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ABSTRACT: Nature has evolved adaptive strategies to protect living cells and enhance their
resilience against hostile environments, exemplified by bacterial and fungal spores. Inspired by
cryptobiosis in nature, chemists have designed and synthesized artificial “cell-in-shell” structures,
endowed with the protective and functional capabilities of nanoshells. The cell-in-shells hold the
potential to overcome the inherent limitations of biologically naive cells, enabling the acquisition of
exogenous phenotypic traits through the chemical process known as single-cell nanoencapsulation
(SCNE). This review highlights recent advancements in the development of artificial spores, with
sections organized based on the categorization of material types utilized in SCNE, specifically
organic, hybrid, and inorganic types. Particular emphasis is placed on the cytoprotective and single-Cell Nanoencapsulation (SCNE)
multifunctional roles of nanoshells, demonstrating potential applications of SCNEd cells across

diverse fields, including synthetic biology, biochemistry, materials science, and biomedical engineering. Furthermore, the
perspectives outlined in this review propose future research directions in SCNE, with the goal of achieving fine-tuned precision in
chemical modulation at both intracellular and pericellular levels, paving the way for the design and construction of customized
artificial spores tailored to meet specific functional needs.
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« Proteins and Polysaccharides
- Nucleic Acids, Lipids, and Liposomes

Single-Cell Nanoencapsulation
(SCNE)
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Figure 1. Classification of materials used in single-cell nanoencapsulation (SCNE) for artificial spore formation. The materials are divided into three
main categories: organic, hybrid organic—inorganic, and inorganic. Organic materials include melanin-like species, proteins, polysaccharides, nucleic
acids, lipids, liposomes, synthetic polymers, hydrogen-bonded organic frameworks, covalent organic frameworks, and graphene oxides. Hybrid
materials comprise metal—organic frameworks and metal—organic complexes, and inorganic materials encompass SiO,, TiO,, CaP, CaCOj;, and

MnO,.

cross-linked melanin shell, utilizing 1-3,4-dihydroxyphenylala-
nine (L-DOPA) from the brain as an exogenous precursor.’”*
This cell-in-shell structure in C. neoformans enhances virulence
and resilience against various factors, including UV and y
radiation, enzymatic degradation, and antimicrobial agents.
Beyond single-celled organisms, tardigrades (commonly known
as water bears) can enter an anhydrobiotic state under
dehydrated conditions, contracting into a structure resembling
a small tun with extruded wax.” In the depths of the ocean, the
amphipod Hirondellea gigas adapts to high pressure by forming a
shell of aluminum hydroxide gel,lo exemplifying another
remarkable adaptation of organisms in extreme environments.

Inspired by the nature’s cryptobiosis strategies, chemists,
materials scientists, and synthetic biologists have developed a
research domain focused on the chemical synthesis of ultrathin
(<100 nm), robust artificial shells on the surfaces of nonspore-
forming microbial and mammalian cells."'™"” This pioneering
effort in single-cell nanoencapsulation (SCNE) has aims
primarily to enhance the protection of cells (aka, cytoprotec-
tion) in both in vitro and in vivo environments, drawing
inspiration from the remarkable resilience observed in bacterial
endospores.'*™*° The resulting cell-in-nanoshell structures,
termed artificial spores, emulate the pivotal characteristics of
bacterial endospores, including suppressed cell division and
heightened tolerance to environmental stressors.”' ~** The cell-
in-shell nanobiohybrid structures are also referred to as
micrometric “Iron Men”, with particular emphasis on chemical
sporulation and germination, achievable in a cytocompatible
manner.”* Over the past decade, numerous cytocompatible
materials and protocols have been proposed to form artificial
spores,”* demonstrating various potential applications of SCNE,
including cell therapy,”®™*° probiotics,”’ ~** cell factories,*
microbial fuel cells and renewable energies,36’37 biocontrol
agents and fertilizers,””” and even cell robotics.*”*'

In this review, we highlight the materials used to synthesize
artificial shells around individual living cells, emphasizing the
unique features of cell-in-shell hybrids encased in specific
materials, as well as their cytoprotective properties. To date, the
concept of chemically synthesized, artificial nanoshells in SCNE
has evolved, expanding their roles into active communications
with cells and pericellular milieux, with great potential as the
extrinsic regulators of cellular activities and behaviors.*”** In
other words, the careful selection and design of the materials for
SCNE enable the synthetic shells to not only protect the

nanoencapsulated cells but also endow them with capabilities for
exogenous reactions or functionalities that are not biochemically
inherent to the wild-type, naive cells."”**** The construction of
the artificial shells that dynamically interact with cellular
metabolisms has opened new avenues for fundamental research,
including studies on the origin of life, as well as applications for
adaptive cell-survival in unfavorable environments.

Numerous artificial shells with remarkable material-derived
functionalities have so far been designed and synthesized for the
construction of cell-in-nanoshell structures. In line with the
achievements in this direction, this review presents the
chronological progress of SCNE, where possible, with a focus
on material types, and discusses the current state and future
perspectives. The materials used in SCNE are broadly classified
into organic, hybrid, and inorganic types (Figure 1). Organic
materials are further subdivided into bioorganic molecules and
species, synthetic polymers, organic frameworks, and graphene
oxides, while hybrid organic—inorganic materials primarily
include metal—organic frameworks and complexes. For quick
reference, Table 1 presents a summary of reported SCNE studies
to date, with particular emphasis on the material types used and
their respective features. Several comprehensive reviews on
SCNE, with different categorizations of material types, synthetic
protocols, cell types, and other aspects, can be found in the
literatures, offering complementary insights into the
field."'~>* Throughout this review, a cell encapsulated with
a material in SCNE is denoted as cell@material, without a space
in the nomenclature. For example, S.cerevisice@melanin or
Saccharomyces_cerevisiae@melanin refers to Saccharomyces
cerevisiae, which is SCNEd with melanin.

2. ORGANIC TYPE

Organic materials have extensively been used in SCNE because
of the structural and functional diversity, as well as high
accessibility. section 2.1 covers bioorganic molecules and
species, including melanin-like species, proteins (and synthetic
peptides), polysaccharides, nucleic acids, and lipids, while
section 2.2 focuses on synthetic polymers. sections 2.3 and 2.4
are dedicated to organic frameworks, such as hydrogen-bonded
and covalent organic frameworks, and graphene oxides,
respectively.

2.1. Bioorganic Molecules and Species

2.1.1. Melanin-Like Species (MLS). Melanin, a group of
highly irregular heteropolymers, is ubiquitously found in nature
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Cells: Saccharomyces cerevisiae, Escherichia coli Nissle 1917, E. coli BL21, Lactobacillus rhamnosus, Rhodotula glutinis,
Chlorella pyrenoidosa, Streptomyces xiamenensis, Shewanella oneidensis MR-1, Salmonella typhimurium VNP20009,
Hela, Jurkat, red blood cells, bone marrow-derived dendritic cells, and dendritic cell 2.4.
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Figure 2. Schematic overview of strategies for synthesizing MLS shells in SCNE. (a) (top) Representative monomers used in MLS synthesis and
(bottom) chemical strategies for constructing MLS shells, including (i) air oxidation, (ii) enzyme catalysis, (iii) presynthesis with subsequent
deposition, and (iv) cellular process-mediated formation. Examples illustrate each approach, and a list of cells encapsulated within MLS shells is
provided. (b) Formation of MLS via a GOx and HRP cascade reaction, demonstrating the conversion of ortho-diphenols in the creation of S.cerevisiae@

MLS.

and imparts a broad range of functionalities to living organisms,
including pigmentation, radical scavenging, and radiation
protection.”*** Melanin is classified into several categories
based on its monomer composition, with the biosynthetic
pathway of eumelanin being clearly defined by the Raper-Mason
pathway. Eumelanin is black or brown in color, and its
biosynthesis begins with the oxidation of L-tyrosine (L-Tyr) to
L-DOPA, which is then oxidized to DOPAquinone with the aid
of tyrosinase. Following this step, intramolecular cyclization,
facilitated by the nucleophilic addition of amine groups to
quinone moieties in DOPAquinone, results in the formation of
DOPAchrome. Its conversion leads to the formation of $,6-
dihydroxyindole (DHI) or $,6-dihydroxyindole-2-carboxylic
acid (DHICA), which, after oxidation and polymerization, are
recognized as two representative building units of eumelanin.
Inspired by melanin and its natural synthesis process,
melanogenesis, chemical efforts to mimic melanin and
synthesize melanin-like species (MLS) in vitro have been
undertaken to form cell-in-shell nanobiohybrids, with diverse
potential functionalities, including cytoprotection, similar to the
protective melanin shell found in nature. For instance,
polydopamine (pDA), a synthetic mimic of an adhesive protein

found in mussels, displays structural and physicochemical
properties similar to eumelanin and has become as a
representative example of MLS in SCNE. Analogous to
eumelanin, DHI is widely accepted as a key building block of
pDA, derived from the oxidation of dopamine (DA), typically by
dissolved oxygen (O,) in a basic solution. While pDA has been
the most conventional form of MLS, monomers beyond DA,
such as Tyr, .-DOPA, DHICA, DHI, tyramine, epinephrine, and
norepinephrine, have also been used for MLS synthesis. The
unique properties of MLS, including universal adhesiveness and
both in situ and postfunctionalizability, have broadened its range
of applications in SCNE since the initial report.”’

This section begins with the historical development of MLS
nanoshells in terms of materials and synthetic protocols (Figure
2a), followed by the examples of their properties and
applications.

A report in 2011 demonstrated the synthesis of S.cerevisiae@
pDA by simply incubating S. cerevisiae in a TRIS buffer solution
(pH 8.5) containing DA (Figure 2a,i).49 Uniform pDA
nanoshells were firmly formed on the cell wall, retarding cell
growth and prolonging the lag phase, while also protecting the
cells from digestion by lyticase. Subsequently, the pDA-shell-
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Figure 3. Representative applications of cell-in-MLS shell nanobiohybrids. (a) (left) Yields of (S)-1-phenylethanol produced by naive cells and

R glutinis@pDA, and (right) yields of (S)-1-phenylethanol upon recycling, showing increased productivity and reusability after SCNE. Reproduced

with permission from ref 60. Copyright 2017 Royal Society of Chemistry. (b) (left) Inhibition of tumor growth and (right) enhanced survival rates of
tumor-bearing mice after injection of SV@pDA, combined with photothermal treatment. Reproduced with permission from ref 63. Copyright 2018
American Chemical Society. (¢) Quantification of H, and O, produced by naive C. pyrenoidosa and C.pyrenoidosa@pDA/laccase, demonstrating the
metabolic shift from O, photosynthesis to H, production in C.pyrenoidosa@pDA/laccase. Reproduced with permission from ref 44. Copyright 2019
Wiley-VCH. (d) IVIS images of GI tracts sampled 4 h after oral administration of naive EcN, EEN@pDA, and EEN@pDA/CHI to a murine model of
colitis, showing enhanced accumulation of EEN@pDA/CHI in the inflamed colon. Reproduced with permission from ref 27. Copyright 2021 Wiley-

VCH. (e) (left) Digital images of tumors 30 days after subcutaneous ino

culation of EcN, EcN@pDA, EcN@pDA/OVA (EcN@PO), and EEN@pDA/

a-PD-1/OVA (EcN@PPO) in CT26-OVA tumor-bearing mice. (right) Survival rates of CT26-OVA tumor-bearing mice after treatment, showing
prolonged survival after inoculation of EEN@PPO combined with NIR irradiation. Reproduced with permission from ref 29. Copyright 2022 Wiley-
VCH. (f) Suppressed tumor growth in CT26 tumor-bearing mice after inoculation with EEN@pDA/a-PD-1/S1. Reproduced with permission from ref

28. Copyright 2023 Wiley-VCH.

forming strategy has been applied to various cell types, including
red blood cells (RBCs) and other mammalian cells.’”*" For
example, pDA nanoshells on RBCs effectively masked the blood-
type antigens, and RBC@pDA exhibited comparable in vivo
survival profiles to naive RBCs in a murine model.”® This
demonstration suggests the potential for producing antigenically
shielded, universal RBCs for blood transfusion.
Norepinephrine (NE), with an additional hydroxyl (—OH)
group on DA, formed the MLS nanoshells that were thinner but
smoother than those produced by DA.’* In this work,
poly(ethylenimine) (PEI) was grafted onto the MLS ) shells
via the Michael addition, followed by bioinspired silicification
under mild conditions,”>>* resulting in the cytocompatible
construction of organic/inorganic double-layered shells. Pro-

teomic analysis indicated that S.cerevisiae@pNE/SiO,, which
survived under UV-C irradiation, upregulated the proteins
involved in protein folding (e.g, ECM10 and SSA1 from the
HSP70 family), demonstrating the biochemical flexibility of
S.cerevisiae@pNE/SiO, in responding to external stresses. As
another example, plant-derived pyrogallol (1,2,3-trihydroxyben-
zene, PG), which undergoes autoxidation under basic
conditions analogous to the oxidative polymerization of DA,
has been employed for the SCNE of various cells, such as S.
cerevisiae, RBCs, and human cervical carcinoma cells (HeLa
cells).>®

In addition to the autoxidation-based MLS shell formation,
enzyme-mediated strategies have been demonstrated, inspired
by the enzymatic cascade reactions involved in melanogenesis
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).°%*7 As a first approach, tyrosinase-instructed

(Figure 2a,ii
56

SCNE was performed on Jurkat cells with Tyr as the substrate.
The mild and neutral conditions of the enzymatic reaction
allowed Jurkat@pTyr to maintain viability up to 96.5%. In stark
contrast, the pDA approach caused detrimental cell death and
severe aggregation in Jurkat cells, which are more labile than
microbial cells when exposed to chemical treatment. A
combination of glucose oxidase (GOx) and horseradish
peroxidase (HRP) was also employed to form cell@MLS from
ortho-diphenols lacking amino (—NH,) groups, a process that
could not be achieved with tyrosinase (Figure 2b).”’

