. encapsulated a protease in another batch of
MOF-Cs. The two enzymes are not compatible with one another,
but the protection afforded by the MOF shell allows them to
coexist in the same system. Experimental results demonstrate
that they are capable of glucose production and oxidation in a
tandem reaction.'®” In other words, MOF-Cs enable intermediate
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transfer, allowing glucose produced by protease catalysis to
reach GOx. This effectively transforms the opposing enzyme into
an ally, establishing a connection between the two.

Chem-biocascade reactions in one-pot. MOF MNRs are not
only capable of performing biological cascade reactions; they
are abiotic reactors, thereby broadening the range of catalytic
reactions that can be catalyzed by cell-mimetic reactors, e.g.,
enabling chem-biocascade reactions. Chemical catalysts are
subject to much more rigorous reaction conditions than
enzymes, which are vulnerable to damage and can only func-
tion under relatively mild conditions. It is evident that bioca-
talysts and chemical catalysts typically operate in disparate
environments, rendering it challenging to integrate both types
of catalysts into a unified reaction system for cascade
reactions.””! In light of the distinctive attributes of MOF-Cs,
researchers successfully established a connection between cat-
alysts from disparate domains. Zhang et al. synthesized MOF-
Cs in Pickering W/O emulsions with internally encapsulated
alcohol dehydrogenase (AlcDH) and a Pt chemocatalyst dis-
persed in the external environment of the capsule. The linkage
between the Pt chemocatalyst and AlcDH was established
through the mediation of the redox reaction between NAD'
and NADH, and the results showed that the Pt-catalyzed deple-
tion of formate enabled AlcDH to convert pyruvic acid to lactic
acid in one-pot (Fig. 9b).>**> The compartmentalization effect of
MOF-Cs effectively separates chemical and biological catalysts
from one another and from the surrounding environment.
Concurrently, the MOF shell exhibited robust transport proper-
ties, as evidenced by the movement of NADH and NAD" within
it, facilitating the interconnection between the two catalytic
reactions.

Cascade reactions in a single MOF microreactor. The pre-
viously mentioned biological and chemical-biological cascade
reactions rely on synthesizing two MOF-Cs encapsulating differ-
ent species, placed in one-pot for the reaction to occur. However,
the researchers extended this approach by encapsulating the
different catalytic components into a multi-compartmentalized
MOF-Cs microreactor. As mentioned in the section on coating
strategies, hierarchically multi-compartmental MOF-Cs struc-
tures can be synthesized using the O/W/O Pickering double
emulsions-directed interfacial encapsulation method.'®” The
multi-compartmental structure of the MOF microreactor is
analogous to the subcellular structure observed in cells. Each
inner O/W capsule serves as a distinct compartment for the
molecules, while the corridor-like sections outside the compart-
ments facilitate the dispersion of molecules that are incompa-
tible with the inner droplet. Additionally, the intermediates of
the reaction are transported in and out of the compartments
through the pores of MOFs, enabling the completion of the
cascade reaction. To illustrate, the researchers validated that
multi-compartmental MOF microreactors exhibit excellent
encapsulation efficiency and size selectivity. They proceeded to
encapsulate two different chemo-biocascade catalysts, the well-
known Grubbs’ catalyst/CALB lipase and GOx/Fe-porphyrin, in
the internal oil-phase compartments and aqueous-phase com-
partments of the microreactor."®” The success of the two cascade
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reactions verified that multi-compartmental MOF-Cs have good
applicability in cascade reactions. In the future, such cascade
reactions are likely to find application in microreactors for
complex cascade biocatalytic processes.

Future opportunities and challenges

Research on living cells encapsulated in MOF, COF, and HOF
exoskeletons has made considerable progress, but several key
challenges and questions remain unaddressed. As the field of
emerging porous materials is more advanced for MOFs, we will
predominantly refer to this class. Below, we highlight several
promising directions, ranging from advanced therapeutics to
synthetic biology, while also highlighting roadblocks that must
be overcome to enable wide-scale translation.

