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Virus-like particles (VLPs) are self-assembled supramolecular structures found in nature, often used for
compartmentalization. Exploiting their inherent properties, including precise nanoscale structures,
monodispersity, and high stability, these architectures have been widely used as nanocarriers to protect
or enrich catalysts, facilitating catalytic reactions and avoiding interference from the bulk solutions. In
this review, we summarize the current progress of virus-like particles (VLPs)-based nanoreactors. First,
we briefly introduce the physicochemical properties of the most commonly used virus particles to
understand their roles in catalytic reactions beyond the confined space. Next, we summarize the self-
assembly of nanoreactors forming higher-order hierarchical structures, highlighting the emerging field
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of nanoreactors as artificial organelles and their potential biomedical applications. Finally, we discuss the
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1. Introduction

Organelles are essential compartments within living cells
that sequester cargo materials and enzymatic reactions, to
ensure controlled metabolic processes." In nature, protein
cage-based nanocompartments are commonly found in eukar-
yotes and prokaryotes.” These complex supramolecular systems
are assembled from multiple copies of single or various
protein monomers, providing a unique enclosed space for
enzyme sequestration.® For instance, encapsulins, as bacterial
organelle-like compartments, encompass one or more types of
cargo proteins involved in diverse aspects of metabolism.* The
intriguing features of organelles have motivated researchers to
construct synthetic analogues, such as nanoreactors, using
building blocks ranging from synthetic to biological
materials.>” Viral capsids have also been widely employed as
nanocontainers and nanoreactors.® Viruses are particles that
sequester and protect genetic materials from bulk environ-
ments and can release the genomes in the host cells. When
the genomes are removed in vitro, diverse viral coat proteins
can self-assemble and form virus-like particles (VLPs) with
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various sizes and morphologies.”> To date, VLPs have been
successfully utilized as physical barriers that protect catalysts or
enhance their activity by enriching catalytic substances." In this
review, we will focus on VLPs-based nanoreactors. For other
protein cage-based nanoreactors,*'* such as ferritin,'*™*° Luma-
zine synthetase (AaLS),”°">* Encapsulins,*** and de novo protein
designs et al,*® we direct readers to recently reported review
articles.”*™°

Over the decades, VLPs-based nanoreactors have undergone
significant advancements. VLPs are now recognized as versatile
platforms that not only protect catalysts but also enable selective
catalysis. The flux rates of reaction components can be altered
owing to their intriguing physicochemical properties,*>*' such as
programmable pore sizes and surface charges. Additionally, the
interior space of VLPs serves as an isolated reaction chamber,**?
allowing for simultaneous catalytic cascades when multiple popu-
lations of enzymes are encapsulated.*** In addition to discrete
particle-based nanoreactors, VLPs have also been utilized as
building blocks to construct higher-order assemblies, spanning
from two dimensions to three dimensions.***” The uniform size
and symmetrical structure of VLPs are beneficial for self-
assembly. In general, the symmetrical arrangement of functional
groups on the exterior surface of the capsid promotes the directed
interactions between particles, resulting in the formation of
ordered superstructures with lengths from the sub-micrometer
to a few micrometers.***° When these superlattice materials are
composed of two populations of enzyme-packed VLP modules,
two-step reactions with controllable catalytic activities can occur
across multiple length scales and exhibit enhanced functions
owing to closely packed building blocks.*

This journal is © The Royal Society of Chemistry 2023
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More recently, research has gradually focused on utilizing
these catalytically active nanocompartments as artificial orga-
nelles, and integrating designed catalytic reactions with living
cells.”* The purpose of this combination is to understand the
metabolic network in living cells to correct dysfunctional
processes or to introduce new orthogonal functions. One envi-
sioned application is the development of a more sophisticated
form of enzyme replacement therapy for the treatment of
metabolic diseases. Beyond that, artificial organelles with func-
tions such as stimulated activation of compounds (prodrugs) in
target cells have been explored for selective anticancer
treatment.*” This provides a new strategy for future enzyme-
prodrug therapies. In addition, the inherent advantages of VLPs
endowed properties such as controlled self-assembly,*3™*°
enhanced thermal stability*®*” and customized multi-cargo
encapsulation et al.,*®**° have led to diverse applications such
as biosensors and biodiagonstics.>

This review will summarize the recent advancements in
VLPs-based nanoreactors. As shown in Fig. 1, we first discuss
the physicochemical properties of the most commonly studied
viral capsids, clarify the gating effects, and resulting selective
catalytic activities. We will also show the advantages of encapsu-
lating multiple populations of enzymes within VLPs, which
enables cascade reactions within confined spaces and enhanced
catalytic efficiencies. Furthermore, we will summarize the self-
assembly of nanoreactors through various supramolecular inter-
actions, leading to the formation of higher-order superstructures,
and discuss the effects of hierarchical structures on catalytic
kinetics. We will also explore the roles of VLPs-based nanoreactors
in correcting defective cells for therapeutic purposes.’ Finally, we
will discuss the current findings and potential avenues for future
studies to further harness the physicochemical properties of VLPs
for applications in biomedicine.

Physicochemical properties
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2. Physicochemical properties of
viral capsids and their impact on
catalytic reactions

2.1 Physicochemical properties of viral capsids and
construction of nanoreactors

During natural evolution, viruses have developed a wide variety
of capsids to package, protect, and deliver their DNA or RNA
genomes.”' * VLPs derived from viral structural proteins serve
as prime examples of engineered nanoscale compartments. The
inherent structural advantages of VLPs encompass the follow-
ing key aspects: (1) highly ordered and self-assembling struc-
ture; (2) high surface area with patterned reactive groups
facilitate precise anchoring of functional moieties in specific
orientations;>*"® (3) interior cavity is capable for efficient cargo
encapsulation; (4) porous structures facilitate the exchange of
chemical/materials with the bulk environment.>® These distinc-
tive properties collectively determine the promising potential of
VLPs in the realm of catalysis. The following table presents the
physicochemical properties of selected viral capsids, which
have been extensively employed as nanoreactors for diverse
applications in the field of catalysis and biomedicine (Table 1):

