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Catalyst function is tightly controlled in biology by means of compartmentalization and positional assembly.
Inspired by these innate strategies researchers have developed self-assembled structures that mimic natural
control over catalytic activity by employing polymer-, lipid-, DNA-, peptide- and protein-based systems. Here,
recent developments in self-assembled peptide- and protein-based nanoreactors will be discussed. This review
will cover nanoreactors that are generated by either positional control of catalysts on fibrous supramolecular
structures or confinement of catalysts inside protein nanocages. The focus will be on the self-assembly mecha-
nisms that are involved in the formation of these catalytic systems.

© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction

Inspired by the strategies employed by living cells to control multi-
step enzymatic processes in a temporal and positional manner,
researchers have become interested in positional assembly and com-
partmentalization of catalysts. Regulation is crucial for proper cellular
function, hence cells contain membrane-encapsulated organelles and
scaffold proteins to achieve this spatiotemporal control. Importantly,
this regulation allows for efficient tunneling of substrates between
enzymes in a cascade, prevents toxic effects caused by interference of
substrates of incompatible pathways and controls the flux of substrate
molecules through metabolic networks via feedback and feed forward
mechanisms. Scientists have attempted to mimic biological encapsula-
tion and scaffolding systems by using a plethora of different synthetic
and bio-inspired strategies to create nanoreactors [1–4]. For example,
compartmentalization of enzymes was achieved in lipid- and polymer-
based vesicles, protein and DNA nanocages [5], and repurposed bacterial
microcompartments [6–8] and cellular organelles. On the other hand,
DNA and protein scaffolds, and self-assembled fibrous structures have
been employed to mimic the function of natural scaffold proteins.

The motivations for imitating encapsulation and positional control
of catalyst assembly can be found in both fundamental and applied
science. Of course, an artificial enzyme or organelle mimic can be used
to further our understanding of enzyme, organelle and cellular function.
However, a biomimetic nanoreactor can in addition be employed for
enhancement of selectivity and efficiency of catalysts with applications
in biomanufacturing or green chemistry. Perhaps most intriguingly, a
synthetic catalytic system can be utilized in the construction of artificial
organelles with the potential to correct defective cells in a therapeutic
approach or even expand the functionality of natural cells.

Here, we will review recent developments regarding self-assembled
peptide- and protein-based nanoreactors as these materials encompass
functionality, flexibility and robustness. Both systems that order cata-
lysts with nanometer precision along a self-assembled structure and
systems in which enzymes are encapsulated in confined spaces will be
discussed. As the focus of this review is on self-assembled systems,
nanoreactors in which catalysts are immobilized or covalently attached
to a scaffold [2] are outside the scope of this review. Rather than giving
a complete overview of self-assembled peptide- and protein-based
nanoreactors that have been developed, we limit ourselves to those
systems in which recently most progress has been made and that are
most promising for further development, namely organization of cata-
lysts on fibrous structures and confinement of catalysts inside protein
nanocages. An overview of the systems that will be described in this
review is provided in Table 1. Wewill discuss the self-assembly mecha-
nisms involved, and the scope and limitations of these nanoreactors. In
Section 2 catalytic peptide fibers and peptide- and protein-based
hydrogels will be discussed, while the third section elaborates on
enzyme encapsulation in protein and viral nanocages. In a concluding
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Table 1
Self-assembled peptide- and protein-based nanoreactors and their catalytic activities.

System Catalytic activity

Nanofibers Lauryl-VVAGHH-NH2 Suzuki–Miyaura couplings of aryl iodides [9]
H-HK(H)LLLAAAL(Palmitoyl)-NH2 Ester hydrolysis [11]
C8-GGH-OH Hydrolysis [12]
HO-Glu-CO-C16-CO-Glu-OH Mukaiyama aldol reaction [13]; Diels-Alder reaction [13]
Fmoc-FFX-OH (X = S, H, D) Hydrolysis [14]
Lauryl-VVAGHH-NH2 Phosphate hydrolysis [15]
Lauryl-VVAGX (X = D-NH2, H-NH2,
S-OH)

Ester hydrolysis [16]

Ac-XLVFFAL-NH2 (X = K, R, H) Poly-imine condensation [18]; retro-aldol conversion [18]
Ac-IHIHIXI-NH2 (X = Y, Q) Ester hydrolysis [19,20]
H-XSGQQKFQFQFEQQ-NH2 (X = G, H, R) Ester hydrolysis [21]
Ac-FGFHFSFDF-NH2 Amidolytic activity [22]
H-SMESLSKTHHYRFFKLVFF-OH Ester hydrolysis [23]
Ac-FFACD-OH Reductive activity [24]

Hydrogels ProVal8 Nitroaldol reaction [26]
ProValDoc Direct aldol reaction [27]
HisVal8 Ester hydrolysis [28]
SucVal8 + ProValDoc One-pot deacetalization–aldol tandem reactions [30]; anti-selective Mannich reactions [31]
H-PFE-C12 Aldol reaction [29]
CutA-Tip1lig + CutA-Tip1 Electroreduction of oxygen [34]
PTDH-PCNA-enzyme Monooxygenation [35]

Protein nanocages Ferritin Aerobic oxidation of alcohols in water [44]; templated mineralization of MnO2 nanoparticles [45]; templated
biomineralization of gold nanoparticles [46]; ROS scavenging activity [47]

Thermosome Atom-transfer radical polymerization [48,49]; Templated biomineralization of gold nanoparticles [50]
Lumazine synthetase Kemp eliminase activity [53]; cyclohexylamine oxidase [53]; catalase peroxidase activity [53]; NADH oxidase

activity [53]; ascorbate peroxidase catalyzed polymerization of 3,3-diaminobenzidine [54];
carboxysome-mimetic activity [55]

Cowpea chlorotic mottle virus Peroxidase activity [56]; nitroarene reduction [57]; lipase activity [59,61]; two-step conversion of glucose to
gluconic acid and D-gluconate-6-phosphate [60]

Bacteriophage P22 Alcohol dehydrogenase activity [64]; hydrolase activity [65,68]; hydrogenase activity [66]; phosphorylase activity
[68]; reductive activity [67]; NADH and hydrogen production [69]

Bacteriophage MS2 Phosphatase activity [71,72]; two-step production of indigo from L-tryptophan [73]
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section wewill give an outlook on the potential of these systems for the
future.

