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1. Introduction

In nature, chemical conversions take place in a
confined environment and are closely geared to each
other such that the product of one reaction is the
substrate or catalyst of the subsequent one. Such a
coupling of reactions in time and space (i.e., perform-
ing cascade reactions) is of growing interest to
chemists as it is expected to increase the efficiency
of chemical conversions on scales ranging from the
laboratory bench to industrial plants. Nature realizes
this coupling and the control and fine-tuning of the
products, among others, by using well-defined reac-
tion environments, which vary from nanometer-sized
and relatively simple systems, such as enzymes, to
micrometer-sized and extremely complex assemblies,
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such as cells. Industry currently uses whole cells as
complete factories to produce on a large scale a
variety of products. For a synthetic chemist, the
coupling of reactions in time and space begins with
the design and construction of a confined reaction
environment within which the conversion(s) will take
place, that is, a reactor. Toward this goal, the cell
acts as the primary source of inspiration. Initial
attempts to create such reactors involved fully syn-
thetic low molecular weight receptors capable of
encapsulating reagents; however, in most cases, the
construction of covalent reactors implies complicated
multistep synthesis, which is a severe drawback for
their application on a larger scale. The development
of synthetically more accessible systems demanded
a more natural approach, that is, the self-assembly
of small molecular components, for example, phos-
pholipids, into discrete, capsule-containing architec-
tures, and vesicles. Although the construction of an
artificial cell is the ultimate fantasy, more simple
systems such as micelles, vesicles, and other as-
semblies of molecules may already partly solve the
problem. In these simple reactors not only the reac-
tion pathways can be influenced, but in many cases
also the size and morphology of the products (e.g.,
crystals).

The aim of this review is to give an overview of the
wide range of nanoreactors that have been con-
structed from synthetic and biological building blocks
using both covalent and noncovalent approaches. The
primary focus is on self-assembled systems, varying
in size from a few nanometers to tens of micrometers.
Not included is the vast area of inorganic compounds,
such as zeolites and sol—gels. The self-assembled
nanoreactors that are discussed can be considered as
the simplest mimics of a cell and contain a cavity in
which a chemical reaction can take place. The review
is divided into several sections that cover the devel-
opment of tailor-made nanoreactors, starting from
small organic molecular containers expanding to
large compartment-containing assemblies. The con-
struction of capsules from low molecular weight
compounds by means of covalent synthesis and self-
assembly by highly directive and pre-designed inter-
actions, such as hydrogen bonding and metal—ligand
coordination, is presented in section 2.1. In subse-
quent sections (2.2 and 2.3), nanocapsules based on
micellar and vesicular assemblies that are built up
from low molecular weight molecules will be dis-
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cussed, whereas section 3 covers the construction of
nanoreactors from macromolecular building blocks.
Finally, in section 4 we will give an overview of the
most recent developments in the use of viruses as
nanocontainers and -reactors. We have focused in our
review on developments in the past decade, covering
the fields of organic and macromolecular chemistry
as well as the emerging area of biomacromolecules
(e.g., viruses). All important articles in these fields
are highlighted, and where appropriate the founda-
tion papers from relevant earlier work are included.

2. Molecular Nanoreactors

2.1. Capsules and Boxes
2.1.1. Covalent Systems

The most efficient catalysts known are nature’s
enzymes, whose tremendously high efficiency and
selectivity have always been the drive for chemists
to create synthetic catalytic systems that approach
a similar superior activity and selectivity. In this
respect, the general architecture of an enzyme has
been a key of inspiration for the development of
artificial supramolecular catalytic systems. Many of
the systems of this type rely on principles reported
already 60 years ago by Pauling in his fundamental
theories of enzyme catalysis with respect to transition
states and molecular recognition! and are therefore
commonly referred to as artificial enzymes.? The most
important feature of an enzyme is that the activated
complex is stabilized to a larger extent than the
enzyme—substrate complex itself, by the presence of
additional binding interactions in the transition state
of the reaction. In other words, enzymes can be
considered complementary in structure to the transi-
tion state of the reaction they catalyze. The enzyme’s
binding properties, coupled with catalytic function-
alities strategically placed with the active site, de-
crease the activation energy for the reaction.?* To be
an efficient enzyme mimic, the designed molecule
therefore needs to possess a binding cavity or site
that is able to selectively recognize and bind a desired
substrate, which in the next step has to be converted
at a catalytic center in its direct proximity. Finally,
and in the design of many artificial enzymes this has
proven to be a major bottleneck, the catalyst should
be able to release the converted substrate and have
the ability to be regenerated; that is, turnover has
to occur.

Using nature’s enzymes as a blueprint, many
approaches to synthesize low molecular weight cata-
lysts, which contain a substrate binding site that
recognizes substrates next to an active site, have been
described in the literature.? The first, simple ex-
amples of enzyme mimics were crown ethers and
cryptands with catalytically active functionalities
attached in the correct position near the reacting
group of a complexed substrate.®”® From the early
1970s on, cyclodextrins (CDs), naturally abundant
cavity molecules, have been extensively used as
binding sites in supramolecular catalysts.'"13 A
myriad of functionalized cyclodextrins have shown
to be selective catalysts for ester hydrolysis.'*~17 A
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Figure 1. Examples of artificial enzymes: (a) Breslow’s ribonuclease A mimic which catalyzes the hydrolysis of cyclic
phosphodiesters, (b) Diederich’s pyruvate oxidase mimic which catalyzes the oxidation of naphththalene-2-carbaldehyde,
and (c) Breslow’s manganese porphyrin tetra-cyclodextrin receptor which regio- and stereoselectively hydroxylizes steroid

derivatives.

representative example is Breslow’s mimic of the
enzyme ribonuclease A,'*'8 which works according to
principles of acid—base catalysis (Figure 1a). In this
mimic, two imidazole rings are connected to the
primary side of a $-CD, and the resulting cavity
molecule 1 binds and selectively hydrolyzes cyclic
phosphor diester 2. Apart from a 120-fold rate
enhancement as compared to the uncatalyzed solu-
tion reaction using NaOH as a base, a greater than
99% selectivity for one of the two possible products
(i.e., 3a) was observed. Following a similar approach,

Diederich covalently attached a thiazolium and a
flavin moiety to a cyclophane cavity, creating a
synthetic pyruvate oxidase mimic 4 (Figure 1b).1%20
The system is capable of catalyzing, on a truly
preparative scale, the conversion of complexed naph-
ththalene-2-carbaldehyde 5 into the methyl ester 6.
During the reaction, the flavin residue is reduced,
and for turnover to occur it is reoxidized by regenera-
tion in an electrochemical cell.

Many other examples are known in which a transi-
tion metal catalyst is covalently attached to one or
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more substrate binding cavities. For example, iron
porphyrins connected to one?'-2?2 or more?' 24 CDs
have been applied as oxidation catalysts with varying
efficiencies and selectivities of substrates that are
bound in the CD cavity. Different types of cavity-
containing catalysts are metal—ligand systems con-
nected to cyclocholates,??¢  cyclophanes,?’ 29
calixarenes,?® clips,?13* and other concave binding
sites.?>738 An artificial enzyme system which perfectly
illustrates the possibility to achieve high selectivity
is the manganese porphyrin 7, which possesses four
covalently linked peripheral 3-CDs (Figure 1c).39743

In the presence of iodosyl benzene, this tetramer
is capable of selectively epoxidizing or hydroxylating
stilbene derivatives. Its superior selectivity is best
illustrated by the fact that it can regio- and stereo-
selectively oxidize the unactivated 6-CHs position in
the B-ring of steroid derivative 8. The selectivity
relies on a precise positioning of this methylene group
directly over the porphyrin metal center, caused by
the encapsulation of the two tert-butylphenyl groups
of the substrate by two trans-positioned CD cavities,
as was concluded from molecular modeling calcula-
tions. As a result of concomitant hydrolysis of the
ester groups during the reaction, product 9 was
obtained in a yield of 40%.

The majority of the examples discussed above refer
to supramolecular catalysts which convert a single
bound substrate. In recent years, however, new
receptors have been developed that are designed in
such a way that they can simultaneously complex two
or even more substrates, and in addition promote a
reaction between them. In many cases, the binding
site is modified in such a way that a reaction chamber
is created which encapsulates guest molecules, con-
fines them, and effectively shields them from their
environment, generally the solvent. As a result, the
transition state of more than one simultaneously
captured substrate in a bimolecular reaction can be
stabilized. The appropriate catalysis of bimolecular
reactions is, however, not trivial, because apart from
binding the two substrates it is also necessary to
orient them in the correct position for the reaction
to occur effectively.** On the other hand, in such a
way a careful design of the host might allow for a
geometrical restriction of the bound substrates and
a concomitantly enforced stereo- or regioselectivity
in product formation. A frequently occurring example
is the acceleration of cycloaddition reactions under
encapsulation conditions.*> When both partners of the
cycloaddition reaction are oriented in the correct
geometry within the host, the latter acts as the
template for a transition state analogue, on which
also the development of catalytically active imprinted
polymers ¢ catalytic antibodies,*” and the recently
developed selection of a catalyst from a dynamic
combinatorial library (vide infra) are based. A serious
limitation of the use of templating hosts, however,
is that they are in many cases not truly catalytic.
Because their design generally relies on binding the
reactants in a geometry that resembles that of the
eventual products, the latter almost inevitably bind
to the host with a similar strength or even stronger,
thereby preventing effective turnover by product in-
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hibition. Approaches to address this problem include
a careful design of the binding sites of the capsule,
in such a way that they bind the products weaker
than the reactants, or by aiming for reaction products
that are too small or too large to fit within the host.
In particular, the latter approach has proven to be
extremely versatile in cases where the hosting cap-
sule itself can be reversibly assembled and dis-
assembled (see section 2.1.2).

Initially, CDs were utilized as catalysts of Diels—
Alder reactions in water,*®% in one case revealing
Michaelis—Menten kinetics with saturation occurring
at high substrate concentrations,’® whereas inhibition
of the reaction occurred in the presence of a hydro-
phobic dienophile. In a related study, significant
changes in diastereoselectivity of the reaction could
be achieved in the presence of CD catalysts.?! An-
other family of macrocycles that have been applied
as nanoreactors more recently are cucurbituril de-
rivatives.52%3 The internal cavity of the hexameric
glycoluril derivative cucurbit[6]uril 10 is sufficiently
large to accommodate aliphatic and aromatic five-
membered rings, and consequently it was investi-
gated as a nanoreactor for 1,3-dipolar cycloaddition
reactions.? The uncatalyzed reaction between prop-
argylammonium 11 and azidoethylammonium 12
yields a mixture of two regioisomeric diazole adducts
13a and 13b, which are formed in equal amounts by
a standard concerted process (Scheme 1). In the
presence of a catalytic amount of 10, the rate of this
reaction was accelerated 55 000x. In addition, the
1,4-disubstituted product was exclusively formed.
These results are explained by assuming the forma-
tion of a transient ternary complex between cucur-
bituril and the both reactants. The reactants are
bound simultaneously by electrostatic interactions
between the charged ammonium groups and the urea
oxygen atoms lining the portals of 10, with the
acetylene and azide substituents extending into the
core of the host. The reactive groups are perfectly
aligned with respect to each other, and a rapid
reaction occurs. Not unexpectedly, the release of the
pseudorotaxane product, which has a higher affinity
for the host than each of the both reactants, is the
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rate-limiting step. In more recent work, Tuncel and
Steinke have shown that this cucurbituril-catalyzed
Diels—Alder reaction can also be applied in the
synthesis of polyrotaxanes by using diazides and
diacetylenes as the substrates.5%-56

The octameric analogue cucurbit[8]uril, which has
a cavity with a size comparable to that of y-CD, can
accommodate two aromatic guest molecules. The
cavity was used as a nanoreactor in the [2+2]-
photodimerization of (E)-diammoniumstilbene in aque-
ous solution.?” Apart from a large rate acceleration
as compared to a similar reaction catalyzed by y-CD
(0.5 vs 72 h for y-CD), a considerable stereoselectivity
was observed resulting in a ratio between the syn-
and anti-adducts of 95:5. In addition, no isomeriza-
tion, which is usually observed for stilbene deriva-
tives, was observed during the reaction. The observed
results are explained by assuming a stabilization of
both guest molecules in a favored geometry in which
the olefinic groups are oriented in a parallel fashion
within the substrate binding cavity.

Sanders and co-workers were among the first to
synthesize more sophisticated hosts for the use as
nanoreactors, viz., cyclic zinc porphyrin hosts, which
possess convergent binding sites that can specifically
complex two reaction partners in close proximity by
providing them with ligands that coordinate to the
porphyrin zinc ions. In the presence of trimer 14a,
the Diels—Alder reaction between pyridine-function-
alized maleimide 15 and furan derivative 16 ap-
peared to occur with a 200-fold increase in initial rate
as compared to when the reaction was carried out in
the absence of 14a (Scheme 2).58

In addition, when using 14a, the exo-adduct 17 was
the only product formed. These results can only be
explained by assuming a simultaneous binding of 15
and 16 within 14a, which positions the starting
materials in the correct geometry for producing the
exo-product exclusively. Acceleration of the reaction
occurs simply by virtue of the binding of the reactants
by 14a: its favorable enthalpic gain compensates for
the highly unfavorable entropy of activation. Further
evidence for the occurrence of the reaction within the
cavity of 14a was provided by the fact that in the
presence of tripyridyltriazine, a guest that is bound
extremely strong within 14a, the Diels—Alder reac-
tion was completely inhibited. As expected, the major
drawback that prevents 14a from acting as a true
catalyst is the occurrence of product inhibition,
because 17 is complexed by 14 far more favorably
than the starting materials. The formation of the
endo-adduct is disfavored because of a poor fit of its
transition state within the cavity of 14a. However,
upon contraction of the cavity, the stereochemistry
of the reaction could be completely reversed.?® Host
14b, which contains two ethyne instead of butadiyne
brldges 1ncorporates two different Zn—Z7n distances,
viz., 15 A, as in the case of 14a, and 12 A. The latter
dlstance is more complementary to binding of the
endo-adduct 18, which is formed exclusively upon
reaction of 15 and 16. Similar rate accelerations
using cyclic metalloporphyrin trimers were observed
in the case of hetero Diels—Alder reactions between
pyridyl dienes and nitrosopyridines to yield oxa-
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Scheme 2. Controlled Direction of a Diels—Alder
Reaction by Means of the Geometrical Constraints
of Cyclic Porphyrin Hosts
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zines.%0762 Host 14a was turned into a true catalyst
when it was used in a catalytic acyl transfer reac-
tion.% Upon hosting 4-(hydroxymethyl)pyridine and
N-acetylimidazole, the substrates are perfectly ori-
ented to undergo a transacylation reaction. As com-
pared to the uncatalyzed reaction, 14a increased the
initial rate of the reaction 16-fold. In contrast to the
case of the Diels—Alder reactions, however, the
products are now coordinated to 14a by only a single
zinc—ligand interaction, resulting in a binding affin-
ity of the product which is comparable to those of the
substrates, allowing turnover to occur.

In the above examples, molecular capsules are
utilized to induce cycloaddition reactions between two
simultaneously complexed substrates. In the reverse
approach, encapsulation has also proven to be an
extremely powerful tool to prevent reactions by the
trapping of reactive intermediates.®* The inclusion
of reactive compounds in a confined space has thus
become a means to control their reactivity toward
compounds other than themselves. For example,
Cram’s hemicarcerand-type containers can incarcer-
ate o-benzyne or cyclobutadiene and stabilize them
by protecting them for dimerization.5>7%7 Recently,
Warmuth et al. reported the generation and stabili-
zation of cycloheptatetraene inside the cavity of a
hemicarcerand,®®%? and reactive cations have been
stabilized by trapping them inside a tetrahedral
gallium-ligand cluster.” Similarly, gases such as NO;
have been chemically “fixated” and utilized as stable
nitrosation reagents by encapsulating them within
calixarenes.” =73
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Figure 2. Glycoluril-based capsules which are self-as-
sembled by hydrogen-bonding interactions: (a) a “tennis
ball” and (b) a “softball”. In the computer modeled struc-
tures, some of the substituents and hydrogen bonds have

been omitted for clarity. (Reproduced with permission from
ref 74. Copyright 2002 Wiley.)

2.1.2. Noncovalent Systems

Covalently built capsules have proven their value
as catalysts of a wide range of chemical reactions,
and in several cases impressive efficiencies and
selectivities have been achieved (see the examples
described in section 2.1.1). However, as the scale and
complexity of the target products of their reactions
increase, designing and preparing capsule-shaped
catalysts in a covalent fashion rapidly becomes very
difficult, involving costly multistep syntheses that
often produce only milligram yields of material.1%:3259
Moreover, the resulting catalysts are not so versatile
because they are often highly specific to only a limited
number of reactions.?5863-69 Tt is for this reason that
in the past decade a shift has been observed in the
approach to construct these catalysts, from tradi-
tional covalent chemistry to multicomponent self-
assembly of relatively small complementary building
blocks. Self-assembled capsules are receptors with
enclosed cavities that are formed through reversible,
noncovalent interactions between two or more comple-
mentary subunits. Typically, such capsules self-
assemble through hydrogen-bonding and metal—
ligand interactions.”" Hydrogen-bonding interactions
are highly directional and specific, whereas metal—
ligand bonds are generally much stronger, yielding
more robust self-assembled structures. In this sec-
tion, self-assembled capsules that can function as
nanoreactors will be discussed.

The group of Rebek has become one of the leading
groups in the exploration of self-assembly of comple-
mentary concave receptors into a myriad of hydrogen-
bonded capsular species.”®"" The first capsule, the
so-called “tennis-ball” 19—19 (Figure 2a), consists of

Vriezema et al.

two bis-glycoluril units which self-assemble into a
closed cavity.

