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Abstract: In 2004 we first reported catalytic nanoparticles, that
are able to cleave phosphate diesters with very high efficiency
(Angew. Chem. Int Ed, 2004, 43, 6165-6169) and dubbed them
“nanozymes” for the similarity of their behavior with natural
enzymes, both in terms of efficiency and mechanism of action.
Since then the field has impressively expanded and a search on
the web of science at the time of submitting this contribution
returned almost 1,000 entries. This minireview highlights what
has been done in the field focusing specifically on hydrolytic
\nanozymes, the focal point of the research in our group since

its very beginning. Special emphasis is given to the advantage
of bringing catalytic units in the confined space of a nanosys-
tem in terms of inducing the cooperation between them, favor-
ing the interaction with substrates, and altering the local envi-
ronment. We will try to answer to questions like: why can a
lipophilic substrate be transformed by these catalysts even in
an aqueous environment? Why may the pH in the catalytic loci
of the nanosystem be different from that of the bulk solution
even in the presence of buffers? Why are most of these nano-

systems better than monovalent ones? Y,

1. Introduction

Nanozymes are nanoscale systems endowed with the property
of catalyzing a chemical reaction by interacting with the sub-
strate they transform via a pre-transformation complexation
process.'! The reactions follow, hence, the same steps of an
enzyme-catalyzed transformation: the equilibrium towards the
enzyme/substrate complex (ES) followed by its evolution into
products with the final release of the enzyme. The analogy with
enzymes is also supported by the dimensions of these systems
(typically 2-50 nm), not much different from those of a catalytic
protein. As an example, the diameter of trypsin is ca. 5 nm.
Most of these nanosystems, are intrinsically multivalent, since
they feature a collection of identical (or similar) functionali-
ties.l®”] These functional groups may be held together by weak
interactions or by covalent bonds. Examples of the first are mi-
cellar or vesicular aggregates while examples of the second are
functional polymers, dendrimers or monolayer-protected nano-
particles. Multivalency is particularly important in binding. Nu-
merous reports show these systems interact very strongly with
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multivalent counterparts. Multivalency is a property well-ex-
ploited by natural systems to achieve astonishingly high bind-
ing constants just by summing up contributions of several units,
individually capable only of a very weak binding interaction.
Benefits of these interactions, driven by multivalency, are en-
hanced selectivity and even specificity in recognition. It is thus
not surprising that multivalent systems are able to govern cell-
cell, protein—protein, protein-cell interactions, critical processes
for the occurrence of life as we know it.®! The connection of
multivalency to catalysis is obvious, because catalysis requires
the binding of the transition state of a reaction thus lowering
its energy.”? Thus multivalent nanozymes, if properly designed,
may enjoy the advantage of a strong interaction with the transi-
tion state of the catalyzed reaction. Furthermore, in the catalytic
process several functional units may operate in a concerted,
cooperativel’ fashion, often with complementary roles. This
last aspect mimics what happens in the catalytic site of natural
enzymes. Although natural enzymes are typically not multiva-
lent species, intriguing examples of multivalent enzymes are
emerging.'"!

The minireview discusses two classes of hydrolytic reactions:
the hydrolysis of carboxylic- and phosphoric-acid esters. Ac-
cordingly, in the different paragraphs several nanosystems per-
forming the same or similar tasks are reported. We have taken
advantage of this to highlight, whenever possible, common as-
pects and differences pertaining to each class of nanosystems
discussed.

2. Assessing the Catalytic Performance of
Nanozymes

Quite often the assessment of the catalytic performance of a
nanozyme is poorly performed and does not allow a correct
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comparison between them and with the reference reaction
they are supposed to catalyze. Two issues must be considered
when determining the catalytic efficiency of such nanosystems:
first, they are multivalent and hence each of them presents sev-
eral catalytic sites; second, the transformation of a substrate is
preceded by its binding to the nanocatalyst, as mentioned in
the introduction. Because of their multivalency the concentra-
tion of the catalyst must be, whenever this is possible, that of
the single catalytic units and not that of the nanosystems. For
instance, a 2-nm gold nanoparticle passivated with thiols func-
tionalized each with a metal complex contains ca. 60 of those
metal complexes: the concentration of the metal complexes
must be considered and not that of the gold nanoparticles un-
less specific mechanistic considerations dictate other ways. This
would be the case of experimental evidence of a dinuclear cata-
lytic site: in that case the above metal complex concentration
must be divided by two. Afterwards, the catalytic performance
should be determined using the classical Michaelis-Menten