2. Nanometer-scale positioning of catalysts on self-assembled
fibrous structures

Inspired by fibrous structures found in nature, self-assembled pep-
tide and protein fibers and hydrogels have caught the attention of scien-
tists as convenient scaffolding materials for the positional assembly
of catalytic species. In these systems, a simple subunit is designed in
such a way that it can arrange itself into fibrous bundles with catalytic
activity. As a strength of this strategy, the small subunit is fairly easy
to produce, while the resulting supramolecular structures can be quite
complex and can displaynovel functionalities. In addition, the supramo-
lecular nature of the fibrous structures results in a dynamic system that
can optimize itself via for example molecular imprinting, as opposed to
covalently formedfibers. In Sections 2.1 and 2.2 the various peptide-and
protein-based catalytic fibers and hydrogels will be discussed more
comprehensively.

2.1. Catalytic fibers

Generally, catalytic fibers are peptide-based nanoreactors that
are generated by the self-assembly of rationally designed peptide
sequences and which receive their catalytic activity from the spatial
arrangement of specific amino acids in the sequence. Based on their
specific self-assembly mechanisms, peptide-based catalytic fibers can
be divided into two classes, namely amphiphilic and amyloid-like pep-
tides, which will be discussed respectively in Sections 2.1.1 and 2.1.2.

2.1.1. Catalytic fibers based on peptide amphiphiles
Catalytic fibers in this class are constituted by a short peptide

sequence attached to a hydrophobic moiety (Fig. 1). In most systems,
the hydrophobic portion of the amphiphile is composed of an alkyl
chain of 8 to 16 carbons in length [9–12] although bolaamphiphilic
peptides [13] and peptide amphiphiles with aromatic domains are
also known [14]. Despite the catalytic applications of the specific fibers
differing substantially, the origin for catalysis generally can be found in
the peptide segment. A (combination of) specific amino acid(s) can
activate a reaction either directly [11,12,14] or indirectly via coordina-
tion to a metal catalyst [9,10,13].

The basis for self-assembly of peptide amphiphiles into catalytic
nanofibers can be found in both the peptide sequence and the hydro-
phobic tail. Guler and Stupp demonstrated that both segments need to
be present in order to allow successful self-assembly into nanofibers
with a diameter of 7 nm and a length up to several micrometers [11].
Of four similar compounds, only the compound that contained an
alkyl chain and a peptide fragment facilitating β-sheet formation, was
able to self-assemble into nanofibers. Therefore, β-sheet formation of
the peptide domains combined with hydrophobicity-driven aggrega-
tion of the alkyl chains is the most probable mechanism of nanofiber
self-assembly of these peptide amphiphiles.

More recent studies confirmed these findings and added to our
knowledge of peptide amphiphile assembly into catalytic fibers. For
example, it was revealed that the alkyl tails are tightly packed in a
hydrophobic core that is surrounded by the peptide domain [9,10,12],
which allows easy access for interactingmetal catalysts [9] or substrates
[12]. In addition, novel self-assembly mechanisms were discovered
[13,14]. A bolaamphiphile composed of L-glutamate and a 14-carbon
alkyl chain was demonstrated to self-assemble into single-walled
helical nanotubes that could associate with several metals to yield
very efficient catalysts for asymmetric reactions [13]. Alternatively, a
peptide amphiphile based on N-fluorenylmethoxycarbonyl (Fmoc)
diphenylalanine assembled into nanofibers with mixed α-helix and
β-sheet structure [14]. Moreover, co-assembly of Fmoc-FFX tripeptide
amphiphiles with X representing a Ser, His or Asp residue, resulted in
the formation of a complete catalytic triad that displayed esterase activ-
ity (Fig. 1b). Optimization of the organization of the catalytic centers via



Fig. 1. Self-assembly of catalytic peptide nanofibers. The top panel schematically depicts the arrangement of individual peptide amphiphiles or amphiphilic peptides in the fiber structure.
In the bottom panel origins of catalytic activity are detailed: (a) one polar amino acid is substituted with a catalytic residue to give rise to nanofibers with catalytic activity; (b) multiple
similar peptides with different catalytic residues co-assemble into fibers with multiple catalytic activities; (c) multiple polar residues are substituted with catalytic amino acids within a
single amphiphilic peptide sequence to give rise to nanofibers containingmultiple catalysts; (d) a catalytic sequence is fused to anamphiphilic peptide to generate a nanofiber that displays
the catalytic sequence on its surface.
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molecular imprinting enhanced both the activity and selectivity of these
peptide fibers. Interestingly, peptide amphiphile-based nanofibers have
been recently introduced into novel biomaterials in order to introduce
biocatalytic activity [15,16]. Most importantly, all these examples indi-
cate that self-assembly of the peptide amphiphiles is essential to cataly-
sis. Explanations for this are either a high density of catalysts presented
at the surface of the nanofiber [11,13], chirality in the peptide assembly
[13], or the presence of a hydrophobic domain that efficiently accommo-
dates the substrate in close proximity to the reactive site [12].

2.1.2. Amyloid-like catalytic peptide fibers
In addition to peptide amphiphiles, repetitive peptide sequences

of alternating polar and apolar residues have the propensity to form
nanometer scale fibers (Fig. 1). These kind of peptide nanofibers are
derived from amyloid fibers that were initially only associated with dis-
ease [17]. However, more recently it was appreciated that these fibers
could be assembled out of simple short peptides in a supramolecular
fashion, opening new doors for the generation of complex protein-like
structures, such as enzyme mimics.