The self-assembly is governed by the specific
curvature encoded within the building block, and the
concomitant formation of eight hydrogen bonds be-
tween the self-complementary C=0 and N—H func-
tions of the two subunits.®” The inner volume of the
capsule (~50 A3) is rather small and only allows for
the encapsulation of small molecules such as meth-
ane and noble gases. To complex larger guests, the
spacers between the glycoluril moieties were varied,
generating a number of dimeric and higher order
capsules with inner compartments of varying sizes.
By comparing the binding properties of these cap-
sules, it turned out that the encapsulation process
was largely determined by the size and shape of the
guest. An extensive study toward the understanding
of the factors that govern the binding of guests within
Rebek’s capsules revealed the “55% occupance” rule,
which implies that in the absence of specific inter-
molecular interactions between the guest and the
capsule the binding is most efficient if only 55% of
the available inner space is filled.8!

A typical example of a larger capsule generated by
the assembly of extended subunits is the “molecular
softball” 20—20, in which the glycoluril moieties are
connected across seven fused rings (Figure 2b). The
central ring contains an ethylene bridge function that
encodes the extra curvature that is required for the
specific formation of a hydrogen-bonded dimer, re-
sulting in a capsule which is now held together by a
seam of 12 hydrogen bonds. The complexation of
guest molecules within the softball is, interestingly,
an entropy-driven process, which was concluded from
the fact that the association constants increase with
temperature. This was unexpected, because most
host—guest complexation processes in organic solu-
tion are entropically unfavorable and enthalpy-
driven. Upon binding of a guest, for example, ada-
mantane or ferrocene, in 20—20, two molecules of
solvent that are present in the cavity are released,
resulting in a favorable increase in entropy. NMR
studies also revealed that the softball was capable
of encapsulating two aromatic solvent molecules,3%%3
and this propensity stimulated the researchers to
utilize the “softball” as a microreactor for bimolecular
reactions. An example is depicted in Figure 3a, viz.,
the Diels—Alder reaction between p-benzoquinone 21
and cyclohexadiene 22.84% In p-xylene-dio solution,
the rate of this reaction is 200 times faster in the
presence of the 20—20 capsule than in its absence.
This was explained by assuming that both starting
materials are complexed within the capsule and,
because of their close proximity, the rate of reaction
is enhanced. Due to the restricted space inside the
capsule, the endo-isomer 23 is favored as the exclu-
sive product. In contrast, if 1,4-naphthoquinone, a
molecule that does not fit in the capsule, was used
as the dienophile, the reaction was not accelerated.
Addition of a nonreactive guest that effectively
competes for encapsulation with the reactants also
was found to prevent rate acceleration.

A major deficit of the reaction, as expected, is that
effective turnover is prevented due to product inhibi-
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Figure 3. (a) The Diels—Alder reaction between cyclohexadiene and p-benzoquinone accelerated by microreactor 20—20,
which is needed in stoichiometric quantities due to product inhibition. (b) The Diels—Alder reaction between 2,5-dimethyl
thiophene dioxide and p-benzoquinone catalyzed by the microreactor 20—20; in this case, product release makes 20—20

available for catalyzing further reactions.

tion, because the resulting adduct fits perfectly
within the capsule (K, > 10° M™1). To make the
capsule a true catalyst, product release is essential,
and this was accomplished by using 2,5-dimethyl
thiophene dioxide 24 as the diene in the cycloaddition
reaction with p-benzoquinone. The capsule has a poor
affinity for the resulting Diels—Alder product 25,
which, assisted by the ability of the capsule to
disassemble and re-assemble, can be replaced by new
reactants (Figure 3b).%6

Capsule 26—26, which is composed of a dimer of
complementary resorcinarene units stabilized by 12
hydrogen bonds (Figure 4),%8 can function as a reac-
tion chamber in which the 1,3-dipolar cycloaddition
between phenylacetylene 27 and phenyl azide 28 is
accelerated.?® Whereas in the absence of 26—26 it
takes years for this reaction to complete, in the
presence of the capsule it occurs within a few days.
In addition, in the latter case absolute regioselectivity
is observed in the sense that the 1,4-adduct 29 is
formed exclusively. Because the product is an excel-
lent guest for 26—26, the reaction clearly suffers from
product inhibition and no true catalysis is accom-
plished.

During the past decade, several research groups
have reported the construction of discrete cagelike
architectures by means of metal—ligand self-
assembly.?°~%* In contrast to hydrogen-bonding mo-
tifs, which are linear in nature and thus require the
presence of curvature elsewhere in the building block
for a capsule to be formed, the specific coordination
angles between ligands and metal centers can be
used themselves as codons for curvature. Fujita and
co-workers have elaborated® on the conceptual de-
sign and synthesis of well-defined cages by multi-
component transition metal-mediated self-assembly
processes for the use as reaction chambers for several
types of bi- and multimolecular reactions. The build-
ing blocks of these highly symmetrical metallo-
capsules are simple triangular heterocyclic ligands
and cis-enforced square-planar Pd-and Pt-complexes.
Coordination cage 30, which is the single product of
a spontaneous self-assembly process of four tris(4-

26-26
I N
3
26-26
+ —_— - N=
N
N
27 28 29

Figure 4. Capsule 26—26, which is self-assembled from
two resorcinarene subunits, and the 1,3-dipolar cycload-
dition reaction that is accelerated by this capsule. (Adapted
with permission from Figure 1 from ref 87. Copyright 2002
National Academy of Sciences.)

pyridyDtriazine ligands and six palladium complexes,
has an inner compartment with a volume of about
500 A2 and is capable of encapsulating a variety of
neutral organic molecules in aqueous environments
(Figure 5).96-100

For this reason, the capsule was expected to be an
effective mediator for phase-transfer catalysis reac-
tions in water. In the absence of cage 30, the Wacker
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Figure 5. Schematic representation of the Wacker oxida-
tion of styrene to yield acetophenone in a two-phase system,
in which capsule 30 plays the role of a phase-transfer
catalyst. (Adapted with permission from Chart 1 from ref
102. Copyright 2001 American Chemical Society.)

oxidation of styrene 31 to acetophenone 32, catalyzed
by [Pd(en)][(NOs3); (en = ethylenediamine) in water,
proceeded only to a small extent (4%) (Figure 5). In
the presence of a catalytic amount of 30, however, a
dramatic increase in the yield of acetophenone to 82%
was observed.1®! When the reaction was carried out
in the presence of 1,3,5-trimethoxybenzene, a mol-
ecule that effectively competes with styrene for
encapsulation by 30, the acetophenone production
dropped to 3%.

The same coordination cage has been used as a
reaction chamber for the bimolecular [2+2] photo-
dimerization of bulky olefins.!%® Upon irradiation of
acenaphthylene 33 in the presence of 30 in water,
the syn-dimer 34 was formed exclusively in a yield
of >98% (Figure 6a).

The presence of the cage appeared to be essential
for the reaction to occur and, in addition, for achiev-
ing the high stereoselectivity. The cage also turned
out to be a catalyst with high regioselectivity, as was
evidenced by the [2+2] photodimerization of 1-meth-
ylacenaphthylene 35, which almost exclusively af-
forded the head-to-tail syn-isomer 36 in >98% yield
(Figure 6b). In the absence of the cage, no reaction
occurred at all.
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Figure 6. Schematic representation of the photodimer-
izations of (a) acenaphthylene and (b) 1-methylacenaph-
thylene by metallo-cage 30.

syn-product

Figure 7. Schematic representation of the photodimer-
ization of 1,4-naphthoquinone by the half open metallo-
cage 37. (Adapted with permission from Chart 1 from ref
102. Copyright 2001 American Chemical Society.)

The photodimerization of naphthoquinones was
most effectively catalyzed by the half open coordina-
tion cage 37 (Figure 7).1941% The dimerization of 1,4-
naphthoquinone 38 yielded the syn-dimer 39 in >98%
yield, whereas the same reaction in benzene in the
absence of 37 preferentially gave the anti-dimer. The
regioselectivity of the photodimerization of 2-meth-
ylnaphthoquinone was slightly higher when cata-
lyzed by 37 as compared to 30 (96% and 78% head-
to-tail product, respectively). In addition, it could be
remotely controlled by placing a substituent on the
naphthalene ring, because 5-methoxynaphthoquino-
ne was photodimerized by 37 with a 79% head-to-
tail selectivity.

Stimulated by the successful homodimerization
reactions, cage 30 was also explored as a catalyst in
the cross-photodimerization of acenaphthylenes and
naphthoquinones (Figure 8).106
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Figure 8. Product distributions of cross-photodimerization
reactions of acenaphthylene and 1,4-naphthoquinone de-
rivatives catalyzed by metallo-cage 30.

In this respect, managing the selectivity between
the cross- and homo-coupling reactions is a big
challenge because it requires the selective encapsula-
tion of two different olefins within 30. This pairwise
selectivity could be nicely controlled by a careful
choice of the steric restrictions of the substrates
within the capsule: only when a 5-ethoxysubstituent
was present on the naphthoquinone was the syn
cross-dimer formed exclusively and in high yield. In
case of a 5-methoxy, or in the absence of a substitu-
ent, also homodimers were formed. A striking result
was obtained when acenaphthylene and N-benzyl-
maleimide, an otherwise photochemically inert sub-
strate, could be coupled in the presence of 30, yielding
only the syn-product in 97%.

Fuyjita and his group have utilized metallo-capsules
to stabilize molecules in an unfavorable conforma-
tion.”® Upon treating an aqueous solution of 30 with
a solution of 4,4'-dimethylazobenzene (cis:trans = 1:6)
in hexane, 2 equiv of selectively the cis-isomer of the
guest was encapsulated. In addition, the cis-azoben-
zene molecules are considerably stabilized by their
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encapsulation, because exposing the complex to vis-
ible light for several weeks did not result in isomer-
ization to the thermodynamically favored trans-
product. In a similar fashion, Rebek has used the
hydrogen-bonded capsule 26—26 (see Figure 4) to
stabilize a tertiary anilide in its Z-configuration.1%

Encapsulation can stabilize labile oligomers, which
are formed in situ by the reaction of smaller molec-
ular components. An illustrative example is the use
of coordination cages as confined reaction chambers
for the condensation of trialkoxysilanes.'%® Cage 30
allows the exchange of phenyltrimethoxysilane mono-
mers 40 in aqueous solution, and upon heating the
mixture, a cyclic siloxane trimer 41 was formed in a
“ship-in-a-bottle” fashion within the capsule of 30 in
a yield of 92% (Figure 9a). Whereas in the absence
of 30 the cyclic trimer is only a kinetic, short-lived
intermediate that is rapidly converted to thermody-
namically more stable cyclic tetramers and further
condensed products, the complex of 30 and the trimer
was found to be stable for more than a month in
neutral and even the strongly acidic conditions (pH
< 1) required for its isolation.

The oligomerization of trialkoxysilanes could be
controlled in an even more sophisticated fashion,!0?
following a concept named “cavity-directed synthe-

is”, because it relies on using predesigned cavity
sizes and geometries to properly preorganize starting
materials and stabilize reaction products. Cages 30
(Figure 5), 37 (Figure 7), and 42 (Figure 9), which
vary in shape and size, were used in oligomerization
reactions of 2-naphthyltrimethoxysilane. In the pres-
ence of tubelike cage 42, this substrate was only
hydrolyzed to its silanol derivative, which, because
of its encapsulation within 42, remained remarkably

\sv Q
o// '\o

(©)

Figure 9. (a) Stabilization of cyclic siloxane trimers by means of encapsulation by 30. (b) Structure of tubelike cage 42.
(c) Cavity-directed synthesis of siloxane oligomers. (Adapted with permission from Chart 1 from ref 102. Copyright 2002

American Chemical Society.)
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Scheme 3. Encapsulation of Manganese Porphyrin Catalyst 44 within the Self-Assembled Square 43
Consisting of Four Zinc Porphyrins Connected by Four Rhenium Centers

._l N

Re(CO),Cl

43

stable for more than a week (Figure 9¢). Half open
cage 37, which is large enough to accommodate two
molecules of substrate, not unexpectedly appeared to
be an ideal catalyst for a dimerization reaction in a
yield of 88%. Likewise, cage 30 catalyzed the forma-
tion of the cyclic trimer in 90% yield.

Using a very elegant concept, Nguyen and Hupp
have demonstrated the self-assembly and encapsula-
tion of both the catalyst and the substrate within the
molecular square 43,9 which is constructed, in a
single step and in quantitative yield, by the coordina-
tion of four zinc porphyrins via their pyridyl ligands
to four tris(carbonyl)rhenium chloride centers.!? The
assembly has the shape of an open-ended box with
an internal cavity of approximate dimensions 18 x
18 x 18 A. This preorganized assembly can encap-
sulate Mn(III) porphyrin 44, which is a well-known
catalyst for the epoxidation of olefins (Scheme 3).

The association constant of this porphyrin within
the capsule (K, ~ 10° M) ensures a 97% encapsula-
tion at the concentrations used in dichloromethane
solution. This encapsulation protects the catalyst
from deactivation, which generally occurs by oxida-
tive degradation through the formation of wu-oxo-
bridged manganese porphyrin dimers. At the same
time, the two “half-cavities” present in the complex
have a size (9 x 18 A) that is large enough to permit
a wide range of olefinic substrates to reach the
catalytic center. The encapsulation of the catalyst
within the cavity appeared to have great impact on
the performance and stability of the catalysts in the
epoxidation of styrene. Whereas the nonencapsulated
catalysts had a lifetime of about 10 min and displayed
concomitant low turnover numbers (<500), the en-
capsulated catalyst was stable for many hours and
displayed a 10-fold increase in turnover number. As
expected, a tetrapyridyl manganese porphyrin was
bound even more strongly in the capsule (K, ~ 107
M™1), and, as a result, turnover numbers of 1500 were
achieved. Dilution of the catalysts with respect to the
capsules resulted in impressive turnover numbers of
up to 21000 as a result of enhanced protective
encapsulation. In addition, the encapsulated catalysts

displayed substrate selectivity in the sense that
sterically more encumbered substrates were con-
verted more slowly. The authors claim that the
metalloporphyrin catalysts resemble the catalytic
core of the enzyme cytochrome P450, while at the
same time the encapsulation framework strongly
resembles the stability- and selectivity-inducing pro-
tein superstructure. The effective cavity size of the
system could be further tuned by the coordination of
pyridine-derived axial ligands to the zinc ions in the
cavities of the capsule, allowing for tailorable sub-
strate size selectivity. More recently, Hupp and co-
workers have also applied the empty zinc porphyrin
square as a chemosensor for volatile organic guest
molecules such as benzene, dioxane, and pyridine.!!!

A novel concept of encapsulating transition metal
catalysts was introduced by Reek and co-workers.!12
The addition of zinc tetrakis(meso-phenyl)porphyrin
to [Pd(45)4] yielded the mono-phosphane palladium
complex 46 (Chart 1), which is encapsulated by three
zinc porphyrins, whereas the formation of complexes
containing more phosphane ligands is prohibited as
a result of steric congestion.

This encapsulation-induced metal—ligand reorga-
nization has a dramatic impact on the catalytic

Chart 1

N X A

45 46 M = PdCl,
47 M = [Rh(acac)(CO)]
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Figure 10. A self-regulating reaction cycle. The release of one molecule of encapsulated DCC results in the formation of
two molecules of product (DCU and an anilide), which are capable of displacing two molecules of DCC (see text). (Reproduced
with permission from ref 87. Copyright 2002 National Academy of Sciences.)

performance of the palladium center. Whereas [Pd-
(45)4] is inactive as a catalyst in the Heck reaction,
the encapsulated complex 46 undergoes a fast oxida-
tive addition of iodobenzene and it subsequently
catalyzes its reaction with styrene. In an analogous
fashion, rhodium complex 47 displayed a 10-fold
higher catalytic activity in the hydroformylation of
l-octene as compared to the nonencapsulated [Rh-
(acac)(CO)(45).], and, in addition, the former complex
favors the formation of the branched product 2-meth-
ylheptanal over the linear 1-octanal, a selectivity that
is highly unusual for this substrate. The performance
of the encapsulated rhodium catalyst was strongly
influenced by variations in the porphyrin metal and
substitution pattern, and in the structure of the
template ligand.!13

The examples discussed above all have in common
that capsules formed by reversible self-assembly are
applied as catalysts in bimolecular reactions, where
two (or more) reactive species are bound within a
single capsule, as phase-transfer catalysts where the
capsules act as shuttles that transport encapsulated
guests from one solvent phase to another, or as a
confined reaction chambers which stabilize reactive
intermediates or convert substrates with enhanced
activity or selectivity. In recent years, however, novel
approaches have emerged in which capsules are

applied in more sophisticated chemical processes. For
example, Rebek’s group has elegantly demonstrated
that encapsulation of reagents can be utilized to effect
chemical amplification in a reaction that takes place
outside the capsule.®”114 The reaction of p-toluic acid
48 or p-ethylbenzoic acid 49 with p-ethylaniline 50
and N,N'-dicyclohexylcarbodiimide (DCC) 51 yields
anilides 52 and 53 at almost identical rates, together
with N,N'-dicyclohexylurea 54 (DCU) and N-acylurea
side-products (Figure 10). In the presence of a sto-
ichiometric amount of capsule 26—26 (see Figure 4),
the reaction rates decreased substantially, and, in
addition, p-toluic acid appeared to react much faster
than p-ethylbenzoic acid. Moreover, the addition of
anilide 52 to the reaction mixture accelerated the
initial rate of its own formation, whereas the addition
of 53 had no effect. The results are explained by the
occurrence of feedback loops in a self-regulating
reaction cycle (Figure 10).

DCC is a good guest for the capsule, where it is
unreactive, and upon its slow release it can partici-
pate in a reaction with an acid and an aniline
derivative. In the case of anilide 52, the product and
the DCU side-product are better guests for the
capsule than DCC, and overall each single DCC
reactant generates two products that effectively
displace further DCC molecules. As a result, rate
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Figure 11. Dynamic combinatorial library components
55—57, the two products of the library, receptors 59 and
60, and the synthesis of the template 58.

acceleration is observed. In contrast, in the case of
anilide 53, which does not fit within the capsule, no
rate enhancing effect is observed.