equation. Relevant parameters thus obtained are k4, the first-
order rate constant that evaluates the rate of transformation of
the substrate when fully bound to the nanocatalyst and Kj, the
reciprocal of the affinity constant of the substrate for the cata-
lyst (assuming a binding equilibrium faster than the rate of
product formation). The ratio k../Ky has the dimensions of a
second order rate constant and is a measure of how efficiently
the catalyst converts the substrate into products under subsatu-
ration conditions (it is called “catalytic efficiency” in enzyme
catalysis) taking in consideration also the efficiency of its bind-
ing. Usually, Michaelis-Menten kinetic analysis is done under
conditions of excess substrate over catalyst determining the ini-
tial rate constant, v;. Experimental plots report v; vs. substrate
concentration at a given catalyst concentration ([cata-
lyst] << [substrate]). However, not all nanosystems allow to
work under those conditions. A notable example is that consti-
tuted by micellar (and vesicular) aggregates where operating
under those conditions is not feasible for two reasons. First,
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these systems form only above a critical concentration (critical
aggregate concentration, cac) and this might require a high
concentration for their study. Second and most important, an
excess of substrate may change their morphology or even the
nature itself of the nanosystem. In these cases, it is mandatory
to operate in excess of catalyst with respect to the substrate
and experimental plots report ks vs. catalyst concentration at
a given substrate concentration. The constant k., represents
the apparent first order rate constant of the transformation of
the substrate into products. When the substrate is fully bound
to the catalyst, kyps=k.o;. However, since we are dealing with
multivalent systems, the k., determined under conditions [cata-
lyst] << [substratel, ke OF the opposite ([catalyst] >> [sub-
strate]), Keag single: Might by different."? The same is also true for
the Ky, parameter, of course. In the first case the multivalent
catalyst is fully saturated with substrates while in the second
case each nanosystem interacts with no more than a single
substrate. Even considering as the catalyst concentration that
of the single catalytic units present in the multivalent nanocata-
lyst, under conditions of excess substrate or catalyst, each cata-
lytic site is surrounded by substrate-bound or empty neighbors,
respectively. The occupation state of the next neighbor might
indeed affect the performance of each individual catalytic site,
both from the point of view of its transformation and its bind-
ing.

Finally, what parameters should be utilized to compare the
performance of the different nanocatalysts? There is not a sin-
gle answer and different parameters provide different informa-
tion. When k., is compared with k.. (the first order rate con-
stant of the uncatalyzed process) the intrinsic performance of
the catalytic process is evaluated in comparison with the reac-
tion in the absence of any catalyst. This is a feasible comparison
between two first order rate constants. In the case of hydrolysis
this is the reaction in water at a given pH. For an acid or base
catalyzed process, it obviously neglects the actual concentra-
tion of H* or OH™ often overemphasizing the absolute perform-
ance of a catalyst. A better comparison would involve taking
into considerations these concentrations but that requires the
comparison between two second order rate constants. For this
reason, the k../Ky, ratio for the nanozyme is a better parameter.
It allows not only the comparison with the “uncatalyzed” proc-
ess but also with the unimolecular catalyst that constitutes the
key functional group in the catalytic site of the nanozyme. For
instance, the k../Ky, of a nanozyme featuring imidazole groups
for the catalysis of carboxylate esters hydrolysis can be com-
pared with the second order reaction constant, k,, obtained in
the presence of imidazole (or substituted imidazole). The k.,./
Ky, of a nanozyme featuring metal complexes can be compared
with the k, of the same complex alone.