Amyloid-like catalytic nanofiber self-assembly starts with assembly
of short peptide sequences into β-sheets via hydrophobic interactions
[17], where individual β-strands can be lined up in an anti-parallel
fashion [18,19], but are most commonly parallel aligned [19–24].
Hydrogen-bonding as well as hydrophobic and electrostatic interac-
tions drive further assembly into stable peptide nanofibers of approxi-
mately 10 nm width and with lengths of several hundred nanometers
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[17]. Generally, the amyloid peptide sequence is sufficient to induce
self-assembly into fibers, although some peptides require the presence
of metal ions in order to self-assemble [24].

The peptide sequencenot only enables the formation of supramolec-
ular structures, but is also essential for the catalytic activity of the
assembled fibers. Rufo and co-workers [20] developed the LKLKLKL
β-sheet formingmotif into a supramolecular catalytic system by substi-
tution of the polar and apolar residues. Exchange of the Lys residues
at positions 2 and 4 with His, allowed for the association of Zn2+ as a
cofactor for esterase activity, while substitution of the apolar Leu into
Val and Ile increased the catalytic activity. The latter effect was caused
by the β-sheet promoting character of the Val and Ile residues which
could be further enhanced by exchange of the Lys at position 6 with
an amyloid-promoting Gln. This yielded the Ac-IHIHIQI-NH2 peptide
as themost catalytically active one. More recently, a very similar system
was developed by Al-Garawi and colleagues [19]. They compared the
esterase activity of amyloid fibers that were assembled from either a
7-mer Ac-IHIHIYI-NH2 or an 11-mer Ac-IHIHIYIHIHI-NH2 peptide with
double Zn2+ binding capacity and found that the nanofibers consisting
of the shorter peptide were more catalytically active in the presence of
Zn2+ ions than the fibers that were assembled from the longer peptide.
This finding demonstrated that although the presence of Zn2+ is essen-
tial for esterase activity of the nanofibers, the incorporation of two Zn2+

ions per peptide instead of one can disrupt the active site and reduce
catalytic activity.

Xu and coworkers [24] designed an Ac-FFACD-OH 5-mer peptide
sequence that relied on Ag+ ions for self-assembly into nanofibers.
As was the case in the systems described above, the presence of the
metal ion was vital to catalytic activity of this system, although the
mechanism was completely different. The Cys residue in the peptide
sequence reduced the Ag+ ions, while the complete fiber structure
acted as a template for the formation of ultrafine Ag nanoparticles
(AgNPs). The combined assembly of peptide fibers and AgNPs was
catalytically active in the reduction of 4-nitrophenol, methyl orange,
methylene blue and rhodamine B. Further adding to the catalytic diver-
sity of amyloid fibers, a complete serine protease catalytic triad was
incorporated into a single fiber-forming peptide sequence by Wong
and coworkers (Fig. 1c) [22]. The peptide sequence Ac-FGFHFSFDF-
NH2 contains the polar His, Ser and Asp residues of the serine protease
active site as well as a Gly residue that was introduced for stabilization
of the reaction intermediate. The assembled fibers demonstrated good
amidolytic activity towards L-alanine p-nitroanilide, while bulkier sub-
strates could not diffuse as readily between theβ-strands andwere thus
transformed less efficiently.

Perhaps more convenient for the introduction of multiple catalyti-
cally important residues is a system in which catalytic residues are
located outside of the self-assembling sequence (Fig. 1d). By attaching
a catalytic Lys residue to the N-terminal end of an amyloid sequence
derived from Alzheimer's Aβ-peptide, Omosun and coworkers gener-
ated the Ac-KLVFFAL-NH2 7-mer that was capable of self-assembly
into nanofiberswith catalytic activity towards dehydrative oligomeriza-
tions and retro-aldol reactions [18]. Substitutions of the Val and Leu res-
idues at position 3 and 7 respectively, allowed for control over the
surface structure of the nanotube, which influenced catalysis. In an al-
ternative system, Zhang and colleagues fused a catalytic residue to a
self-assembling peptide via a two-residue (SG) flexible linker, yielding
the 14-mer Ac-XSGQQKFQFQFEQQ-NH2 where X represents an Arg or
His residue [21].Most interestingly, co-assembly of Arg andHis contain-
ing peptides (Fig. 1b) yielded fibers containing both the His residue for
hydrolytic activity and the substrate transition state stabilizing Arg. The
importance of choosing the correct peptide platform for the display of
the catalytic domains was demonstrated more recently [23]. Fusion
of a 14-mer catalytic sequence to the FFKLVFF amyloid sequence
eventually yielded peptide nanofibers with hydrolytic activity. Most
strikingly, fusion of the same catalytic sequence to a collagen sequence
(GPP)10 yielded supramolecular assemblieswithout significant catalytic
activity. This demonstrates the importance of the amyloid domain for
catalysis: not only the crowding effect caused by assembly, but also
the presence of a hydrophobic pocket, which is absent in the collagen
assembly, are key factors in catalytic activity of amyloid-based peptide
nanofibers.

2.2. Catalytic hydrogels

When fibers obtain the ability to entrap an aqueous solvent, a hydro-
gel is formed. The resulting fibrous network structure can be physically
stabilized by supramolecular interactions [25], or via protein–protein or
protein-ligand interactions, in case of crosslinked protein networks.
Sections 2.2.1 and 2.2.2 will elaborate on the self-assembly principles
of catalytic peptide- and protein-based hydrogels respectively.