A somewhat related example of selection and
amplification of a capsular species has been described
by Sanders and co-workers. Their approach involves
the construction of a receptor by means of a dynamic
combinatorial chemistry system,'’® templated by a
guest molecule, after which the same guest can be
synthesized using the receptor as a catalyst.'’® In
other words, the templating guest serves as the
transition state analogue around which the host is
assembled. Although several research groups have
been pursuing this approach by making use of
molecularly imprinted polymers,''7 it is difficult to
obtain well-defined binding sites whose structures
can be altered in a controlled manner. For this
reason, research has been directed to solution chem-
istry in which the bond formation processes in the
receptor synthesis are covalent, yet reversible. A
library consisting of dithiol building blocks 55, 56,
and 57 was exposed in air to the guest molecule 58
in slightly basic water (Figure 11).

Under these conditions, dithiol formation by oxida-
tion is sufficiently slow to allow thermodynamic
equilibrium to occur.!® After a couple of days, two
macrocyclic receptors 59 and 60 had been formed,
which had both been templated by 58, constituting
79% of the library material, whereas they only
constituted 12% of the material in the absence of the
template. Because the template 58 is a product of the
Diels—Alder reaction between acridizinium bromide
61 and cyclopentadiene 62, and the transition state
strongly resembles the end product, the newly formed
receptors were tested as catalysts in this reaction.
Whereas 60 turned out to be catalytically inactive,
receptor 59 induced a modest acceleration (~10
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times) of the Diels—Alder reaction. The inactivity of
60 was attributed to the fact that this receptor
complexes the diene starting material more strongly
than the product. Surprisingly, only a moderate
product inhibition was observed, because the starting
compound 61 is able to compete with 58 for binding
to the catalyst.

2.2. Micelle-Based Systems

The cell membrane is probably one of the most
distinct examples of how nature uses self-assembly
of relatively simple building blocks to create orga-
nized structures.!’® Even the most simple cell is by
far superior to man-made reactors with respect to
efficiency, yield, etc., and by performing (cascade-
type) reactions in such a way that the right reagent
is present at the right place at the right time (the
coupling of chemical transformations in space and
time). The major constituents of the cell membrane
are the phospholipids, which are amphiphilic mol-
ecules built from a charged phosphate headgroup and
a hydrophobic hydrocarbon tail (Table 1). A variety
of these amphiphiles have been synthesized, stimu-
lated by the discoveries of Bangham,!?° that lipo-
somes can be prepared by dispersing isolated phos-
phatidylcholine molecules in water, and later those
of Kunitake,'?! that vesicles can also be formed by
dissolving synthetic didodecyldimethylammonium
bromide (DDDAB) in water (for examples of am-
phiphilic molecules discussed in the following section,
see Table 1).

The self-assembly of amphiphiles in water is driven
by the hydrophobic effect,'?> which is probably best
described by taking into consideration the solvation
thermodynamics that play a role in the favorable
overlap of the hydration shells of the hydrophobic
parts of the molecules on self-assembly.?? As a result,
the molecules start to aggregate in aqueous solution
above a certain concentration, the so-called critical
aggregation concentration (CAC). A variety of ag-
gregate morphologies has been observed,'?* deter-
mined by the combination of the following three
terms of free energy:

(i) a favorable contribution resulting from the
clustering of the hydrophobic parts of the molecules;

(i1) a surface term reflecting the balance between
the tendencies of the amphiphiles to closely pack to
minimize unfavorable hydrocarbon—water interac-
tions and to spread apart as a result of the electro-
static repulsion between the (charged) headgroups,
hydration effects, and steric hindrance; and

(iii) a packing term, which requires that the
hydrophobic cores of the aggregate exclude water and
polar headgroups, limiting the possible geometries
of the aggregates.

For the aggregation of phospholipids, a simple
model has been developed by Israelachvili based on
the geometry of the molecules.!?%126 This model
defines a packing parameter p = v/la, in which a is
the surface area of the headgroup and v and [/ are
the volume and length of the alkyl chains, respec-
tively. For 0 < p < 1/, the formation of micelles is
predicted, vesicles are formed when /5 < p < 1, and
inverted structures are expected for p > 1 (Figure
12).
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Table 1. Overview of Amphiphilic Molecules
Discussed in Sections 2.2 and 2.3
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All above aggregate morphologies have dimensions
in the nanometer regime. The inclusion of a sort of
functional (catalytic) entity inside the self-assembled
structure will result in the formation of a (nano)-
reactor. In this connection, micellar systems are
related to microemulsions, that is, microheteroge-
neous mixtures of oil, water, and surfactant. This is
an interesting field of research as microemulsions
have been used as reactors, for example, for the
preparation of metal particles of finite size. This type
of research is, however, beyond the scope of the
present review.?7

As mentioned above, surfactants with p = < 1/, will
form micellar aggregates upon dispersal in water.
Mainly depending on the concentration, thermody-
namically stable morphologies will be formed; going
up in concentration, these are spherical, rodlike, and
hexagonal morphologies. Aqueous micelles are ki-
netically very labile, and the average lifetime is
usually in the order of milliseconds, a rate which is
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Figure 12. Different aggregate morphologies predicted by
the packing parameter (p).

comparable or faster than most chemical reactions.?8
As a consequence of the difference in polarity between
the hydrophilic surface of a micelle and the hydro-
phobic core, it can solubilize both polar and nonpolar
reactants from the aqueous phase and in that way
increase or reduce the rate of a reaction.!?8129 In the
case of an enhanced reaction profile, either with
respect to the rate or (stereo)selectivity, this effect
is referred to as micellar catalysis. This enhancement
can be the result of (or a combination of) the following
phenomena: (i) an increased local concentration of
the reactants at the surface or in the interior of the
micelle; (i1) stabilization of the transition state of the
reaction due to a favorable interaction with the
surfactant molecules; and (iii) a combined polarity,
microviscosity, and charge effect inside the micelle
(often referred to as a medium effect).!3%13! Although
micelles are not really well-defined systems when
compared to vesicles or self-assembled capsules (with
respect to both shape and kinetic stability, vide infra),
in the above context one might envision them as
nanoreactors. For that reason, we thought it ap-
propriate to highlight some examples of micellar
catalysis in this overview, focusing on recent studies
as this field has been extensively reviewed.128-135
Organic conversions in water aided by surfactants
have been reported for decades,'?* but for long this
has been limited to relatively simple reactions, for
example, the hydrolysis of esters.!?¢ Although it
should be mentioned that surfactant-mediated emul-
sion polymerization was already reported in the late
1940s by Harkins,'*” Menger and co-workers were the
first to publish transition metal-catalyzed reactions
in water in the presence of surfactants in 1975.138
More recently, biomimetic oxidation reactions in
aqueous micelles were reported by Rabion et al.l3?
following up on earlier reports on aqueous oxidations
using transition metal catalyst in the presence of
surfactants. They describe a methane monooxy-
genase enzyme model consisting of iron complexes,
which in the presence of cetyltrimethylammonium
hydrogensulfate oxidize cyclohexane with the help of
tert-butylhydroperoxide to form cyclohexanol and
cyclohexanone. The need of the surfactant was clearly
shown by the absence of any catalytic conversion
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when the same system was applied under biphasic
or emulsion conditions.!®® Reductive reactions in
water catalyzed by transition metal complexes have
been shown to be promoted by surfactants as well.14°
Micelle-forming amphiphiles significantly increase
both the reaction rate and the enantioselectivity of
Rh(I)-catalyzed hydrogenations of amino acid precur-
sors.141.142 This enhancement is only observed when
the concentration of the surfactant is above its
CMC.1*3 Water-soluble rhodium complexes contain-
ing glucose-based phosphino ligands (63, 64, Chart
2) proved to be effective catalysts in the asymmetric
hydrogenation of various enamides and itaconic acid
in water in the presence of SDS. The use of SDS
significantly improved the enantioselectivity, which
was suggested to be a consequence of micelle forma-
tion.'** Mechanistic studies on this enantioselective
process have been conducted by Ludwig et al.*5 using
pulsed field gradient spin—echo NMR experiments.
It was found that association of the catalyst to the
micelles is of key importance for obtaining the
increase in enantioselectivity. The authors, however,
point out that it is difficult to extrapolate these
findings to transition metal catalysis in micellar
systems in general.

An elegant rhodium-based example of micellar
catalysis was reported by Fuji et al.'*6 A cascade-like
catalytic system was used to carbonylate enynes
using formaldehyde as a carbon monoxide donor. In
this example, the decarbonylation of formaldehyde
by the rhodium catalyst took place in the aqueous
bulk phase, while the carbonylation reaction occurred
in the SDS micellar nanoreactor (Scheme 4). This
Pauson—Khand-type reaction is more efficient in this
micellar system, which is potentially beneficial to a
variety of carbonylation reactions.

With the intention to develop more environmen-
tally friendly reaction conditions, Kobayashi and co-

Scheme 4

co Ha
Rh —2  + RA-CO
HH

aqueous phase

o
H)J\Rh’H‘_'T Rh
o
W

= =
CTmes
Rh

Vriezema et al.

Scheme 5
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Table 2. Effect of Surfactants on Aldol Reaction in
Water!4?

surfactant time (h) yield (%)
4 3
SDS 4 88
Triton X-100 60 89
CTAB 4 trace

workers studied a variety of acid-catalyzed reactions
in water in the presence of surfactants.'*” In a model
reaction, first the surfactant aided Lewis acid-
catalyzed aldol reaction depicted in Scheme 5 was
tried.8 The results of this study are summarized in
Table 2. An unexpected enhancement of the reactivity
was found when sodium dodecyl sulfate (SDS, 20 mol
%, 35 mM) was added to the Sc(OTf); catalyst. A
nonionic surfactant (Triton X-100) was also effective
in this aldol reaction, but only a trace amount of
product was observed when a cationic surfactant
(CTAB) was used. These results prompted the inves-
tigators to combine the surfactant with the catalyst.
This so-called LASC (Lewis acid-surfactant combined
catalyst) was expected to act both as a Lewis acid to
activate the reactants and as a surfactant to form
stable colloidal dispersions.'*® These types of catalysts
were subsequently successfully used in water to
perform several other carbon—carbon bond forming
reactions such as allylations and Mannich-type con-
versions.'®® Light scattering and microscopy studies
on these systems revealed that the colloidal disper-
sion consisted of micrometer-sized spherical particles,
for which it was suggested that the substrates and
catalysts are concentrated in the hydrophobic inte-
rior, in this way enabling the organic conversions to
take place rapidly. These LASC reactors, however,
exceed in size the nanometer-regime. Recently, it was
shown that in a similar system using Fe(IIl) as a
Lewis acid catalyst, the aldol reaction of Scheme 5
proceeded in a diastereoselective fashion.!®!
Another important C—C bond forming reaction in
synthetic organic chemistry is the Diels—Alder (DA)
reaction. Many procedures have been developed to
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improve the yields and (stereo)selectivity of this type
of cycloaddition. Important milestones in these area
are the discovery that Lewis acids can catalyze DA
reactions in organic solvents,'®? and that in water
remarkable accelerations of the reaction are pos-
sible.1?® The applicability of the DA reaction was
extended by Otto and others,'® by performing the
Lewis acid-catalyzed reaction in micellar media. The
reaction depicted in Scheme 6 was initially performed
in micelles formed from SDS, CTAB, and CiE;
(dodecyl heptaoxyethylene ether). In these cases, it
was found that the conversions were slowed. The
diene and the dienophile apparently reside in differ-
ent locations of the micelle. In contrast, this reaction
turned out to become highly efficient when it was
performed in Cu(DS); micelles, and rate enhance-
ments up to 1.8 million as compared to the uncata-
lyzed reaction in acetonitrile were measured. Com-
plete complexation of the dienophile to the copper
ions at the micellar surface accounts for this effect.
In this way, both reactants are brought in close
proximity of each other at the micellar surface,
possibly in an even more favorable orientation to give
a distinctly more efficient DA reaction. The micelle
here indeed acts as a nanoreactor as it brings the
reactants together and provides a confined reaction
environment.!5?

2.3. Vesicle-Based Systems

The importance of vesicles as potential membrane
models was first recognized by Gebicki and Hicks.
They prepared closed bilayer structures in aqueous
solution by shaking thin films of oleic and linoleic
acids, however, with poor solubility of the formed
aggregates.’® In 1977, Kunitake and co-workers!?!
gave the first example of vesicle formation by a
completely synthetic amphiphile, viz., DDDAB (Table
1). This opened the way to study in detail the
properties of biomembranes and mimic their function,
using a variety of (charged) synthetic surfactant
molecules.

2.3.1. Reactions in or at the Vesicle Membrane

As was exemplified in the previous section (2.2),
the surface of an aggregate can have an outspoken
effect on reactions taking place in its direct sur-
roundings. A vesicle surface is more organized than
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the surface of a micelle and potentially can influence
the reaction pathway of conversions better than a
micelle surface can do.

The group of Engberts has employed surfactant
aggregates as simple enzyme mimics, with the aim
of understanding the efficiency of (artificial) enzymes
in terms of desolvation effects, entropy factors, etc.
For that reason, the Kemp elimination (Scheme 7)
was studied in the presence of aggregates formed by
a series of surfactants.!®15° With respect to the
reaction in pure water at the same pH, the elimina-
tion rate was increased up to 850 times. It turned
out that vesicles were more effective catalysts than
micelles, likely providing a more apolar microenvi-
ronment at the substrate binding sites for the depro-
tonation of the substrate. The high overall rate
enhancement is expected to be the result of a
catalytic reaction involving less strongly hydrated
hydroxide ions.'®” This hypothesis was further con-
firmed by detailed kinetic studies on the same
elimination reaction performed in the presence of
positively charged DODAC vesicles in which different
amounts of negatively charged DDP (Table 1) were
mixed.!?® The introduction of various other additives,
such as linear alcohols and alkyl pyroanosides, led
to changes in the vesicular catalysis reflecting its
dependence on the molecular properties of the inter-
face between the vesicle and bulk water.%®

The results obtained by the Engberts’ group indi-
cate that a highly complex mix of factors is involved
in catalytic reactions occurring in synthetic and
probably also in biological cell membranes. One of
these factors is the counterion, which not only acts
as a charge compensator but also can function as an
active catalyst as already exemplified in the case of
micelles (vide infra). In bilayers formed by cerium
phosphates, for example, it was found that the
hydrolysis of DNA can be catalyzed by the counte-
rion.'®® Rispens and Engberts reported the efficient
catalysis of a Diels—Alder reaction by copper(Il)
vesicles (65, Chart 3) and compared the maximum
rates of the reaction with a similar micellar system
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and with the uncatalyzed reaction in acetonitrile. It
was found that the rate increased by 1.5—2-fold when
going from the micellar to the vesicular system, but
the rate enhancement as compared to the uncata-
lyzed reaction was million fold. Furthermore, it was
observed that catalysis already occurred at 10—20
times lower concentration for the metallo-vesicles
than for the metallo-micelles. More efficient binding
of the substrate to the small vesicles possibly explains
the observed differences.!! In these examples, the
counterion is the active catalyst. In the following part
of this section, preformed (transition) metal com-
plexes anchored to vesicular nanoreactors act in this
way.

Cytochrome P450 is an oxidative enzyme involved
in a diversity of natural processes;!®%'63 next to
oxidations it is also active in dehydrogenation reac-
tions, oxidative formylations, dehydrations, etc.!6*
Cytochrome P450 is a membrane-bound enzyme, a
feature which prompted numerous research groups
to design model systems in which metal porphyrins
(a synthetic equivalent of the iron(III) protoporphyrin
IX present in the active center of the enzyme) are
incorporated in the bilayers of vesicle membranes.!%
The first studies in this direction were conducted by
Sorokin et al. in the early 1980s.1% Oxidation reac-
tions catalyzed by the relatively simple complex
manganese(III) tetrahexadecylphenyl porphyrin chlo-
ride incorporated in the membrane of DMPC (Table
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1) vesicles were studied using iodosobenzene as an
oxidant. In a comparable system built from DMPC
or DPPC (Table 1) vesicles, regioselectivity was
obtained in the epoxidation of steroids and polyun-
saturated fatty acids by employing a membrane
spanning iron(III) tetrakis(o-cholenylamidophenyl)-
porphyrin (Fe(III)ChPP) as catalyst.!¥” The same
porphyrin, with a different metal in its central core
(i.e., Mn(III) ChPP), was used to construct a self-
assembled system, which by reductive activation of
molecular oxygen produced 20 mol of acetophenone
per mol of Mn from ethylbenzene. The presence in
the membrane of the enzyme flavoprotein pyruvate
oxidase was essential for the functioning of this
hybrid enzyme-synthetic catalyst. From the oxidative
decarboxylation of pyruvic acid, this enzyme obtains
electrons that are carried to the porphyrin by an
amphiphilic flavin (Figure 13).

The group of Nolte has studied a P450 mimic,
which involved a vesicular nanoreactor that was
stabilized by polymerized isocyanide functions present
in the DHDAB amphiphiles forming the vesicle
bilayer. All features of the natural enzymatic system
were included in this nanostructure, that is, a met-
alloporphyrin with an axial ligand as catalyst, meth-
ylene blue as the electron carrier, molecular oxygen
as oxidant, and finally Hy/colloidal Pt as the electron
donor. During the vesicle preparation step, the por-
phyrin was incorporated in the membrane and the
colloidal platinum in the aqueous interior. This
catalytic system was able to epoxidize both water-
soluble (2,5-dihydrofuran) and water-insoluble (sty-
rene) alkenes under an atmosphere of oxygen and
hydrogen gases (1:1).168

3

Figure 13. Epoxidation of ethylbenzene in a vesicle nanoreactor by a mixed enzyme-synthetic catalyst.
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Figure 14. Rhodium complex and manganese porphyrin (a), redox cycle (b), and oscillating behavior as measured at 1 =
435 nm in the UV/vis spectrum (c) of Nolte’s P450 mimic.169-171 (Adapted with permission from Figure 2 from ref 171.