3. Nanocatalysts for the Hydrolysis of
Carboxylic Acid Esters

3.1. Nanoesterases

Nanosystems capable of accelerating the hydrolysis of carboxyl-
ate esters are often considered models of esterases. These en-
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zymes represent a quite broad family of proteins in which one
of the most common traits is the presence of three amino acids
in the catalytic site (catalytic triad) playing different and com-
plementary roles:!'3 acid (typically aspartic acid), base (typically
histidine) and nucleophile (typically serine). They represent an
interesting example of convergent evolution into a highly coop-
erative class of catalysts. Enzymes operating with only two of
these functions are known. The mimicry of these systems has
attracted scientists since the very early days of biomimetic
chemistry.['*151 One of the most studied nanosystems is consti-
tuted by micellar aggregates of functionalized surfactants. The
topic has been extensively reviewed"® and the mechanism of
action is fairly well understood.l'”? The most accepted way of
analyzing the reactivity within these systems is based on the
pseudophase model.'"”'® |n pseudophase treatments, the mi-
cellar solution is divided into distinct reaction environments
and one attempts to factor-out the transfer equilibria of reac-
tants between solvent and aggregates. The take-home message
is that, although impressive, enzyme-like, rate accelerations can
be attained with these aggregates, they hardly affect the mech-
anism of the reference reaction in water. Consequently, most of
the effect can be explained by the concentration of reactants
in the micellar pseudophase and the change of the polarity of
the environment. Among the reactants there may be OH™ ions
(as counterions of cationic groups) with consequent change of
the local pH. Because of the rapid exchange of the functional-
ized surfactant between aggregate and bulk water it is difficult
to observe cooperativity in these systems. There are notable
exceptions, though, and we will discuss a couple of these exam-
ples, one relatively old and another one very recent. They will
show how the aggregation of an amphiphilic molecule can not
only accelerate a reaction but, in addition, change drastically or
its mechanism or the occurrence of the reaction itself, some-
thing we will discuss subsequently with other nanosystems.

The lipophilic chiral ligand of Figure 1 (left) becomes amphi-
philic upon complexation with Cu(ll) ions forming micellar ag-
gregates.l" These aggregates accelerate the cleavage of esters
of a-amino acids with significant enantioselectivity. When the
hydrocarbon chain is replaced by a methyl, on the contrary, the
complex slows down the cleavage process with insignificant
enantioselectivity. The rate acceleration observed in the mi-
celles requires the formation of the ternary complex substrate-
Cu(l)-ligand in which the ligand hydroxyl acts as the nucleo-
phile (equilibrium shifted to the left, Figure 1). The partial
dehydration of the coordination sphere of the metal ion in the
aggregate allows the coordination of this hydroxyl which is re-
placed by water in the hydrophilic complex (equilibrium shifted
to the right, Figure 1). The critical cooperative contribution as a
nucleophile of the alcoholic function is lost in the non-aggre-
gated system. As a consequence, the aquo complex is much
less reactive and, with the chiral arm not coordinated to the
metal, it loses also the enantioselection ability. Thus, the aggre-
gation controls the outcome of the reaction by changing the
coordination sphere of the metal ions. Desolvation of functional
groups in the catalytic sites of enzymes is considered one of
the driving forces for enhancing their catalytic activity.?”) Com-
partmentalization and selective solvation are hence peculiar
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properties of these nanozymes. On this regards a recent spec-
tacular example of catalysis of a carboxylate ester hydrolysis in
a vesicular system was described by Hunter and Williams.[2"
The important aspect of what they reported is not the rate
acceleration observed but the possibility to control the move-
ment of a catalyst in different regions of the bilayer of a vesicle
and trigger specific endovesicular catalysis. In the inactive sys-

ence of histidine as a nucleophile/general acid. In the case of
catalysis deriving from the peptidic branches (peripheral cata-
lytic groups) a series of peptide-dendrimers of different genera-
tion (up to the fourth, Figure 2 and Table 1) containing His-
residues in every generation were studied.?* An additional Ser-
residue was also present as a nucleophilic functional group.

NH
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Dendrimers have been dubbed unimolecular micelles?>23 ~MNy
as they share several properties with conventional micellar ag- e
gregates (multivalency, creation of an environment different 110 cz@0® c: 000 0000

from that of the bulk, ability to bind substrates) without the
limitations connected to the aggregation process and the re-
quirement of a solvent with specific properties. One of the most
interesting examples of dendrimers as catalysts for the cleavage
of esters was reported by Reymond's group,?#2>! who has stud-
ied peptide-based systems. The fact that amino acids are used
to construct the nanosystem strongly enhances the analogy
with enzymes.