2.2.1. Peptide-based catalytic hydrogels
Although the presence of peptide hydrogelators in literature is

steadily increasing [25], still only a handful of peptide-based hydrogels
that demonstrate catalytic activity are known today. Rodríguez-Llansola
and coworkers were the first to report on enhanced catalytic activity
after peptide-based supramolecular gelation [26,27]. Their peptide
gels were composed of amphiphiles [27] or bolaamphiphiles [26] of
Pro-Val dipeptides attached to an alkyl chain and could catalyze direct
aldol reactions in water and Henry nitroaldol reactions in organic sol-
vents, respectively. In both of these systems hydrogen bond formation
between the peptide domains of the amphiphiles resulted in the forma-
tion of aggregates with stacked alkyl chains. The proline residue was
responsible for catalytic activity. Developing these systems further, it
was established that the good catalytic properties of the hydrogels
were the result of bringing catalytic moieties in close proximity as
well as of the formation of hydrophobic pockets in the fibrous aggre-
gates [28]. This is in agreement with what was discussed for catalytic
amyloid-like fibers in Section 2.1.2 [23] and was further confirmed by
comparing the catalytic activity of very similar hydrogels based on pep-
tide amphiphiles with and without alkyl tails [29]. Only hydrogels that
were composed of peptide amphiphiles that contained an alkyl chain,
and thus a hydrophobic domain, were capable of efficient catalysis
of the aldol reaction of cyclohexanone and 4-nitro-benzaldehyde in
water. This was contributed to the fact that a hydrophobic pocket
could solubilize the substrates in close proximity to the catalytic site.

Peptide-based hydrogels were further developed to contain multiple
catalysts (Fig. 2a) [30,31]. By combining a bolaamphiphilic succinate con-
taining alkyl-peptide (SucVal8) with an amphiphilic proline containing
alkyl-peptide (ProValDoc), a hydrogel network was generated that was
composed of two distinct types of fibers [30]. As a result the mutually
incompatible acid and base catalysts were spatially separated, which
allowed for catalysis of tandem deacetalization-aldol reactions. However,
self-sorting of the hydrogel network induced a high degree of competi-
tion between the acid andbase catalysts for the anti-selective asymmetric
Mannich reaction [31]. This could be prevented by reducing the concen-
tration of SucVal8 while maintaining the concentration of ProValDoc. A
SucVal8/ProValDoc ratio of 1:6 resulted in a sol–gel system containing a
hydrogel network of ProValDoc fibers entrapping water and soluble
SucVal8. As a result, cooperation between the soluble acid catalyst and
the base catalyst in the fibers increased the selectivity of the reaction.
Both of these examples illustrate the strength of peptide-based catalytic
hydrogels for the development into mimics of enzymatic pathways as
well as competing and cooperating enzyme networks.

2.2.2. Protein-based catalytic hydrogels
In parallel with what was discussed for peptide-based hydrogels in

Section 2.2.1, protein-based hydrogels are gaining interest in literature.
Although catalysis is generally not themain topic [32], a few interesting
examples of catalytic protein-hydrogels were reported in literature
quite recently [33–35]. In these systems crosslinking was noncovalent
and achieved via oligomerization of specific protein domains, such as



Fig. 2. Self-assembly of catalytic peptide- and protein-based hydrogels. (a) Molecular structures of three peptide-based gelators and their self-assembled catalytic hydrogel networks.
(b) Three protein-based gelators self-assemble into a catalytic hydrogel network. (a) Reproduced with permission [31]. Copyright, 2017, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim; (b) Reproduced with permission [35]. Copyright, 2015, Nature Publishing Group.
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the trimeric CutA protein [33,34] or homodimeric phosphite dehydro-
genase (PTDH) [35]. Furthermore whole enzymes were incorporated
in protein-based systems, as opposed to the catalytic peptide-based
hydrogels discussed in Section 2.2.1. Hereto different strategies were
employed, such as entrapment in the hydrogel network [33], fusion to
docking proteins and docking station peptides [34] or direct fusion to
cross linker proteins [35].

A very interesting systemwas recently developed byNagamune and
colleagues (Fig. 2b) [35]. Hydrogel formationwas dependent on the for-
mation of a supramolecular catalytic complex which was subsequently
cross-linked. Cytochrome P450 monooxygenase (P450) and its redox
partners putidaredoxin (PdX) and putidaredoxin reductase (PdR)
were fused to the three distinct subunits of proliferating cell nuclear
antigen (PCNA). These three components could self-assemble into a tri-
meric catalytic complex. Fusion of the PTDH protein to the individual
PCNA fusion proteins allowed for cross-linking of the supramolecular
complexes into a catalytic hydrogel. PTDH did not only function as
a cross-linker in this system, but in addition supplied PdR with NADH
in the presence of phosphite and NAD+. PdR could subsequently trans-
form NADH in electrons, which were transferred to P450 by PdX. P450
in turn catalyzedmonooxygenation reactions in the presence of oxygen.
Most interestingly, the authors demonstrated that the hydrogel was
reusable for at least three catalytic cycles, indicating the great power
of a catalytic hydrogel network.

3. Confinement of catalysts inside self-assembled nanostructures

In addition to positioning catalysts on a nanostructure, encapsulation
inside a cage-like system can be employed to compose a nanoreactor. A
wide variety of protein nanocages with different shapes and sizes can be
found in nature [36]. These structures are self-assembled from several
tens to hundreds of subunits and their robustness and uniformity
makes them very suitable for nanoreactor development. Although
some rod-like protein nanocages have beenused as a scaffold for enzyme
immobilization [37–41], similar to the positioning of catalysts on the
fibrous structures that were discussed in Section 2, enzymes are more
commonly encapsulated inside icosahedral protein nanocages. Addition-
ally, the confined environment that is created in these catalytic systems
can improve efficiency and selectivity of conversions. As such, re-
searchers have used both protein-derived and virus-derived protein
nanocages in the generation of novel nanoreactors via enzyme encapsu-
lation, which will be detailed in Sections 3.1 and 3.2.

3.1. Protein-derived nanoreactors

3.1.1. Ferritins
Ferritins are very suitable candidates for the production of

nanoreactors that encapsulate a metal catalyst due to their natural
iron storage capacity. Assembled out of 24 subunits, ferritins are hollow
sphereswith inner andouter diameters of 8 nmand12 nmrespectively.
The ferritin cavity can not only accommodate a striking 4500 iron atoms
as a compact mineral but was also demonstrated to incorporate other
metal ions and complexes. High stability of the ferritin cage at temper-
atures reaching up to 80 °C and in a pH range from 2 to 11 adds to its
suitability for nanoreactor production even further [42,43].