Copyright 1995 American Chemical Society.)

The poor efficiency of the Ho/colloidal Pt system as
the electron-donor urged this group to find an alter-
native reducing agent for molecular oxygen, viz., a
Rh(IID)/formate system. In DHP and DODAC vesicles,
manganese tetradichlorephenylporphyrin acetate
(MnTDCPP acetate), an amphiphilic rhodium com-
plex, and N-methylimidazole (Figure 14) were intro-
duced.'® Detailed mechanistic studies revealed that
the reduction of the Rh(III) is fastest in DODAC
vesicles, likely the result of an increased concentra-
tion of the negatively charged formate ions at the
positively charged vesicle surface. Consequently, also
the reduction of the mangenese porphyrin incorpo-
rated in the vesicle bilayer was the fastest in DODAC
vesicles. In the aimed epoxidation reaction, however,
no conversion of the substrate (styrene) was observed
using the positively charged DODAC vesicles, whereas
with the DHP vesicles a turnover of 60 mol of
substrate per mol of porphyrin per hour at 70 °C was
found. This was explained by the fact that the
concentration of protons in the DODAC systems was
too low to allow the formation of the catalytically
active Mn(V) oxo species.!?

Under very specific conditions (temperature, con-
centration of reagents), the enzyme mimetic system
displayed an unprecedented oscillatory behavior.
Under the chosen circumstances and at a precise

ratio of [Rh]/[Mn] = 10 after an induction period of
30 min, the Mn(II) species was formed, which was
oxidized back to the Mn(III) by the O present in the
medium. After approximately 50 min, the reaction
started to oscillate between the Mn(III) and Mn(II)
oxidation states (Figure 14), a process that showed
to be very sensitive to small changes in temperature
and [Rh]/[Mn] ratio. It was postulated based on UV/
vis studies, that this shuttling between the Mn(II)
and the Mn(III) states of the catalyst is coupled with
a movement of the manganese porphyrin upon re-
duction to a less polar part of the bilayer, that is,
away from the vesicle surface.l™

Hemocyanin is an oxygen carrier that forms tube-
like aggregates in the presence of Mg?" ions. The
aggregated form of the protein binds molecular
oxygen, which coordinates to two copper centers in
the active site of the hemocyanin. Binding and
activation of oxygen inspired by hemocyanin was one
of the objectives in the studies on the aggregation
behavior of amphiphile 66 (Figure 15).172 This am-
phiphile has independent binding sites for the coor-
dination of copper ions (i.e., the nitrogen ligands) and
alkali metal salts (i.e., the crown ether part). The
copper complex [Cu(I1)(66)](C104)e was found to as-
semble into different aggregate morphologies, and in
the presence of alkali metal salts vesicles were
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Figure 15. Copper complexing amphiphile 66 (top) and TEM images of vesicles formed from the copper complex of this
molecule in the presence of alkali salts (RbClO4). Negatively stained (bottom left) and Pt shadowed (bottom right).
(Reproduced with permission from ref 172. Copyright 2001 Royal Society of Chemistry.)

formed (Figure 15). UV/vis studies indicated that Oq
did not react with the in situ prepared aggregates of
[Cu(I)(66)](ClOy)2. In the presence of O, however,
hydroperoxo copper complexes were formed by the
aggregates of the copper(II) amphiphile. The com-
plexes were reactive and catalyzed the oxidative
degradation of the ligand system 66.172

Van Leeuwen and co-workers have studied the
aggregation behavior of a series of amphiphilic
diphosphine ligands as part of a project to obtain an
easy separation of catalyst from product and to
increase product conversion in the aqueous rhodium-
catalyzed hydroformylation of 1-octene (Figure 16).173
Ligands and their rhodium complexes with a suf-
ficiently large hydrophobic tail formed highly stable
vesicles in water, which could be visualized by
electron microscopy (Figure 16). The formation of the
vesicular aggregates led to an increased solubility of
organic substrates in the aqueous solution containing
the amphiphilic complexes, which resulted in a
higher hydroformylation reaction rate. Consecutive
catalytic runs indicated that the nanoreactors stayed
intact during recycling and that the rhodium com-
plexes remained active; in all runs more or less
similar turnover numbers (6—8 mol of product/mol
of Rh*h) were found, and also the product selectivity

toward the aldehyde was approximately the same
(~97%).173

The interaction between a cell membrane and a
membrane-bound enzyme is even more complex than
the interaction of synthetic catalysts with micelles
or vesicles. It is well known that phospholipids are a
prerequisite for a membrane-bound enzyme to func-
tion properly.l™ Studying enzymes in synthetic mem-
brane systems could be a useful approach to study
the biological and biophysical principles underlying
the working mechanisms of membrane-bound en-
zymes, but also practical applications can be foreseen.
Examples have been given by Sada and others.'” The
yield of prostaglandins (physicologically active un-
saturated carboxylic acids) from arachidonic acid was
almost doubled by incorporating prostaglandin-syn-
thase in a phospholipid vesicle membrane. The
interaction between membrane-bound sarcosine de-
hydrogenase and the surrounding lipids was studied
in detail by Kheirolomoom et al.'” It was found that
the activity of the enzyme increased 25-fold by
reconstituting the enzyme in DMPC vesicles. This
was attributed to the induction of favorable confor-
mational changes in both the substrate-binding site
and the catalytic site of the enzyme as a result of
lipid—protein interactions. The relation between the
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Figure 16. Amphiphilic diphosphine ligands studied by
van Leeuwen and co-workers and TEM images of vesicles
formed from these amphiphiles. A uniform distribution of
vesicles of 3; platinum shadowing technique (a). A large
and an average sized vesicle formed by 4 (b). Freeze-
fractured sample of a solution of 3 showing the formation
of monolayered vesicles (c). Larger aggregates observed
shortly after sonication of a solution of the complex between
ligand 3 and RhH(CO)PPh3 and 1-octene, platinum shad-
owing technique (d). (Bar size 200 nm.) (Reproduced with
permission from ref 173. Copyright 2000 American Chemi-
cal Society.)

state (gel or liquid crystalline) of the phospholipid
membrane and the activity of the enzyme was
furthermore confirmed by the observation of a break
in the Arrhenius activation energy close to the gel-
liquid crystalline transition point of the membrane.

2.3.2. Reactions in the Inner Compartment of Vesicles

Soon after Bangham’s discovery in the early 1960s
that isolated phosphatidylchloline self-organizes into
vesicular structures upon dispersal in water,?° these
aggregates have been envisioned as drug-delivery
vehicles (for example, for gene therapy or enzyme
replacement therapy) and as bioreactors.'”” The latter
application is of interest within the context of this
review, as vesicle aggregates may serve as submi-
crometer compartments in which enzymatic reactions
can take place.'”™ The enzymes are entrapped in the
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inner vesicle compartment, while the substrate mol-
ecules are present in the bulk medium and hence
have to cross the vesicle membrane to be converted
by the biocatalyst. A variety of potential applications
have been foreseen for these vesicle-based nanore-
actors, of which their potential to form a kind of
artificial cell is one of the most fascinating ones, but
this is still a far reached prospect.!7%-180

The set of requirements needed for a liposome to
act as a functional micro- or nanometer-sized bio-
reactor have been listed by Monnard in a topical
review.!”” In summary, these requirements are: (i)
the catalytic species should be efficiently entrapped
in the vesicle inner compartment; (ii) the reactor
membrane must be sufficiently stable and robust to
retain the catalytic species and other components and
protect them from degradation; the membrane should
also allow for (selective) diffusion of the substrate and
product molecules; (iii) external influences, such as
pH, temperature, and ionic strength, should not
destabilize the system to such an extend that it stops
functioning, and (iv) the system must be innocuous
to allow its use in living systems. In the following
section, we will discuss examples of surfactant based
bioreactors, or studies toward such reactors, which
at least meet the requirements (i) and (ii). They vary
from single enzymes in a liposome,'’® to complex
biochemical constructs that are capable of DNA
amplification by the polymerase chain reaction
(PCR).181

Several routes to encapsulate functional com-
pounds in vesicles can be envisaged. They range from
straightforward mixing of the amphiphiles with the
aimed catalyst followed by a separation step, via
extrusion and microfluidization procedures to com-
plex repetative freeze/thaw methods. The physical
properties of the vesicles, however, vary greatly with
the different preparation procedures, even after ho-
mogenation steps. An excellent overview of the
utilized procedures has been given by Walde and
Ichikawa.'”® A dehydration/rehydration procedure
appears to be the best compromise between efficiency
and preservation of the catalytic activity.!”” In this
procedure, a mixture of all of the reactors ingredients
(empty vesicles, enzymes, etc.) is simultaneously
dehydrated. This yields stacked lipid bilayers in
which the dissolved (macro)molecules are interca-
lated. Upon rehydration, the vesicles reform and
encapsulate the solutes, resulting in the aimed reac-
tor configuration. It should be noted that during the
drying step the lipid bilayers preserve the activity of
the enzymes, which otherwise would be lost.

The permeability of the lipid bilayer is also of
utmost importance, as the catalyzed reaction in the
reactor depends on the diffusion of substrates and
products from or to the bulk water phase. This is a
complex issue as it depends on both the character-
istics of the solute and the amphiphiles building up
the bilayers.!™ In general, two processes can be
recognized for spontaneous transport across the
membrane. Molecules that are relatively hydrophobic
will partly dissolve in the bilayer and in that way
diffuse across it. Ionic solutes likely use defects in
the bilayer to cross the permeability barrier.!”” To
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influence these parameters, the properties of the
bilayer can be tuned by mixing different amphiphiles
or by introducing additives (such as a cholesterol).
It is also possible to accomplish active transport
across the vesicle membrane, for example, by intro-
ducing ion-channels (i.e., transmembrane proteins).

To obtain insight in the processes important for the
origin of life, Luigi and co-workers have studied a
number of enzymatic reactions inside liposomes.!82
The first attempt to create a cell model made use
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) vesicles and was aimed at incorporating an
enzymatic chain that would convert glycerol-3-
phosphate into lecithin.!83 Subsequently, using chemi-
cally more simple surfactants, the polymerization of
ADP (adenosine 5'-diphosphate) by polynucleotide
phosphorylase to yield poly(A) (polyadenosine) was
studied. The amphiphiles building up the aggregates
(i.e., oleic acid/oleate) displayed interesting self-
reproducing properties. The hydrolysis of water-
insoluble precursors of these amphiphiles proceeded
in an autocatalytic fashion when the reaction was
performed in the presence of both micelles,'3* and
vesicles,!8® formed by these amphiphiles. It was
shown that in a single system both the reproduction
of the vesicle and polymerization of ADP took place.%
In a different vesicular system, similar ADP polym-
erization results were obtained by Chakrabarti and
co-workers,'®” and more recently also by Treyer et
al.’®® Using the same technology of encapsulating
enzymes into vesicles, biomolecules with varying
complexity going from glycogen,'® to RNA, and
DNA amplification by PCR,®! to eventually complete
proteins (Green Fluorescent Protein (GFP)182191)
have been constructed. In particular, the latter
example of GFP synthesis highlights the propensity
of liposomes as reactors. Yu et al. have encapsulated
the T7 RNA polymerase system (7 components) and
the functional ribosomal machinery (i.e., S30 extract
containing 2 ribosomal subunits, elongation factors,
20 amino acids, their tRNA and their aminoacyl
tRNA synthetases) successfully into vesicles. Al-
though only a limited amount of the reactors con-
tained all necessary components for the coupled
systems, fluorescence was detected from GFP in the
internal aqueous core.!!

Coupled enzyme reactions have been performed in
vesicles to release anti-bacterial species. Vesicles
have been prepared mainly from DPPC, and in their
inner compartment mixtures of glucose oxidase (GOx)
and horseradish peroxidase (HRP) were encapsu-
lated. Upon addition of glucose as the primary
substrate together with iodide, oxyacids (e.g., hy-
poiodous (HIO), iodic (HIO3), and periodic (HIO,)
acid) were formed which have anti-bacterial proper-
ties (Scheme 8).192 The co-encapsulation of both
enzymes in the same reactor had a beneficial effect
on the conversion of hydrogen peroxide.'®® This
concept could be applied to other peroxidases (Scheme
8), yielding different oxyacids with different anti-
bacterial properties.’® The single encapsulation of
GOx has been studied in detail, not only as reactor
but also as a glucose biosensor.1%
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Scheme 8. Summarized Reaction Scheme of the
Coupled Enzyme System Glucose Oxidase (GOx)/
Horseradish Peroxidase (HRP) (1 + 2a) and
Glucose Oxidase (GOx)/Chloroperoxidase (CPO) (1
+ 2b) To Produce Anti-bacterial Species in
Response to Glucose as a Substrate

1 glucose H,0, + gluconic acid lactone
2a H,0, Hli> H,0 + 107 B — other oxyacids anions
2b H,0, _CPO_ H,0 + CIO" —_— other oxyacids anions

The idea of incorporating catalytically active spe-
cies in the aqueous compartment of a liposome can
also be applied to larger membrane structures, that
is, giant vesicles.!96:197 The size of the giant vesicles
(they have 100—1000 times larger diameters than
conventional liposomes) gives them some significant
advantages. They are formed by electroformation and
can be monitored in real time by light microscopy;
they can be manipulated in several ways (e.g.,
punctured and moved), and compounds can be in-
jected into their aqueous inner compartment using
a micropipet. In particular, the possibility of injection
is very useful when these architectures are used as
reactors, because one is entirely sure that all com-
ponents needed for a chemical reaction are present
in the same compartment. Several (biorelevant)
processes have been performed in giant vesicles as
reactors.'%® Recently, also self-reproducing giant
vesicles have been reported by Sugawara and co-
workers (Figure 17).1% The membrane of these ag-
gregates was built from amphiphiles that had an
imine group in their hydrophobic part, which is the
product of a condensation reaction between an am-
phiphilic aldehyde and a lipophilic aniline derivative.
Addition of the aldehyde precursor to preformed giant
vesicles, which contained the aniline precursor and
a catalyst, resulted in the formation of new am-
phiphiles inside the vesicular compartment. Smaller
vesicles were subsequently formed in this inner water
pool, and in a kind of exocytosis process these vesicles
were excreted from the parent giant vesicle.

The fabrication of nanosized reactors by self-
assembling amphiphiles into micellar or vesicular
architectures has been shown to influence a variety
of reactions. This ranges from simple ester hydrolyses
aided by micelles to the total synthesis of a protein
by (part of) the biological machinery encapsulated in
the interior of a vesicle. In particular, this latter
example is an outspoken illustration of the envi-
sioned self-assembled nanoreactor. It combines mul-
tiple components of a synthetic pathway in a confined
environment, and, by allowing transport of reagents
across the bilayer membrane, this system provides
a first step toward controlling reactions in space and
time.

Vesicular nanoreactors have been prepared in
multiple ways; sometimes just mixing the different
components gives a working reactor, but more often
several different techniques have to be applied to get
the optimal performance. The preparation of biore-
actors seemed most efficient using the dehydration/
rehydration method, possibly in combination with
extrusion. From the above overview, it can be con-
cluded that working nanoreactors have been pre-
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Figure 17. Self-reproducing giant vesicles: (i) locked precursor A’ is incorporated into a vesicle composed of V and catalyst
C and is unlocked to produce reactive precursor A; (ii) A reacts with the lipophilic precursor B inside the vesicle to form
vesicular molecule V; (iii) new vesicles are generated as V is produced; (iv) generated vesicles are extruded through the
membrane to the bulk water. (Reproduced with permission from ref 199. Copyright 2003 American Chemical Society.)

pared, which are able to perform more and more
complex reactions. Some questions, however, remain
to be answered.'”® Where are the enzymes located
(inside the water pool or absorbed to the membrane)?
Are all enzymes still active after the encapsulation
procedure? Is there any leakage of the catalysts? To
answer these questions and to explore the potential
applications of these types of nanoreactors (e.g., in
anti-bacterial films, cascade reactions, cell mimics,
etc.), numerous research groups continue to work in
this field, and new and exciting developments are on
the horizon.

3. Macromolecular Nanoreactors

In this section, we will focus on polymers as
building blocks for micro- and nanoreactors. Polymers
exist in a wide variety of compositions, molecular
weights, dispersities, functionalities, shapes, etc.
Nowadays, they can be tailor-made from a large
choice of monomers, allowing the fine-tuning of their

properties. This makes them attractive compounds
for numerous applications, among others in in-
dustry.2097202 The application of polymers as micro-
or nanoreactors, either as single macromolecules
possessing hollow interiors, or as self-assembled
structures having one or more cavities, is a new,
emerging field. Amphiphilic block copolymers, con-
structed from at least two blocks with different
properties, tend to aggregate in solvents selective for
one of the constituent blocks, thus resembling tra-
ditional surfactants. Analogous to surfactants, a
range of morphologies can be observed when disper-
sions of amphiphilic copolymers are prepared, that
is, micellar,?3 bilayer,2%* chiral,?®® and other archi-
tectures?%® (Figure 18). The driving force for the self-
assembly is generally considered to be microphase
separation of the insoluble blocks.20

3.1. Polymersomes as Nanoreactors

Vesicles can be prepared from macromolecular
amphiphiles, that is, block copolymers, and they are
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Figure 18. Electron micrographs of various types of morphologies formed by aggregated block copolymers. (a) Micelles
and (b) micellar rods from polystyrene-b-poly(acrylic acid) (Reproduced with permission from ref 203. Copyright 1999
National Research Council of Canada), (c) vesicles from poly(ethylene oxide)-b-polyethylethylene (Reproduced with
permission from ref 204. Copyright 1999 American Association for the Advancement of Science), (d) lamellae from
polystyrene-b-poly(phenylquinoline) (Reproduced with permission from ref 207. Copyright 1998 American Association for
the Advancement of Science), (e) branched wormlike micelles from poly(ethylene oxide)-b-polybutadiene (Reproduced with
permission from ref 206. Copyright 2003 American Association for the Advancement of Science), and (f) left-hand helices
from polystyrene-b-poly(L-isocyanoalanyl-L-alanine). (Reproduced with permission from ref 205. Copyright 1998 American

Association for the Advancement of Science.)

referred to as polymersomes. Since the first re-
ports,298209 3 large number of examples describing the
formation of polymersomes have been published.?10-213
The structure of vesicle-forming block copolymers can
vary from simple coil—coil diblock copolymers and
further to rod—coil diblock copolymers to coil—coil
and rod—coil multiblock copolymers with and without
additional cross-linkable groups (Figure 19).