Two classes of dendrimers were studied: those endowed

Figure 2. Dendrimers of different generation (G1-4) were prepared as estero-
lytic nanozymes by Reymond's group using amino acids as building blocks.
The core (in black, top) is surrounded by the arms, R, growing in generation
from black and violet (G2), black, violet and blue (G3) and black, violet, blue
and red (G4) (adapted from ref.[242]),

Table 1. Kinetic parameters'® for the cleavage of pyrene trisulfonate butanoyl
ester by peptide dendrimers of Figure 2.1243

. o Dendri K Keaw Min™ Kearkuncat™  Keat/Kun
with a catalytic site at the core of the nanosystems and those endrimer w M o MmN /Kuncat ,‘1/ wo
. ] . . i generation M~'xmin
in which the branches were catalytically competent. To identify

the best catalysts of the first class they exploited a combinato- Gl 450 0.031 2200 ot

. . . G2 140 0.11 8000 786

rial approach to prepare a library of over 65,000 peptide den- 3 63 0.24 17000 3810
drimers. The library was screened on-bead against an anionic G4 29 0.55 39000 18970

fluorogenic ester to pinpoint active sequences. Interestingly
they all contained at least one histidine and arginine in the
catalytic core and predominantly aromatic residues at the outer
positions. The cooperativity emerged in this case from the bind-
ing contribution, deriving from the charged cationic groups and
the enhanced hydrophobicity of the catalytic site, and the pres-
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[a] Conditions: 5 mm aq. citrate, pH 5.5, 27 °C. [b] Kyncat = 1.4 X 107, min~".

All dendrimers catalyzed the hydrolysis of active esters fol-
lowing Michaelis-Menten profiles. Comparison of the k.., Ky.
and k./Ky values for each generation gave a valuable insight
in the cooperativity between functional groups in the den-
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drimer deriving from the presence of the imidazoles of the His
residues. Comparison with 4-methyl-imidazole showed that
with this compound, as the pH increased, the rate acceleration
was linked to the deprotonation of the imidazole (the actual
nucleophile). On the contrary, for the dendrimer-catalyzed reac-
tions the rate was bell-shaped in the pH range studied (4.5-7.5)
indicating the imidazole was acting both as a general acid and
as a nucleophile, a typical cooperative process.?®! The concept
of engineered peptide catalysts was recently extended to the
functionalization of Merrifield resins with significant evidence
of cooperativity between the functional groups of the canonical
catalytic triad.!?”!

In-between micellar aggregates and dendrimers lay metallic
nanoparticles passivated with a monolayer of functionalized,
organic molecules. Because of the clustering of these organic
molecules onto the surface of the metallic core, such objects
resemble micellar aggregates. However, since their interaction
with the metal nanocluster is so strong to be “almost” covalent,
they also resemble dendrimers. The obvious advantage with
respect to the latter is that organic molecules spontaneously
self-assemble on the metallic surface. For instance, gold nano-
particles (AuNPs) are constituted by clusters of gold(0) atoms
(ca. 2-50 nm in diameter) passivated with thiolated organic mo-
lecules via a strong Au-SR bond. Our contribution to the crea-
tion of esterolytic nanozymes was based on the functionaliza-
tion of small AuNPs with short peptide sequences (Figure 3).
Our very first evidence of cooperativity with these nanosystems
in the hydrolytic cleavage of a carboxylate ester was obtained
with imidazole-functionalized AuNPs.?8] Analogously to the
dendrimers discussed above, the rate vs. pH graph showed a
bell-shaped profile indicating that two imidazoles were in-
volved in the catalytic process with complementary roles.
AuNPs functionalized with thiols terminating with a HisPhe-OH
dipeptide revealed an interesting novelty: a change of mecha-
nism at the low pH regime.'?®! The peptide, incorporated in the
nanosystem, showed an increase in activity of at least one order