Biomedical applications

Next-generation immunotherapy and synergistic combi-
nation strategies

Immunotherapy. Cancer immunotherapy has emerged as a
powerful clinical treatment, utilizing specialized cells (e.g,
T-lymphocytes, NK cells, and dendritic cells) and bacterial-
mediated cancer therapy (BMCT) to target malignancies. While
BMCT harnesses the inherent tumor-targeting ability of specific
bacterial strains, clinical translation has been historically hin-
dered by risks of systemic toxicity, uncontrolled bacterial pro-
liferation, and insufficient drug loading. In this context, cell
encapsulation within porous frameworks (MOFs, COFs, and
HOFs) offers a transformative solution. Framework shells,
particularly zinc imidazolate frameworks (ZIFs), act as cloaking
devices that physically restrict pathogen-associated mole-
cular patterns (PAMPs, e.g. lipopolysaccharides) during trans-
port. This shielding delays immune recognition and reduces
off-target inflammation until the vehicle reaches the tumor
microenvironment.

Opportunities in synergistic delivery. The most significant
opportunity in this domain lies in the transition from simple
cell carriers to multifunctional combination therapies. Beyond
protecting the cargo, porous frameworks can serve as dual-
delivery systems, co-encapsulating small-molecule chemo-
therapeutics or immunomodulators alongside the cellular
payload.”®® These systems are designed to degrade in response
to tumor microenvironment specific stimuli (e.g., acidic pH and
high ATP concentrations),*®***'*° ensuring the simultaneous,
localized release of both the therapeutic agent and the biologi-
cal cargo. Furthermore, integrating genetically engineered bac-
teria capable of secreting anticancer proteins within these
confined frameworks represents a high-potential avenue for
increasing drug-loading capacity and advancing toward more
potent combination therapies.

Next-generation tissue engineering

Engineered cell interactions. In tissue engineering, control-
ling spatial organization and communication among cells is
crucial.>**° Porous framework exoskeletons can be designed
to promote or inhibit specific cell—cell interactions by selectively
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allowing growth factors, cytokines, or other signaling molecules
to diffuse through the framework material. Such coatings might
also help cells endure mechanical stresses or nutrient fluctua-
tions common in early tissue scaffolding stages.

Integration with biopolymer scaffolds. A major advance would
be the integration of encapsulated cells into larger 3D scaffolds,
where biocompatibility and structural stability must be main-
tained for long periods (e.g., weeks and months). Future work
on hybrid materials, combining organic polymers (e.g, collagen
and alginate) with MOF/COF/HOF, could yield composite scaf-
folds that simultaneously offer mechanical support and mole-
cular sieving. Success in this goal may offer new ways to
engineer tissues with higher viability and functionality, yet it
will require new characterization methods (e.g., in situ imaging
of shell integrity) and standardized viability assays in complex,
multi-component systems.

Translational barriers and safety considerations. Despite
their promise, ensuring the safety of cell@framework systems
in in vivo applications, ranging from tissue engineering to cancer
immunotherapy, remains a complex challenge. A primary con-
cern is the biocompatibility of MOF degradation products. While
metal ions and organic linkers (e.g, zinc ions and imidazole
derivatives) released during framework decomposition are often
considered non-toxic in low doses, their local accumulation could
induce cytotoxicity in non-target tissues or exacerbate inflamma-
tion. For example, in coating processes, it was observed that the
viability of cells can drop by using certain MOF coating
protocols.>"'*® Additionally, the administration of live bacteria,
even when attenuated or encapsulated, poses a persistent risk of
systemic infection or cytokine storm if the framework degrades
prematurely or if the bacterial load overwhelms the clearance
capacity of the reticuloendothelial system.

Concerns are also related to the antibiotic resistance of
bacteria-based therapeutics. ZIF-encapsulated bacteria often
exhibit improved tolerance to antibiotics”” and UV irradia-
tion."® As a result, the use of antibiotic-resistant plasmids—
which raise safety and regulatory issues—may be unnecessary,
and UV sterilization could be employed to enhance manufactur-
ing safety without compromising bacterial viability. In immu-
notherapy applications, this would simplify clinical translation
by lowering the risks of antibiotic resistance and facilitating
Good Manufacturing Practice (GMP) protocols.