Presynthesized pDA nanoparticles (NPs) have also been used
for the construction of MLS shells (Figure 2a,iii).>>** Escherichia
coli Nissle 1917 (EcN), decorated with pDA NPs, showed
increased viability after exposure to simulated gastric fluid
(SGF) and cholic acid, and successfully colonized in the
gastrointestinal (GI) tract when administered to a murine model
of colitis. On the other hand, a recent report suggests that innate
cellular processes could mediate MLS shell formation,
reminiscent of the melanin coat of C. neoformans (Figure
2a,iv). Manganese ions (Mn>*), released by probiotic lactic acid
bacteria (LAB) strains, catalyze the oxidation of phenolic
compounds, such as DA, caffeic acid, and pyrocatechol, resulting
in the formation of MLS shells.”* LAB@pDA exhibited
enhanced tolerance to SGF and oxidative stress, higher
radical-scavenging activity, and improved adhesion to a model
of intestinal epithelial cells compared with naive LAB.

In addition to the cytoprotective capabilities of MLS shells in
the form of artificial spores, other properties of MLS have also
been explored for specific applications of cell@MLS in SCNE
(Figure 3). Furthermore, the properties of MLS shells have also
been enhanced through the incorporation of other functional
materials. The potential applications of functionalized bacte-
rium@pDA in bacterial therapeutics are discussed in detail in a
recent review.*

The redox-active catechol moieties in pDA enabled the pDA
nanoshell to function as a redox shuttle in several applica-
tions.”" "> Rhodotorula glutinis, widely employed as a whole-cell
biocatalyst for the production of chiral alcohols, exhibited a 5-
fold increase in productivity and an 8-fold increase in reusability
for the asymmetric reduction of acetophenone to (S)-1-
phenylethanol after SCNE with pDA, compared with naive
cells (Figure 3a).”" Furthermore, postfunctionalization of the
pDA shells with titanium dioxide (TiO,), SiO,, and iron oxide
NPs conferred high UV and thermal stability to the SCNEd cells
and enabled the facile separation during reactions, respectively.
The pDA shell on Streptomyces xiamenensis collected the
electrons near the outer-membrane c-type cytochromes and
enhanced direct electron transfer, while also adsorbing cell-
secreted flavin at the interface between S.xiamenensis@pDA and
the electrode, thereby simultaneously facilitating the mediated
electron transfer.”' Shewanella_oneidensis@pDA (or S.oneiden-
sis@pDA) was developed as a single-cell electron collector to
efficiently wire the electronic abiotic/biotic interfaces.”” The
pDA shell formed close contact with the cell’s outer membrane,
where transmembrane electron conduits are typically embed-
ded, leading to a 1.9-fold increase in current delivery with higher
maximum current and power output, compared with naive S.
oneidensis.

The photothermal effect of pDA shells has also been utilized
to apply cell@pDA in photothermal therapy.”*** For example,
Salmonella_ VNP20009@pDA (or SV@pDA) was used in the
photothermal treatment of tumor-bearing mice, with laser

irradiation significantly inhibiting tumor growth without
recurrence or metastasis during the 30-day experiment (Figure
3b).”’ The same research group combined the use of SV@pDA
with a local inoculation of a gel containing AUNP-12 for PD-1
blockade in the treatment of advanced melanoma.®*

In the functionalization of pDA-based nanoshells, a mixture of
DA and its lipid derivatives has been used to control the
hydrophobicity of cell surfaces for interfacial biocatalysis.*®
E.coli@pDA, prepared with DA and N-oleoyl DA, emulsified the
oil—water media, generating a substantial interfacial area for the
reaction, while being protected by the pDA shell against external
stresses, including UV exposure, heat, and organic solvents. The
SCNEd cells showed enhanced enzymatic activity in the
production of optically active a-hydroxy ketone from ethanol
and benzaldehyde. This interfacial system can also be expanded
to chemoenzymatic synthesis by loading metal catalysts, such as
palladium NPs, onto the pDA shell.

In general, multimodal motifs can be incorporated into cell@
pDA through the codeposition of functional entities with DA
and/or postconjugation after pDA shell formation, as previously
demonstrated in ref 49. The incorporated functional entities
have shown the potential to modulate metabolic Eathways in
cells" and augment their biological functions.”’~*’ As an
example of the postfunctionalization, laccase was immobilized
onto the pDA shell on Chlorella pyrenoidosa, and the oxidation of
tannic acid (TA) by C.pyrenoidosa@pDA/laccase facilitated the
consumption of O,, creating an isolated anaerobic environment
that shifted the metabolic activity from O, photosynthesis to H,
production (Figure 3c).** In a similar strategy, hyaluronic acid—
poly(propylene sulfide) NPs (HPNs) were conjugated onto
mucoadhesive pNE shells of EcN cells, imparting reactive
oxygen species (ROS)-scavenging properties.”” Following oral
administration to mice with colitis, EEN@pNE/HPN exhibited
enhanced survival and prolonged intestinal retention compared
with naive EcN, likely due to synergistic interactions between
the pNE shells and HPNs. These effects led to improved
prophylactic and therapeutic efficacy, along with increased gut
microbiota abundance and diversity. On the other hand, in the
codeposition approach, chitosan (CHI), a widely used excipient
for colon-specific drug delivery systems, was incorporated into
the pDA shell around individual EcN.”” EcN@pDA/CHI
exhibited a 15-fold higher survival rate after 3 h of exposure to
SGF and a 30-fold higher survival rate in the gut after oral
administration in a healthy mouse compared with naive EcN. In
vivo imaging system (IVIS) analysis of GI tracts from a murine
colitis model treated with naive EcN, EEN@pDA, and ECN@
pDA/CHI demonstrated increased accumulation of EcCN@
pDA/CHI in the inflamed colon, compared with the others
(Figure 3d). Both codeposition and postfunctionalization
approaches were combined to create tumor-resident living
immunotherapeutics by decorating ECN@pDA with a-PD-1
and ovalbumin (OVA) antigen; a-PD-1 antibody was
codeposited with DA, while the OVA antigen was covalently
attached to the pDA shell.”” The SCNEd EcN, combined with
NIR irradiation for photothermal therapy, markedly suppressed
tumor growth and prolonged the survival of mice in antigen-
overexpressing tumor models, specifically the CT26-OVA and
MC38-OVA colon tumor models (Figure 3e). Similarly, a-PD-1
antibody and SARS-CoV-2 spike 1 (S1) protein were
codeposited with DA, and the SCNEd EcN showed a substantial
increase in the production of anti-S1 immunoglobulin G (IgG)
titers, contributing to virus neutralization, as well as cytotoxic T
lymphocytes, suggesting the activation of both humoral and
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Figure 4. Schematic overview of strategies for forming protein-based nanoshells on individual living cells. (a) LbL self-assembly of oppositely charged
GELs, followed by cross-linking with a cysteine-terminated peptide (CGGPLGLAGGC). Treatment of MMP-7 induces enzymatic degradation of the
shells, leading to controlled cell release. (b) LbL shell formation from FN and GEL, aided by the collagen binding domain of FN. (c) Conformational
transition of SF from a soluble random coil to a f-sheet in the presence of potassium phosphate, resulting in SF shell formation. (d) (left) LbL shell
construction with ESMH and CM or TA via hydrogen bonding. (right) One-step assembly of the ESMH/CM complex on the cell surface for ESMH-

based shell formation.

cellular immune responses.”® Tumor growth was significantly
inhibited in canonical CT26 colon cancer models and B16
melanoma models, highlighting the promising potential of
SCNE in cancer treatment and prevention (Figure 3f).

2.1.2. Proteins. Most nanoshells made from natural
polymers, such as proteins, polysaccharides, and nucleic acids,
have been assembled around cell surfaces by the well-established
layer-by-layer (LbL) technique, since the pioneering work of
Lvov and others on LbL-based SCNE.®*®” LbL nanoshells can
be engineered to provide cytoprotection and specific function-
ality, but they are generally not robust enough to form durable
artificial spores.''

This section is organized based on the natural proteins used in
SCNE to date, such as gelatin, fibronectin, silk fibroin, and
eggshell membrane hydrolysate (ESMH). Numerous compre-
hensive reviews on LbL techniques in cell—material interactions
are available for general reference.”*”"?

Gelatin (GEL). GEL-based nanoshells have served as a
versatile platform for postfunctionalization to achieve both
cytoprotection and on-demand degradation, which are
fundamental shell properties required for artificial spores.”' >’

The LbL shells of oppositely charged GELs were constructed
around mammalian cells, such as HeLa or mouse insulinoma
cells (MIN-6), followed by postfunctionalization utilizing the
abundant —NH, and carboxyl (—COOH) groups in GEL. The
postfunctionalization protocols include the coupling of GEL—
PEG—thiol/PEG—maleimide (PEG: poly(ethylene glycol))”
and GEL—PEG-—maleimide/cysteine-terminated peptide
(CGGPLGLAGGC),”® as well as transglutaminase-catalyzed
cross-linking.”® In a study, the LbL process ended with GEL—
PEG—thiol, and PEG—maleimide was coupled to the outermost
layer via the Michael addition, leading to high cell viability,
extended persistence period, and enhanced resistance against
external physicochemical stresses.”* Glutathione (GSH)-medi-
ated, controlled shell degradation was also demonstrated in the
same study. In another report, the CGGPLGLAGGC peptide
was coupled to the GEL—PEG—maleimide LbL shells, and
controlled cell release was demonstrated through enzymolysis of
the shells by human matrix metalloproteinase-7 (MMP-7), an
enzyme overexpressed in various tumors, including those of the
breast, prostate, stomach, liver, pancreas, colorectal region, lung,

and esophagus (Figure 4a).”
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Figure §. Strategies for encapsulating cells in polysaccharide-based shells and their applications. (a) IVIS images of naive B. coagulans and B.coagulans@
CHI/ALG 1 h after oral administration, showing enhanced survival of encapsulated cells in the GI tract. Reproduced with permission from ref 95.