Having such favorable properties, ferritins were used for the produc-
tion of variousmetal-based and nanoparticle-based nanoreactors [42,43],
although recent developments are limited. Nonetheless, ferritin-based
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nanoreactors have already been employed in a plethora of applications.
For example, by incubating apoferritin with Pd2+-salts, palladium nano-
particles (PdNPs) were produced inside the ferritin core [44]. These
PdNPs with uniform size of 5± 1 nm catalyzed the oxidation of various
primary and secondary alcohols in aqueous environments. In a more
recent example, the ferritin cage was used as a template for the biomin-
eralization of manganese oxide [45]. These nanoparticles were generated
by a comproportionation reaction between Mn2+ and MnO4

− inside the
ferritin cage. By altering the pH, O2-level and reactant ratio the manga-
nese oxide mineral and its properties could be adjusted. In another
study ferritin was used as a template for the formation of gold nanopar-
ticles [46]. Most interestingly, the ability of ferritin to accommodate
metals and nanoparticles was quite recently demonstrated to be benefi-
cial in a biological system [47]. Dissociation of the apoferritin cage,
followed by incubation with 4.5 nm nanoceria particles and subsequent
reconstruction of the protein shell rendered the nano-CeO2 particles in-
side the nanocage. This yielded a Super Oxide Dismutase (SOD) mimic
with excellent reactive oxygen species (ROS) scavenging properties: the
apoferitin-CeO2 complex scavenged 3.5 timesmore ROS than the control
SOD. When applied in a live-cell system, the ferritin cage enhanced the
uptake of nanoceria and in addition relieved oxidative stress of the cells
more efficiently than free nano-CeO2. This is very promising for the use
of ferritin nanoreactors for biological applications.

3.1.2. Chaperonins
Quite recently, chaperonins caught the attention of Bruns and col-

leagues for the use as nanoreactor capsules [48–50]. The thermosome
(THS), a group II chaperonin, was developed into a nanoreactor for
atom-transfer radical polymerization (ATRP). The spherical THS protein
cage with an outer diameter of 16 nm can be formed by self-assembly
of eight α and eight β subunits. In contrast to most other protein
nanocages, the THS cage contains two inner cavities and can consume
ATP to cycle between open and closed states. Most importantly, the
open conformation allows macromolecules to enter and leave the inner
cavities. This renders THS not only very suitable for its native function,
namely maintaining proper folding of proteins, but also for the produc-
tion of polymers in the inner cavities, followed by release in solution.

The first nanoreactor based on THS employed a Cu2+-catalyst for
ATRP [48]. In order to entrap the catalyst, a cysteine was introduced
on the inside surface of the β-subunits. A multiamine ligand was then
attached via thiol-maleimide chemistry and could subsequently com-
plex Cu2+ ions inside the cavities of the THS nanocage. Addition of
initiator, monomer and ascorbic acid induced the ATRP reaction,
which yielded poly(N-isopropyl acrylamide) (NiPAAm) of low molecu-
lar weight and polydispersity. These beneficial properties could be
contributed to the confinement of the reaction by the THS nanocage.
More recently, the Cu2+ catalyst was replaced by a biocatalyst [49].
The ATRP-catalyzing enzyme horseradish peroxidase (HRP) was incor-
porated in the THS cavity via covalent attachment to the β-subunits
in a similar way as the Cu2+-catalyst before. HRP could catalyze the for-
mation of poly(ethylene glycol) methyl ether acrylate with the same
beneficial properties as the NiPAAm generated by the Cu2+-based THS
nanoreactor. This really demonstrates the strength of the THS chamber
for production of monodisperse polymers.

In addition to producing polymers, the THS nanocage can be used for
biomineralization, despite this protein complex lacking metal ion bind-
ing sites. Conjugation of the dendritic poly(amidoamine) (PAMAM)
polymer to the inner surface of THS enabled the formation of gold nano-
particles (AuNPs) inside the THS cavities [50]. Hereto the THS-PAMAM
conjugates were incubated with HAuCl4 and subsequently exposed
to NaBH4 to reduce the gold. By varying the gold ion concentration
and the number of loading and reduction cycles larger and smaller
monodisperse AuNPs could be obtained with diameters of 4.0 ±
1.5 nm and 2.4 ± 1.0 nm respectively. This work demonstrated that
in principle any protein cage can be used for biomineralization of metal
nanoparticles.
3.1.3. Lumazine synthetase
Hilvert and co-workers have focused on yet another protein

nanocage and developed a lumazine synthase (AaLS) complex into
versatile nanoreactors [51–55]. Naturally, AaLS is a spherical cage
formed by self-assembly of 60 subunits with internal and external
diameters of 8 nm and 15 nm respectively and T=1 icosahedral sym-
metry [42]. However, 180 subunits of an engineered AaLS-13 variant
could self-assemble into icosahedral particles with T = 3 symmetry
and inner and outer diameters of 25 nm and 36 nm respectively [51].
The engineered variant contained negatively charged residues on its
inner surface which facilitated entrapment of up to 100 copies of a pos-
itively charged GFP(36+) variant per protein cage based on charge
complementarity. It was further demonstrated that two distinct posi-
tively charged fluorescent proteins, GFP(36+) and TOP(36+), were
encapsulated at once while presenting Förster resonance energy trans-
fer (FRET) [52].