Some plant RNA viruses can undergo reversible disassembly
and re-assembly in vitro, by varying the pH and ionic strength of
the medium. One of the most extensively studied viruses in this
category is cowpea chlorotic mottle virus (CCMV). This icosa-
hedral virus is formed by 180 identical subunits of 20 kDa coat
protein (CP), arranged around the RNA, forming a T = 3 capsid
with an outer diameter of 28 nm and an inner diameter of
18 nm. Native CCMV particles are often stable under acidic pH
and low ionic strength. Increasing the pH (>7.5) and the ionic
strength (~1 M) causes electrostatic repulsion between protein
subunits (due to the deprotonation of carboxyl groups). High
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Fig. 1 Schematic overview of VLPs-based nanoreactors and their bio-applications.
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Table 1 Relevant information on VLPs discussed in this review
Virus dia- The triangulation
meter (nm) number Catalysts Catalyst loading methods & advantages Applications Ref.
MS2 T=3 TnaA + FMO Electrostatic interactions Encapsulation and co-localization multiple 34, 57
enzymes
Dy, =15 Phosphatase Efficient load of cargo In vivo
Doyt = 27 Applicable to different cargo Exploration of catalytic reaction process
Operation is simple and convenient
P22 T=7 AdhD (DNA/RNA tags) Studies of the substrate molecules in the catalytic 58, 59
reaction
Dy, = 48-50 Precise control of cargo load New and stable nanocatalyst
Dyt = 58-64 Good biocompatibility and stability
CCMV T=3 GOx/GCK  Biotin-streptavidin affinity interactions Nanocompartments for catalytic reactions/cascade 48,
reactions 60-62
Dy, =18 CYP Control the bioactive molecules’ Enzyme prodrug treatment
orientation
Dout = 28 HRP
Au-NPs
BMV T=3 GOX Avoid enzyme deactivation and blocking Smart breast cancer therapy 63, 64
of their active sites
Dy, =15 GCase Enzyme replacement therapy (ERT) for Gaucher’s
disease
Dout =25
QB T=7 PepE Immuno-assembly Study in quantitative kinetic of enzymes in free 65
D, =21 High selectivity and specificity versus protein-encapsulated
Dout =28
T™MV — [SA]-GOD Good biocompatibility and stability Electrochemical biosensor 50, 66
Din =4 PQQ-GDH Electrocatalytic system
Dout =18
HBV T=3 yCD Biosensing and drug delivery 40
D = 22
Doy = 32
Sv40 T=3 yCD Protein fusions (SpyTag/SpyCatcher) Enzyme prodrug treatment 67
(SrtA/SP)
D;, = 40 Directional controlled load
Doyt = 45-55
M13 — HRP Multi-functional load of different cargo Intracellular delivery of protein orenzyme 68
Dy, = 2-4 High structural stability and tolerance
hyaA/hyaB
Doyt = 6-8

ionic strength also reduces the electrostatic interaction
between protein units and RNA. Consequently, this results in
the disassembly of the capsid. After removing RNA, purified CP
subunits can self-assemble into empty capsids when the pH is
lowered to 5.0.** Furthermore, similar pH-dependent assembly/
disassembly behaviors are also observed in other icosahedral
viruses, such as red clover necrotic mosaic virus (RCNMV) and
brome mosaic virus (BMV).**®° This pH-dependent disassem-
bly and reassembly behavior provides a straightforward method
for the passive encapsulation of a diverse array of cargo.”®”>
Encapsulation of catalysts or enzymes through electrostatic
interaction is another common approach. In this context, one
should carefully consider the surface charges of the capsid,
since the external surface charge may potentially disrupt the
interactions between the capsid and cargo, further influencing
the assembly process.®””* For instance, under neutral pH, the
exterior surface of the CCMV capsid is slightly negatively
charged while the inner surface is highly positively charged.
This charge distribution character facilitates the encapsulation
of negatively charged cargo, such as DNA tags or polystyrene
sulfonate (PSS) modified enzymes,”*”> anionic ligand functio-
nalized gold nanoparticles,”®’” etc. Encapsulation of enzymes

9086 | J Mater. Chem. B, 2023, 11, 9084-9098

can also be achieved through protein fusion. For example,
Patterson et al. achieved encapsulation of alcohol dehydrogen-
ase (AdhD) within Salmonella typhimurium phage P22 capsid by
fusing AdhD to the N-terminus of the scaffolding protein (SP).”®
The P22 VLPs comprise 420 copies of a 46.6 kDa CP assembled
into a T = 7 icosahedral capsids, aided by approximately 100-
300 copies of scaffold protein (SP). Encapsulation of enzymes
within VLPs contributes to improving their resistance to pro-
teases and environmental stress. For instance, both CCMV and
QB exhibited notable stability across a broad pH range (4-10)
and at elevated temperatures (>75 °C),””®" consequently,
improving the stability of the encapsulated enzymes through
improved structural integrity and reduced enzyme-enzyme
aggregations.®’

In addition to the encapsulation of catalysts/enzymes within
capsids, immobilization of catalysts/enzymes on the exterior
surface of the VLP scaffolds has also been reported to enhance
catalytic efficiencies, such as tobacco mosaic virus (TMV). The
genome of TMV consists of a single-stranded RNA with 6395-
nucleotides and approximately 2130 copies of CPs. TMV parti-
cles manifest as hollow cylinders with 300 nm in length, and
external and internal diameters of 18 and 4 nm, respectively.®'

This journal is © The Royal Society of Chemistry 2023
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The well-ordered functional amino acids on the exterior surface
of TMV scaffolds endow with patterned immobilization of
catalysts/enzymes, facilitating applications in biosensors,®
online monitoring, and treatment.’*%*

2.2 Dynamic capsid pores and molecular selectivity

Numerous studies have revealed the dynamic nature of viral
structures, existing as ensembles of various states. The concept
of “viral breathing” was introduced to describe the reversible
alterations in the structural conformation of viral particles.®*
This dynamic fluctuation may be a general phenomenon
among VLPs, given that coat proteins are assembled via non-
Perturbations at the protein-
protein interfaces can induce various conformational changes,
resulting in changes in pore sizes of capsid.**