Copyright 2016 Wiley-VCH. (b) Enhanced thermal stability of L.pentosus@CHI/phytate compared with naive cells. Reproduced with permission
from ref 98. Copyright 2019 Elsevier. (c) (top) Confocal laser scanning microscopy (CLSM) images of S.cerevisiae@starch/ALG, before and after shell
degradation with a-amylase, using fluorescein-linked ALG (green) as a shell component for visualization. (bottom) Cell viability assessments after
shell formation and shell degradation with a-amylase. Green, live; red, dead. Reproduced with permission from ref 99. Copyright 2020 Royal Society of
Chemistry. (d) (top) Schematic illustration of cell-specific hydrogel shell formation via antigen-antibody interactions. (bottom) Fluorescent images
and merged phase-contrast image of a mixture of CD326-expressing HepG2 cells and nonexpressing 10T1/2 cells after sequential incubation in
IgCD326—HRP solution and a solution of ALG derivatives bearing phenolic hydroxyl groups and fluorescein moieties (ALG—{Ph) and H,O,. Red,
HepG2 cells stained with Cell Tracker Orange; green, ALG—{Ph. Reproduced with permission from ref 107. Copyright 2015 Elsevier. (e) (left)
Schematic illustration of hydrogel sheath formation on RBCs using the HRP—BAM.-based strategy. (right) Photoacoustic images of a mouse liver after
injection of DiR dye-labeled naive and SCNEd RBCs. Red, oxyhemoglobin; blue, deoxyhemoglobin; green, DiR dye. Reproduced with permission
from ref 108. Copyright 2020 American Association for the Advancement of Science.

Gelatin (GEL) and Fibronectin (FN). Protein-based SCNE of
mammalian cells has found applications in tissue engineering,
cell-fate alteration, drug delivery systems, and cell-cycle control,
in addition to cytoprotection.””** For example, some protein-
based shells have facilitated the formation of cell clusters,

spheroids, 3D tissues, and artificial organs due to their pivotal

roles in cell—cell interactions and the extracellular matrix
(ECM). Matsusaki and co-workers demonstrated the LbL shell
formation of FN and GEL on fibroblasts and constructed dense
3D tissue structures (Figure 4b).”” The protocol has been
applied to other mammalian cells, such as human umbilical vein
endothelial cells (HUVECs) and human hepatocellular
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carcinoma (HepG2) cells.”® The FN/GEL shells protected the
cells against extreme shear stress during 10,000 rpm
centrifugation and preserved cell growth during cell culture.”’
Furthermore, coculture of different SCNEd cells led to the
formation of complex cellular structures, including regenerative
tissues such as cardiomyocytes,’”®" skeletal muscle,”* and
pancreatic f-cell tissues.”” As an example, human cardiomyocyte
tissues, generated by coculturing FN/GEL-encapsulated human
induced pluripotent stem cells (hiPSCs) with FN/GEL-
encapsulated normal human cardiac fibroblasts and normal
human cardiac microvascular endothelial cells, developed a
blood capillary-like 3D network, which significantly increased
the viability of the resulting cardiomyocyte microtissues.*”*!
Pancreatic f-cell spheroids, based on the FN/GEL SCNE
strategy, secreted significantly higher amounts of insulin, with a
2- to 2.5-fold increase in the expression of insulin and glucose
transporter 2 genes, and immediately alleviated glycemia in
diabetic mice and significantly improved glucose sensitivity in in
vivo experiments, compared with naive-cell spheroids.**

Silk Fibroin (SF). SF has widely been used in tissue
engineering to develop cellular scaffolds, matrices, and artificial
tissues due to its biocompatibility, biodegradability, high
mechanical strength, and therapeutic effects. Notably, SF
exhibits low inflammatory reactions and immune responses in
vivo, making SF scaffolds and networks suitable materials for
tissue engineering and SCNE. In an early study, T'sukruk and co-
workers utilized the salting-out and crystallization of SF p-
sheets, involving the conformational transition from a soluble
random coil to a f-sheet in the presence of potassium phosphate,
for the SCNE of S. cerevisiae (Figure 4¢).5* Intriguingly, the SF
shells could undergo autonomous degradation via endocytosis,
restoring the cells with full functionality and leaving no visible
trace of the shell. Kaplan and co-workers used LbL assembly for
the SCNE of mammalian cells. They modified SF by
carboxylation and amination to synthesize anionic and cationic
SF, respectively, and formed the SF LbL shells on murine
fibroblasts and human mesenchymal stem cells (MSCs).** SE-
based SCNE has also been applied to probiotics, where EEN@
SF was demonstrated as a potential candidate for probiotic
therapy due to the protective and therapeutic features of SF
shells.”® The SF shells protected EcN from harmful aggressors,
such as pH, bile salts, and pepsins, as well as SGF and simulated
intestinal fluid (SIF). Both in vitro and in vivo experiments
showed the potent anti-inflammatory effect of EEN@SF in the
treatment of intestinal mucositis in murine models, attributed to
the anti-inflammatory properties of SF and the biotherapeutic
activities of the delivered EcN.

Eggshell Membrane Hydrolysate (ESMH). As an upcyclable
natural resource, ESMH has been widely exploited for anti-
inflammatory therapy and protective medicine due to its
bioactivities, such as antimicrobial and antioxidative effects.’”**
In the SCNE field, ESMH has been utilized to form nanoshells
around microbial cells, such as S. cerevisiae and L. acidophilus,
where hydrogen-bonding-based LbL assembly with TA* or
coffee melanoidins (CM),”® as well as one-step assembly of the
ESMH/CM complex,”’ were employed (Figure 4d). The
ESMH-based shells provided cytoprotection against various
factors, such as pH fluctuations, cationic PEI, and heavy metals.
Furthermore, the shells were postfunctionalizable via click
reactions, owing to the —NH, and —SH moieties in ESMH, and
also acted as a biosilicification mediator for the construction of
ESMH/SiO, double-layered shells.*’

Others. Short peptides have also been used in SCNE, though
their application remains relatively rare, typically serving as a
secondary role. For example, (RKK),D; (R, arginine; K, lysine;
D, aspartic acid) has been utilized as a catalytic template for the
formation of TiO, nanoshells after being grafted onto cell
surfaces.”””” In addition, R,C,R, (C, cysteine), electrostatically
adsorbed onto the surface of S. cerevisiae, has been shown to
catalyze the formation of SiO, nanoshells from tetraethyl
orthosilicate.”

2.1.3. Polysaccharides. Polysaccharides are abundant
polymeric carbohydrates, composed of long chains of
monosaccharide units bonded by glycosidic linkages. They
contain various functional groups, such as —COOH, —NH,, and
sulfate (—OSO;~), which render them either positively or
negatively charged under physiological conditions, thereby
facilitating efficient LbL assembly via electrostatic interactions.
Most of the work in this section highlights the cytoprotective
capabilities of nanoshells.

As cytocompatible and edible materials, polysaccharide-based
nanoshells have extensively been utilized to protect probiotic
cells in applications for probiotic delivery and therapy.
Probiotics, commonly used in nutritional and dietary products,
often undergo harsh industrial processes, such as elevated
temperature and repeated freeze—thaw processes, before
consumption. Microencapsulation has been used to immobilize
multiple probiotic cells in a microbead, but this approach has
drawbacks, including large size, low stability, and limited
permeability. SCNE offers a more versatile strategy that
maintains or controls cell viability, growth, proliferation, surface
recognition, and interactions with extracellular molecules and
other cells.”” In this regard, the SCNE strategy with
polysaccharides has achieved unprecedented results in cytopro-
tection against the harsh conditions of the GI tract. For example,
the multiple LbL bilayers of CHI and alginate (ALG)
significantly enhanced the tolerance of therapeutic Bacillus
coagulans against bile salts and acidic conditions in the GI tract
(Figure 5a).”> The same polysaccharide pair has also been
applied to Staphylococcus epidermidis.”

CHI was also paired with carboxymethyl cellulose (CEL) to
form more stable bilayers compared with CHI/ALG shells,
which are relatively unstable under acidic conditions. The pK, of
CEL shifted to below 4.5, inducing collective hydrogen-bonding
interactions even at low pH. The CHI/CEL shells (and CHI/
phytate shells) acted as impermeable protection barriers against
several proteases, such as pepsin and pancreatin in SGF and SIF,
reduced the viability loss of Lactobacillus acidophilus during the
freeze—thaw process,”’ and increased the survival rate of
Lactobacillus pentosus after thermal treatment during food
production (Figure 5b).”

Starch, composed of amylose and amylopectin, has also been
used for the construction of cell-in-shell structures after
functionalization with glycidyltrimethylammonium chloride.
The synthesized cationic starch was paired with ALG to form
a-amylase-degradable LbL shells around S. cerevisiae, which can
be degraded on demand by enzymatic cleavage (Figure 5¢).”
The enzyme-triggered degradation of starch-based shells loaded
with therapeutic drugs could be applied to drug delivery systems
targeting @-amylase-rich sites in the body, such as the mouth and
pancreas.

In studies related to this section, enzymes were utilized for the
construction of polysaccharide-based hydrogel shells, where
HRP or tyrosinase catalyzes the oxidative coupling of the
phenolic hydroxyl moieties grafted onto polysaccharide chains
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right) Graph showing alizarin-red stained areas after in vitro incubation of MSCs in osteogenesis induction medium for 3 and S weeks, indicating
upregulated osteogenic differentiation of the SCNEd cells. Reproduced with permission from ref 109. Copyright 2017 American Chemical Society. (b)
(top) Schematic illustration depicting the different responses of naive and SCNEd MSCs to shear stress. (bottom) Cell viability after exposure to
spinner culture under nonattachment conditions, showing the cytoprotective properties of PLL/RGD and PLL/HA shells. NF1, (PLL/RGD); shells;
NF2, (PLL/HA)/(PLL/RGD), shells; NF3, (PLL/HA); shells. Reproduced with permission from ref 113. Copyright 2017 American Chemical
Society. (c) (top) A scheme illustrating SCNE of NSCs within GEL/ALG shell containing IGF-1, with controlled release functionality. (bottom, left)
Fluorescence image of NSCs SCNEd with GEL/ALG shells loaded with IGF-1, labeled by anti-IGF-1 (green). (bottom, right) Release profiles of IGF-
1 from shells under different pH conditions. Reproduced with permission from ref 121. Copyright 2015 American Chemical Society. (d) (top)
Schematic illustration of mTG incorporation into the MSC membrane using PSA-based anchor molecules, catalyzing cross-linking of GEL to form
nanogel sheaths. PAAM: PSA anchor for cell membranes. PAAM—mTG was formed by linking PAAM and mTG in the presence of NHS. (bottom)
CLSM images of cell viability assays for naive MSCs and MSC@GEL cultured in serum- and sugar-free medium under hypoxic conditions. Cell
viability and apoptosis were evaluated using terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining (red). DAPI: 4’,6-
diamidino-2-phenylindole (blue). Reproduced with permission from ref 124. Copyright 2021 Wiley-VCH under CC BY 4.0.

in the presence of hydrogen peroxide (H,0,) or O,
respectively.' ' Sakai and co-workers demonstrated the
formation of hydrogel sheaths on various mammalian cells,
including mouse embryonic fibroblast cell line STO cells, human

hepatoma HepG2 cells, and human cervical cancer HeLa cells,

with phenolic hydroxyl-modified ALG, hyaluronic acid (HA),
and others.'” The hydrogel sheath formation process was
highly cytocompatible, and the ALG shells were degradable by
alginase. The protocol was further used to identify H,O,-

secreting cells through selective encapsulation.'’® In addition,
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cell-specific shell formation was also achieved through antigen-
antibody interactions. Only cells expressing target antigens were
identified by HRP-conjugated antibodies and selectively
encased in hydrogel sheaths (Figure 5d)."”” Furthermore,
Wang, Tang, and co-workers applied the HRP—biocompatible
anchor for cell membrane (BAM)-based strategy to form
nanothin hydrogel sheaths on Rhesus D (RhD)-positive RBCs
for the production of RhD-negative RBCs (Figure Se).'"® The
HRP-catalyzed cross-linking of polysialic acid (PSA)—tyramine
conjugates resulted in the construction of flexible 3D framework
structures on cell membranes, while preserving their fluidity.
The PSA shells completely shielded the RhD antigen, as
confirmed by blood transfusion tests performed in a mouse
model and immunostimulation with RhD-positive human RBCs
conducted in a rabbit model.