The GFP(36+)-tagging system was used to load AaLS cages with
active enzymes [53]. A simple fusion of the enzyme of interest to the
positively charged GFP(36+) was sufficient for encapsulation of
approximately 45 enzymes per nanocage. Unfortunately, loading of
the enzymes in the AaLS core was complicated for negatively charged
and oligomeric enzymes. In addition, confinement of the enzymes
inside the AaLS cages did not result in enhanced enzyme activity. None-
theless, the same strategy was used to encapsulate the peroxidase
APEX2 in AaLS [54]. This yielded nanoreactors for polymerization
of 3,3-diaminobenzidine in the presence of H2O2. The polymers that
were produced had desirable properties such as homogeneity in size
and shape, which was attributed to their association with the AaLS
cage. In consecutive work two active enzymes were co-encapsulated
in AaLS capsids (Fig. 3a) [55]. Hereto, the enzymes ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO) and carbonic anhydrase
(CA) were genetically fused to GFP(36+) and TOP(36+) respectively.
Mixing of both fusion proteins with AaLS yielded dual-enzyme nano-
reactors as confirmed by FRET between the fluorescent tags. These
nanoreactors functioned as carboxysome mimics although quite disap-
pointingly, encapsulation of CA and RuBisCO in the AaLS cages did not
enhance the efficiency of the enzymatic pathway. Therefore it appears
that the AaLS nanocage improves enzyme function only by stabilizing
the encapsulated proteins.

3.2. Virus like particle-based nanoreactors

3.2.1. Cowpea chlorotic mottle virus
The cowpea chlorotic mottle virus (CCMV) is an icosahedral plant

virus that comprises an RNAgenome surrounded by a protein capsid as-
sembled out of 180 coat proteins with a diameter of 28 nm and T=3
symmetry. An interesting property of this virus is that its capsid
can be disassembled at pH 7.5 into 90 protein dimers and RNA and,
after removal of the RNA, subsequently reassembled at pH 5.0. When
enzymes or other catalysts are present during reassembly they can be
encapsulated in the CCMV capsids [56,57]. Although this encapsulation
approach is attractive due to its simplicity, loading of enzymes is gener-
ally low [56].

Various strategies have been followed to improve the encapsulation
efficiency of enzymes inside CCMV capsids [58–60]. One method used
comprised the genetic fusion of complementary coiled-coil peptides to
both the N-terminus of the CCMV coat protein and the enzymatic
cargo [58]. Heterodimerization of the coiled coils during capsid assem-
bly at pH 5.0 resulted in efficient non-covalent binding of Candida ant-
arctica lipase B (CalB) to the interior of the CCMV capsid. Interestingly,
this system was used to demonstrate that confinement of enzymes
inside CCMV capsids increases the catalytic activity due to an increase
of the local concentration of the encapsulated enzyme [58,61]. In another
approach an enzymatic coupling strategy was employed to ensure a co-
valent linkage between the CalB enzyme and the interior of a modified
CCMV capsid [59]. Hereto, a Gly residue was introduced at the CCMV



Fig. 3. Strategies to achieve encapsulation of multiple enzymes inside protein nanocage-
based nanoreactors. (a) A genetic fusion of the enzymes of interest to a positively
supercharged protein facilitates encapsulation based on electrostatic interactions with
negatively charged cage proteins. (b) Complementary DNA tags (light blue) assist
the assembly of multiple enzymes, while negatively charged DNA tags (red) facilitate
self-assembly of capsid proteins with a cationic interior. (c) A three enzyme fusion is
genetically fused to an MS2 scaffold protein (blue spheres). During self-assembly, the
capsid encapsulates scaffold proteins with attached enzymes. (d) Genetic fusion of a
SpyTag peptide to a coat protein enables covalent attachment of enzyme-SpyCatcher
fusions to the interior of a self-assembling protein nanocage.
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N-terminus, while an LPETG Sortase recognition sequence was intro-
duced at the C-terminus of CalB. The enzyme Sortase A was then
employed to generate CalB-LPETG-CCMV, which co-assembled with
non-functionalized CCMV into CCMV capsids with encapsulated CalB.
These enzyme-loaded capsids were used to demonstrate that the
CCMV nanocage protects encapsulated enzymes against proteolytic
degradation. Yet another strategy was followed to encapsulate two
different two-enzyme cascades inside CCMV capsids (Fig. 3b) [60]. The
enzymes in the pathways were functionalized with complementary
single-stranded DNA sequences, which after hybridization yielded
dual-enzyme complexes. In addition, the DNA strands introduced suffi-
cient negative charges interactingwith the positive CCMV capsid interior
to allow reassembly of the protein cage around the enzyme complexes.
Interestingly, the protein templated capsids had an altered architecture
displaying T=1 icosahedral symmetry and a diameter of 20 nm.

Recently, a protein block copolymer of CCMV and an elastin-like
polypeptide (ELP) was developed with an added degree of control
over CCMV capsid assembly [62]. Due to the stimulus-responsive
behavior of the N-terminally fused ELP domain, CCMV assembly could
be directed by increments in temperature and salt concentration.
This ELP-directed assembly yielded smaller 18 nm CCMV capsids with
T = 1 icosahedral symmetry that were composed of 60 coat protein
subunits. pH-induced assembly was unaltered. Most importantly,
these CCMV variants have been used for enzyme encapsulation in a
nanoreactor context [59] and, combined with the ability to adjust the
ELP sequence in order to allow self-assembly at nearly-physiological
conditions, [63] this promises a great future for CCMV in the develop-
ment of functional nanoreactors and artificial organelles.

3.2.2. Bacteriophage P22
The bacteriophage P22 capsid is almost double the size of the CCMV

capsid and is assembled out of 420 identical coat proteins around 100 to
330 copies of a scaffold protein (SP) [64,65]. This yields a pro capsid (PC)
structure with a diameter of 58 nm and T = 7 icosahedral symmetry,
which is very well-suited for nanoreactor production. First of all, the
SP can be modified and genetically fused to enzymes to easily facilitate
their encapsulation inside P22 capsids [64–68]. Another aspect of the
P22 capsid that is beneficial for nanoreactor production is the possibility
to rearrange the capsid architecture by incubation at increased temper-
atures [64,65]. During 10 min at 65 °C, the SP is released from the PC
capsid while it expands into a 64 nm EX nanocage. Alternatively, incu-
bation at 75 °C for 20 min results in loss of coat proteins at the 5-fold
icosahedral vertices, generating twelve 10 nm holes in a wiffleball
(WB) P22 capsid. Most interestingly, these morphological transitions
can be used to control the activity of the encapsulated enzymes.