The advantage of polymersomes over liposomes is
their increased stability and the rigidity of their
membrane system, which contribute to their in-
creased lifetime. The vast amount of available mono-
mers and the ability to vary the ratio of the two
blocks make it possible to tune the properties of the
resulting vesicles, for example, vesicle size, polarity,
stability, toxicity, etc. In general, however, the per-
meability of the membranes of block copolymer
vesicles is reduced because their thicknesses are
higher and their membranes have less fluidic char-
acter as compared to liposomes.?!!

In the group of Discher, much effort has been put
into establishing the physicochemical properties of
polymersomes based on poly(ethylene oxide)-b-poly-
butadiene (PEO-PBD) and poly(ethylene oxide)-b-
polyethylethylene (PEO-PEE).204214-216 Ag 3 first step
toward in vivo applications, encapsulation experi-
ments were performed with the proteins myoglobin,
hemoglobin, and albumin (Figure 20).

The encapsulation of these proteins was rather
straightforward, viz., adding the solid block copoly-
mer to an aqueous solution of the desired solute and
waiting for 24 h. The encapsulation efficiencies for

the different proteins, however, varied.?!” The poly-
mersomes appeared to be stable in blood plasma and
were observed to be inert to white blood cells and
cultured cells. In vivo studies performed with these
polymersomes in rats showed that their in vivo
circulation times were about 2 times longer than
“PEGylated” stealth liposomes (20—30 h in rats).218
These circulation times turned out to be primarily
dependent on the PEO block length, rather than on
the hydrophobic core-forming block. These experi-
ments clearly show that these PEO-based diblock
copolymers have great potential as drug delivery
vehicles.

For the controlled release of encapsulated solutes,
much effort is being focused on the development of
stimuli-responsive vesicles, that is, capsules that are
disrupted by changes in their environment. Such a
system based on polymersomes was prepared by
encapsulating the enzyme glucose oxidase (GOx)
within polymersomes of poly(ethylene glycol)-b-poly-
(propylene sulfide)-b-poly(ethylene glycol) (PEG-PPS-
PEG) (Figure 21).219

The thioethers in the hydrophobic middle block are
converted to more hydrophilic sulfoxides and sulfones
upon exposure to an oxidative environment, in that
way increasing the hydrophilicity and solubility of
the macromolecular amphiphile. GOx converts glu-
cose to gluconolactone, and, in the presence of oxygen,
hydrogen peroxide is formed. It was shown that
destabilization of the GOx-encapsulating polymer-
somes occurred upon the oxidative action of the
formed hydrogen peroxide when glucose was extra-
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Figure 20. Encapsulation of proteins using block copolymers made of PEO-PEE. (a) A polymersome containing myoglobin
(diameter is 15 um), (b) a polymersome containing hemoglobin (diameter is 5 um), (c) a polymersome containing fluorescein-
labeled BSA (diameter is 15 um). (Reproduced with permission from ref 217. Copyright 2001 Wiley.)

vesicularly added. This approach to develop stimulus-
responsive vehicles for drug delivery seems feasible,
but also appears to be rather limited and complex,
because the presence of GOx and glucose is required
for every application. Another stimulus-responsive
polymersome was developed on the basis of poly-
butadiene-b-poly(y-L-glutamic acid).??’ The size of the
polymersome molecules could be reversibly altered
by changing both the pH and the ion strength.
Bellomo et al. also recently published on pH-sensitive
polymersomes, which are based on diblock copolypep-
tide.2?! Najafi et al. have prepared di- and triblock
copolymers containing anhydride groups from fu-
maric/sebacic acid and PEG.222 The diblock copoly-
mers formed micelles, while the triblock copolymers
yielded polymersomes. It was observed that the
hydrolytic degradation of the triblock copolymers was
slower than that of the diblock copolymers.

The group of Meier has developed a nanoreactor
by incorporating the OmpF channel protein in the

membrane and -lactamase enzymes inside the water
pool of polymersomes from the amphiphilic ABA
triblock copolymer poly(2-methyloxazoline)-b-poly-
(dimethylsiloxane)-b-poly(2-methyloxazoline) (PMOXA-
PDMS-PMOXA) (Figure 22).223

The triblock copolymer carried methacrylate groups
at both ends, thus allowing cross-linking of the block
copolymers inside the membrane upon irradiation of
the polymersomes with UV light, resulting in very
stable aggregates. Transport of reagents through the
membrane was achieved by the nonspecific OmpF
channel protein encapsulated in the membrane,
which allows passive diffusion of small solutes up to
a molecular weight of 400 g mol 1. The activity of the
encapsulated enzyme f-lactamase was determined by
external addition of the substrate ampicillin to a
nanoreactor dispersion in the presence of a starch-
iodine solution. The ampicillin is hydrolyzed by
p-lactamase to ampicillinoic acid, and only the latter
is able to reduce iodine to iodide, resulting in decol-
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Figure 21. Glucose -responsive capsules based on oxidation-sensitive PEG PPS- PEG polymersomes encapsulating GOx.
Left: Cryo-TEM micrograph of the capsules. Right: Reaction scheme showing the oxidation of glucose which leads to the
formation of HysO3 and consequently the oxidation of the thioethers. A possible repeating unit of PPS after oxidation by
H20s is shown. (Reproduced with permission from ref 219. Copyright 2004 American Chemical Society.)
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Figure 22. Left: Polymersome nanoreactor developed by the group of Meier. It is composed of a PMOXA-PDMS-PMOXA
vesicle encapsulating $-lactamase enzymes in its inner aqueous compartment and incorporating OmpF channel proteins
in its membrane. Right: Oxidation of ampicillin to ampicillinoic acid carried out in the nanoreactor. (Adapted with
permission from Figure 2 in ref 223. Copyright 2000 Royal Society of Chemistry.)

orization of the starch-iodine solution, hence allowing
the enzyme activity to be monitored spectrometrically
(Figure 22).

The same experiment carried out with polymer-
somes having no membrane channels did not show
any enzyme activity during the course of the experi-
ment, indicating that no substrate could diffuse
through the membrane. Interestingly, the channel
protein showed no decrease in permeability after
cross-linking of the membrane.

The OmpF channel protein closes upon increasing
the transmembrane potential above a critical value
of 100 mV. Because molecules above 400 g mol~! are
unable to pass the membrane, poly(styrene sulfonate)
having sodium counterions was used to increase the
potential. The sodium ions will equally distribute
between the in- and outside of the polymersome,
while the poly(styrene sulfonate) remains outside, in
this way establishing a potential, known as a Donnan
potential. By this approach, the conversion of ampi-
cillin could be stopped, while dilution of the disper-
sion or addition of NaCl opened the channels again,
resulting in complete regeneration of the nanoreactor
activity.??*

The growth of calcium phosphate crystals within
polymersomes of the same PMOXA-PDMS-PMOXA

triblock copolymer has also been studied.??® For these
experiments, ion-carrying ionophores instead of the
OmpF channel protein described in the above studies
were incorporated in the polymersome membranes
to facilitate the transport of calcium ions. The poly-
mersomes were prepared in the presence of phos-
phate buffer, and the free phosphate ions were
removed by dialysis. This was followed by the addi-
tion of a CaCl, solution. Fractions were taken from
the sample, and they were mixed with three different
ionophores. The polymersomes were studied by elec-
tron microscopy, and after 1 h the growth of calcium
phosphate crystals on the inner membrane could be
observed. After 24 h, a considerable amount of space
inside the polymersomes was filled with calcium
phosphate crystals. In contrast, polymersomes that
were not mixed with ionophores did not show crystal
formation.

The versatility of PMOXA-PDMS-PMOXA poly-
mersomes was further demonstrated by the injection
of DNA by a 4 phage via a bacterial channel-forming
protein incorporated in the polymersome mem-
brane.??¢ The bacterial channel-forming protein served
as a receptor for the 1 phage and triggered the
ejection of the phage DNA. It is noteworthy that the
bacterial channel-forming protein and 1 phage func-
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tioned well within the unnatural environment of the
polymersomes. This showed that complex biological
processes can be simulated by using polymeric ma-
terials, opening the way toward hybrid cells.

Another type of block copolymer-based nanoreactor
was developed by encapsulating Candida antarctica
lipase B (CAL B) enzymes inside polymersomes of
polystyreneyo-b-poly(isocyano-L-alanine(2-thiophen-3-
yl-ethyl)amide) (PS-PIAT) (Figure 23).2%7

This rod—coil diblock copolymer has a rigid helical
polyisocyanide block with thiophene side groups
which can be cross-linked after vesicle formation,
resulting in an electron conductive vesicle mem-
brane.??® It was demonstrated that the enclosed CAL
B enzymes were still active and that the polymer-
some membrane was permeable to low molecular
weight substrates, for example, 6,8-difluoro-4-meth-
ylumbelliferyl octanoate (DiFMU octanoate). Upon
hydrolysis of the ester bond of this substrate, a
fluorescent coumarin-type of product is formed. There-
fore, the enzyme activity can conveniently be moni-
tored quantitatively by fluorescence spectroscopy and
qualitatively by a confocal fluorescence microscope.
It is noteworthy that good permeability was obtained
without the presence of embedded channel proteins
or by frustrating the vesicle membrane by the
incorporation of compounds. In addition, the mem-
brane of the PS-PIAT vesicles is chiral and therefore
potentially selective toward chiral substrates or
chiral products.

An interesting example of the application of cap-
sules filled with reactive compounds was presented
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Figure 23. Nanoreactor based on polymersomes of PS-PIAT encapsulating lipase enzymes. Top left: Structure formula
and schematic representation of PS-PIAT. Top right: Scanning electron micrograph of PS-PIAT polymersomes. Bottom
left: Fluorescence micrograph of the polymersomes containing CAL B enzymes showing fluorescence from the hydrolyzed
DiFMU octanoate (see text for details). Bottom right: Schematic representation of the nanoreactor. (Adapted with permission
from Figures 1 and 5 in ref 227. Copyright 2003 Wiley.)

by White et al.??° They developed a polymer with self-
healing capacity by incorporating microcapsules con-
taining dicyclopentadiene monomers and a polymer-
ization catalyst within an epoxy matrix. When the
matrix was placed under stress, cracks were formed,
which ruptured the embedded microcapsules, thereby
releasing the monomers into the crack through
capillary forces. Polymerization was initiated by
contact with the catalyst, resulting in bonding of the
crack faces. Fracture experiments yielded 75% re-
covery in toughness as compared to the virgin mate-
rial.

A different approach toward the preparation of
catalytically active polymersomes is the use of “giant”
amphiphiles, in which proteins or enzymes act as the
polar headgroup of the amphiphile and a synthetic
polymer as the apolar tail. Boerakker et al. have
developed such a biohybrid amphiphile by reconsti-
tuting apo-horseradish peroxidase (apo-HRP) with its
cofactor, ferriprotoporphyrin IX, carrying a polysty-
rene tail (Figure 24a and b).23° In water, the enzyme—
polymer hybrid formed vesicular aggregates with
diameters of 80—400 nm (Figure 24c).

Catalytic activity measurements showed that the
HRP-polystyrene aggregates were still active; the
residual activity, however, was much lower than that
of the native HRP. This approach is promising,
because other ferriprotoporphyrin IX containing en-
zymes could also be used to construct giant am-
phiphiles. The resulting different hybrids can be
combined within one aggregate to give a catalytic
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Figure 24. Vesicles formed in water by a biohybrid
amphiphile of HRP-polystyrene. (a) Structure formula of
the modified cofactor, (b) computer-generated model of the
biohybrid, and (c¢) transmission electron micrograph of the
formed vesicles. Scale bars represent 200 nm. (Adapted
with permission from Figure 2 in ref 230. Copyright 2002
Wiley.)

system that is capable of performing cascade reac-
tions.

3.2. Polymer Micelles as Nanoreactors

A regularly seen morphology for block copolymers
is that of a micelle, in which the polar block is on
the outside and the apolar block on the inside or vice
versa, depending on whether the solvent is polar or
apolar. Micelles, which can be spherical, rodlike, or
display a hexagonal phase, have a compartment that
is capable of accommodating solutes.

The use of micelle-forming amphiphilic block co-
polymers in the stabilization of metal nanoparticles
has been intensively studied, especially by the groups
of Antonietti, Moller, and Cohen.?°0-231-233 Not only
does the presence of the polymeric shell around the
metal particles aid in the prevention of agglomeration
and precipitation, it also improves their processabil-
ity. The block copolymer micelles can indeed be
regarded as nanoreactors, because metal nanopar-
ticles are synthesized inside their interior. Homopoly-
mers have also been frequently employed for the
stabilization of metal colloids, mainly poly(/N-vinyl-
2-pyrrolidone) (PVP). Although the resulting ho-
mopolymer—metal particle hybrids are not micelles,
they are discussed in this section, because their
dimensions and behavior are comparable to the
micellar systems presented here. The nanosize di-
mensions of the metal particles give rise to a number
of intriguing electronic, magnetic, optical, and cata-
lytic properties, which is the result of size quantiza-
tion effects and the high number of surface atoms as
compared to the number of atoms in the bulk of the
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particle.?02231 The steps involved in the formation of
such metal particles are depicted in Scheme 9.

In Scheme 9, only one approach using metal salts
for the formation of polymer—metal hybrids is given,
but other approaches have been developed as well.
It is also possible to first complex the metal ions to
the monomers, then polymerize the monomers, and,
finally, induce aggregation of the resulting metal—
polymer hybrids. To obtain stable hybrid materials
of polymers and inorganic material, there has to be
sufficient adhesion between the polymer chains and
the metal particles. For that purpose, homopolymers
and block copolymers have been synthesized with
functional blocks, that is, acidic, basic, or neutral
coordinating blocks. The formation of the metal
colloids inside the loaded micelles occurs by perform-
ing a chemical reaction, typically a reduction. For this
purpose, Hy, NaBH,, LiAlH,, LiBEt;H, and hydrazine
are commonly applied to prepare nanoparticles of Ag,
Au, Co, Cu, Ni, Pb, Pd, Pt, Rh, and Zn.?°0232 The
formed metal particles subsequently aggregate to
yield larger particles by nucleation and growth
processes. Depending on the degree of supersatura-
tion with the metal particle-forming salt, the inter-
facial tension of the block copolymer/metal particle
interface, and the diffusivity of the metal ions, one
or more metal nanoclusters are formed within a
micelle.2? In Figure 25, the effect of supersaturation
with the salt Pd(OAc); inside diblock copolymer
micelles of polystyrene-b-poly(4-vinylpyridine) (PS-
P4VP) is shown.23* When the solubilized Pd(OAc),
was rapidly reduced (high supersaturation), numer-
ous small metal particles were formed within the
micellar core, also referred to as the “raspberry”
morphology. Slow reduction (low supersaturation),
however, led to on average one large particle per
micelle, which is called the “cherry” morphology.23*

Not only metal colloids, but also metal oxides,20%.23
for example, Fe;O3, TiO, and ZnO, and metal sul-
fides, 292236 for example, CdS, CoS, CuS, FeS, PbS, and
7ZnS, can be formed within micellar nanoreactors. The
latter nanoparticles are mostly formed by addition
of HyS to the metal precursors inside the nanoreac-
tors, while the former nanoparticles are prepared by
oxidation reactions. The optical properties of the
metal sulfide semiconducting nanocrystals are very
size-dependent, and size control can be obtained by
varying the size of the polymer domains. In smaller
domains, nanoparticles of lower dimensions are
formed, which have absorption edges at smaller
wavelengths due to the size quantization effect.
Reducing the dimensions of semiconductor nanopar-
ticles, furthermore, results in photogenerated elec-
trons that have higher energies, which can be utilized
in photovoltaic devices, and increased optical absorp-
tion coefficients. The latter is useful in applications
where UV protection is an issue. Micellar fibers of

Scheme 9. Steps Involved in the Preparation of a Metal Nanoparticle Inside a Micellar Nanoreactor
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Figure 25. Formation of metal nanoparticles inside block copolymer micelles. (a) Many Pd colloids are formed inside
micelles during fast reduction (raspberry morphology). (b) On average, one large Pd colloid per micelle is formed during
slow reduction (cherry morphology). (Reproduced with permission from ref 234. Copyright 1997 American Chemical Society.)

a

Figure 26. Nanoarrays of Ag within micellar fibers of amphiphilic diblock copolymers of carbosilane dendrimers and
polyisocyanopeptides. (Reproduced with permission from ref 237. Copyright 2002 Wiley.)

diblock copolymers of carbosilane dendrimers and
polyisocyanopeptides have been applied to prepare
silver arrays by clustering Ag*' ions inside these
fibers (Figure 26).237

The polymer micelle—metal hybrid itself can also
be considered to be a nanoreactor, because the
catalytically active metal colloid is buried inside the
micelle core and the reactants have to pass the
micellar shell to reach the interior. These hybrid
particles combine the advantages of homogeneous
and heterogeneous catalysis, because they can be
dissolved in organic solvents, due to their polymeric
shell, while catalyst recovery is straightforward by
performing ultrafiltration or precipitation in poor
solvents for the polymer.