To date, a spectrum of degrees of structural dynamics has
been unveiled.**® For example, Tama et al. employed the
CCMV viral capsid as a model system to investigate the capsid

covalent interactions by nature.”?

dynamics, and elucidated the mechanism of pH-triggered
breathing processes. The native state of CCMV remains stable
around pH 5.0; however, the removal of Ca** or Mg®>" metal
ions, or raising the pH (>6.5) causes a notable disruption of
interactions at the quasi-3-fold interfaces, leading to a swollen
Consequently,
the average size of viral particles increases by approximately 10%,
coupled with the enlargement of pore size from 1 nm to 2 nm,*®

state with substantial conformational changes.®*
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as calculated from the Cryo-electron microscope (Cryo-EM)
analysis.?*%°

Apart from environmentally stimulated conformational
changes, Brasch et al. observed that enzyme-loaded CCMV
capsid with T = 1 icosahedral symmetry exists in two distinct
classes, with sizes of 214 A (class I) and 226 A (class II).*® The
snapshots of Cryo-EM hinted a potential “breathing” motions
of capsid in solution. However, the current study was unable to
determine whether this arises from interconversion between
the two states, or if various forms of capsid coexist in solution.
Nonetheless, these breathing dynamics of capsid might be too
subtle to discern through Cryo-EM. Selivanovitch et al. indi-
cated that the effective pore sizes of P22 viral capsids may not
coincide with the calculated result from Cryo-EM. In their work,
the dynamic respiration of viral capsids was carried out by
studying the diffusion rate of catalytic substrates across distinct
P22 viral capsids.”® As shown in Fig. 2a, alcohol dehydro-
genases (AdhD) were encapsulated within the P22 VLPs, which
displayed three types of morphologies: procapsid form (PC),
expanded form (EX), and wiffle ball (WB), exhibiting pore sizes
of approximately 4.2 x 1.9 nm, 2.3 x 1.5 nm and 10 nm. To
study the gating effects of capsid pores, reaction species, such
as nicotinamide adenine dinucleotide hydrogen (NADH) mole-
cules were conjugated to six PAMAM dendrimers of various
sizes. A linear response between the K, ratio and the increas-
ing size of NADH-dendrimers indicates the presence of a soft
(dynamic) barrier. Conversely, a rapid response implies a rigid
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Fig. 2 (a) Enzymatic reactions and synthetic substrates of different sizes were used to detect the porosity of P22 VLPs with different morphologies. (PC,

procapsid; EX, expanded; WB, wiffle ball). (i) The schematic diagram of the experiment; (ii) TEM of P22 VLP with different porosity; (iii) Kcat ratio using free
enzyme and enzyme be encapsulated in PC, EX and WB; (iv) aqueous pore model fit of K., ratio data and estimated pore sizes for PC and EX. Figure
adapted from ref. 58 with permission from Nature Portfolio, copyright 2021. (b) Gold nanoparticles encapsulated CCMV nanoreactors and catalyzed the
reduction of nitroarenes with different substituents (NBS, NTT, NTA). (i) The schematic diagram of the experiment; (i) reaction rates and yields of different
substituents. Figure adapted from ref. 104 with permission from American Chemical Society, copyright 2016.
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barrier. In this study, a linear relationship between the K.,
ratio and increasing molecular size was found, with the size
limit falling within the range of 4.2-6.2 nm. This span sur-
passes the results calculated from Cryo-EM, suggesting that the
P22 capsid may undergo dynamic breathing.

Collectively, the dynamic nature of pores could significantly
affect the size threshold and diffusion rates of reaction
species, and further influence the catalysis processes. There-
fore, a deep understanding of the breathing dynamics of VLPs
will be beneficial for the rational design and construction of
nanoreactors. In addition to snapshots from cryo-EM analysis,
integration of tools enabling time-resolved analysis, e.g., time-
resolved X-ray crystallography,®"°* single-particle approaches,”
etc., can help to capture the potential intermediates. This
approach aids to elucidate the dynamic pore structures and
the underlying mechanisms governing viral breathing.

Furthermore, regarding the engineering of viral capsid pores
for the purpose of constructing nanoreactors for biomedical
applications,’ several critical considerations emerge: (1) it is
necessary to consider whether the pores’ permeability aligns
with the desired scope of chemical exchange.’® Especially when
the nanoreactors were integrated with complex living cells, it
will be a great challenge to distinguish the desired substrates
when they are in a mixture of compounds with similar physi-
cochemical properties. The structural manipulation of pores
can be mainly achieved by adjusting the capsid components or
optimizing their topology.®>°® For instance, Adamson et al.
genetically engineered protein cages encompassing a broad
spectrum of pore sizes and charges, thereby achieving control
over molecular flux.®® Chemical modification is also available,
Gao et al. constructed protein cages with switchable perme-
ability of O, by controlling the molecular patches on pores.®”
This innovation holds great potential in the applications of
oxygen-sensitive catalysis and drug delivery. (2) Drawing
inspiration from the natural (sub-) cellular membrane, an
avenue worth exploring involves the integration of diverse
functional components into the protein shells. For instance,
membrane transport proteins, are known for their ability to
sustain chemical gradients across cellular membranes.’®°® In
this context, pore engineering, coupled with stimuli-responsive
molecules, could help to construct logic gates. This approach
could effectively navigate the intricacies of handling intricate
factors while enabling precise control over nanoreactor
function.™**'%*

2.3 Surface charge of viral capsids can result in selective
catalytic reactions

The electrostatic potential generated across the viral capsid can
affect the diffusion of charged substrates, consequently, influ-
ence the overall catalytic rates. Therefore, obtaining a compre-
hensive understanding of the spatial arrangement of positive
and/or negative charges throughout the entire capsid is neces-
sary. In this context, Podgornik et al. performed an exhaustive
of about 130 empty viral capsids,'®® unveiled that the capsid’s
charge distribution is a result of a combination of factors, such
as surface charge densities, dipole moments, and geometric

9088 | J. Mater. Chem. B, 2023, 11, 9084-9098
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properties. Importantly, these characteristics can exhibit sig-
nificant variations from virus to virus. For example, in the case
of cucumber mosaic virus (CMV) capsids, the exterior and inner
surfaces are positively and negatively charged, respectively.
Whereas, simian virus 40 (SV40) capsids display a uniform
distribution of mixed charges, instead of a division of charges
between two distinct surface sides.'