Douglas and coworkers have used the P22 capsid to produce
nanoreactors that encapsulate enzymes [64–67], small-molecule cata-
lysts [67,69] and even a three-enzyme cascade [68]. To achieve the
latter, a genetic three-enzyme fusion to the P22 scaffold protein was
prepared, which ensured that all three enzymes in the cascade were
co-encapsulated with a known stoichiometry (Fig. 3c). Flexible linkers
between the individual protein domains facilitated quaternary structure
formation to yield active enzymes. Encapsulation of the tetrameric
β-glucosidase CelB, the dimeric ADP-dependent glucokinase GLUK
and the monomeric ATP-dependent galactokinase GALK resulted
in nanoreactors that could consume lactose to yield galactose-1-
phosphate and glucose-6-phosphate. Alternatively, multiple enzymes
were encapsulated at once by preparation of genetic fusions to the SP
for every individual enzyme. This approach was already proven to be
feasible for a two-subunit enzyme [66].

Despite its great promise, one of the biggest disadvantages of the P22
capsid for nanoreactor production is that these protein cages are gener-
ally loadedwith enzymes in vivo, limiting the control over cargo encap-
sulation. In addition, in vivo assembly does not guarantee that all of the
encapsulated enzymes are correctly folded and active. Very recently,
Sharma et al. [70] demonstrated a method to overcome this difficulty
by enabling in vitro assembly of and encapsulation in P22 capsids.
Hereto, P22 capsids were produced in vivo and subsequently the
chaotrope guanidine hydrochloride was added to remove the SP,
yielding empty shells. These could be dissociated into coat protein sub-
units, which were combined with streptavidin-fused SP and wild type
SP to allow capsid assembly. By repeating the chaotrope treatment,
wild type SP could be specifically released from the capsids as the
streptavidin-fused SP was too big to fit through the pores in the P22
capsids, allowing control over the packing density inside the particles.
Although this approach was not used in the construction of a P22
nanoreactor yet, it holds great promise for the future.

3.2.3. Bacteriophage MS2
The icosahedral capsid of the bacteriophage MS2 is formed by self-

assembly of 180 monomers and has a diameter of 27 nm. While the
native guest in this nanocage is a single-stranded RNA, enzymes that
are fused to a DNA oligomer or a genetically encoded poly(anionic)
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tag can also interact with the MS2 RNA-binding motif, facilitating the
encapsulation of these enzymes in the viral capsid [71]. This allows for
the use of MS2 as a nanoreactor. The thirty-two pores of 2 nm width
that are located in the protein shell allow influx and efflux of substrates
and products respectively, which can be regulated by modification of
the pore structure [72].

As a demonstration of the great promise of MS2 as a nanoreactor
for biological applications, Giessen and Silver have used theMS2 capsid
to develop an in vivo assembly system (Fig. 3d) [73]. Hereto, a MS2-
SpyTag and two enzyme-SpyCatcher fusion proteins were produced.
During capsid assembly in E. coli the SpyCatcher and SpyTag could
form a covalent linkage, allowing loading of the MS2 capsid with both
enzymes in vivo. Subsequently, the enzyme-loaded MS2 nanoreactors
could be purified. Most interestingly, encapsulation of a two-enzyme
catalytic cascade inside theMS2 capsid did not only enhance the stabil-
ity of the enzymes in vitro, but also increased the enzymatic activity
in vivo with 60% compared to the non-encapsulated enzymes. This
work demonstrates great promise for the future, as similar systems can
possibly be used to increase the yield of multi-enzyme cascades in
biomanufacturing or alternatively be developed into artificial organelles.
4. Concluding remarks and future perspectives

During the past couple of years great advances have been made
in self-assembled peptide- and protein-based nanoreactors. Based
on a fundamental interest in understanding enzyme and organelle
origin and function, researchers have followed two distinct strategies.
In mostly peptide-based systems, specific amino acids in positionally
assembled fibrous structures give rise to catalytic assembly, whereas
in protein nanocage-based systems whole enzymes or metal catalysts
are incorporated in nanoreactors. Despite these diverging strategies, in
both systems the transition from incorporation of a single catalyst to
incorporation of multi-catalytic systems has been made. Especially
hydrogels and protein nanocage systems hold great promise for incor-
poration of multi-enzyme pathways or combinations of enzymes and
organic catalysts.

Although big steps have been taken, some important challenges and
possibilities for further development still remain in the field of peptide-
and protein-based nanoreactors. First of all, promising self-assembled
systems such as elastin-like polypeptides (ELPs) [74] and designer pro-
tein nanocages [75,76] could be developed into nanoreactors, adding to
the variety of available systems. Especially the latter system could be
useful, when applying design strategies that are similar to those used
in nanoreactor construction from DNA origami [5]. In addition, strate-
gies that are applied in one particular system might be examined as
general strategies to introduce novel functionality in other systems.
For example, the enzyme incorporation method based on charge com-
plementarity that was described for AaLS [51,52], could also be used
in other protein nanocage systems. Alternatively, distinct positional
assembly strategies thatwere applied in the generation of catalytic pep-
tide fibers (Section 2.1) could be combined to yield novel fibers with
dual-catalytic activity.

Other steps that should be taken involve the applications of protein
and peptide based nanoreactors. Key to the relevance of these systems is
a demonstration of the added value of a compartmentalized system
or positional assembly of catalysts. Therefore research should focus
on the evaluation of efficiency, specificity and solvent compatibility
of catalysis. In addition, the compatibility of the nanoreactors with
living systems should be assessed. Such developments would increase
the applicability of protein and peptide based nanoreactors in
biomanufacturing, therapeutics and in vivo enzyme and organelle
mimics. Another outstanding challenge is to mimic nature even more
by incorporating spatiotemporal control into peptide- and protein-
based nanoreactors. The self-assembling nature of the systems that
are described in this review can be highly beneficial for such regulation
as a trigger could be designed to induce the formation of the supramo-
lecular systems and thereby activate catalysis.