Future directions. To bridge the gap between laboratory
success and clinical application, future research must balance
shell stability with precise degradability. Material design
should prioritize ligands with inherently low immunogenicity
and metal centers with established metabolic clearance path-
ways. Ultimately, the field must move beyond simple cytotoxi-
city assays toward rigorous in vivo assessment of long-term
immune activation, biodistribution, and toxicology to validate
these next-generation cell@ MOF/COF/HOF therapeutics.

Industrial biotechnology

Engineered porous framework coatings for selective separa-
tion. In biomanufacturing, downstream processing, specifically
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protein purification, often requires multiple, expensive steps.””” %
While current cell encapsulation strategies primarily focus on
cytoprotection, there is a significant underutilized opportunity to
engineer the framework shell as a selective, semi-permeable
membrane for integrated production and purification. By adjusting
the pore size and functionality of the encapsulating porous layer,
researchers can engineer selective binding sites for target proteins,
coenzymes, or other biomolecules. The majority of current research
utilizes microporous shells (e.g., ZIF-8, pore aperture ~3.4 A),
which effectively transport small nutrient molecules but restrict
the diffusion of macromolecular protein products. By transitioning
toward mesoporous frameworks (pore apertures >2 nm), engi-
neered framework shells can function as molecular sieves with a
defined molecular weight cut-off. This allows therapeutic proteins
to be secreted from the encapsulated cell while physically blocking
the influx of destructive exogenous proteases, thereby preserving
product integrity at the source. Furthermore, by functionalizing
pore walls with charged groups (e.g, amines or carboxylates),
researchers can implement electrostatic gating. This enables the
in situ fractionation of target molecules based on their isoelectric
point, potentially streamlining the purification workflow and
advancing the feasibility of continuous bioprocessing.

Engineered coatings for the use of enzymes within cells. Whole-
cell biocatalysis, where enzymes are expressed and function within
living cells rather than as free enzymes, offers advantages including
enhanced enzyme stability and efficient cofactor regeneration, as
exemplified in the synthesis of fine chemicals.”*® However, even in
this cellular context, enzymatic performance is often compromised
by rapid degradation, suboptimal reaction environments, and
uncontrolled substrate diffusion.”’’"* Engineered porous frame-
work coatings offer a promising approach to address these
challenges. By encapsulating enzymes within a tailored porous
framework shell, researchers can protect the enzyme from intra-
cellular proteases while creating a microenvironment that
enhances catalytic performance.>’® Adjusting the pore size and
surface functionality of the porous layer allows for selective sub-
strate entry and product exit, ensuring that only molecules of the
desired size or chemistry interact with the encapsulated enzyme.

Artificial cell coatings for whole-cell biosynthesis. Coating
living cells with artificial membranes enables enhanced control
over biocatalytic processes, offering benefits such as improved
cell and enzyme stability, selective permeability, and protection
from external stressors, as demonstrated in various whole-cell
biotransformations."** However, challenges remain in balan-
cing mass transport, maintaining catalytic efficiency, and ensur-
ing long-term stability. Artificial cell coatings based on advanced
composite materials, including polymeric layers, lipid bilayers,
and MOF/HOF/COF-based shells, could offer a tunable strategy
to optimize substrate diffusion, catalytic microenvironments,
and continuous separation/purification of substrates/products
while shielding cells from inhibitory conditions.

Porous shell design, scale-up, reproducibility, and
manufacturing standards

Design of the porous shell and its stability. The first require-
ment of the MOF shell is that it should have minimal
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interference with cell metabolic and apoptotic pathways to
maintain cells viable. For example, different cations in different
concentrations show different cytotoxicity effects;*** thus, the
selection of cations that can be better tolerated by living
organisms should be prioritized. An additional strategy to
reduce the cytotoxic effect of metal cations is to favor the rapid
self-assembly of the MOF shell. An alternative route to circum-
vent the issue is the design of fully organic network materials
(e.g., COFs and HOFs). Furthermore, stable-yet-permeable shell
formation under mild, aqueous/buffer conditions remains
complex. For example, the presence of certain anions (e.g,
phosphate) or nucleophile groups (e.g., COO ™) can lead to the
decomposition of certain MOFs (e.g., ZIFs)."*® An aspect often
overlooked in the framework design is the effect of chemical
functionalization on the ligands employed. Research into por-
ous framework materials aimed at developing shells compati-
ble with cell growth media will be critical for wide-scale
adoption in biotechnological processes.