So far, polymer micelle—metal hybrids have mainly
been applied in the hydrogenation of olefins and
acetylenes, where advances have been made in
chemo-, stereo-, and regioselective hydrogenations of
various substrates.?1:238 A nice example of chemo-
selective hydrogenation was presented by Yu et al.

who used Pt nanoparticles stabilized by PVP to
reduce the carbonyl group in cinnamaldehyde to
cinnamic alcohol, while leaving the double bond
intact.?%? Ethyl pyruvate was reduced enantioselec-
tively to (R)-ethyl lactate in 95—98% enantiomeric
excess by Pt colloids stabilized by PVP with cinchoni-
dine as chiral modifier.?*® Colloidal dispersions of
PVP-stabilized Au/Pd bimetallic clusters, prepared
by successive reduction, were employed by Harada
et al. for partial selective reduction of cycloocta-1,3-
diene to cyclooctene.?*!

Polymer-stabilized metal colloids have also been
used in oxidation reactions. The catalytic oxidation
of ethylene to ethylene oxide by colloidal Ag catalysts,
which were protected by PVP or sodium polyacrylate,
was studied by Toshima and co-workers.?42243 Both
systems had higher catalytic activities than com-
mercial Ag powder, while the sodium polyacrylate-
stabilized Ag particles gave the best results due to a
higher thermal stability.
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Scheme 10. Heck Reaction Catalyzed by
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Another field of catalysis in which polymer—metal
hybrid nanoreactors have been explored is C—C
coupling reactions. The first example of methanol
carbonylation, which is one of the most important
industrial processes, was presented by Wang et al.
who applied PVP-stabilized Rh colloids.?** The cata-
lysts were used under harsh conditions of 140 °C and
54 bar, but could still be recycled six times, resulting
in an overall turnover number of 19 700/atom Rh. Pd
colloids stabilized by either PS-P4VP or PVP have
proven to be useful in Heck reactions (Scheme
10).234.245

The polymer-stabilized Pd nanoparticles displayed
activities comparable to those of low molecular
weight Pd complexes traditionally used in Heck
reactions, while having much higher stabilities;
turnover numbers (moles of substrate/mole of Pd) as
high as 100 000 have been reported.?*? The higher
stability of the polymer—metal hybrid is also reflected
in the high temperature (140 °C) at which these
reactions were carried out.

El-Sayed and co-workers have used the Suzuki
coupling as a test reaction to investigate the effect
of the polymeric stabilizers on both the catalytic
activity and the stability of Pd colloids (Scheme 11).246

They prepared encapsulated Pd nanoparticles with
the help of three different polymers: a PAMAM
dendrimer, polystyrene-b-poly(sodium acrylate), and
PVP. All three nanoreactor systems were efficient
catalysts for the Suzuki reaction between aryl boronic
acids and aryl halides. It was found that a strong
interaction between the metal particle and the poly-
mer resulted in a loss of catalytic activity. Lee et al.
investigated the same type of reaction in water using
aggregates of rod—coil triblock copolymers as micellar
nanoreactors.?*” At ambient temperatures, the Su-
zuki cross-coupling reaction of aryl halides and aryl
boronic acids was performed in the absence of organic
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solvents, resulting in a potentially environmentally
friendly reaction process.

Micelle-forming polymers have been employed to
encapsulate enzymes. Micelle-like aggregates built
up from diblock copolymers of (N-acetylimino)ethyl-
ene and (N-pentanoylimino)ethylene were capable of
encapsulating horseradish peroxidase, lipase OF, and
lipase P. Interestingly, the hydrolytic activities of the
lipases in aqueous solutions increased by ca. 30% as
compared to the free enzyme.?*® Even in water-
saturated organic solvents, the enzymes showed
enhanced activities. Harada and Kataoka have pub-
lished several papers on supramolecular assemblies
of micelle-forming poly(ethylene glycol)-poly(aspartic
acid) block copolymers and chicken egg white lyso-
zyme.?49250 The polyion complex (PIC) micelles could
be reversibly formed and dissociated by changes in
the ionic strength, simply by varying the NaCl
concentration (Figure 27).251

Lysozyme entrapped within the core of the micelles
showed no enzymatic activity, but upon an increase
in the ionic strength the micelles dissociated, thus
releasing the enzymes, and enzymatic activity was
detected. A reduction of the ionic strength resulted
in complete inhibition of the enzymatic activity. The
dissociation of the PIC micelles to obtain enzyme
activity is not a nanoreactor behavior, but Harada
and Kataoka also performed experiments using the
substrate p-nitrophenyl-penta-N-acetyl-3-chitopen-
taoside, and they observed conversion within the core
of the micelles.?’? The apparent enzymatic activity
of the entrapped enzymes was higher than that of
the free enzymes, which was attributed to accumula-
tion of substrate in the corona of the micelles.
Applying a pulsed electric field to the polymer—
enzyme hybrids above a critical potential reduced the
enzymatic activity to that of the free enzyme, pre-
sumably due to a minute change in the local mi-
croenvironment in the core of the micelles.?’® The
enzymatic activity was fully restored when the
electric field was shut-off.

As described above, giant amphiphiles of polymers
and enzymes can be prepared by reconstituting apo-
enzymes with its cofactor carrying a polymer tail.23°
Velonia et al. have constructed another type of
biohybrid amphiphile by specific attachment of a
polystyrene block to a reduced disulfide bridge of CAL
B, exposed on the outer surface of the enzyme.?5*
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TEM studies of aqueous dispersions of PS-CAL B
giant amphiphiles revealed the presence of microme-
ter long fibers that were built up from bundles of
micellar rods. Catalysis experiments on these en-
zyme—polymer hybrids revealed that the enzymes
retained activity, but it was notably reduced when
compared to the native enzyme. Although this is not
a nanoreactor, this approach of making catalytically
active giant amphiphiles is a promising strategy in
the preparation of ensembles of different enzymes
and has potential for the construction of multicom-
ponent nanoreactors in which substrates are con-
verted in several cascade-like steps into the desired
product(s).

Micelles in which emulsion polymerizations are
carried out can also be considered as nanoreactors.
Apart from low molecular weight surfactants,!?
micelle-forming block copolymers have been applied
for this purpose. Jang and Ha have used poly-
(oxyethylene)-b-poly(oxypropylene)-b-poly(oxyethyl-
ene) to make hollow polystyrene nanospheres.2
Mini-emulsion polymerization has also proven to be
a valuable tool for the fabrication of polymeric
capsules.?”® Mini-emulsions are stable emulsions
consisting of droplets of 50—500 nm in diameter
created by shearing a mixture of oil, water, surfac-
tant, and a highly hydrophobic compound. The hy-
drophobic compound prevents Ostwald ripening,
while the surfactant stabilizes the droplets against
collisions.?®” This process allows the preparation of
latex particles having cavities with control of the
particle size, cavity volume fraction, and structure.?®®
The differences in the hydrophilicity of the oil and
the polymer proved to be the driving force for capsule
formation. Although mini-emulsion polymerizations
do not involve the formation of micelles, it is an
interesting technique to prepare hollow polymeric
capsules with broad applicability.

3.3. Unimolecular Nanoreactors

The dynamic nature of polymeric micelles makes
them sensitive to environmental conditions. To over-
come this, covalent systems such as dendrimers,
hyperbranched polymers, and star polymers have
recently been employed, and they have found ap-
plication as stabilizers in the formation of nanopar-
ticles, recoverable metal catalysts and nanoreactors.
These unimolecular compounds are, to some extent,
comparable to micelles because they possess an inner
compartment capable of accommodating guest mol-
ecules, the main difference being that they are not
dynamic assemblies. Although the above-mentioned
types of polymers are not self-assembled structures,
we will discuss them briefly in this review, because
of their similarity to polymer micelles.

A dendrimer is a single molecule with a central
core from which in a regular fashion branches emerge
radially. The overall shape of dendrimers and the
existence of cavities inside these compounds are
topics of controversy. Most dendrimers are flexible
structures, but they adopt a globular shape at a
certain generation, which results in an increase in
their rigidity.?®® The use of dendrimers in catalysis
is well documented in the literature and is described
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Scheme 12. Three Different Types of Catalytically
Active Dendrimers: (a) Dendrimer with a
Catalytically Active Core, (b) Free-Energy Driven
Dendrimer Nanoreactor, and (c) Catalytically
Active Metal Nanoparticle Stabilized Inside a
Dendrimer

Substrates

in a number of reviews.2597265 Covalently attached
catalytic sites in dendrimers can be present at the
periphery, at intermediate places, or can constitute
the center of the dendrimer. In the last case, the
catalytic site is protected by the dendritic branches,
resulting in an enzyme mimic. In general, three types
of dendrimer nanoreactors can be distinguished: (i)
dendrimers with a catalytically active core,261.262 (i1)
free-energy driven dendrimer nanoreactors, which
are not directly involved in the reaction,?%* and (iii)
dendrimers that stabilize a catalytically active metal
nanoparticle (Scheme 12).260

The results obtained with these types of dendrimer
nanoreactors in catalysis vary greatly, but in general
the dendrimers have an added value, that is, by
stabilizing the catalytically active center, by increas-
ing the stereo- and regioselectivity of the reaction,
and by allowing easy recovery of the catalyst, for
example, by filtration or precipitation.26!

Hyperbranched and star polymers are cheaper
alternatives of dendrimers, because these three-
dimensional macromolecular structures can be pre-
pared more easily using conventional polymerization
methods.?667268 In a fashion similar to block copoly-
mer micelles, it has recently been demonstrated by
several groups that these hyperbranched and star
polymers are capable of encapsulating catalytically
active metal complexes and nanoparticles within
their cores (Figure 28).268-271

These nanoreactors were applied in a wide variety
of catalytic processes, for example, the hydrogenation
of cyclohexene,?®® a double Michael addition,?”® a
Heck reaction,?®® and the oxidation of alcohols to
ketones,?’! thus showing that these macromolecular
structures are very versatile and can be used in a
broad scope of reactions. As in the case of block
copolymer micelles, the recovery of polymer—metal
hybrids from the reaction mixture is easy using
dialysis or precipitation, while they have the advan-
tage of an enhanced stability due to their less
dynamic nature.

3.4. Other Polymeric Systems as Nanoreactors

Numerous papers have been published dealing
with systems that are potential nanoreactors. We will
discuss below some systems that have a good chance
of being transformed into a working nanoreactor. In
this section also polymeric nanoreactors will be
discussed that cannot be classified under the subjects
of the previous sections.

Chernyshov et al. have used a chelating diblock
copolymer, polystyrene-b-poly(m-vinyl-triphenylphos-
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Figure 28. Catalysis inside star and hyperbranched polymers: (a) star polymer encapsulating a catalytically active
nanoparticle,?%® and (b) hyperbranched polyglycerol nanocapsule with catalytically active pincer Pt complexes.270
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Figure 29. Schematic picture of the hollow amphiphilic nanoreactor that was used by Jungmann et al. for the synthesis
of metal colloids. The gray part consists of dimethylsiloxane, methylsiloxane, and a quaternary ammonium salt; the outer
shell is built up from dimethylsiloxane and methylsiloxane only. (Adapted with permission from ref 273. Copyright 2003

American Chemical Society.)

phine) (PS-6-PPH), to prepare polymeric PdCl; com-
plexes.?”? They found that this hybrid system self-
assembled to yield finite structures upon dispersion
in THF; no gels were formed. Depending on the ratio
phosphine/Pd, different morphologies were obtained,
that is, disklike micelles, uni- and multilamellar
vesicles, and “perforated hulls”. Although not de-
scribed by the authors, these aggregates might be
useful catalysts in Heck reactions or other processes
that require Pd, with the advantage that the ag-
gregates can be easily recovered by filtration or
precipitation.

A variety of other systems have also been developed
for the construction of nanoreactors. Jungmann et al.
have prepared hollow amphiphilic poly(organosilox-
ane) nanospheres by sequential condensation of si-
lanes and have used them as nanoreactors for the
synthesis of Ag, Au, and Pd nanoparticles (Figure
29).27

After the hollow poly(organosiloxane) nanospheres
were loaded with salts of the noble metals, reduction
was performed with LiBEtsH, resulting in the forma-
tion of 2—5 nm size metal colloids.

Polymer containing hollow spheres can also be
prepared in a self-assembling approach, viz., by
assembling polymers around spherical colloids.?’*
This method, referred to as layer-by-layer (LbL)
technique, allows the formation of nanocapsules with
a well-defined constitution by coating the colloidal
templates with alternating layers of polyanions and
polycations.?’”> The templates can be removed by
changing the pH or by using solvents selective for
the templates.?’® These hollow particles have recently
been applied as nanoreactors for a variety of reac-
tions.2”” Adopting a ship-in-a-bottle approach, hollow

polymeric capsules were loaded with different mono-
mers, for example, styrene sulfonate, and consecu-
tively polymerized. The capsule wall proved perme-
able for the monomers, whereas the polymers were
trapped inside. In this way, the physicochemical
properties of the capsule interior could be varied over
a broad range (ion strength, pH, viscosity, etc.). In a
similar manner, the cationic dye 1,1'-diethyl-2,2'-
cyanine (DEC) was crystallized inside polymeric
capsules that contained poly(styrene sulfonate)
(PSS).2"8 The PSS was introduced inside the capsules
by the ship-in-a-bottle approach (Figure 30).

The formed fluorescent DEC-PSS aggregates were
highly photosensitive, and light irradiation resulted
in destruction of the aggregates and redistribution
of PSS inside the capsules. Addition of tetraphen-
ylborate ions resulted in precipitation of fluorescent
DEC-BPhy nanocrystals and release of PSS inside the
polymer shells.

The versatility of the LbL technique was further
demonstrated by coating human erythrocytes with
alternating layers of polyanions and polycations.?
A protein destruction treatment was carried out to
decompose the cytoplasmic proteins of the erythro-
cytes, which were removed by centrifugation or
filtration. The resulting shells were used for the
controlled precipitation or crystallization of organic
and inorganic materials. In another biomimetic ap-
proach, CaCO; was synthesized exclusively inside
micrometer-sized polyelectrolyte capsules.??° Urea
hydrolysis, catalyzed by urease, led to the fermenta-
tive formation of CO3%™ ions and the precipitation of
CaCOs, which completely filled the capsule interior.
The LbL approach was also adopted by Ghan et al.
to polymerize phenols within polyelectrolyte micro-
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Figure 30. (a) Steps involving the crystallization of DEC inside polymeric capsules: (i) loading of the shell with styrene
sulfonate, (ii) polymerization of styrene sulfonate inside the capsule, (iii) polymer-induced formation of DEC-PSS aggregates,
(iv) precipitation of DEC crystals and the release of free PSS within the polymer shell. (b) Confocal laser scanning
micrographs of (1) capsules containing styrene sulfonate (visualized using rhodamine 6G), (2) fluorescence arising from
DEC-PSS aggregates formed inside the capsules, (3) destruction of the DEC-PSS aggregates by laser light. (Adapted with

permission from ref 278. Copyright 2003 Wiley.)

a

Figure 31. Optical micrographs of (a) red blood cells (7 um in diameter) and (b) artificial red blood cells containing
hemoglobin and enzymes. (Reproduced with permission from ref 282. Copyright 2003 Blackwell Publishing.)

capsules.?®! After formation, horseradish peroxidase
(HRP) could be loaded inside the hollow shells by
adjusting the pH of the solution to 4.0, resulting in
an increase in the shell wall permeability which was
large enough to allow HRP to diffuse inside. An
increase of pH to 8.5 closed the capsule walls again,
entrapping the HRP enzymes. Polymerization of 4-(2-
aminoethyl)phenol hydrochloride catalyzed by HRP-
containing capsules in the presence of H2O, gave
easily detectable fluorescent polymers. The capsule
walls turned out to be selective: the monomer and
H>0, were able to diffuse in and out, whereas the
polymer remained inside the capsule. These experi-
ments show that the hollow capsules prepared by the
LbL technique create many new possibilities for the
synthesis of composite materials under biologically
friendly conditions.

For the development of blood substitutes, polymers
have been applied to encapsulate hemoglobin, and
some of these systems are already in clinical trials
(Figure 31).282

Although the first attempts of making artificial
blood cells date back to the 1950s, only in the 1990s
was serious attention given to these systems in
connection with studies aimed at avoiding the risks
of HIV infection. The use of biodegradable polylactide
allows one to encapsulate the whole content of red
blood cells, and the amount of hemoglobin that can
be captured matches that of red blood cells. Ad-

ditional enzymes can be encapsulated in these sys-
tems, while the products of reactions taking place
inside the nanocapsules can diffuse out and, there-
fore, do not accumulate. Furthermore, reducing agents
from the plasma can also diffuse into the nanocap-
sules where they reduce methemoglobin to oxygen-
carrying hemoglobin. Animals have been infused with
these nanocapsules to the extent of one-third of their
total blood volume. Higher circulation lifetimes were
obtained with ultrathin membrane nanocapsules
containing hemoglobin and enzymes based on poly-
(ethylene glycol)-polylactide (PEG-PLA).283 The PEG-
PLA nanocapsules were optimized by using polym-
erized hemoglobin, higher molecular weight PLA,
higher concentrations of PEG-PLA, and cross-linking
of the PEG-PLA nanocapsules.

Other polymeric systems have also been employed
for the fabrication of nanoreactors, but because of
their preparation procedure they do not fall within
the scope of this review. However, to be complete,
they will be briefly discussed. The underlying idea
of immobilizing catalysts within polymeric supports
is to simplify their separation from the reaction
mixture and to allow recycling of the catalyst. Al-
though incorporated within the polymer matrix, the
catalyst still has to be mobile to have a rate of
reactivity comparable to that of the catalyst in
homogeneous solution. Zeolites and sol—gel materials
are very interesting supports for the immobilization
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of catalysts. Their precursors can be mixed at the
molecular level, thereby allowing the creation of
homogeneous solid-state systems.