2.1.4. Combinations of Proteins (or Synthetic Pep-
tides) and Polysaccharides. The coutilization of proteins,
such as GEL, collagen (COL), and f-lactoglobulin (BLB), along
with polysaccharides, such as ALG and HA, has been employed
in SCNE to anticipate synergistic effects between the two
components. For instance, the durability of polysaccharides and
the specificity of protein—protein interactions are significantly
beneficial for harnessing the potential of therapeutic cells,
particularly stem cells and immune cells, which require careful
handling to preserve not only cell viability but also the ability to
differentiate or be activated through specific surface interactions.
This section addresses the various application potentials of the
combined SCNE approach, including the use of synthetic
(poly)peptides, such as arginine-glycine-aspartic acid (RGD)
and poly(L-lysine) (PLL), when needed. The focus is on key
nanoshell properties in artificial spores: cytoprotection,
permselectivity, and shell functionalizability.”' ~>*

The initial SCNE of protein—polysaccharide pairs has been
used in mammalian cells primarily to protect the cells from
external stresses. For example, stem cell therapy holds great
promise for treating various diseases, including nervous system
disorders. However, the outcomes of stem cell transplantation,
particularly through direct intravenous injection, have been
limited by the low survival rates of transplanted cells due to
apoptosis. In addition, the production processes can also be
damaging to fragile stem cells. In this context, the construction
of cytoprotective cell-in-shell structures would offer a powerful
solution, providing cytoprotection both in vitro and in vivo.

The COL/HA LbL shells on MSCs not only improved their
viability against anoikis under nonattached conditions, but also
promoted osteogenic differentiation (Figure 6a).'”” Similar
enhancement in osteogenic differentiation was also observed
with the COL/ALG pair, and systematic studies of various LbL
pairs suggested a correlation between the mechanical properties
of the nanoshells and the regulation of osteogenesis through
mechanotransduction pathways.''” The PLL/HA pair was also
used for the SCNE of various mammalian cells, including
immune cells, while maintaining their viability and immunoac-
tivities.! V112 Furthermore, the nanoshells of the PLL/RGD and
PLL/HA pairs provided significant cytoprotective effects on
MSCs in suspension, safeguarding them against extreme shear
stresses (Figure 6b).""* Mechanistic studies suggested that the
interactions between the RGD/HA components of the shells
and cell surface receptors triggered downstream survival signals,
such as the FAK-PI3K-Akt pathway, preventing the cells from
entering anoikis. Furthermore, GEL/HA nanoshells served as a
shield for transplanted cells, blocking interactions between
tumor necrosis factor-a (TNF-a) and TNF-receptor 1 (TNF-

R1), which initiate downstream signals for apoptosis.''* Rat
pheochromocytoma cells, SCNEd within the GEL/HA nano-
shells, showed a 60% blockade effect against TNF-a antagonists
compared with naive cells, presumably due to the permselec-
tivity of the shells—one of the essential shell properties required
for artificial spores.”' >

Cryopreservation is another promising example of cytopro-
tection in SCNE. For instance, 71% of S. cerevisiae SCNEd with
the BLB/ALG multilayers survived freezing at —80 °C.""® The
observed cryopreservation was attributed to the formation of
hydrogen bonds between the —NH, or —COOH groups of BLB
or ALG and water, which likely hindered the formation of large
ice crystals that could damage cellular structures. The BLB/ALG
nanoshells also protected the cells from repeated dehydration/
rehydration cycles, presumably by physically slowing the
kinetics of water transfer during the cycles, leading to high cell
survival.''® Immunocamouflage is also achievable through the
SCNE of protein—polysaccharide combinations, as demon-
strated in an early study on the construction of potential
universal RBCs based on the nanoshells of ALG and HA, pairing
with CHI-g-phosphorylcholine or PLL-g-PEG.""”"'* Although
not alive, whole dead cancer cells were encapsulated in dextran
sulfate (DexS)/poly(L-arginine) shells doped with mannitol for
the development of cancer vaccines.''” The doped mannitol
enhanced protease influx and degradation of the shells upon
uptake by dendritic cells (DCs), while also increasing the
recovery yield of the SCNEd cells, preventing the protein
denaturation, and generating porosity in the shells. Furthermore,
the nanoshells protected cell proteins from leaking into the
supernatant and enhanced antigen cross-presentation on DCs.
DexS/poly(L-arginine) shells doped with gold (Au) NPs were
also used to remotely influence the cells."” Upon exposure to an
NIR laser beam, the Au NPs generated localized heat-induced
rapid necrosis, accompanied by swelling of the cell morphology.

In therapeutic applications, drugloading into and release from
the nanoshells have been demonstrated with the GEL/ALG pair,
in addition to cytoprotection. Neural stem cells (NSCs) were
SCNEd within the shells containing insulin-like growth factor-1
(IGF-1), without significantly affecting cell viability, prolifer-
ation, and differentiation (Figure 6¢)."*' IGF-1 remarkably
enhanced the cell viability, and its controlled release allowed for
the manipulation of cell proliferation and differentiation in
neuronal cell culture. The GEL/ALG pair has also been applied
to hair follicle stem cells (HFSCs), where transforming growth
factor TGF-f2 was loaded into the shell. While CD34"HFSC@
GEL/ALG/TGF-p2 was activated, leading to the trans-
formation into highly proliferative LgrS*HFSCs and promoting
hair follicle regeneration, CD34"HFSC@GEL/ALG remained
in an undifferentiated state, demonstrating the potential of
SCNE in controlling cell fate.'** In addition, transplantation of
SCNEd cells has shown potential in various therapeutic
applications. In allogeneic hematopoietic stem cell trans-
plantation for the treatment of acute myeloid leukemia, the
transplantation of SCNEd T cells reduced graft-versus-host
disease, with GEL/ALG nanoshells acting as barriers to
minimize immune responses between donor T cells and
recipient antigen-presenting cells.'”’ SCNE with GEL nanogel
sheaths has also been applied to reduce cell death in MSC
transplantation. Microbial transglutaminase (mTG) was in-
corporated into the MSC membrane using PSA-based anchor
molecules, where mTG catalyzed the cross-linking of adjacent
GEL molecules, leading to the formation of nanogel sheaths
(Figure 6d)."** These nanogel sheaths reduced apoptosis by
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Figure 7. Strategies for constructing nucleic acid-based nanoshells and their properties. (a) (left) Schematic illustration of sDOP for SCNE. Rolling
cycling replication (R1) is initiated by primer—PEG—BAM (initiating primers, IP), producing longitude initial polymers (LonDNA, gray). Branched
replication (R2) is initiated by branching primers (BPs), synthesizing latitude DNA polymers (LatDNA, yellow). DNA cocoons are assembled on the
cell surface using LonDNA and LatDNA. (right) CLSM images of S. cerevisiae and MCF-7 SCNEd with DNA polymer cocoons, with cocoons labeled
with 6-carboxy-fluorescein-modified oligonucleotides (green) and cell nuclei stained with Hoechst 33342 (blue). Reproduced with permission from
ref 129. Copyright 2019 Springer Nature under CC BY 4.0. (b) (left) Schematic illustration of ALG—DNA shell degradation via complementary
oligonucleotides or enzyme treatment. Tpyy,*, combination of Ty, (complementary oligonucleotide) and alginase; DNase*, combination of DNase
and alginase. (right) CLSM images showing fluorescein signals before and after treatment with shell-degrading agents on fluorescein-labeled shells.
Inset scale bars: 5 yum. Reproduced with permission from ref 131. Copyright 2022 American Chemical Society.

blocking TNF-a and TNF receptor interactions, as well as
downstream signaling, under both hypoxic and normoxic
conditions. In tissue engineering applications, the COL/ALG
shells have also been used to enhance the mechanical durability
of cell sheets."” In another study, 3D spheroids of dermal
papilla cells (DPCs) were constructed with DPC@GEL/ALG
by cross-linking with Ca** ions.'*

2.1.5. Nucleic Acids. Compared with proteins and
polysaccharides, nucleic acids (DNA and RNA) are underex-
plored for SCNE, largely due to challenges in storage,
preservation, and handling. In addition to biocompatibility,
abundance, protein-binding ability, and other biofunctionalities,
DNA and RNA offer the unique advantage of precise,
programmable self-assembly through complementary base
pairing, as exemplified by DNA 0rigami.'27’128 Therefore,
nucleic acids have the potential in the creation of nanoshells
with specific, customizable functions. In SCNE, nucleic acids
have been utilized in both grafting-from'* and grafting-to
approaches.]30’]3l In the grafting-from (or surface-initiated
polymerization, SIP) approach, nucleic acids are synthesized
directly from the cell surfaces with primers. In the grafting-to
approach, the LbL method is typically used with positively
charged polymers.

Grafting-From Approaches. The method of in situ DNA-
oriented polymerization (isDOP) was developed for the
creation of DNA-based nanoshells (Figure 7a).'* In brief,
primer—PEG—BAM'*> or primer—diazirine was used to
introduce the primer onto the surfaces of mammalian and
microbial cells, respectively, allowing DNA chains to grow from
the cell surfaces in the DNA replication media, along with
simultaneous cross-linking via branching primers. These nano-
shells were referred to as DNA polymer cocoons. Furthermore,
three cleavage sites of three restriction endonucleases, EcoRI-
HF, HindIlI-HF, and PstI-HF, were encoded within the DNA
polymer cocoons of three different S. cerevisiae samples,

respectively. Analysis showed that the release of encoded cells
by endonucleases exhibited over 90% specificity, demonstrating
the potential of SCNE for cell encoding and postmanipulation.

Grafting-To Approaches. An early example is the nano-
encapsulation of E. coli HB101 within CHI/DNA shells via the
LbL approach.””® In another study, ALG—oligonucleotide
conjugates were assembled to the complementary oligonucleo-
tides predeposited to cell surfaces (Figure 7b)."”" The ALG—
DNA shells were degradable on demand through strand
displacement by other complementary oligonucleotides or by
enzyme degradation with DNase or alginase, which could be
applied to the control over cell—cell and cell-material
interactions.

2.1.6. Lipids and Liposomes. Lipids are ubiquitous in all
living organisms, making up a significant portion of cellular
membranes. Amphiphilic lipids, in particular, self-assemble into
various structures in water, such as micelles and vesicles, and can
interact with various biomolecules, such as proteins and other
lipids via noncovalent interactions. In this regard, lipids could act
as versatile, cytocompatible materials for SCNE, although
further research is needed to finely control and manipulate the
interplay between lipids and the cytospace.

Unlike liposome fusion with mammalian cells,"** the Ca**-
assisted self-assembly of dioleoylphosphatidic acid and choles-
terol on the EcN surfaces resulted in the formation of lipid
nanoshells (Figure 8a).'** In this process, Ca*" ions assisted the
self-assembly of lipids on the negatively charged cell surfaces,
while cholesterol provided additional stabilization for the lipid
shells. The lipid shells were cytoprotective. For instance, the
number of SCNEd EcN that survived 3 h of exposure to
ampicillin and apramycin was 50 times higher than that of naive
EcN. Cytoprotection was also observed against ethanol, extreme
pH levels (2 and 11), SIF with trypsin, and SGF with pepsin.
Furthermore, in vivo treatment of an ulcerative colitis mouse
with the SCNEd EcN significantly reduced inflammation,
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Figure 8. Schematic illustration of strategies for forming nanoshells from lipids and liposomes. (a) (top) Schematic of Ca**-assisted self-assembly of
lipid nanoshells on cell surfaces. (bottom) Cytokine levels in serum after treating a Salmonella typhimurium-induced mouse model of colitis with ECEN@
lipid. Reproduced with permission from ref 134. Copyright 2019 Springer Nature under CC BY 4.0. (b) (top) Schematic of RBC-membrane nanoshell
formation on cells via coextrusion. (bottom) Biodistribution of RBC-membrane nanoshell-encapsulated EcN and naive EcN 12 days postinjection in
tumor-bearing mice. Reproduced with permission from ref 135. Copyright 2019 Springer Nature under CC BY 4.0. (c) Schematic of enzymatic
reaction-driven redirection of cell chemotaxis in Jurkat@liposome[go,]. Reproduced with permission from ref 40. Copyright 2023 Wiley-VCH. (d)
Schematic of cells encapsulated within multilayers of functional liposomes, exorganelles. Reproduced with permission from ref 136. Copyright 2024

Wiley-VCH.

indicated by lower levels of cytokines such as interleukin-6 (IL-
6) and tumor necrosis factor-y compared with naive EcN,
attributed to the cytoprotective capability of the lipid shells that
increased the amount of living EcN delivered to the target sites.