Responsiveness of the porous shell to cellular stimuli.
Exciting opportunities can be found at the interface of synthetic
biology and porous framework cell-encapsulation. For example,
it was demonstrated that a functionalized MOF shell can be
decomposed under external stimuli to release specific proteins
that can modify the environment, enhancing biocompatibility."®
However, a substantial conceptual improvement could involve
pre-programmed cell biological pathways that, by sensing
changes in the cellular microenvironment, would enable the
cell to trigger modifications of the porous shell. For example, if
cells detect elevated ROS, a feedback loop might induce degra-
dation of the framework, releasing protective naturally pro-
duced (enzymes and vitamins) or artificial antioxidants.

Scaling-up barriers. A challenge in the field of artificial spore
fabrication involves establishing robust manufacturing pro-
cesses to ensure reproducibility and consistent material proper-
ties. The formation of the protective shell is a highly sensitive
process: it critically depends on factors such as frameworks’
precursor ratios and concentrations, cell type and density, reac-
tion time and temperature, pH, the specific medium used, and
the subsequent post-treatment (e.g., washes). Small deviations in
any of these parameters can alter shell thickness, homogeneity,
crystal phase, and the viability of the cells. In current batch-
synthesis methods, small deviations in any of these parameters
can lead to significant batch-to-batch variability, hindering reli-
able data comparison and product validation.

Advanced manufacturing technologies. To address these
inconsistencies, the field must move toward automated, con-
tinuous production methods. While control over particle size
and crystalline phase has been successfully demonstrated for
protein@ZIF systems using continuous-flow approaches,’” this
technology has yet to be developed for cell@MOF, COF, or HOF
systems. Implementing microfluidic or continuous-flow reac-
tors offers a promising pathway to achieve Gram-scale produc-
tion. These systems allow for the meticulous regulation of
precursor concentrations, temperature, pH, and mixing
dynamics, which is expected to yield reliable, uniform coatings
and high cell viability. Reproducible, large-scale coating of
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viable cells with finely tuned porous framework shells would
advance industrial applications of cell@MOF/COF/HOF.

Standardization and benchmarking. Technological upscal-
ing alone is insufficient without the establishment of rigorous
community standards. Future efforts should focus on develop-
ing standardized protocols where every step, beginning with
the preparation of framework precursor solutions and extend-
ing to post-encapsulation washing or storage, is meticulously
detailed. Furthermore, the community should be encouraged to
systematically publish details of both successful and subopti-
mal experiments (e.g., those resulting in partial shells or lower
viability). Establishing such transparency will create robust
benchmarks, allowing researchers to validate new coating
strategies and compare datasets across different laboratories.
Ultimately, combining advanced continuous manufacturing
with standardized reporting is essential to accelerate the transi-
tion of cell@framework materials from proof-of-concept stu-
dies to high-throughput industrial applications.

Conclusions and outlook

In summary, the functional properties of MOF-, COF-, and HOF-
based coatings offer unprecedented opportunities for cell appli-
cations ranging from separation technology to medical treat-
ments. By engineering framework materials with controlled pore
size distribution, pore chemistry, stimulus-responsive behavior,
and the ability to host and co-deliver functional agents, research-
ers can design novel microbial therapies and engineered tissues.
Yet, significant scientific and regulatory hurdles remain, includ-
ing reproducibility challenges, robust assessment of viability,
finely tuned ‘“on-demand” degradability, large-scale process
optimization, and safety profiling. Through cross-disciplinary
collaborations among chemists, materials scientists, bioengi-
neers, and clinical researchers, these challenges could be
addressed, enabling cells coated with porous shells to overcome
current limitations of cell-based technologies in industrial bio-
catalysis and biomedicine.
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