The sol—gel process is a versatile method for the
preparation of heterogeneous catalysts that behave
as homogeneous catalysts. The advantages of a
homogeneous system, that is, high activities and
selectivities, can be combined with the advantages
of a heterogeneous system, that is, facile separation
and recovery of the catalyst.?8* To ensure sufficient
mobility, flexible spacers are used to link the catalytic
centers to the solid support. These materials can be
formed under mild conditions, in that way allowing
the incorporation of sensitive catalysts. The versatil-
ity in the synthesis allows the preparation of sol—
gels with organic acids and bases, or with metal
complexes as the reactive centers. Sol—gel catalysts
have been successfully employed in a vast series of
reactions, generally with modest to excellent re-
sults.284

An interesting finding is that sol—gel materials can
encapsulate biologic components, while keeping them
in a fully functional state. In this way, not only
proteins, enzymes, and antibodies have been en-
trapped within ceramic matrixes, but also DNA and
RNA, and even living cells.?8528 Interestingly, the
structural integrity of the cells remained intact, and
molecular recognition, catalysis, and reproduction
capabilities were preserved as well. Applications of
such hybrid systems can be found in the fields of
catalysis, sensors, separation technology, diagnostics,
and electronics.

Zeolites are microporous crystals that consist of
aluminosilicate tetrahedrons, which form a secondary
structure of channels, cavities, and pores. In the
petrochemical industry, zeolites are applied on a
large scale in cracking processes. Inside the cavities
of zeolites, catalytically active metal complexes that
are larger than the pores can be incorporated. These
types of zeolite/guest complexes are called ship-in-a-
bottle complexes.?8” Such complexes can be prepared
in two different ways: (i) assembly of the metal
complex within the cavity by externally adding the
metal ions and the ligands, and (ii) synthesis of the
zeolite around the preformed metal complex, also
referred to as the build-bottle-around-ship approach.
A drawback of the first method is the presence of free
ligands and metal ions, resulting in ill-defined sys-
tems. Depending on the type of zeolite, the cavities
can be used to host large molecules such as bis-
(salicylidene)ethylenediamine (salen),?%® phthalocya-
nine (Figure 32),26728 and porphyrin.2%°

A range of reactions can be performed using ship-
in-a-bottle complexes, that is, oxidations,?! hydro-
genations,??? and acid-catalyzed isomerization and
disproportionation reactions.?%?

Recent advances in organic crystal engineering,
particularly the rational design of complex solid
architectures through supramolecular preorganiza-
tion, have renewed interest in topochemical re-
actions.??472% Although not many catalysis experi-
ments have been carried out with these organic
crystals, it is worth mentioning the possibility in this
review. Organic analogues to zeolites and mesoporous

Vriezema et al.

Figure 32. Molecular model showing Cu-phthalocyanine
encapsulated inside zeolite Y. (Reproduced with permission
from ref 287. Copyright 2004 Wiley.)

sieves were developed by Miller et al.3%° They made
catalytically active, nanoporous organic materials
based on cross-linked lyotropic liquid crystals and
demonstrated their use as efficient catalysts in
Knoevenagel condensations. Dewa et al. prepared
hydrogen-bonded solid hosts from 9,10-bis(3,5-dihy-
droxyphenyl)anthracene and demonstrated that they
catalyze the Diels—Alder reaction of acrylaldehyde
and 1,3-cyclohexadiene.?! Liquid crystals and or-
ganic crystals have also been applied as constrained
geometries for controlled polymerizations, resulting
in interesting polymeric architectures.3?

4. Biomacromolecular Nanoreactors

A new approach to the formation of nanostructures
has emerged from studies at the interfaces between
biology, chemistry, and materials science.?*> A num-
ber of groups are rapidly expanding the repertoire
of biological scaffolds for nanochemistry. Reviews
such as the ones from Niemeyer,%* Young et al.,3%3
Belcher et al.,3% and Kirshenbaum et al.?% describe
thoroughly these new approaches, which use biologi-
cal molecules and assemblies from them for applica-
tions in nanoscience. The current interest in these
biosystems stems from the fact that they display a
high degree of organization, are often easy to modify,
and occur in well-defined self-assembly motifs.307

In this part of the review, it is shown that orga-
nized biomolecular architectures can serve as nano-
reactors or nanotemplates for crystallizations and
other reactions. Furthermore, it is shown that protein
capsids can be modified with new chemical function-
alities and can be used as templates for nanoscale
constructions. Finally, it is discussed how self-as-
sembled protein cages can provide spatially well-
defined host systems.

4.1. Protein Cages

Nature has developed a variety of proteins that
function as carriers or storage devices for metal ions
and minerals. The iron storage protein ferritin is
probably the most intensively studied and best
understood example. In this protein, the mineral is
sequestered within one single molecule, which has a
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shell of well-defined size and form. Since the early
1990s, the use of ferritin and other storage proteins
as nanometer-sized reaction vessels has been ex-
plored.304

4.1.1. Ferritin

Ferritins are found throughout the animal, plant,
and microbial kingdoms.3%® They consist of a central
core of hydrated iron(III) oxide encapsulated within
a multisubunit protein shell. Ferritins are robust
proteins, which can withstand high temperatures (85
°C) and high pH’s (8.5—9) for an appreciable period
of time without significant disruption of their qua-
ternary structure. Iron-free ferritin molecules (apo-
ferritin) are composed of 24 polypeptide subunits,
which assemble into a hollow sphere of ca. 500 KDa.
The outer diameter of the protein is 12 nm, while the
inner diameter is 8 nm. The ferritin protein shell has
several functions: it acquires iron(Il), catalyses its
oxidation, and induces mineralization within its
cavity. Up to 4500 iron atoms can be housed within
the protein cavity. Such a high iron-to-protein ratio
is made possible by sequestering the iron as a
compact mineral, which has a structure similar to
that of the mineral ferrihydrite (5Fe2.03:-9H20). Hy-
drophilic and hydrophobic channels penetrate the
shell, and, as a result, iron atoms can be removed
from the cage by reductive dissolution. In vitro
reconstitution of iron(III) oxide cores can be readily
achieved by room-temperature incubation of intact
empty protein (apoferritin) with Fe(II) solutions at
moderate pH.3%?

In 1991, Mann and co-workers began to explore the
use of Ferritin as a nanometer-sized bioreactor for
producing monodisperse metal particles from metal
ions other than the natural hydrated iron(III) oxide.
They showed for the first time that supramolecular
protein cages have the potential to act as constrained
reaction environments in the synthesis of inorganic
materials of nanometer dimensions. Horse spleen
apoferritin (HSFn) was used as a nanocontainer to
generate iron sulfide particles, and manganese oxide
and uranyl oxohydroxide crystals.3%%310 In Figure 33,
the three different approaches followed by Mann and
co-workers are schematically depicted. For example,
incubation of the empty protein cages with MnCl; at
pH 9 resulted in specific manganese ion uptake,
oxidation, and precipitation. Depending on the origi-
nal concentrations of protein and Mn(II), discrete
manganese oxide cores up to 7 nm in diameter were
formed, as was shown by TEM and the electron
dispersive X-ray analysis (EDXA) spectrum. Further
studies were carried out on the synthesis of iron
sulfide,?! manganese oxide,2 and cobalt oxyhydrox-
ide,31? within the nanosized cavity of horse spleen
ferritin.

Later work consisted of synthesizing the ferromag-
netic nanocrystals of magnetite (FesOy4),3'* and mag-
netite/maghemite (Fe;04/y-Feq03),315 within the fer-
ritin cavity to construct a magnetic protein, “magneto-
ferritin”. As a result of the restricted space within
the nanoreactors, crystalline inorganic particles with
diameters of ca. 6—7 nm were formed, as determined
by TEM. The magnetite/maghemite particles were
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Figure 33. Schematic representation of the use of ferritin
in the synthesis of nanophase materials. (a) Iron sulfide
formation by in situ reaction of native iron oxide cores. (b)
Manganese oxide reconstitution by redox-driven reactions
within apoferritin. (c) Uranyl oxy-hydroxide deposition by
ion-binding and hydrolytic polymerization. (Reproduced
with permission from ref 310. Copyright 1991 Wiley.)

generated by trimethylamino-N-oxide oxidation of
apoferritin, which was loaded with various amounts
of iron(II) ions. The temperature-dependent magnetic
properties of magnetoferritins with different iron
loadings were studied by SQUID magnetometry.

A new approach was introduced by Douglas et al.,
who studied the protein-constrained iron oxide core
of ferritin as a catalyst for photoreduction reactions.
They demonstrated that the iron oxide nanoparticle
encapsulated within the protein cage of ferritin can
act as a semiconductor photocatalyst for the reduc-
tion of Cr(VI) to Cr(II).31® Furthermore, the same
system was shown to be capable of photoreducing Cu-
(IT) to form a colloidal dispersion of Cu(0) with a fairly
narrow size distribution.?'” Examination of the pho-
tolysis products by TEM revealed electron-dense
spheroid particles. It was found that the molar ratio
of Cu(ID)/ferritin was the major factor in determining
the particle size. A similar approach was followed
recently by T. Ueno and co-workers when they
constructed a size-selective hydrogenation biocata-
lyst. They encapsulated a Pd nanocluster in the
apoferritin cavity by in situ chemical reduction of Pd-
(IT) ions. Subsequently, the catalytic hydrogenation
of olefins by the Pd—apoferritin hybrid was evaluated
in aqueous media. It was shown that the catalytic
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Figure 34. Top: Scheme showing the preparation of Pd-
apoferritin. Bottom: TEM images of the Pd-apoferritin, (a)
an ice-embedded unstained sample (inset magnification
4x), (b) a sample negatively stained with uranyl acetate.
Scale bars represent 50 nm. (Reproduced with permission
from ref 318. Copyright 2004 Wiley.)

system discriminates with respect to size of the
substrates, via the 3-fold channels that cross the
protein cage (Figure 34).318

Alteration of the outer surface of ferritin has been
investigated by Mann and co-workers. Alkylated
derivatives of ferritin were prepared by carbodiimide-
activated coupling of long chain primary amines to
carboxylic acid residues on the protein surface.31%:319
As a consequence of this surface modification, the
proteins become soluble in several organic solvents
as intact, nonaggregated biomolecules. The long-term
goal of this approach is to exploit alkylated ferritins
as nanoreactors for condensation reactions involving
metal alkoxides and related organometallic com-
pounds, which is only possible in nonaqueous sys-
tems. Another surface modification involved the
preparation of biotinylated ferritin. In this case, the
outer protein surface was derivatized with approxi-
mately 70 biotinylated ligands that were available
to interact with streptavidin to form a cross-linked
network of biomacromolecules. Such ferritin-based
arrays could have important applications in magnetic
storage and nanoelectronic devices.32°

An unusual form of ferritin was discovered in the
Gram-positive bacterium Listeria innocua.??' This
ferritin-like protein was also utilized as a size and
shape constrained reaction environment, as previ-
ously described for horse spleen ferritin. L. innocua
ferritin differs from other known ferritins in that its
protein shell is assembled from 12 identical subunits;
it can accumulate only 500 iron atoms within its 5
nm diameter central cavity. Ferrimagnetic iron oxide
nanoparticles,??? and cobalt oxide minerals,?? were
synthesized within the protein cage. Size exclusion
chromatography (SEC), dynamic light scattering
(DLS), gel electrophoresis, and TEM are the tech-
niques that were used to characterize the mineralized
protein cages.

4.1.2. Other Protein Cages

The investigations on ferritin as a size and shape
constrained reaction vessel have paved the way for
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other groups to use different biomolecular systems
to develop a general class of self-assembled bioinor-
ganic hybrid materials with designed functionality
and biocompatibility. Apart from ferritin, other pro-
teins (see below) and even virus cages (see section
4.2) have been used as bionanoreactors.

Lumazine synthase is a hollow icosahedral bacte-
rial enzyme of 1 MDa molecular weight, which is
formed by self-assembly of 60 subunits.??* The self-
assembled structure of this protein is very similar
to those of the protein cages described above. Fol-
lowing the same concept as published for the protein
ferritin, lumazine synthase was shown to be a suit-
able mineralization template for the fabrication of
nanocrystalline iron oxide.

The small heat shock protein cage from Methano-
coccus jannaschii (MjHsp) was shown to be a versa-
tile platform for genetic and chemical modifica-
tions.325 This protein consists of 24 subunits which
self-assemble to form a cage with octahedral sym-
metry. The protein has an exterior diameter of 12
nm; it is stable in the pH range 5—11 and can
withstand temperatures up to ~70 °C. The possibility
to functionalize this template with organic and
inorganic groups was recently studied by Douglas
and co-workers. Thiol groups, obtained by modifica-
tion of the protein, and endogenous amine groups on
both the exterior and the interior surfaces, were
reacted with activated fluorescein. The covalent
attachment of fluorescein to the protein cages was
demonstrated by SEC, DLS, TEM, and SDS poly-
acrylamide gel electrophoresis (PAGE). Furthermore,
by analogy to ferritin, MjHsp was investigated for
its ability to act as a size constrained reaction
environment for iron oxide mineralization. Both the
modified and the native MjHsp cages showed similar
mineralization capabilities. Small iron oxide particles
of ~9 nm were observed when the mineralized
protein was imaged by TEM.

4.2. \iruses

Virus particles typically consist of several hundred
to thousands of protein molecules that self-assemble
to form a hollow scaffold, which holds the viral
nucleic acid. In the past decade, there has been a
growing interest in the use of virus particles as
templates for nanosized materials. Viral capsids (the
self-assembled protein cage structures) offer robust
and monodisperse structures and exist in a large
variety of sizes and shapes. Moreover, the protein
surface can be used as a synthetic platform for
chemical modification. Because certain types of vi-
ruses can be obtained in large quantities and ma-
nipulated at the genetic level, they afford a unique
opportunity for chemists to expand the repertoire of
natural starting materials for synthetic and catalytic
applications (Figure 35).

4.2.1. Rod-Shaped Viruses

Tobacco Mosaic Virus. The Tobacco Mosaic
Virus (TMV) is the most comprehensively understood
system of biological self-assembly to date. TMV is a
stable virion that can withstand temperatures of up
to 60 °C and pH values as low as 2 and as high as
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Figure 35. Some of the routes followed to synthesize biohybrid materials using rod-shaped (TMV, M13) and cage-structured
(CCMV, CPMV) viruses. (Reproduced with permission from ref 305. Copyright 2003 Elsevier.)

10. It is made up of 2130 identical protein building
blocks, arranged in a helical motif around the viral
RNA to form a hollow tube of 300 x 18 nm in size
with a central channel that has a diameter of 4 nm.304

The internal and external surfaces of the TMV
protein capsid consist of repeat patterns of charged
amino acid residues such as glutamate, aspartate,
arginine, and lysine. Mann and co-workers have used
these functionalities as nucleation sites for surface-
controlled biomineralization. The surface chemistry
of TMV coupled with the high stability of the protein
assembly provides a structural framework for the
site-specific nucleation of a variety of inorganic solids
(Scheme 13). Accordingly, the template-directed syn-
thesis of organic—inorganic nanotubes was per-
formed.3?® The electrochemical modification of the
TMYV inner and outer surface was performed by Knez
et al., via electroless deposition of different metals
such as nickel and silver. Depending on the metal-
lization conditions, they could selectively target the
outer or inner surface of the tubelike TMV, as was
shown by TEM.32” Furthermore, the same group used
TMV for the synthesis of metal nanowires. The
central channel of the virus was used as a template
to synthesize nickel and cobalt wires of only a few
atoms in diameter and lengths up to the micrometer
range.328

Motivated by the fact that 1D, nanometer-sized
objects are needed for applications in nanoelectronics
and nanobiotechnology, Dujardin et al. investigated

Scheme 13. Routes for the Synthesis of Nanotube
Composites Using TMV Templates®

O
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@ Clockwise from top right: sol—gel condensation (silica); co-
precipitation (PbS and CdS nanocrystals); oxidative hydrolysis
(iron oxide). (Reproduced with permission from ref 326. Copyright
1999 Wiley.)

the use of cylindrical particles of TMV as template
for the in situ formation of anisotropic assemblies of
spherical Pt, Au, or Ag nanoparticles. By chemically
controlling the surface charge of the virus, metal-
lization could selectively be performed on the outer
or inner surface of the protein capsid (Figure 36).32°
Tubular structures using TMV as a template were
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Figure 36. TEM micrographs of gold nanoparticles pro-
duced in the presence of wild-type TMV. (a) Low magnifi-
cation image showing multiple TMV rods with dense
external coating of gold nanoparticles; scale bar = 100 nm.
(b) Single TMV rod with dense coating of discrete gold
nanoparticles; scale bar = 50 nm. Inset: EDXA spectrum
showing Au and Cu (7) (from supporting grid). (Reproduced
with permission from ref 329. Copyright 2003 American
Chemical Society.)

also obtained by Fujikawa et al. They assembled
TMYV on a surface and then covered it with ultrathin
titania films by the surface sol—gel process.?3°
Aggregates of TMV have been thoroughly studied
as well. The formation of ordered aggregates of TMV
in the presence of divalent metal ions was studied
in concentrated solutions of the virus. Some divalent
metal cations were found to promote TMV precipita-
tion, and nematic liquid crystalline behavior was
observed for the precipitates.?®! Nematic liquid crys-
tals of TMV have been used to prepare silica nano-
and mesostructures with parallel or radial arrays of
linear channels, respectively.33? Recently, the adsorp-
tion behavior and surface behavior of TMV on dif-
ferent surfaces was studied. The resulting virion on
the surface was imaged by noncontact AFM. These
experiments provided information on how to image
the TMV and also revealed that TMV keeps its
cylindrical structure only under conditions of weak
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absorption, that is, on hydrophobic surfaces. AFM
experiments showed that it is possible to image TMV
at solid—air and solid—liquid interfaces on well-
defined substrates such as mica and Au(111).333

M13 Bacteriophage. Another example of the use
of viruses for the assembly of inorganic materials has
been given by Belcher and co-workers. They were
inspired by living organisms that have the ability to
nucleate and assemble inorganic materials with near
perfect alignment, orientation, and shape to form
organic—inorganic hybrid structures, such as shells
and bones. The group has used the M13 bacterio-
phage as a template for the nucleation and growth
of nanocrystals and the formation of inorganic tubes
and wires. They have shown, furthermore, that these
inorganic—virus hybrids can self-assemble into films,
fibers, and liquid crystalline materials. Their re-
search (until 2003) has been summarized in a re-
view,3% together with some other studies, in which
viruses are used as scaffolds for the growth of
minerals and the assembly of materials.