The immunocamouflaging capability of nanoshells has also
been demonstrated with RBC membranes as shell materials
(Figure 8b)."** RBC membranes were chosen because
membrane-bound CD47, a self-marker, reduces immunogenic-
ity, leading to lower nonspecific adsorption, an antiphagocytic
effect, and prolonged blood circulation time; thus, this approach
would reduce the side effects of bacteria transplantation. The
RBC-membrane nanoshell was formed on EcN by coextruding
EcN with RBC membranes extracted from 6-to-8-week-old male
mice. The anti-CD47-antibody experiment showed a 10-fold
increase in CD47 intensity in the SCNEd EcN compared with
naive EcN, indicating that the SCNEd EcN carried extra CD47

of RBC membranes. Furthermore, the SCNEd EcN exhibited a
14-fold increase in blood circulation time, even 48 h after
treatment, a significant reduction in inflammatory cytokines, a
42-fold increase in accumulation at tumor sites, and minimal
accumulation in normal organs.

On the other hand, liposomes, rather than lipids themselves,
have been used to impart active, exogenous functions to
cells.*”"* For instance, the nanoshell of GOx-tethered lip-
osomes redirected the movement of Jurkat@liposomego, in a
D-glucose gradient through a GOx-catalyzed reaction of p-
glucose, causing fugetactic movement opposite to that of their
naive counterparts (Figure 8c).*’ This demonstration provides a
straightforward, efficient, and bioorthogonal tool to control the
chemotactic behavior of cells in response to varying clinical
environments. In addition, individual cells were encased with
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Figure 9. Schematic illustration of “grafting-to” and “grafting-from” synthetic strategies for cell-in-shell structures. In the “grafting-to” approach,
presynthesized polymers are deposited onto the cell surfaces. In the “grafting-from” approach, also known as surface-initiated polymerization (SIP),
polymers are synthesized directly from the polymerization initiators present on the cell surfaces. Representative monomers used for SIP: sodium
methacrylate, 2-(dimethylamino)ethyl methacrylate, 3-azido-2-hydroxypropyl methacrylate, PEGMA-Nj, methoxy-PEG-acrylamide, w-azido-PEG-
acrylamide, w-biotin-PEG-acrylamide, PEGMA, N-isopropylacrylamide, and PEGDA.

multilayers of functional liposomes, referred to as extracellular
artificial organelles (exorganelles) (Figure 8d)."*

2.2. Synthetic Polymers

Synthetic polymers have both advantages and limitations when
used in SCNE. They offer greater diversity in composition and
function, with the potential for customization in design. While
numerous studies have demonstrated their use in shell
formation, particularly via the LbL method, their application
to mammalian cells remain limited due to cytotoxicity
concerns.””"?’

LbL Approaches. Early related work involves the alternating
deposition of poly(allylamine hydrochloride) (PAH) and
poly(sodium 4-styrenesulfonate) (PSS) on S. cerevisiae, where
the cells remained viable after the formation of polyelectrolyte
multilayers (PEMs).””"**7'*! These early studies primarily
focused on the physicochemical properties of the PEMs, such as
permeability,”" rather than the cells themselves. However, MLS-
inspired cross-linking of the PEMs, composed of catechol-
grafted PEI and catechol-grafted HA, at pH 8.5 demonstrated
that the durability of LbL shells could be enhanced, enabling the
control of cell division as well as cytoprotection.'*” The thiol-
exchange reaction was also utilized for cross-linking the PEMs of
poly(2-(dimethylamino)ethyl methacrylate-co-2-(pyridyl
disulfide)ethyl methacrylate) (PDMAEM-co-PPDEM) and
poly(methacrylate-co-2-mercaptoethyl methacrylate) (PMA-
co-PMEM), and the cross-linked nanoshells were degraded in
response to GSH.'*

The properties of LbL shells were utilized for enhanced
cytoprotection and postmodification. UV-absorbing polymers,
such as PSS, poly(vinyl sulfate) (PVS), and humic acid (HMA),
were incorporated as anionic components in PEMs, and the
SCNEd R34(pGFPuv)_E. coli exhibited increased resistance to
UV-C irradiation, while maintaining GFPal expression rates and
maximum GFPal fluorescence.'** In addition, the outmost layer
in PEMs served as an initiation site for bioinspired
mineralization, enabling the nanoshell formation of SiO, (with
PDADMA in PDADMA/PSS PEMs)™'***¢ and calcium
phosphate (CaP; with PAA in PDADMA/PAA PEMs).'*'*
As a method for achieving the control over the thickness of SiO,
shells, a cycle of PDADMA deposition and bioinspired
silicification was also repeated.'*’ Furthermore, LbL. SCNE
approaches have incorporated a variety of organic and inorganic
materials into the PEM shells, such as graphene oxide

(GO),"””"*" multiwalled carbon nanotubes (MWCNTs),"*
magnetic NPs (MNPs),ls‘g_159 Au NPs,mO’161 Ag NPs,léo’lél
indium phosphide NPs,'> and hydroxylated boron nitride
nanotubes.'®*

Considering the potential toxicity of cationic polymers in
electrostatic-based LbL construction,lﬂ_168 Tsukruk and co-
workers proposed a hydrogen-bonding-based approach for
SCNE, where the nanoshells of TA and poly(N-vinyl-
pyrrolidone) (PVPON) were constructed on S. cerevisiae with
no noticeable decrease in viability.'” A pH-responsive LbL
nanoshell was also developed based on hydrogen bonding.'”’
The LbL shells, made from PVPON and poly(methacrylic acid-
co-amine) (PMAA-co-NH,), were cross-linked with 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC). The resulting
nanoshells showed a remarkable capacity for reversible swelling/
deswelling within a narrow pH range (pH 5.0—6.0), enabling the
controlled cell growth. The hydro%en—bonding approach was
also applied to pancreatic islet cells."”"

Grafting-From Approaches. In surface-initiated polymer-
ization (SIP), polymerization initiators, including chain transfer
agents (CTAs), should be present on the cell surfaces prior to
the initiation of SIP (Figure 9). In an early study, an initiator
moiety for activator regenerated by electron transfer, atom
transfer radical polymerization (ARGET-ATRP) was intro-
duced to the surfaces of S. cerevisiae based on the pDA method,
described in section 2.1.1."7> A mixture of DA and a DA
derivative bearing 2-bromoisobutyryl group, the initiator
moiety, was used for the formation of pDA nanoshells.
Compared with the direct conjugation of 2-bromoisobutanoic
acid N-hydroxysuccinimide ester (BIB—NHS) to the cell
surfaces, the pDA-mediated method resulted in a 2.4-fold
increase in viability after SI-ARGET-ATRP with biocompatible
sodium methacrylate as a monomer, demonstrating the
protective ability of the pDA shell from radical species and the
successful formation of polymer shells. Other monomers, such
as 2-(dimethylamino)ethyl methacrylate, 3-azido-2-hydroxy-
propyl methacrylate, and azide-bearing PEG methacrylate
(PEGMA-N;), were also employed in the SI-ARGET-ATRP.
The dense polymer shells physically prevented the agglutination
of S. cerevisiae with E. coli. On the other hand, photoinduced
electron transfer-reversible addition—fragmentation chain-
transfer polymerization (PET-RAFT) was also employed for
SIP from cell surfaces after CTA conjugation to S. cerevisiae or
Jurkat cells.'” In SI-PET-RAFT, PEG-based acrylamides were
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Figure 10. Strategies for constructing cells SCNEd in shells comprised of synthetic polymers, and properties of the SCNEd cells. (a) (left) Schematic
of the procedure for constructing a cross-linked polymeric shell on mammalian cells through acryloylation of the cell membrane, followed by in situ
polymerization. (right) CLSM images of naive and SCNEd HeLa cells after immunoreaction. Green, FITC—anti-CD44; blue, DAPL Reproduced with
permission from ref 175. Copyright 2016 Royal Society of Chemistry. (b) Schematic illustration of constructing yolk-shell-type cell-in-shell structures
via subsequent construction of CaCOj; and pPEGDA shells, followed by removal of the CaCOj layer. Cell: S. cerevisiae. Reproduced with permission
from ref 180. Copyright 2023 American Chemical Society. (c) Cell viabilities of naive and SCNEd bacteria after exposure to harsh conditions.
Reproduced with permission from ref 182. Copyright 2023 Wiley-VCH under CC BY 4.0. (d) (left) Schematic of the procedure for forming
S.oneidensis@PPy on a carbon cloth anode. (right) Polarization and power density curves for MFCs with anodes of naive bacteria films and
S.oneidensis@PPy films. Reproduced with permission from ref 36. Copyright 2017 Wiley-VCH. (e) Tracking trajectories of S.cerevisiae@TiO,/PPy
during UV irradiation, showing collective behaviors of S.cerevisiae@TiO,/PPy. Reproduced with permission from ref 184. Copyright 2023 American

Chemical Society.

employed with eosin Y as a catalyst. In a recent study, HRP was
copresented with BIB or CTA moiety on the surface of S.
cerevisiae, and the performances of bio-ATRP and bio-RAFT
were compared in the formation of PEGMA shells.'”* The bio-
ATRP copolymerization of PEGMA and PEGMA-Nj; enabled
on-surface bioorthogonal postfunctionalization, as demonstra-
ted by click reactions with $-galactosidase—dibenzylcyclooctyne
(DBCO), alkaline phosphatase—DBCO, and CyS—DBCO.
Conceptually similar approaches have been utilized to form
cross-linked hydrogel shells on individual cells. In one study, N-
acryloxysuccinimide was coupled to the surfaces of various
mammalian cells, including HeLa cells, MSCs, and bovine
articular chondrocytes, followed by radical polymerization with
acrylamide and glycerol dimethacrylate (Figure 10a).'” The
hydrogel shell prevented the penetration of anti-CD44 antibod-
ies and Au NPs (diameter: 76.5 nm), not small molecules, while

allowing the passage of amino acids and vitamins, demonstrating
permselectivity. In other reports, GEL/PEG hydrogel shells
were formed on MSCs primed with eosin, through photo-
induced polymerization using GEL—methacrylamide and PEG
diacrylate (PEGDA)."””*"”” MSC@GEL/PEG exhibited en-
hanced retention in ischemic myocardium after transplantation
to WT BL/6 mice subjected to myocardial infarction (MI),
compared with naive cells.'’® In addition, the shells were
degradable by metalloproteinases, which are highly expressed in
the ischemic heart. The GEL/PEG-based hydrogel shell was also
formed after preconditioning in hypoxic culture, and MSC@
GEL/PEG showed improved cell retention 7 days after injection
into a murine MI model, compared with naive cells.
Furthermore, the enhanced retention after transplantation led
to better cardioprotection, as demonstrated by improved
recovery of cardiac function, smaller scar size, and enhanced
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angiogenesis compared with control groups.'”” A similar
approach, using different strategies for eosin immobilization in
the formation of MSC@GEL/PEG, was also reported by the
same research group.'”®

As another approach to the photoinitiator introduction, the
surface of S. cerevisiae was primed with PEI, and thioxanthone
catechol-O,0-diacetic acid (TX-Ct) was electrostatically
attached, leading to the formation of PEGDA shells.'” This
protocol was then modified to construct yolk-shell-type cell-in-
shell structures (Figure 10b)."*" Prior to PEGDA shell
formation, calcium carbonate (CaCO,) shells were formed,
followed by the subsequent attachment of PEI and TX-Ct.
PEGDA polymerization and ethylenediaminetetraacetic acid
(EDTA) treatment resulted in yolk-shell structures. Cell-specific
shell formation has also been achieved with PEGDA hydrogel
shells. For example, Jurkat cells, which express abundant CD45,
were primed with eosin through subsequent coupling with a
biotinylated anti-CD4S antibody and streptavidin-eosin iso-
thiocyanate.'®" Jurkat@PEGDA showed cytoprotection (e.g.,
against sodium dodecyl sulfate (5%)), permselectivity, and
degradability upon exposure to UV light.

Bruns, Belluati, and co-workers have recently reported a
coextrusion method for forming a shell of Pluronic L-121
(PEG;-b-PPGg,-b-PEGg; PPG: poly(propylene glycol)), in
which E. coli was coextruded with giant unilamellar vesicles of
Pluronic L-121."% The Pluronic L-121 shell not only protected
the cells from osmotic pressure, temperature shock, and
lysozyme, but enabled postfunctionalization, exemplified by a-
amylase conjugation (Figure 10c).