For both native and engineered viral capsids, the surface
charge densities can be determined by the electrostatic calcula-
tion based on the Poisson-Boltzmann theory. For instance, in
the case of wild-type CCMV, the exterior surface of the capsid
has a charge density less than 0.1 e nm 2, while the inner
surface has a charge density larger than 0.8 e nm™ 2% Studies
have shown that the highly positively charged inner surface of
the capsid significantly influences the diffusion of charged
molecules and thus affects the catalytic pathways.®” For exam-
ple, in a study of nitroarene reduction using native-CCMV VLP-
based nanoreactors, as shown in Fig. 2b, the catalytic rates for
selected substrates were reduced due to the diffusion barrier of
the protein shells."® However, this hindrance was more pro-
nounced for positively charged nitroarene compared to neutral
and negatively charged counterparts. This observation indi-
cated the electrostatic potential generated across the capsid
does affect the diffusion of charged substrates, consequently,
modulating the overall catalytic rates. Furthermore, the cataly-
tic reaction yield of negatively charged substrates exceeded that
of neutral and positively charged substrates. This phenomenon
might raise from the orientation of charged substrates within
the confined charged space. However, it was noted that direct
modification of charged functional groups at the molecular
level might alter their electronic properties. It is particularly
evident for aromatic molecules, where the mesomeric effect can
play a significant role, possibly complicating the mechanistic
studies. A universal method to study the effects of electrostatics
on the diffusion of substrates across protein shells was intro-
duced recently by Selivanovitch et al.>® More specifically, the
enzyme AdhD was encapsulated in P22 VLPs, and the substrate
NADH was conjugated to dendrimers bearing neutral or nega-
tive charge. This approach eliminates the potential electronic
effect and reveals the true impact of the electrostatic effect on
substrate diffusion.

Genetic engineering of the charged residues around capsid
pores can alter the electrostatic interactions between pores and
reaction species. As a result, it finely adjusts the diffusion rates
of charged substrates, thereby influencing the metabolic reac-
tions and precisely modulating catalytic pathways. For
instance, in the case of the MS2 capsids model system, mutants
with increased negative (MS2"7*F and MS2""*¥/V72P) or positive
(MS2"7*¥NV72R) charge around pores were generated to explore
the coulombic effects on both charged substrate and product
diffusion.>” However, the local electric field not only influences
the diffusion of charged species,'®™”” but also exerts an
impact on the catalytic activity by lowering intermediate ener-
gies and activation barriers, leading to an enhanced electron
transfer.'%'°° Genetic engineering emerges as a valuable tool
for precise control over charge positioning and density.'*>**°

This journal is © The Royal Society of Chemistry 2023
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Harnessing such electrostatic guided processes, such as inter-
mediate transport, enhanced electron transfer, etc., will help to
enhance the overall catalytic reactivity. A promising avenue is to
synergize the benefits of molecular sorting and local electric
fields modulated activities, which will offer a more comprehen-
sive approach for achieving selective catalysis.

2.4 Local pH of viral capsid

The pH within the viral capsid can have a significant impact
on the enzymatic reactions, thus necessitating precise
evaluation.'™'?> Maassen et al. developed a strategy for inter-
ior pH probing by employing pH-responsive probes conjugated
to negatively charged polymers, which were subsequently
encapsulated in CCMV VLPs. Their findings revealed that the
pH within the CCMV capsid is approximately 0.5 units more
acidic than the surrounding bulk solution,"*? contributing to
the Donnan potential across the viral capsid.

In a recent development, Muhren et al. confirmed the applic-
ability of the Donnan theory in predicting the local pH shift
through the utilization of the Poisson-Boltzmann theory."** Both
theoretical analyses and experimental studies suggest that the
immobile charges of amino acid residues on the surface of capsid
can induce an imbalanced charge distribution. This disparity
could potentially influence the influx of positively charged pro-
tons, consequently leading to pH shifts. In nature, protein cages
such as carboxysome and Dps nanocages exhibit a more acidic
local environment, thereby benefiting enzymatic -catalytic
activities."””™* In addition to the studies of pH in native VLPs,
a comprehensive understanding of the physicochemical condition
and personalized regulation of the local pH within viral capsids
holds the potential to position VLPs as promising platforms for
enhancing catalytic performance.'®”'**

3. Cascade reactions in VLPs-based
hanoreactors

The cellular microenvironment of natural organisms is a complex
network composed of a variety of enzymes. Under physiological
conditions, different enzymes are located inside compartments or
on the membrane to produce natural products with unparalleled
synthetic efficiencies. Enzyme immobilization technologies have
paved the way for cascade catalytic systems endowed with high
stability and controllability."** A key element in controlling multi-
step reactions lies in the capability to govern the channeling of
intermediates from one active site to the other, which can be
achieved by using compartments or scaffolds with guided
transport.'’® To date, VLPs have received extensive attention as
multifunctional  nanocarriers, demonstrating remarkable
potential for facilitating cascade reactions. These reactions have
shown profound advantages both within the viral cavities and
along with the surface of the viral capsids.'"”

3.1 Cascade reactions within cavities of VLPs

Mimicking the cascade biochemical pathways within the con-
fined intracellular space, VLPs serve as promising platforms

This journal is © The Royal Society of Chemistry 2023
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where multiple enzymes are co-encapsulated. The capsid acts
as a barrier, segregating the inner cavity from the external
environment.'°® VLPs can enrich substrates within the cavity,
restrain the random diffusion of intermediates, and reduce
unnecessary interference from the bulk solution, resulting in
enhanced intermolecular communication.>® In addition, the
enclosed enzymes benefit from better stability due to the
constrained environment with reduced denaturation
entropy.'""'® The challenges of replicating the intracellular
multienzyme cascade pathway in confined VLPs include co-
localizing of distinct enzymes with designed stoichiometry and
co-assembling diverse enzymes at specific distances to regulate
the diffusion kinetics between active sites. To construct multi-
enzyme within the same compartment, strategies such as
electrostatic interaction and protein-protein fusion have been
introduced, enabling them to work corporately within a specia-
lized microenvironment.