Finally, in the future the assembly of catalytic peptides and proteins
could be taken to the next level. Recently, hierarchical organization
of protein assemblies into array structures has gained the interest of
researchers. Electrostatic interactions, metal–ligand interactions, mo-
lecular recognition and protein–protein interactions are known to
drive this hierarchical self-assembly [77] and CCMV [78], P22 [79]
and ferritin [80] nanocages have been incorporated in crystalline struc-
tures andmetamaterials. Combining this hierarchical organization with
protein nanocage-based nanoreactors can give rise to array structures
that incorporate various catalytic functions with high level of positional
control.
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Summary of key references

Papers of particular interest, published within the period of review, have been
highlighted as: * of special interest; ** of outstanding interest.

[11]*: This pioneering paper describes the roles of the alkyl chains and the peptide
parts of self-assembling peptide amphiphiles for fiber formation and catalysis.

[13]*: In this paper the first nanotube catalyst, based on metal-coordinating
bolaamphiphilic peptides, was reported that catalyzed asymmetric reactionswith high ef-
ficiency and stereo selectivity.

[14]**: This paper reported on three similar peptide amphiphiles with different cata-
lytic residues that co-assembled into catalytic nanofibers, bringing the catalytic residues
together in a triad. With the use of molecular imprinting the catalytic activity was further
enhanced.

[20]*: Here, a thorough investigation of the effects of substitutions of polar and apolar
residues in an amyloid peptide sequence on the esterase activity of assembled fibers is
presented.

[21]*: In this work two similar amyloid peptideswith different catalytic residueswere
co-assembled into catalytic nanofibers.

[22]*: This paper reported on the incorporation of three catalytic residues from a ser-
ine protease into one single amyloid peptide. Self-assembly yielded catalytic nanofibers.

[23]**: In this paper a catalytic sequence was fused to an amyloid sequence and a col-
lagen peptide sequence. Only the amyloid fibers displayed good catalytic activity, demon-
strating the importance of choosing the correct peptide platform for the display of the
catalytic domains.

[28]*: This pioneering paper was one of the first to report on catalytic peptide-based
hydrogels. Close proximity of catalytic groups as well as hydrophobic pockets in the hy-
drogel network are identified as key factors for catalysis.

[29]*: In this work itwas demonstrated that hydrophobic regions aswell as active site
accessibility are key factors determining the activity of catalytic peptide hydrogels.

[30]**: This paper reports on a catalytic hydrogel with dual catalytic functionality. By
making use of a bolaamphiphilic peptide and an amphiphilic peptide, the catalytic gelators
self-sorted into a hydrogel network consisting of two types ofmolecularfibers. In thisway
the activity of the incompatible catalysts was maintained in the hydrogel network.

[31]**: In this paper a peptide-based sol–gel system is described in which two cata-
lysts cooperate.

[35]*: This work describes the incorporation of cytochrome P450 and two redox part-
ners into a protein-based hydrogel network.

[38]*: This paper reports the exterior functionalization of a zucchini yellow mosaic
virus particle via antibodies specific for the viral coat proteins and attachment of an anti-
body binding peptide to a protein of interest.
[39]*: In this publication the surface functionalization of tobaccomosaic viruswith en-
zymes is described. The employed strategy encompasses coupling of a maleimide-biotin
linker to an engineered cysteine on the viral coat protein and further functionalization with
streptavidin-conjugated enzymes.

[41]*: In this work the fd bacteriophage was functionalized with enzymes via a two-
antibody immunological strategy. Enhanced activity of the enzymes on the virus scaffold
was demonstrated.

[53]*: This paper reports the encapsulation of enzymes in AaLS protein nanocages via
genetic fusion of the enzymes to positively supercharged GFP and electrostatic interaction
with the negatively charged AaLS interior. This strategy could be generally applied in pro-
tein nanocage encapsulation.

[55]**: In this work two enzymes were incorporated in an AaLs protein nanocage at
once by means of electrostatic interactions. The nanoreactor mimicked the activity of
carboxysomes.

[59]*: Here, the sortase-mediated covalent attachment of an enzyme to the interior of
CCMV capsids is described. With this strategy very efficient encapsulation of an enzyme
was achieved.

[60]**: This paper reports on the encapsulation of an enzyme cascade into CCMV
nanocages. Negatively charged DNA tags were attached to the enzymes of interest,
which allowed the formation of an enzyme complex with sufficient anionic charges to
be encapsulated by the positively charged CCMV interior surface.

[62]**: This publication describes a novel self-assembly trigger for CCMV by produc-
tion of a genetic fusion between an ELP and the CCMV N-terminus. The resulting ELP-
CCMV proteins could still self-assemble by a pH trigger, but in addition self-assembly
could be induced by a salt or temperature trigger.

[66]*: In this work a hydrogen producing nanoreactor was created via encapsulation
of a hydrogenase in a P22 nanocage through genetic fusion to the scaffold protein. Encap-
sulation increased the stability of the hydrogenase.

[68]**: Here, the encapsulation of a three enzyme cascade into a single P22 nanocage
is reported. The enzymeswere genetically fused to eachother and the P22 scaffold protein,
which led to co-encapsulation with known stoichiometries.

[70]**: This work describes for the first time the in vitro encapsulation of a protein
within P22 capsids. In addition, a strategy is discussed for varying the packing density in-
side the nanocage, which can be used to study the effects of crowding and confinement on
enzyme activity.

[73]**: In this paper the in vivo encapsulation of a two-enzyme cascade inside MS2
nanocages is described. It is demonstrated that encapsulation increases the stability and
improves the in vivo activity of the enzymes.
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