On the other hand, the nanoshells of polypyrrole (PPy), a
synthetic conducting polymer, were formed around various
bacterial cells, such as S. oneidensis MR-1, Ochrobactrum
anthropi, Streptococcus thermophilus, and E. coli.*® Fe** ions,
electrostatically deposited on the cell surfaces, acted as oxidative
initiators to form the PPy nanoshells in the presence of Py. In the
study, S. oneidensis MR-1 was used as a model exoelectrogen.
Exoelectrogens have been employed in microbial fuel cells
(MFCs) to harvest electricity from organic substrates. However,
the low power density, caused by poor extracellular electron
transfer between exoelectrogens and anodes, has hindered the

practical application in MFCs.'® The PPy shells facilitated
direct contact-based extracellular electron transfer through c-
type cytochromes at outer membrane, and S.oneidensis@PPy
exhibited a 14.1-fold increase in power output, compared with
their naive counterparts (Figure 10d). The same protocol for
PPy shell formation was applied to C. pyrenoidosa in another
study, aimed at augmenting the hypoxic photosynthesis of C.
pyrenoidosa for H, production.”” The PPy/CaCO; organic—
inorganic hybrid shells were formed. The hypoxic conditions
were induced by the Fe**/O,-mediated oxidation of ascorbate,
leading the activation of hydrogenase. The conductive PPy shells
enhanced the rate of H, production by capturing and
transferring extracellular electrons from C.pyrenoidosa@PPy/
CaCOj;. The SCNE system enabled sustained H, production for
14 days, and photosynthesis-independent H, evolution for 200
days when extracellular electrons were periodically supplied. In
addition, the manipulation of collective behaviors of individual
S. cerevisiae was achieved by constructing the double-layered
shells of TiO, NPs and PPy, where aldehyde-modified TiO, NPs
were attached to the cell surface via Schiff base formation,
followed by Fe** adsorption for PPy polymerization.'®* The
conductive PPy layer was formed to enhance the photocatalytic
activity of TiO, NPs under UV irradiation by lowering the
recombination rate of photogenerated electrons and holes.
Changes in the collective behaviors of S.cerevisiae@TiO,/PPy in
response to various inputs have been demonstrated. For
example, upon UV irradiation of a solution containing
S.cerevisiae@TiO,/PPy and ferrocenemethanol (MFc), the
SCNEd cells showed the collective negative phototaxis move-
ment, which was attributed to the electroosmotic flow generated
by the photoinduced redox reaction of MFc and the electric field
produced by the diffusion of MFc* (Figure 10e).

2.3. Hydrogen-Bonded Organic Frameworks (HOFs) and
Covalent Organic Frameworks (COFs)

HOFs and COFs are the 3D structures formed from organic
building units interconnected via hydrogen bonds and covalent
bonds, respectively (Figure 11). Unlike the more amorphous
organic materials discussed in previous sections, they are
relatively crystalline and can be intricately designed. In addition,
the degree of cross-linking within the frameworks can be fine-
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Scanning electron microscopy and optical images of S.cerevisiae@GO/MNP. Reproduced with permission from ref 150. Copyright 2012 Wiley-VCH.

tuned on the specific selection of building units. Their metal-free
nature promotes compatibility with biomolecules'®*'* and
living cells,"*”~"*” making them highly promising candidates for
SCNE.

The reversible and flexible nature of hydrogen-bonding
interactions in HOFs facilitates high crystallinity, excellent
solution processability, and mild synthesis conditions. Catalyti-
cally active HOF shells were formed around individual NSCs
while preserving both their viability and multipotency, using 1,4-
benzenedicarboximidamide, tetrakis(4-carboxylic acid phenyl)-
methane, and porous carbon nanospheres (PCNs).'®” The
PCNs were incorporated into the shells due to their catalase
(CAT)- and superoxide dismutase (SOD)-like activities, which
protected NSC@PCN/HOF from cytotoxic ROS. Further-
more, the porous PCNs served as carriers for retinoic acid (RA)
in the formation of NSC@PCN/RA/HOF. The sustained
release of RA from PCNs increased the proportion of NSCs
differentiated into neurons. In vivo administration of NSC@
PCN/RA/HOF into an Alzheimer’s disease mouse model
improved memory function and alleviated cognitive deficits, as
demonstrated by the Morris water maze test and immunohis-
tochemical analysis of brain tissues. These results highlight the
potential of SCNE for customized, cell-based therapeutics
against intractable diseases.

Compared with HOFs, COFs are constructed through
stronger interactions, specifically covalent bonds, which are
expected to provide more durable shells with diverse properties
for living cells. Notably, the physicochemical characteristics of

COFs, including acidic stability, water retention, ion-chelating
effects, and the adsorption of organic molecule through 7—7z and
hydrogen-bonding interactions, effectively protected S.cerevi-
siae@COF from external aggressors, such as elevated temper-
atures, low pH, and organic pollutants (e.g., bisphenol A)."*" In
this study, the COF was synthesized using p-phenylenediamine
and benzene-1,3,5-tricarboxaldehyde, with acetic acid as the
catalyst. The adsorption of CAT onto the cell surface prior to
COF nanoshell formation further improved cellular survival
under severe oxidative stress (100 mM H,0,). Another example
of cel@COF/enzyme has been recently reported."® To a
mixture of inulinase (INU) and E. coli, expressing p-allulose 3-
epimerase, were added subsequently 2-(but-3-en-1-yloxy)-5-(2-
methoxyethoxy)-terephthalohydrazide and benzene-1,3,5-tri-
carboxaldehyde in acetic acid, after the —COOH activation of
INU and E. coli. E.coli@COF/INU exhibited higher resistance,
when exposed to harsh environments, including heat, organic
solvents, and enzymatic attack by chymotrypsin, as well as
improved recyclability, compared with the mixture of free INU
and E. coli. The cascade reaction of INU in the shell and p-
allulose 3-epimerase in the cell for the production of p-allulose
from inulin was demonstrated. The strategy was also applicable
to various cell types, including EcN, B. subtilis, C. pyrenoidosa,
and S. cerevisiae.

2.4. Graphene Oxides and Others
Graphene and its derivatives, such as graphene oxide (GO) and

reduced graphene oxide (rGO), are promising candidates for
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biological applications, including drug delivery systems,
bioanalysis, and biosensors, due to their remarkable phys-
icochemical properties."””'”" Both GO and rGO exhibit high
mechanical strength, with tGO demonstrating higher thermal
and electrical conductivity as a result of the partial restoration of
the z-bonding network. In SCNE, the graphene-based shells
confer the electrical conductivity and robustness to
cells 150.151,192-194

An early study leveraged the electrical conductivity of rGO
sheets to monitor cellular responses by correlating mechanical
changes in cells with alterations in the conductance of the rGO
sheets (Figure 12a)."”” A complex of rGO, Au NP, and Ca*" ions
was deposited onto S. cerevisiae, leading to the formation of
S.cerevisiae@rGO/Ca?*/Au. As a demonstration, S.cerevisiae@
rGO/Ca**/Au was exposed to ethanol, resulting in structural
changes, such as a decrease in cell volume and an increase in
surface roughness, which were tracked by a decline in
conductance. In another study, the incorporation of graphene
into the SiO, shell encapsulating S. cerevisiae led to a 9-fold
increase in electrical conductivity compared with naive cells.'”*

The nanoshell formation with GO has primarily been
achieved through the LbL method, exemplified by the early
work with negatively charged (GO—COO™) and positively
charged GO nanosheets (GO—NH;*) (Figure 12b)."° The
cytoprotective capability of GO shells against various harmful
stresses was demonstrated for S. cerevisiae and HeLa cells,">"'*
but not against heavy metals (e.g, Cu** and Cd**)."” For
example, HeLa@GO demonstrated higher membrane integrity,
reduced ROS levels, and inhibited apoptosis compared with
naive cells, when exposed to organic solvents, such as DMSO,
acetone, ethanol, and glycerin.

3. HYBRID TYPE

Crystalline metal—organic frameworks (MOFs) and amorphous
metal—organic complexes (MOCs) are the representative
examples of hybrid coordination materials, widely used in
SCNE. The organic and inorganic building blocks readily self-
assemble into semi-infinite networks through coordination
interactions between organic ligands and metal cations or
clusters. MOFs and MOCs have recently gained widespread
recognition as robust components in nanofilms for interface
engineering and in nanoshells for SCNE, due to their uniformity
and cytocompatibility.'”*~'*’ Distinct from organic materials,

the precise design and selection of components enable the
modulation of pore sizes and network dimensions in specific
hybrid shells. In addition, the degradability of these coordination
materials under mild conditions allows for the restoration of
cellular activities and proliferation after temporal but necessary
cytoprotection, leading to the creation of micrometric Iron
Men,”* further empowered catalytically by the enzyme embed-
ment within the nanoshells.””*

3.1. Metal—-Organic Frameworks (MOFs)

Over the past few decades, MOFs have garnered significant
attention as a class of crystalline, porous materials. Their
tunable, hierarchical, and functionalizable properties stem from
the coordination interactions between inorganic and organic
components, giving rise to one-, two-, or three-dimensional
structures. The exceptional properties and large surface areas of
MOFs offer great potential for various applications, including
CO, capture and conversion,””" as well as gas storage and
separation.””” In the realm of biomaterials, MOFs have taken a
central role in SCNE as well as drug delivery systems, due to
their thermal and chemical stability, cytocompatibility, and
biodegradability. >

Encapsulation with MOF shells, pioneered by Falcaro and co-
workers for the protection of biomacromolecules, including
enzymes,”"**** has recently been extended to individual living
cells, such as S. cerevisiae and Micrococcus luteus."”” The tunable
pore sizes and modular structures of MOF shells offer size-
specific designs that provide cytoprotection against various
external stresses. For example, the ZIF-8 nanoshells around S.
cerevisiae functioned as cytoprotective exoskeletons, allowing the
selective transport of nutrients for cell metabolism while
shielding the SCNEd cells from lyticase (Figure 13a).
S.cerevisiae@ZIF-8 was further engineered to survive the
oligotrophic microenvironments (e.g., lactose-based media) by
embedding f-galactosidase (ﬂ—ogal) between the cell wall and the
ZIF-8 layer (Figure 13b).”” The catalytically empowered
S.cerevisiae@ZIF-8 retained over 70% viability after 7 days of
culture in lactose-containing media, owing to the f3-gal-catalyzed
conversion of lactose into glucose. In contrast, over 90% of naive
cells lost their viability. In another study, MOF nanoshells, as
cargo carriers, facilitated cytoprotection through the controlled
release of exogenous biomolecules or d1‘ugs.206 Specifically,
cargo was released upon shell degradation, thereby inducing

https://doi.org/10.1021/acs.chemrev.4c00984
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00984?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00984?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00984?fig=fig13&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.4c00984?fig=fig13&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.4c00984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

HQ OH

HO

Tannic Acid (TA)

® TA
+
® Fedt

R

O i OH

R 0

o
e
-

" @ Fe3*-TA MOC

r

(@) In situ Synthesis

L d

(b) Interfacial Self-Assembly

Oil

Water ® @9 ©

LUT
+
® Fe¥t
Vortex
R 0,
® Fe¥*-LUT MOC Fe?*
”

Vortex

R o,
Fe3*
() o
[
» ®
b o
&

(C) Vortex-Assisted

Self-Assembly
(d) Iron Gall Ink-Inspired Synthesis

Cell

Figure 14. Schematic overview of strategies for constructing MOC shells. (a) Supramolecular assembly of Fe>*—TA complexes enables the in situ
synthesis of Fe**—TA MOC shells. (b) Biphasic interfacial supramolecular self-assembly of Fe*>" ions, prefed to cells, and TA from a TA solution results
in Fe**—TA MOC shell formation. (c) Vortex-assisted, biphasic water—oil systems facilitate MOC shell formation of Fe** ions and water-insoluble
LUT. (d) Inspired by iron gall ink, Fe** ions are used for Fe**—TA MOC shell formation, with Fe** oxidized to Fe** by O, or GOx.

cytoprotection through the actions of the released entity. As an
example, S.cerevisiae@ZIF-8 was encased with antitrypsin and
ZIF-C. Since the ZIF-C layer degraded more rapidly than the
ZIF-8 layer when exposed to EDTA, ZIF-8 continued to serve as
the cytoprotective shell, while the released antitrypsin
deactivated trypsin in the medium.