Electrostatic interaction-directed encapsulating of enzymes
has demonstrated high loading efficiency and a reduced chance
of empty capsid formation, offering potential advantages for
catalytic reactions. In this method, enzymes with tailored
stoichiometry are coupled first, and the inter-space between
enzymes is finely adjusted with the control of linker length. For
example, Brasch et al. employed negatively charged DNA or
polystyrene sulfonate for modifying and connecting two differ-
ent enzymes. Subsequent encapsulation was achieved via elec-
trostatic interactions between negatively charged moieties and
positively charged coat proteins (Fig. 3a).*® Although the wide
versatility of this strategy has attracted interest from research-
ers, the potential issues also need to be taken into concern. For
instance, surface modification of charged ligands may inadver-
tently attract or repel charged substrates, intermediates, and
products, thereby influencing the overall catalytic rate.>® Thus,
a balanced amount of surface modification is needed to ensure
high encapsulation efficiency along with highly enhanced
cascade catalytic reactivity.

The protein—protein fusion strategy can spatially control
various enzymes within confined VLPs. Zhang et al. constructed
Scheffersomyces stipitis (SSCR) and a glucose dehydrogenase
within P22 VLPs, the recycling efficiency of nicotinamide
adenine dinucleotide phosphate (NADPH) was enhanced by a
factor from 3 to 5 when multienzymes were encapsulated.'*®
Notably, this system also exhibited enhanced stereoselectivity.
The confinement effect was suggested to be attributed to
altering the energy levels of transition states, thus resulting
in enhanced chiral selectivity. However, the exact configuration
of SsCR within P22 capsids remains partially understood, and
the mechanism underlying enhanced stereoselectivity remains
a subject for further study, an avenue ripe for future advance-
ments in the development of cascade reactions.

Within a confined nanocompartment, co-localization of
enzymes has been proposed to enhance the effective concen-
tration of enzymes and intermediates, consequently, positively
affecting the overall performance of the multienzyme
system."® However, it is important to note that merely co-
localization of multiple heterologous enzymes does not
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enhanced catalytic activity. Figure adapted from ref. 48 with permission from American Chemical Society, copyright 2017. (b) In vivo co-localization of enzymes
within P22 VLPs with stoichiometric control. Figure adapted from ref. 49 with permission from American Chemical Society, copyright 2023. (c) (i) A scaffold
assembly based on the TMV multienzyme complex in E. coli presents one example of assembly-induced catalytic “turn-on” effect. (i) Generation of the
amorpha-4,11-diene titers of strains AD O to AD 3. Figure adapted from ref. 124 with permission from American Chemical Society, copyright 2020.

guarantee an increase in catalytic activity; instead, it is essential
to ensure sufficient substrate channeling to boost the overall
catalytic rate.® Moreover, excessive enzyme packing within the
capsid could lead to overcrowding, potentially causing a decline
in catalytic activity. For instance, McNeale et al. constructed a
tunable strategy for in vivo co-localization of enzymes within
P22 VLPs with stoichiometric control. That is, by co-expressing
cargos and scaffold protein (SP) fusion together with coat
protein (CP).*” As shown in Fig. 3b, the loading densities of
both enzymes were discovered to influence their activities. The
overall catalytic activity was improved by increasing the amount
of threonine dehydratase from the rate-limiting glutamate
dehydrogenase. Indeed, theoretically, elevating the catalytic
rate of the rate-limiting enzyme enhances the overall cascade
reaction rate,"'® and increasing the quantity of the rate-limiting
enzyme is more practically feasible. Interestingly, further
increasing the enzyme loading density resulted in a negative
impact on the catalytic activity, a consequence likely from the
unfavorable steric effects hindering substrate access to the
active sites.'™® Nevertheless, a systematic design of cascade
reactions within the nanocompartment demands comprehen-
sive consideration of kinetics as well as spatial arrangement of
enzymes. Recently, Gopich introduced a straightforward frame-
work to indicate if clustered enzymes can regulate the overall
catalytic rate.’*" Specifically, in a two-step sequential reaction
(assume that enzyme 1 and enzyme 2 are in equal number and
uniformly dispersed), the ratio of the intrinsic and diffusion-
controlled rates can evaluate whether it is worth the efforts to
co-localization of enzymes within cages, k;/4nDa = k:N;/4nDa

9090 | J Mater. Chem. B, 2023, 11, 9084-9098

(where k; is the intrinsic catalytic rate of enzyme i (=1, 2), N; is
the number of enzymes in one cluster, D is the diffusion
coefficient of the substrates and intermediates, a is the radius
of a cluster). If the diffusion rate significantly surpasses the
intrinsic catalytic rate, k;/4nDa « 1, the probability of substrate
channeling is minimal. Consequently, the co-localization of
enzymes within the nanocompartment wouldn’t enhance the
overall catalytic rate. Co-localization becomes effective when
the reactions are diffusion-controlled or when the intrinsic
catalytic rate is comparable to the diffusion rate (kj/4AnDa >
1). Detailed discussions regarding kinetics considerations for
the rational design of enzyme cascades have been presented
elsewhere.''>116121:122 por VLPs-based nanoreactors, optimiz-
ing the activity of cascade activities necessitates an in-depth
understanding of the reaction mechanism and cascade
kinetics.''® Manipulating the overall catalytic rate can be
achieved through capsid surface and pore engineering, given
that the diffusion rate of substrates, the channeling of inter-
mediate (e.g., electrostatic guided transport),"'” and the dis-
sociation and diffusion rates of products can be highly affected
by electrostatic interactions, etc.'°®'*> 1?1123

3.2 Cascade reactions on the exterior surface of the VLP
scaffolds

The design of cascade reactions extends beyond the confined
cavity-based reactions but also encompasses the exterior sur-
face of VLPs. In this context, enzymes are immobilized on the
VLP scaffolds. Patterned functional groups on the exterior
surface can also assist in directionally regulating enzyme
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distribution, thereby facilitating cascade reactions. Additionally,
the immobilization of enzymes onto the scaffold can help inhibit
conformational changes during the catalysis and purification
processes. As a consequence, it increases the catalytic lifetime
and promoted enzyme reutilization,'**'*® holds substantial
potential for applications in diagnostic assays and biosensors."”