NHz
HN—%
O NH

Figure 3. Cartoon representation of a gold nanoparticle (AuNP) with different
passivating thiols. In black is a catalytically inactive thiol used for solubiliza-
tion in an aqueous environment. In red and blue are two different thiols
functionalized with different peptides. Each of these AuNPs was used as a
nanoesterase (adapted from ref.3%),
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of magnitude. However, for the monomeric peptide the ex-
pected increase in activity was observed upon increasing pH,
consistent with the deprotonation of imidazole (pK, = 6.6), the
catalytically competent nucleophile while for the nanoparticle
a new nucleophilic species appeared with pK, 4.2, typical of a
carboxylic acid. From this experimental evidence we inferred
that the confinement of the catalytic units in the monolayer
covering the nanoparticles triggered a cooperative hydrolytic
mechanism operative at pH < 7 in which a carboxylate and
an imidazolium ion acted as general base and general acid,
respectively. At that low pH that catalytic contribution was ab-
sent in the monomeric catalyst thus resulting in a 300-fold rate
acceleration for the nanozyme. This reaction pathway seems
quite general for AuNPs functionalized with peptides bearing a
carboxylate. Indeed, when the dodecapeptide Leu-Gly-Tyr-
Lys-Ala-His-Phe-Ala-Gly-Arg-Gly-Arg-OH, presenting a terminal
carboxylate was grafted on the nanoparticles, the same cooper-
ative process took place.*®! The sequence present in this pept-
ide could enable nucleophilic, general-acid, and/or general base
catalysis, but also stabilization of the negatively charged transi-
tion state that arises along the pathway of ester hydrolysis be-
cause of the presence of a His, two Arg, one Tyr and a Lys
residue. The pH-rate profile accounted for specific cooperative
contributions of the functional groups present in these amino
acids playing different roles at different pH values. For instance,
at high pH, the activity of the peptide-nanoparticle increased
significantly with respect to the previous dipeptide-functional-
ized nanoparticle as the phenoxide of tyrosine was acting as
the nucleophile. The most intriguing result emerged in the re-
gime where the imidazole was the nucleophile. We observed
that a lipophilic substrate was able to regulate the activity of
the system by shifting the rate-determining step from imidaz-
ole acylation to the hydrolysis of this intermediate as a function
of its concentration. Such a modulation of the reactivity by the
substrate itself is present in many enzymes involved in “cas-
cade” reactions. One interesting property of AuNPs that differ-
entiates them further from micellar aggregates is the precise
orientation of the passivating thiols present on the monolayer.
This allows one to define with reasonable precision regions of
the monolayer where recognition or catalytic events occur. This
property was recently exploited by Koksch et al. who prepared
a collection of peptide-functionalized AuNPs in which one of
the catalytic functional groups (His) was moved along the pept-
ide sequence from the surface of the monolayer to very close
to the gold core (Figure 4).3" The 25-mer peptides consisted
of three repetitions of seven amino acids, identical but for the
sequential replacement of an Ala with a His. Each AuNP was
hence very similar to the other but for the position of a single
amino acid. By comparing the esterolytic activity against esters
of Z-protected amino acids of different lipophilicity (Glu, Ala,
Phe and Leu) the authors were able to pinpoint specific regions
where the best catalytic performance was achieved. For the
most hydrophobic substrates Z-.-Phe and Z-.-Leu maximum
rate acceleration was observed when the catalytic site was clos-
est to the gold core of the nanoparticle, i.e. the less hydrated
region of the monolayer.®?! The more hydrophilic ones were
best cleaved in the intermediate region and in no case maxi-
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Figure 4. 25-mer peptides used by Koksch et al. to assess the reaction loci in nanoesterases. Three different AUNPs were prepared each functionalized with a
single type of peptide. In each peptide the histidine was placed in different positions: close to the gold(0) core (top), in the centre (middle) and close to the

interface with the bulk water (bottom). Adapted from ref.13'2],

mum activity was observed when the catalytic site was placed
in the proximity of the bulk water. These results provide
straightforward evidence for the role of desolvation of the nu-
cleophile in the catalytic site as one important source of the
rate acceleration observed in hydrolytic nanozymes.[?%!

The same authors studied how the secondary structure of a
peptide passivating the AuNP surface could impact on its cata-
lytic efficiency. To this aim they anchored on the surface of gold
nanoparticle a peptide catalytically active in the hydrolysis of
carboxylate esters. Addition of a complementary helical peptide
forming a coiled-coil aggregate and hence inducing a helical
conformation to the peptide grafted to the AuNP, almost totally
inhibited the activity.33 The significant reduction of catalytic
efficiency of the conformationally constrained peptide passivat-
ing the AuNPs was in part attributed to the intrinsic properties
of the added complementary one but also to the more rigid
a-helical coiled-coil structure. The authors argued that the flexi-
bility of functional groups leading to productive orientations
for substrate binding and catalysis, thus allowing cooperativity
between them, were no longer accessible in the structured
coiled-coil dimers. We had previously shown that the change
of conformation of peptides grafted on a gold cluster surface
dramatically changes the interaction of the constituents amino
acids with the gold(0) atoms®* and may control also AuNPs
aggregation.B®]