The M13 bacteriophage is a rod-shaped virus,
which infects bacteria. This virus contains a single-
stranded DNA and three different types of coat
proteins: p VIII, p III, and p IX. A precise number
(2700) of copies of the major coat protein, p VIII, are
arranged in a repeating helical array, forming a
flexible cylinder in which the DNA is encased. Five
copies of the two minor coat proteins, p III and pIX,
are situated at each end of the virus. The wild-type
virus is approximately 860 nm long and 6.5 nm wide.
The viral coat proteins can be easily modified by
genetic engineering to insert nucleation centers on
the virus surface or to specifically functionalize
viruses with different binding motifs.334

Genetically engineered M13 bacteriophage viruses
were used to find virus surface peptides that specif-
ically recognize crystalline semiconductor materials.
To this end, combinatorial libraries of the virus
containing ~10° different random peptide sequences
fused to the coat protein were made. Some peptide
sequences isolated from the library showed very high
affinities toward ZnS and CdsS.305,334:335

In a subsequent series of experiments, it was
verified that the peptides found through selection can
be used to template and grow materials, in a way
analogous to that of abalone shells in nature. Two
peptide sequences that were selective for ZnS and
CdS were shown to control nanocrystal particle size
and shape. It was also found that a difference in
peptide structure (cyclic versus linear) led to the
nucleation of different crystal phases in both the ZnS
and the CdS systems. These experiments show that
the M13 virus allows for the genetic control of
semiconducting, metallic, metal oxide, or magnetic
material using the same viral template. Furthermore,
the possibility to control the size and phase of the
material opens the way to tune their properties and
could be a first step toward a next generation of
microelectronic devices using “biological” materi-
als.305334,336 The same concept has been used recently
to prepare ferromagnetic materials. The M13 bacte-
riophage has been engineered to template the growth
of FePt nanoparticles. EM and X-ray studies indi-
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Figure 37. Nanowire synthesis using the M13 bacteriophage as a template. (a) The general scheme of the nanowire
synthesis. (b) Picture showing the packing of the expressed peptides, which are responsible for the ordered nucleation of
the nanocrystal particles. (Reproduced with permission from ref 307. Copyright 2004 American Association for the

Advancement of Science.)
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Figure 38. Left: Schematic diagram of the one-step process used to generate liquid crystalline films from A7 phage—ZnS
hybrid particles by the phage display method. Right: Characterization of the liquid crystalline suspensions and cast film.
(Reproduced with permission from ref 336. Copyright 2002 American Association for the Advancement of Science.)

cated that the particles were composed of an FePt
alloy with some degree of chemical ordering.337

In another study, M13 viruses have been applied
as templates for the synthesis of monodisperse,
crystalline nanowires of different compositions. First,
the genetically modified M13 virus scaffold was used
to assemble crystalline nanoparticles into a 1D array.
This was followed by a mineralization process, and
finally the mineralized virus was annealed, allowing
the polycrystalline assembly to form a single-crystal
nanowire through the removal of the organic tem-
plate (Figure 37).305:307.338

To bind other compounds to the M13 virus, this
biomolecule was functionalized on one end with a
specific binding moiety for streptavidin.??® Anti-
streptavidin M13 virus is the name of the virus that
contains this specific peptide able to bind streptavi-
din. Gold nanocrystals, fluorescein, and phycoeryth-
rin were conjugated with streptavidin and subse-
quently mixed with the anti-streptavidin M13. Highly
concentrated mixtures gave suspensions which showed

liquid-crystalline properties.?3® In another paper, 1D
metal ring structures based on genetically engineered
M183 virus and on anti-streptavidin viruses have been
described.?*® These approaches open a way to the
alignment of nanosized materials by conjugating
them to streptavidin.

Genetically engineered viruses have been used to
self-assemble nanomaterials into liquid crystals,
films and fibers.?®® Their ordered structures and
morphologies have been studied by polarized optical
microscopy (POM), atomic force microscopy (AFM),
and EM. These viral—inorganic hybrid materials,
organized into liquid crystalline films or fibers, show
great potential for the construction of tunable devices.
They are made by a one-pot synthesis route: high
concentrations of genetically engineered viruses are
suspended in ZnS precursor solutions and directly
form viral—ZnS nanocrystal liquid crystalline sus-
pensions (Figure 38). The liquid crystalline behavior
of the suspensions is dominated by the long-rod
shaped structure of the phage, despite the attached
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A domain

Figure 39. Structure of cowpea mosaic virus and its crystals. (a) Left: Schematic representation of CPMV, showing the
distribution of the subunits that comprise the asymmetric unit. Right: The folds of the two subunits, A and B+C. (b)
Organization of five asymmetric units into a “pentamer” centered around a small hole at the 5-fold axis. (¢) X-ray crystal
structure of CPMV highlighting the EF-loop (in red) in the large subunit in which the cysteine-containing insert is made.
(Reproduced with permission from ref 343. Copyright 2002 Wiley.)

7ZnS nanocrystals.??® Long-range ordered, virus-based
films have been fabricated using M13 bacteriophage
particles, which were aligned and assembled. Their
ordered structures and morphologies were studied
and characterized, and these viral films were deter-
mined to have a chiral smectic C structure.?*! M13
virus-based micro- and nanofibers, furthermore, have
been fabricated using wet-spinning and electrospin-
ning processes. The resulting fibers showed nematic
ordered morphologies due to shear flow.342

4.2.2. Cage-Structured Viruses

CPMV Virus as a Platform for Organic Chemi-
cal Reactions. Finn and Johnson have shown how
viruses can function as convenient and program-
mable platforms for different types of chemical reac-
tions. They used the plant virus Cowpea Mosaic
Virus (CPMV), which can be isolated in gram quanti-
ties, for this purpose. The virus possesses a structure
that is known at atomic resolution, and it is remark-
ably stable; its particles maintain their integrity at
60 °C (pH 7) for at least 1 h and at room temperature
and pH values from 3.5 to 9 for almost indefinite
periods of time.3*3 The virus, therefore, is of potential
use as a nanoscale building block in synthesis. The
CPMYV capsid is formed by 60 copies of an asymmetric
unit which contains two protein subunits: a small
subunit, the A domain, and a large subunit, the B+C
domain (Figure 39). These 60 asymmetric units self-
assemble around a single-stranded RNA genome to
form the virus particle. The virus displays icosahe-
dral symmetry, its outer diameter being ca. 30 nm.
The wild-type CPMV was found to possess per virus

particle 60 lysines with enhanced reactivity. Fur-
thermore, four CPMV mutants bearing cysteine
residues on the protein surface have been prepared.
The chemical reactivity of wild-type CPMV, 34 and
mutant CPMV,3% toward lysine- and cysteine-selec-
tive reagents, has been thoroughly investigated to
demonstrate that CPMV is a versatile, virus-based
starting material for chemical synthesis.

Finn and co-workers have shown that organic and
inorganic compounds can be attached to the CPMV
capsid via the amine and thiol functionalities on the
protein surface.?*4345 They have compared the reac-
tivity of the thiol groups in the wild-type CPMV,
which contains cysteine residues only on the interior
surface of the virus, with that of CPMV mutants
containing thiol groups on the outer surface.343345
Functionalized organic dyes (e.g., fluorescein) that
react with the thiol groups were used for this
purpose. The derived particles were characterized by
SEC FPLC, SDS PAGE, and TEM, and it was
concluded that the conversions were quantita-
tive.343734 Furthermore, CPMV and mutant CPMV
have been decorated with biotin groups.34434 Adding
avidin to these modified virion capsids gave cross-
linked networks. These types of experiments provide
information as to whether the reactive thiol and
amine groups are situated on the inside or outside
surface of the virus particle.

Once the reactivity of the different functional
groups on the inner and outer surface of the CPMV
had been determined, different types of modifications
on the virus could be performed, for example, the
construction of hybrid CPMV virus—polymer par-
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Scheme 14. Preparation of Virus-Stilbene-PEG Conjugates®
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ticles by derivatizing the outer surface of the virus
with poly(ethylene glycol), PEG.?*¢ The resulting
hybrids had physical and immunogenic properties
that were markedly different from those of the native
virus. Furthermore, the PEGylation reaction could
be used to block the binding of a blue fluorescent
antibody to its antigen (stilbene), which was also
bound to the cysteine residues on the CPMV surface
(Scheme 14).347

The exterior surface of the protein cage of CPMV
has also been decorated with azide and alkyne
groups, which were reacted with fluorescein deriva-
tives containing the complementary groups for a
copper(I)-catalyzed azide-alkyne [3+2] cycloaddition
reaction (“Click” reaction).?*® Additionally, CPMV
particles have been functionalized with carbohydrate
molecules to study the binding of the virus to
carbohydrate-binding proteins and cells.?4? Further-
more, different mutants of CPMV have been used as
scaffolds to bind gold nanoparticles through gold—
sulfur bond formation. Unstained TEM images showed
patterns that were in line with the locations of the
cysteine functions on the capsid. By using the CPMV
capsid as a template, and the monodispersity and
chemical specificity of the biological system as an
additional feature, gold nanoparticles could be as-
sembled into complex 3D.?%° Very recently, it was
shown how the use of the reagent Ni/GGH/MMPP
induces cross-linking between tyrosine residues in
adjacent subunits of the CPMV virus and, further-
more, generate tyrosyl radicals at other positions of
the virus, which are amenable to trapping with
external disulfide reagents.?>! Additionally, comple-
mentary 20-mer oligonucleotides were attached re-
cently to CPMYV scaffolds either at lysine residues or
at genetically engineered cysteines to study their
assembly behavior.352

Different approaches have been followed to as-
semble CPMV particles on surfaces. Complex pat-
terns could be made by allowing concentrated CPMV
droplets to dry on mica surfaces. These patterns have
been studied by AFM.353 Furthermore, dip pen nano-
lithography (DPN) has been combined with chemo-
selective protein-to-surface linkers to create nano-
metric chemical templates for the fabrication of
arrays of virus particles. To this end, DPN was used
to pattern a gold substrate with a thiol-selective

linker after which a genetically modified Cys-CPMV
was immobilized.3543%

Bacteriophage MS2. The bacteriophage MS2 is
a virus with a structure similar to that of CPMV. The
capsid shell of bacteriophage MS2 comprises 180
sequence-identical protein monomers assembled into
an icosahedral arrangement that is 27 nm in outer
diameter. A large number of pores (32, 1.8 nm in
diameter) are present in the capsid, providing access
to the interior of the virus.

Francis and co-workers have followed the approach
of Finn and Johnson,3*> and Douglas and Young,325-356
to modify and decorate the protein surface of the MS2
virus (Figure 40). It involves the covalent modifica-
tion of the interior surface of the viral capsid with
the objective of constructing targeted drug delivery
systems. Tyrosine residues were modified to obtain
a functional handle for a Diels—Alder bioconjugation
reaction.3%7

Host—Guest Properties of Viruses. The well-
defined Cowpea Chlorotic Mottle Virus (CCMV) has
been used as a nanoreaction vessel for the reversibly
gated entrapment of organic and inorganic com-
pounds. CCMYV virions are 28 nm in diameter, and
the protein shell defines an inner cavity of ap-
proximately 18 nm. This virus is composed of 180
identical coat protein subunits which encapsulate the
RNA. 358

One interesting feature of the CCMYV is its sensi-
tivity to pH and ionic strength.?%® Depending on the
pH, CCMYV virions can be rapidly disassembled in
vitro to dimers and reassembled again. After removal
of the RNA, purified viral coat protein subunits can
be easily assembled in vitro into empty virion par-
ticles. The cavity is approximately twice the diameter
of the iron storage protein ferritin, and structural
analysis has demonstrated that the highly basic
N-termini (arginine and lysine residues) of the 180
subunits project into the interior of the protein cage.
Even though these basic amino acid residues are
required to package the viral RNA, genetic analysis
has shown that they are not required for the self-
assembly of the empty protein cage in vitro.

Dynamic structural transitions occur in many
virions, often induced by specific chemical signals.
They provide unique molecular gating mechanisms
to control the containment and release of entrapped
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Figure 40. Strategies for the specific chemical modification of viral particles to generate virus-based scaffolds for
nanomaterials. (Reproduced with permission from ref 306. Copyright 2004 Elsevier.)

material. CCMV undergoes a reversible pH-depend-
ent swelling, which results in a 10% increase in virus
dimensions. Structural analysis has revealed that
CCMV swelling leads to the formation of 60 separate
openings (2 nm in diameter). Douglas and Young
have used the pH-dependent gating of the CCMYV to
control the entrapment of different guest compounds.

Inspired by ferritin, CCMV has been used as a host
system for the encapsulation of guest compounds that
have a complementary size and shape.?03360 The
host—guest relationship between the viral cage and
the encapsulated material is primarily based on a
complementary electrostatic interaction. In the na-
tive viral protein cage, the cationic interior of the
virus interacts with the polyanion of RNA. This
electrostatic host—guest interaction can be used to
bind other (poly)anions.

Douglas and Young have reported on the encap-
sulation of two polyoxometalate species (paratung-
state and decavanadate) and an anionic polymer
inside the CCMYV cage, controlled by the pH-depend-
ent gating of the virion’s pores. For example, empty
virions were incubated with inorganic molecular
tungstate (WO42?") at pH 6.5, concentrated, and
subsequently washed at pH 5, at which point the
pores in the protein shell closed and the tungstate
ions oligomerized (Figure 41). The latter process is a
crystallization that yielded uniform nanocrystals
with a diameter of 6.7 nm, which were characterized
by TEM.

To further investigate the electrostatic aspects of
this host—guest interaction and the influence of
gating on the entrapment, the authors studied the
pH-dependent encapsulation of an anionic organic
polymer. The polymer was incubated with empty
virions at pH 7.5, after which the pH was lowered to
well below the gating threshold (pH 4.5), resulting
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Figure 41. Schematic illustration of the approach used
to achieve mineralization within the CCMYV virus particle.
(Reproduced with permission from ref 360. Copyright 1998
Nature.)

in the selective encapsulation of the polymer. Evi-
dence for this encapsulation came from TEM experi-
ments, which showed that no staining dyes were
included in the interior of the virus particles.

The electrostatic properties of the CCMV protein
cage interior surface could be altered by replacing
nine basic residues at the N-terminus of every protein
subunit with glutamic acid residues. The mutant
CCMYV was formed to assemble readily into a cagelike
architecture similar to that of the wild-type. The
modified protein cages were treated with Fe(II) salts
at pH 6.5 and allowed to oxidize in air, yielding iron
oxide cores as was shown by EM.%¢1 Genetic modifi-
cation of the exterior surface of CCMYV has also been
reported, the objective being to form self-assembled
arrays of CCMYV viral cages on gold surfaces.362
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5. Conclusions and Outlook

Nature has through evolution encased within a cell
the machinery for life. The cell as the ultimate
nanofactory contains the codes for the synthesis and
production of tailored products. Despite our limited
understanding of its complex metabolite pathways,
cascade reaction conveyer belts, industry has readily
adopted, and adapted, cell cultures, which can be
envisaged as extremely small “black boxes”, to pro-
duce numerous products on a large scale. Although
the ultimate goal of numerous scientists is to mimic
the complexity of cells and construct hybrids of fully
synthetic cells, it will take many years before such a
goal will be achieved.

In the simplest mimic of a cell, that is, a single type
of reaction within an enclosed environment, science
has, however, made significant inroads. Enhanced by
the wide variety of building blocks available, many
novel approaches toward nanoreactors have been
achieved. In chronological order, the first approach
was the use of simple surfactants for the construction
of micellar or emulsion reactions. Although extremely
simple in concept, such systems contain many aspects
found in natural cells, such as self-assembly and
compartmentalization. In the second half of the 20th
century, the application of lipid-based vesicular as-
semblies as potential cell membrane mimics and
subsequently as enzyme and catalyst-containing
nanoreactors received considerable attention, which
resulted in significant, but somewhat limited, suc-
cess. The advent of supramolecular chemistry and
rapidly thereafter block copolymer chemistry, how-
ever, suddenly opened up numerous new avenues of
research. The ability to program molecules to self-
assemble into specific encapsulating architectures
and the tentative first catalytic reactions into this
emerging field look promising, but as yet has not
reached full potential. The application of macromo-
lecular amphiphiles to construct unique vesicle reac-
tors or drug-delivery systems has by contrast ex-
panded rapidly, resulting to date in numerous
commercial applications, with many more to come.

The use of more natural building blocks such as
enzyme-based giant amphiphiles and virus capsids
moves more closely back to the concept of modeling
the natural systems. These latter approaches, espe-
cially virus capsules, hold many unique advantages,
in particular, the ease with which large quantities
of monodisperse biocompatible capsules can be ob-
tained.

Overall, the future for nanovessels holds great
promise, in particular due to the wide variety of
foreseeable applications as reactors, delivery devices,
or even components in quantum electronics. The holy
grail of reactor synthesis, however, still remains the
construction of a synthetic cell. Although such a goal
may never be attainable due to the extreme complex-
ity of nature, there is little doubt that many large
steps toward such a lofty dream will be achieved,
which in turn will lead to unique nanoreactors
applicable in industrial processes. The evolution of
chemistry is still ongoing.
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