The use of ZIF-8 is substantial in MOF-based SCNE
applications, primarily due to its cytocompatibility and
degradability. In biocatalysis, B. subtilis, genetically engineered
to overexpress trehalose synthase, was SCNEd within ZIF-8
nanoshells containing glucose isomerase.””” B.subtilis@ZIF-8
functioned as reusable whole-cell biocatalysts in the production
of trehalose and fructose from maltose, demonstrated by a
maximal conversion rate of trehalose synthase as 68%, while
maintaining over 50% efficiency after 20-reaction cycles, with
the concomitant production of fructose mediated by glucose
isomerase. In whole-cell vaccines and cell-based therapies, it was
reported that even when dosed to a lethal dose of uropathogenic
E. coli CFT073 (CFT), model mice vaccinated with CFT @ZIF-
8 survived without developing urosepsis.””® Such vaccination
effects were absent with vaccines made from fixed or heat-
treated CFT. The serum level of anti-CFT073 IgG in
splenocytes from mice immunized with CFT@ZIF-8 increased
S-fold compared with the control, likely due to the formation of
larger germinal centers in the draining lymph nodes, which may
account for the improved survival rate of vaccinated mice.
Furthermore, CFT @ZIF-8 remained at the injection sites for 4
days longer than the fixed CFT, suggesting superior vaccine
efficacy. In addition to ZIF-8, a MOF shell of Mg2+ and

epigallocatechin-3-gallate (EGCG) was formed around bone
marrow stem cells (BMSCs) in situ for cell therapy applications,
demonstrating that BMSC@Mg**—EGCG alleviated ionizing
radiation-induced hematopoietic damage and reduced apoptosis
and ferroptosis via the regulation of ROS generated by IR-
induced lipid peroxidation in vivo (Figure 13a).”"’

On the other hand, catalytic MOF nanoshells were
constructed around anaerobic microbes to protect them under
aerobic conditions. Exposure of anaerobic bacteria to air has a
lethal impact on cell survival, as O, is converted to H,O, by
NADH oxidase, and subsequently into cytotoxic hydroxyl
radicals through Fenton reactions. Yang, Yaghi, and co-workers
encapsulated anaerobic Moorella thermoacetica within the MOF
shells composed of Zr** and 1,3,5-benzenetribenzoate (BTB),
which possessed catalytic capability to decompose ROS (Figure
13a).”'” When subjected to 21% O, conditions for 2 days, naive
M. thermoacetica experienced a 33% reduction in viability,
whereas M.thermoacetica@Zr*'—BTB exhibited only a 7%
decrease. Furthermore, in a 1 yuM H,O, solution for 2 days,
the viability of M.thermoacetica@Zr**—BTB was more than
twice that of naive M. thermoacetica. These results promise the
potential of MOF shells to serve as both extrinsic catalysts and
active carriers for functional cargo, endowing cells with
exogenous capabilities.

In addition to the in situ synthesis of MOFs on the cell
surfaces, presynthesized MOF NPs were deposited onto the cell
surfaces with cross-linking, endowing the cell with the properties
of NPs, as well as cytoprotection in the construction of
SupraCells (Figure 13c).”'"*'* In a recent study, ZIF-8 NPs
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were deposited only on the exposed surfaces of BMSCs adhered
to the culture dish, leading to the formation of Janus-type cell-in-
shell structures.”'**'* The Janus-type ZIF-8 nanoshell main-
tained cellular integrity and viability even after cell detachment,
allowing the suspended BMSCs to preserve metabolic activities
and secrete functional biomolecules essential for cell therapies.
Drug loading into the ZIF-8 shells was also achievable. Notably,
the partial ZIF-8 shell provided cytoprotection against
detrimental environmental conditions, including ROS, pH
changes, and osmotic pressure.

3.2. Metal—-Organic Complexes (MOCs)

MOCs are broadly amorphous networks composed of metal
ions and organic ligands.”’> They are typically produced
spontaneously at ambient temperature, whereas crystalline
MOFs require precisely controlled conditions for synthesis.
The mild conditions in the synthesis of MOCs have facilitated in
situ encapsulation strategies in various fields, including
bioaugmentation, interface en§ineering, antimicrobial applica-
tions, and even cosmetics.*”*'°~*'* In SCNE, the cytocompat-
ibility and degradability of MOC nanoshells, in particular, have
catalyzed the widespread use of MOCs in nanoshell formation.

As an initial example of degradable nanoshells, the MOC shell
composed of Fe** and TA was constructed around S. cerevisiae in
2014 (Figure 14a)."” Later, the protocol was adapted to various
cell types, including labile mammalian cells, with modifications
as needed.”'””*° The degradation processes of Fe**—~TA MOC
shells, as well as the SCNE conditions, proved mild enough to
maintain cell viability and activity.”>' ~*** It was recently
reported that anaerobic Bacteroides_thetaiotaomicron@Fe**—
TA was protected from O, exposure and harsh processing
conditions, such as lyophilization, even in the absence of a
canonical cryoprotectant like trehalose.” In another study, the
Fe>’—TA MOC nanoshell protected EcN from antibiotics, as
indicated by a significantly recovered growth rate after
incubation in simulated GI conditions including the antibiotic
levofloxacin.>' Moreover, antibiotic-induced diarrhea was
alleviated in model mice experiments. Furthermore, a recent
study demonstrates the enhanced in vivo wound healing efficacy
of hydrogel dressing incorporating Lactobacillus@Fe**—TA in
rat models.””* Overall, the cytoprotective and on-demand
degradative properties of Fe**—~TA MOC shells, or MOC shells
in general, would facilitate the use of SCNEd cells in various
application sectors.

Departing from the extensive use of Fe**—~TA MOC, a new
type of MOC, composed of Fe** and 1,3,5-benzenetricarboxylic
acid (BTC), has recently been developed and adapted for
application in cytocompatible SCNE of both microbial and
mammalian cells (Figure 15a).*’ This system, in particular,
enabled simultaneous enzyme embedment during multilayered
shell formation, along with cytoprotection and degradation, as
its key characteristics (Figure 15b). The controlled embedment
of a series of enzymes in the Fe**~BTC MOC shells supported
exogenous cascade reactions without any loss of enzymatic
activities. As a demonstration, f-glucosidase (f-glu) in a set of -
glu, GOx, and HRP embedded in the shell cleaved octyl-$-p-
glucopyranoside, a toxic nonionic detergent, into D-glucose,
which then served as a substrate for subsequent GOx—HRP
reactions. Furthermore, the Fe>*—BTC shells transformed into
Fe’*—phosphate (Fe**—P) shells in phosphate-containing
media, concomitant with the release of the cargo from the
Fe*—BTC MOC shell, Fe**~BTC|,, (Figure 15¢)."* For
example, S.cerevisiue@Fe3+—BTC[1ysoZ o] effectively killed E. coli
upon its shell transformation into Fe’*—P. Anti-CD3 and anti-
CD28 antibodies, released from S.cerevisiae@Fe®"—
BTClanti-cD3/anti-cp2s)y activated Jurkat cells, leading to the
secretion of IL-2 at the level approximately 600% higher
compared with Jurkat cells alone. These demonstrations
highlight the potential of SCNEd cells to actively control and
modulate external environments.

In terms of fabrication strategies, unlike MOF-based SCNE,
which requires the localized concentration of MOF precursors
near or on cell surfaces, the formation of MOC shells can be
achieved through various strategic approaches, each with its own
advantages. For example, LbL-like processes enabled the
formation of MOC nanoshells incorporating functional entities,
such as DNA, MNPs, and magnetic resonance imaging
agents.””” Another method is biphasic interfacial supramolecular
self-assembly (BI-SMSA),”'® in which S. cerevisiae, prefed with
Fe*" ions, were incubated in a TA solution (Figure 14b). In this
system, the efflux of Fe*" ions induced interfacial self-assembly
with TA on cell surfaces, resulting in the formation of
S.cerevisiae@Fe> —TA.”*® Vortex-assisted, biphasic water—oil
systems were also developed in MOC SCNE for water-insoluble
ligands, where a simple vortexing of the biphasic system of Fe**
ions and L. acidophilus in water and water-insoluble luteolin
(LUT) in oil rapidly encapsulated L. acidophilus (Figure 14c).”*’
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Figure 16. Construction of cell-in-shell hybrids from inorganic materials. (a) (top) Schematic of SOD- and CAT-like activities of MnO, nanoshells.
(bottom, left) Cell viabilities of naive and S.cerevisiae@MnO, cells after incubation in H,O, solution for different durations. (bottom, right) Growth
profile of S.cerevisiae@MnO, before and after shell degradation with GSH. Reproduced with permission from ref 233. Copyright 2017 Wiley-VCH. (b)
(top) Schematic of silica-tiling on the surface of S. cerevisiae. (bottom, left) Schematic showing the combination of intracellular ketoreductase activity
of S. cerevisiae with shell-embedded-CALB-mediated esterification reactions and (bottom, right) reaction kinetics of final ester product formation.
Reproduced with permission from ref 234. Copyright 2024 Springer Nature under CC BY 4.0.

Alternatively, Fe** ions, rather than Fe®* ions, have been
employed for the formation of Fe**—~TA MOC shells, inspired
by iron gall ink,”'® and applied to SCNE (Figure 14d). In one
study, the oxidation of Fe®*, mediated by GOx, led to the
formation of S.cerevisiae@Fe**—TA, with the simultaneous

embedment of GOx in the shell.**®

4. INORGANIC TYPE

Nature offers numerous examples of using inorganic materials
for cytoprotection and adaptability, such as diatoms and
radiolarians with SiO,-based cell walls, and coccolithophores
and foraminifera with CaCOj; exoskeletons. These natural
systems inspired researchers to develop mineral-based nano-
shells in the early stages of SCNE research. Inorganic materials,
compared with the organic counterparts, provide superior
mechanical durability and thermal stability, along with addi-
tional functionalities such as catalytic activity and magnetism,
making them suitable for the creation of artificial spores. For
instance, bioinspired mineralization has enabled the formation
of SiO,—TiO, nanoshells, which function as thermal barriers to
protect the SCNEd cells.” TiO, nanoshells have also been used
to confer exogeneous photocatalytic activities to S. cerevisiae
under UV irradiation, which would otherwise cause detrimental
effects to naive cells.'"®* CaCO, shells*' have served as
platforms for the construction of artificial yolk-shell spores'*****
and for metabohc switching from O, to H, production in algal
cell bionics.”” Since reports on certain mineral nanoshells (i.e.,
SiO, (refs 52—54, 60, 94, 145, 146, 149, 193, 229), TiO, (refs
60, 92,93, 184, 230), CaP (refs 147, 148), and CaCO; (refs 37,
180, 231, 232)) have been discussed in previous sections in
conjunction with other material types, this section highlights
additional examples involving other inorganic materials for
SCNE.

MnO, nanoshells, acting as nanozymes, were constructed on
S. cerevisiae through a biomineralization approach, where the
cells were incubated in a solution containing MnCl,, followed by
the addition of NaOH, to mimic the activities of SOD and CAT
(Figure 16a).”*> S.cerevisiaee@MnO, exhibited cytoprotection

against prolonged exposure to high H,O, levels, in addition to
resistance to dehydration and Iytic enzymes, due to nanozyme
activity. Furthermore, the MnO, nanoshell could be degraded
by GSH, a feature also observed in other inorganic shells, such as
CaP under acidic conditions'*” or CaCOj, in the presence of
EDTA.'

Recently, S. cerevisiae was SCNEd with 2D-bilayer porous
silica nanotiles (2D-SiNTs), which could host various catalytic
entities, such as enzymes and NPs, in their nanospace, enabling
exogenous reactions in concert with the cell's innate bio-
reactions (Figure 16b).”** For instance, S.cerevisiae@2D-SiN'T
incorporated with Candida antarctica lipase B (CALB)
performed esterification reactions that were coupled with the
endogenous intracellular ketoreductase activity of S. cerevisiae.
The SCNEd S.cerevisiae@ CALB/2D-SiNT achieved signifi-
cantly higher yield of an ester product compared with a physical
mixture of S.cerevisiae@2D-SiNT and CALB.