Recently, Wei et al. regularly fixed three terpene synthases to
the TMV-derived VLP scaffolds using site-specific covalent
reactions between orthogonal reactive protein pairs (Spy-
Catcher/SpyTag and SnoopCatcher/SnoopTag), as shown in
Fig. 3¢."** This scaffold-supported multi-enzyme complex was
further compartmentalized within the bacterial cell Escherichia
coli to produce amorpha-4,11-diene, a key precursor of artemi-
sinin. Interestingly, metabolic flux control with a “switch-on”
mechanism was observed for the scaffold-assembled multi-
enzyme system, while the unassembled strains yielded no
product. This method is available to accommodate a variety
of enzymes at high capacity. Although the complex interwoven
metabolic network of the internal environment makes it diffi-
cult to describe the multi-enzyme kinetics, the overall perfor-
mance surpasses the catalytic mechanism.

The advantages of surface immobilization of enzymes on the
exterior surface of VLPs are distinct, multiple anchor sites with
highly defined geometry are able to precisely control the
assembly state.’*° Multilayered catalytic arrays are also feasible
to enhance the catalytic activity and system sensibility,"*®
particularly benefit the development of microfluidics and lab-
on-a-chip devices."”>'” However, some aspects demand
thoughtful consideration during the rational design: (1) during
the immobilization of enzymes, the crosslinkers’ length might
need to be regulated since rigid fixation can spatially restrict
the enzyme conformation. Linkers with appropriate lengths
enable dynamic conformational adjustments, providing more
possibilities for dense decoration;*** (2) unlike enzymes encap-
sulated within cavities, surface-immobilized enzymes contend
with unrestricted intermediate diffusion. To solve this problem,
the swing-arms mechanism has emerged as a strategy to facilitate
substrate channeling.'*> Moreover, the exposed enzymes or cata-
lysts are susceptible to potential poisoning by toxic substances
within the complex intracellular environment;"***** (3) both
encapsulation of enzymes in VLPs and surface immobilization
of enzymes on scaffolds might be considered to prevent cross-
inhibition between reaction species.’*® Although a preliminary
study has been carried out by using P22 VLPs as scaffolds for dual-
sided cascade reactions, the catalytic efficiency was only 22-77%
in comparison to free enzymes."*> Optimization of both internal
and external modifications to have a balance between the diffu-
sion rate of chemicals and the catalytic efficiencies of enzymes is
necessary for enhanced catalysis."'®

4. Catalytic reactions in higher-order
assemblies of VLPs-based nanoreactors

Many biological examples show a controlled assembly of
numerous building blocks assembled hierarchically across

This journal is © The Royal Society of Chemistry 2023
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multiple length scales."**™"*° Although precise spatial control
over individual compartments remains a significant challenge,
the preliminary approach towards utilizing VLPs-based
nanoreactors as building blocks for constructing higher-order
dimensions has turned successful owing to their structural
stability, pre-determined geometry, and interactions between
subunits.™*® Currently, covalent crosslinking, electrostatic inter-
action, and metal-ligand coordination have been employed to
construct two-dimensional (2D) or three-dimensional (3D)
structures.”*' Non-covalent interactions can provide particular
value for controlled self-assembly and ordered patterning, owing
to their dynamic nature and inherent flexibility."**"** On the
other hand, the covalently linked higher-order assemblies demon-
strate enhanced stability.***

The higher-order assembly of VLP-based nanoreactors in
terms of catalysis has also been explored in recent years."*® For
example, Liu et al. constructed 2D compartmental films by
interfacial crosslinking of CCMV VLPs.'** As shown in Fig. 4a,
functional nanoparticles, such as gold, or biomolecular like
horseradish peroxidase (HRP), were encapsulated within VLPs
and crosslinked into thin films. This method not only facili-
tated the encapsulation of diverse cargos while preserving their
functionalities, but also paved the way for numerous applica-
tions, such as early detection of disease."*®'*’ Catalytic systems
(e.g., gold nanoparticles) assembled in this manner exhibited
enhanced catalytic efficiency with improved signal-to-noise
ratio, thus establishing a groundwork for utilizing 2D-
assembled VLPs-based nanoreactors in the development of
biosensors and biomedical materials."*®

Moreover, the 3D-assembled nanoreactors have also been
utilized for catalysis. For instance, Liljestrom et al. harnessed
electrostatic interactions to assemble HRP-encapsulated CCMV
VLPs and avidin protein into heterogeneous crystals."*’
Remarkably, the catalytic activity of encapsulated cargo within
the crystalline complex persisted, even comparable to free HPR.
In another example, P22 encapsulating B-glucosidase was self-
assembled into a condensed-phase material with high local
concentration,"® generating protein macromolecular frame-
work (PMFs) that could be easily recovered and reused. Apart
from providing an isolated environment for specific catalytic
reactions, natural metabolic compartments can maintain effec-
tive communications across different organization levels, ran-
ging from distinct subcellular domains to the entire organs,
forming metabolic reaction networks.">" Within these networks,
diverse organelles can communicate by utilizing the products
from one pathway as intermediates for another. This concept has
been applied to investigate the possibility of cascade reactions
within compartmentalized 3D superlattice.*® As shown in Fig. 4b,
Uchida et al successfully transformed the structure of the
assembled array into an ordered configuration with a face-
centered cubic lattice. Negatively charged P22 VLPs and positively
charged PAMAM dendrimers were self-assembled into higher-
order superlattice materials containing two individually encapsu-
lated enzymes. These super-lattices maintained coupled catalytic
activity, facilitating a two-step reaction to produce isobutanol.*’
This study provides an essential step towards the bottom-up
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fabrication of functional superlattice materials using a self-
assembly process across multiple length scales. Although current
studies have been applying these higher-ordered assemblies of
VLPs-based nanoreactors for industrial catalysis applications,'*”
there has also been an extensive exploration of 3D assembly
involving non-VLP-based protein cages for biomedical applica-
tions. One notable example is the formation of metal-organic
frameworks (MOFs) through the coordination of nickel ions with
bisH-SF, which triggers the self-assembly of ferritin nanocages.
The constructed MOFs exhibit exceptional abilities in absorbing
iron ions.'®® This property can be harnessed in the decomposition
of H,0, molecules to generate toxic hydroxyl radicals, holding
tremendous potential for catalytic tumor therapy.'”® Similarly,
utilizing the 3D network from protein-cages assembly demon-
strates promise in stabilizing enzymes and protecting them from
digestion."* This capability holds significant potential for in vivo
catalytic applications. These studies ignite the possibility of
utilizing 3D-assembled VLPs-based nanoreactors for catalytic
therapy and biosensors.