5. APPLICATIONS AND CHALLENGES

Although this review primarily focuses on the material types of
nanoshells utilized in SCNE, this emerging field has already
shown substantial potential across a wide range of disciplines,
spanning foundational areas such as bioorganic chemistry,
biochemistry, and chemical biology, as well as applied fields
including synthetic biology, materials science, and biomedical
engineering. As a platform for fundamental research, SCNE
enables the precise manipulation of cellular processes through
the nanoencapsulation of individual cells with engineered
nanomaterials, allowing for the investigation of intracellular
interactions at the single-cell level. SCNE has also proven to be a
valuable tool for examining cellular responses to specific stimuli,
thereby facilitating the elucidation of complex biochemical
pathways. Moreover, SCNE permits the isolation and
observation of single cells within chemically controlled micro-
environments, contributing to studies of cellular heterogeneity
and underlying molecular mechanisms.”' ~**

On the applied side, the potential of SCNE is even more
expansive. For instance, in materials science, SCNE enables the
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design of advanced nanomaterials capable of interacting with
and modulating cellular functions in a cytocompatible manner,
thereby supporting the development of next-generation, cell-
based biomaterials. SCNE also facilitates the construction of
self-contained synthetic cellular systems capable of executing
complex tasks, including the production of biofuels and
pharmaceuticals, as well as environmental sensing. Furthermore,
SCNE provides a means to enhance drug delivery systems,
cancer therapies, regenerative medicine, and agricultural
innovation by protecting labile biological components and
enabling precise control over their fate,'* "¢

Despite the remarkable potential of SCNE demonstrated at
the laboratory scale, several challenges remain—particularly in
the development of processing technologies that enable
seamless integration into real-world applications. A primary
hurdle is the need for practically efficient SCNE methods
capable of reliably nanoencapsulating and purifying individual
cells at scale, ideally in conjunction with existing industrial
processes, such as lyophilization and cold storage.”® While
certain demonstrated approaches, including those based on
pDA and MOCs, show promise for scalability, practical large-
scale implementation has yet to be achieved. Homogeneity is
another concern, as variations in the SCNE process and inherent
cellular activities could result in structural and functional
heterogeneity among SCNEJ cells. Addressing these challenges
requires continued technological innovation, along with a
deeper understanding of how various SCNE materials and
strategies influence cellular behavior.

6. REMARKS AND PERSPECTIVES

This review provides a general overview of the developments
and progress achieved over the past decade, with a focus on the
materials used in SCNE. The materials are categorized into
organic, hybrid, and inorganic types for clarity in discussion. It
should be noted, however, that many studies have employed
combinations of materials to achieve specific goals, highlighting
the versatility of SCNE approaches.

SCNE has emerged as a transformative tool and burgeoning
research field, marked by monumental breakthroughs. Initially
inspired by cryptobiosis in nature, chemists have developed
physiochemically and mechanically durable shells around
individual living cells in a cytocom%)atible manner, with the
aim of creating artificial spores.”' >’ The nanoshells provide
robust physical and chemical protection, shielding the cells
inside from external, often sporadic, stressors, also known as
cytoprotection, which is a hallmark of SCNE.*****® Advances
such as on-demand shell degradation and compositional
transformation have led to the development of micrometric
“Iron Men”**'?” and “Transformers”***” in the construction of
artificial spores. The nanoshells of micrometric Iron Men
provide robust protection for cells and are designed to degrade
or disassemble on demand, allowing for controlled release or
modification of the SCNEd cells. In addition to cytoprotect-
ability and permselectivity, degradability is another key property
for artificial spore shells, enabling adaptive responses to
environmental changes, therapeutic interventions, or metabolic
processes. It balances the durable protective function of the shell
with the ability to be dismantled when necessary. In contrast,
micrometric Transformers are engineered to undergo chemical
changes or adaptive transformations, allowing them to adjust
their shell composition or properties in response to external
stimuli or environmental conditions. The shell transformation
can be activated to enhance cellular functionality and enable

control over the external environment according to the cell’s
needs. Aside from the methodological and strategic develop-
ments, innumerable potential applications of SCNE have been
demonstrated, particularly benefiting from shell functionaliz-
ability, including cell theranostics, microbial biotherapeutics,
probiotics for health, cell factories for chemical production and
renewable energy, biosensing, environmental remediation,
tissue engineering, regenerative medicine, and drug delivery.

In addition to a general overview of past research achieve-
ments, this review offers insight into the next significant
advancements in fundamental SCNE research, such as the
chemical manipulation of cellular metabolism, states, and fates,
as well as the enhancement of cellular capacity.'® Notable early
examples in this direction include metabolic rewiring from O, to
H, synthesis in C. pyrenoidosa®”** and metabolic coupling with
external chemical reactions in S. cerevisiae.”>* Structurally, the
yolk-shell construction is particularly noteworthy,”*” as it creates
internal free space, analogous to egg architecture before
hatching. This design would offer distinct advantages in the
preservation of cellular functionality, while also providing
cytoprotection and enabling controlled interactions with the
external environment. Furthermore, research demonstrates that
SCNE can be extended to chemically control dynamic cellular
processes like cytotaxis, alongside the regulation of “static”
cellular metabolism,"® enhancing the adaptive survivability of
cell-in-shells.

From a chemical perspective, the next frontier in SCNE is
anticipated to involve the creation of metabolically coupled, “all-
in-one” artificial spores with advanced self-sustaining function-
alities (Figure 17). Inspired by myriad examples in nature,
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Figure 17. A schematic illustrating the next frontier in single-cell
nanoencapsulation: “all-in-one” artificial spores. These artificial spores
autonomously detect and respond to external environments, dynam-
ically assembling and disassembling functional nanoshells through a
precise interplay of endogenous and exogenous reactions. Functional
entities embedded within nanoshells of varied forms and shapes
empower cell-in-shell hybrids with the capability of enhanced adaptive
survival, environmental manipulation, and dynamic cell movement.

including the melanin coat of C. neoformans, upcoming studies in
SCNE are proposed to center on the establishment of a cyclic,
self-regenerating process of chemical shell formation and
degradation, seamlessly integrated with intrinsic cellular
reactions to support adaptive cellular survival at every stage—
from alpha to omega. In this all-in-one framework, individual
cells gain the ability to autonomously sense and respond to
external conditions, dynamically forming and breaking down
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reconfigurable nanoshells through a finely tuned interplay of
endogenous and exogenous reactions. The nanoshells incorpo-
rate functional entities—such as enzymes, antibodies, and
nanoparticles—during shell formation, and strategically release
them upon shell degradation or transformation to enhance
adaptive survival, regulate external conditions, or execute
specific missions for diverse applications. Moreover, the shell
structures are not limited to uniformly closed shells but include
open-shell structures, such as Janus-type shells, alongside yolk-
shell-type structures, which enable precisely controlled,
autonomous cell movement.

Living cells have transcended their traditional role as mere
subjects of biochemical and biological study. The SCNE
strategies introduced in this review present a compelling
approach for the chemical synthesis of on-demand, tailor-
made cell-in-shell spores. Future research in SCNE holds
substantial promise for foundational studies on the origin of life
and cellular evolution, including phenomena like microchimer-
ism and symbiogenesis. In addition, they offer a “top-down”
paradigm for constructing synthetic cells and bioreactors.
Furthermore, all-in-one artificial spores contribute to the
development of multicellular structures such as organoids,
expanding their applications across various sectors.
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2D-SiNT = 2D-bilayer porous silica nanotile
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ALG = alginate

ARGET-ATRP = activator regenerated by electron transfer,
atom transfer radical polymerization

BAM = biocompatible anchor for cell membrane
BIB = 2-bromoisobutanoic acid

BLB = f-lactoglobulin

BMSC = bone marrow stem cell

BTB = 1,3,5-benzenetribenzoate

BTC = 1,3,5-benzenetricarboxylic acid

CALB = Candida antarctica lipase B

CaP = calcium phosphate

CAT = catalase

CEL = carboxymethyl cellulose

CFT = Escherichia coli CFT073

CHI = chitosan

CM = coffee melanoidin

COF = covalent organic framework

COL = collagen

CTA = chain transfer agent

DA = dopamine

DAPI = 4/,6-diamino-2-phenylindole

DBCO = dibenzylcyclooctyne

DC = dendritic cell

DexS = dextran sulfate

DHI = §,6-dihydroxyindole

DHICA = §,6-dihydroxyindole-2-carboxylic acid
DPC = dermal papilla cell

ECM = extracellular matrix

EcN = Escherichia coli Nissle 1917

EDC = 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
EDTA = ethylenediaminetetraacetic acid
ESMH = eggshell membrane hydrolysate
Fe**—P = Fe**—phosphate

FN = fibronectin

GEL = gelatin

GI = gastrointestinal

GO = graphene oxide

GOx = glucose oxidase

GSH = glutathione

HA = hyaluronic acid

HFSC = hair follicle stem cell

hiPSC = human induced pluripotent stem cell
HMA = humic acid

HOF = hydrogen-bonded organic framework
HPN = hyaluronic acid-poly(propylene sulfide) nanoparticle
HRP = horseradish peroxidase

HUVEC = human umbilical vein endothelial cell
IGF-1 = insulin-like growth factor-1

IgG = immunoglobulin G

IL = interleukin

INU = inulinase

isDOP = in situ DNA-oriented polymerization
IVIS = in vivo imaging system

LAB = lactic acid bacteria

LbL = layer-by-layer

L-DOPA = 1-3,4-dihydroxyphenylalanine

LgrS = leucine-rich repeat-containing G-protein coupled
receptor §

LUT = luteolin

MEFc = ferrocenemethanol

MI = myocardial infarction

MIN-6 = mouse insulinoma cell

MLS = melanin-like species

MMP-7 = matrix metalloproteinase-7

MNP = magnetic nanoparticle

MOC = metal—organic complex

MOF = metal—organic framework

MR = magnetic resonance

MSC = mesenchymal stem cell

MWCNT = multiwalled carbon nanotube

NE = norepinephrine

NHS = N-hydroxysuccinimide

NIR = near infrared

NP = nanoparticle

NSC = neural stem cell

OVA = ovalbumin

PAH = poly(allylamine hydrochloride)

PCN = porous carbon nanosphere

PD-1 = programmed cell death protein 1

pDA = polydopamine

PDADMA = poly(diallyldimethylammonium chloride)
PDMAEM-co-PPDEM = poly(2-(dimethylamino)ethyl
methacrylate-co-2-(pyridyl disulfide)ethyl methacrylate)
PEG = poly(ethylene glycol)

PEGDA = poly(ethylene glycol) diacrylate

PEGMA = poly(ethylene glycol) methacrylate

PEI = poly(ethylenimine)

PEM = polyelectrolyte multilayer

PET-RAFT = photoinduced electron transfer-reversible
addition—fragmentation chain-transfer polymerization
PG = 1,2,3-trihydroxybenzene; pyrogallol

PLL = poly(v-lysine)

PMA-co-PMEM = poly(methacrylate-co-2-mercaptoethyl
methacrylate)

PMAA-co-NH, = poly(methacrylic acid-co-amine)
PNE = polynorepinephrine

PPG = poly(propylene glycol)

PPy = polypyrrole

PSA = polysialic acid

PSS = poly(sodium 4-styrenesulfonate)

PVPON = poly(N-vinylpyrrolidone)

PVS = poly(vinyl sulfate)

RA = retinoic acid

RBC = red blood cell

RGD = arginine-glycine-aspartic acid

rGO = reduced graphene oxide

RhD = rhesus D

ROS = reactive oxygen species

S1 = SARS-CoV-2 spike 1

SCNE = single-cell nanoencapsulation

SF = silk fibroin

SGF = simulated gastric fluid

SI-ARGET ATRP = surface-initiated activator regenerated by
electron transfer, atom transfer radical polymerization
SIF = simulated intestinal fluid

SIP = surface-initiated polymerization

SOD = superoxide dismutase

SV = Salmonella VNP20009

TA = tannic acid

TGF-p2 = transforming growth factor-52

TNEF-R1 = TNF-receptor 1

TNF-a = tumor necrosis factor-a

TUNEL = terminal deoxynucleotidyl transferase dUTP nick
end labeling

TX-Ct = thioxanthone catechol-O,0-diacetic acid
L-Tyr = L-tyrosine
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a-PD-1 = antiprogrammed cell death protein 1
P-gal = p-galactosidase
P-glu = p-glucosidase
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