5. Potential applications of VLPs-
based nanoreactors in biomedicine

Biomedical utility has always been one of the focuses of VLP
structural engineering. Their advantages lie in their inherent
biophysical structure and the flexibility of modifications, which
researchers have exploited successfully. VLPs-based nanoreac-
tors constructed from these structures have been designed to
perform selective catalytic activities, leading to the develop-
ment of catalytic biomaterials at various length scales."”> More
excitingly, they have shown tremendous promise for

9092 | J Mater. Chem. B, 2023, 11, 9084-9098

biomedical applications, owing to their versatility, high stabi-
lity, and biosafety. To this end, both genetic and chemical
methods have been employed for targeting specific cells,
prolonging blood circulatory half-life,">>"” avoiding protease
degradation, and escaping immune detection. VLPs-based
nanoreactors have been utilized to integrate with living cells
to restore lost functions or to introduce new functions into
living cells for enzyme replacement therapy (ERT);"*’ they have
also shown profound potential for targeted cancer cells che-
motherapy via enzyme prodrug activation (EPT).*?

A variety of studies have demonstrated that VLPs-based
nanoreactors can successfully replicate the role of metabolic
enzymes for ERT.">®'*° As shown in Fig. 5a, to enhance the
stability of enzymes in blood demands periodic intravenous
administration, Chauhan et al. encapsulated the enzyme f-
glucocerebrosidase (GCase) within VLPs derived from the
BMV,** for the treatment of Gaucher disease, a common
lysosomal disease arising from GCase deficiency. Notably, sur-
face functionalization of the specific receptor is a widely used
strategy for precise targeting.'®® Here, polyethylene glycol (PEG)
modification helped to reduce non-specific cell interactions,
and prolonged the blood circulation half-life of nanoreactors
in vivo, promoting the uptake probability by the targeted cells.
The terminal conjugation with mannose receptors further
enhanced the internalization into macrophages, while bare
BMV VLPs exhibited a broad biodistribution across various cell
lines, including fibroblast, kidney, and hepatocytes.'>® It is
worth noting that, viral capsid protection led to an approxi-
mately 11-fold enhancement in enzyme stability under the
physiological conditions, implying a potential for reducing
the requirement of multiple intravenous injections. Although
to what extent the frequency can be reduced remains to be
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explored,'®" this work indicates that VLPs-based nanoreactors
are promising cost-effective alternatives for ERT.

In addition to ERT, VLPs-based enzymatic prodrug activa-
tion therapy (EPT) has also emerged as a promising tool to
enhance cancer chemotherapy.*>'®* Presently, chemotherapy
remains a prominent strategy for cancer treatment. However,
limitations are also apparent, it can cause drug resistance and
severe side effects. Most chemotherapeutic agents can be used
as prodrugs and require activation to exert profound effects on
cancer cells.'®® Therefore, enzyme prodrug therapy (EPT) has
been employed for targeted activation of chemotherapies in
diseased tissues.”®

An early example described converting the chemotherapeu-
tic drug 5-fluorocytosine (5-FC) to cytotoxic 5-fluorouracil (5-FU)
to induce renal fibroblast cell (CV-1 line) death by using
cytosine deaminase encapsulated SV40 VLP nanoreactors.®” A
more robust smart nanosystem for targeted activation of 5-FC
was reported recently by Hartzell et al.'®* As shown in Fig. 5b,
Hepatitis B virus-like particles (HBV VLPs) were used as mod-
ular nanocarrier platforms, here SpyCatcher/SpyTag were used
for site-specific bioconjugation, endowed increased targeting
avidity with efficient EPT for cancer cell killing. In fact, this
“plug and play” protein pair enables the attachment of a wide
range of functional moieties with high capacity. This strategy
also showed significant signal amplification when applied for
biosensing, with over a 1500-fold increase, enabling the

This journal is © The Royal Society of Chemistry 2023

detection of low nanomolar thrombin concentration with the
naked eye. In another instance, DePorter et al. developed a
nanoreactor for prodrug activation by displaying enzymes on
the exterior of the bacteria phage M13-derived VLPs for prostate
cancer cell treatment. Enhanced cell recognition and penetra-
tion were achieved by genetically fusing 12-amino acid peptide
Ypep. Additionally, biotinylated phages were also introduced
for chemical conjugation with HRP to oxidize the prodrug
indole-3-acetic acid in situ, generating peroxyl radicals for
cancer cell destruction.®® Moreover, combining therapies have
also been explored, Chauhan et al. encapsulated cytochrome
P450 in the P22 VLPs to form a biocompatible nanoreactor;
both photosensitizer and estrogen receptor (ER+) targeted
species were modified on the exterior of capsid to perform
both EPT and photodynamic therapy (PDT) for the treatment
ER+ breast cancer.'®

Collectively, chemical modification and genetic engineering
techniques have endowed VLPs-based nanoreactors with multi-
functions for wide biomedical applications.'®® Although VLPs-
based nanoreactors hold significant potential for in vivo ther-
apy, several considerations must be addressed prior to clinical
applications: (1) enhancement of targeting efficiency: to further
optimize VLPs-based nanoreactors for in vivo application, the
overall targeting efficiency remains to be improved. Increasing
the expression of specific receptors via gene editing is one of
the strategies to enhance bioavailability; (2) ensuring long-term
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stability: guaranteeing the sustained stability of VLPs-based
nanoreactors over prolonged periods should be ensured so that
nanoreactors can maintain their functionality within the
required timeframe. Strategies such as elastin-like polypeptide
(ELP) tag-modified CCMV have shown enhanced stability in a
physiological environment.'®” However, various crucial factors
remain unknown, e.g., it is unknown to what extent the capsid
degrades, how it affects enzyme activity and how the host
responds to the released enzyme. The interactions with the
major histocompatibility complex should be prevented, as this
may lead to an immune response due to the recognition of
foreign structures. Moreover, it will be interesting to study
whether ELP-CCMV can also enhance enzyme stability against
thermal stress; (3) preventing immune activation: when
employing bacteriophage as a nanoreactor scaffold, the
potential containment of bacterial lipopolysaccharide (LPS)
must be addressed to avert immune activation.'®® Therefore,
careful protein purification may be necessary before in vivo
applications; (4) optimizing EPT: regarding the EPT applica-
tion, concerted efforts must be taken to optimize the efficient
transformation of diverse substrates, insights gleaned from the
studies by Comellas-Aragones et al.,*" Cardinale et al.'®® and
Patterson et al;'’® (5) balancing kinetic parameters when
integration: it is important to balance the kinetic parameters
so to better internalize with the metabolic network of the host
cells. Although it is a great challenge, comprehensive kinetic
analysis may be required since nanoreactors’ behavior can
diverge significantly between extracellular and intracellular
environments, since the latter is much more crowded and
complex.’®'”" (6) Expanding biomedical applications: integrat-
ing multi-function building blocks with VLPs-based nanoreac-
tors may help to expand biomedical applications beyond ERT
and EPT. For example, combining specific biomarkers that can
be used for early disease diagnosis and progression monitoring
with high sensitivity and specificity would benefit disease
diagnosis and treatment. Overall, the use of VLPs as platforms
for delivering deficient enzymes for therapeutic treatment is a
rapidly growing area of research.

6. Summary and outlooks

One of the defining features of life is the compartmentalization
of molecules. Physical boundaries effectively separate intricate
metabolic processes from the complex external cellular milieu.
Mirroring nature, researchers have prolifically developed
nanoreactors in recent decades. The unique properties of
virus-like particles (VLPs), including their highly ordered struc-
tures, stability, biocompatibility, and tunable assembly-
disassembly properties, have spurred significant progress in
engineering VLPs-based nanoreactors.

In this review, we summarize the latest accomplishments in
nanoreactors across various scales and their prospective appli-
cations in biomedicine. Coupling VLPs with catalytic reactions
extends benefits beyond improving catalytic stability and
longevity.’”> The distinct physicochemical properties of viral
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capsids allow precise control over the entry and exit of sub-
strates and products, thus influencing reaction pathways.
Mimicking natural organelles, the spatial arrangement of mul-
tiple enzymes in restricted spaces has been harnessed to limit
the diffusion of chemical intermediates, fostering enhanced
interplay between enzymes. Beyond executing intricate reac-
tions within single nanocompartments, chemical interactions
can also transpire between different compartments when VLPs
are closely packed. Furthermore, we also highlight recent
developments and applications of nanoreactors in therapeutic
interventions.

While extant research suggested promising potential for
VLPs-based nanoreactors in biomedical applications,'”* several
avenues demand further exploration. An intriguing direction is
the conceptualization and assembly of VLPs-based nanoreac-
tors as synthetic organelles for therapeutic purposes. Further
fundamental studies should be carried out to construct nanor-
eactors with innovative functions, such as modulating the
chemical environment (e.g., pH, ionic conditions) or devising
adaptable gates for refined substrate selectivity, to achieve “on-
demand control”.'”* Employing theoretical modeling and arti-
ficial intelligence in research could spotlight salient properties
through data-driven inquiries."”®> Furthermore, the exploration
of complex metabolic pathways within hierarchical assemblies
of combined nanoreactors remains nascent. For instance,
Wgghwani et al. proposed a nested protein cage system show-
casing cell-like features by co-packaging ferritin cages and
enzyme macromolecules within the P22 capsid.'”® Further
extending the intricacy of higher-ordered hierarchical assem-
blies could provide deeper insights into communication chan-
nels and chemical signaling observed in natural living cells.'”?

Desired advancements also encompass precise control over
in situ diagnosis and treatment. Numerous studies are
already delving into the integration of functional elements,
such as quantum dots,’”” magnetic particles,’”® and fluores-
cent entities,'”” within VLPs or on their surfaces for real-time,
non-invasive bio-imaging.'”® The convergence of nanoreactors
and bioimaging might pave the way for heightened disease
diagnosis and treatment precision. Ideally, this could be done
via a further combination of in-situ monitoring of metabolites
with exceptional specificity and sensitivity, thus adjusting the
activity of nanoreactors to enhance the therapeutic efficiency
with minimized side effects. Meanwhile, comprehensive inves-
tigations into the pharmacokinetics, biodistribution, and
immunogenicity of VLPs-based nanoreactors and their hybrids
are imperative for bio-safety assurances.'”’

In summary, continuous efforts are required to unveil the
full potential of VLPs-based nanoreactors. Rational structural
design, coupled with an in-depth understanding of metabolic
networks simulations and chemical signaling within and
between nanocompartments, as well as at the interface between
nanoreactor and living cells, will undoubtedly promote the
development of nanoreactors. Through exhaustive “whole-
cell” simulation and in vivo examinations, we anticipate that
VLPs-based nanoreactors are expanding their application scope
in biomedicine considerably.

This journal is © The Royal Society of Chemistry 2023
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