Metallic nanoparticles (specifically ceria/polyoxometalates
hybrids (CeONP@POM:s)) were reported to show proteolytic ac-
tivity taking advantage of Lewis acid activation of the peptide
bond and delivery of nucleophilic hydroxide bound to the
metal centers. Interesting results were obtained in the hydro-
lytic degradation of amyloid-p peptides.’*® Protein misfolding
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to amyloid aggregates is the hallmark for neurodegenerative
diseases (like Alzheimer) and, hence, these results might find a
role in possible therapeutic applications.

3.2. Templated Nanoesterases

In all the above examples the nanosystem was properly func-
tionalized to assemble the functional groups for the catalytic
process to occur. A few years ago, Rotello and Chmielewskil3”}
ligated anionic helical peptides on a surface of cationic AuNP,
taking advantage of the cooperativity of the interaction related
to the multivalency of the interacting species. More recently we
took advantage of the same property to self-assemble small
negatively charged peptides on their surface.® The peptides
contained in their sequence one or more His-residues thus
spontaneously self-assembling a catalytic unit where the cat-
ionic AUNP was acting as a template. This self-assembled nano-
catalyst was able to accelerate the cleavage of Z-protected
amino acid esters by more than two orders of magnitude (Fig-
ure 5).

At variance with the previous examples where the imidazoles
of the His were cooperating in the catalytic process here a linear
correlation was observed between the number of His-residues
present in the peptides and the second-order rate constant. The
pH-rate profile clearly suggested that the role of the imidazoles
was that of the nucleophile and not also that of a general acid.
Two reasons may account for this: i) the higher local pH origi-
nating from the high concentration of the positive charges on
the surfacel'”? of the nanoparticles leads to the deprotonation
of the imidazoles shifting their pK, to a much lower value;
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Figure 5. Cationic AuNPs were used as template for the anchoring of an
anionic peptide. The ensemble was hence behaving as a catalytic system for
the cleavage of the p-nitrophenyl ester of Z-protected phenylalanine
(adapted from ref.38)),

ii) the control of the conformational freedom of the peptide
because it sticks to the AuNP surface does not allow two imid-
azoles to stay close enough to the substrate to take advantage
of the cooperativity between them. This is not much different
from what was reported by Koksch in the example discussed
above where conformational freedom was reduced by the
forced helical conformation of the peptide with consequent
loss of cooperativity.

4. Nanocatalysts for the Hydrolysis of
Phosphoric Acid Esters

4.1. Nanophosphodiesterases and Nanonucleases

While carboxylate ester hydrolysis constitutes an easy proving
ground for nanozyme catalytic efficiency, phosphate esters are
quite more challenging, being rather stable compounds. The
hydrolysis of a simple phosphate diester as dimethyl phosphate
at physiological pH and room temperature proceeds with a half-
life of 10" years.3¥! With extraordinary efficiency enzymes ac-
celerate it >16 orders of magnitude.?°! Indeed, phosphate-
cleaving enzymes are among the most efficient known ones.
Most of these enzymes present in their active site catalytically
relevant divalent metal ions (like Zn(ll), Mg(l)).*) The most
plausible mechanisms for them require two of these ions oper-
ating in a concerted fashion. A critical distance lower than 6.5 A
between metal ions has been estimated to exploit their cooper-
ativity in the catalytic process,*=*! although we have recently
shown that even metal ions at a longer distance may be catalyt-
ically relevant.* All this suggests that the clustering of metal
ions on the confined space of a nanosystem may result in pow-
erful synthetic catalysts for the cleavage of phosphate esters.
Experimental evidence has demonstrated that this is indeed the
case.

Pursuing this idea, back in 2004, we grafted a thiol bearing
a triazacyclononane (TACN)-functionalized amino acid*”! on a
gold cluster using a 1:1 mixture with dodecanethiol and tested
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Figure 6. Pictorial representation of the different thiolated ligands used for
the preparation of different generations of AuNPs studied for the cleavage of
the RNA model substrate HPNPP (adapted from ref.1¢! and!>2)).

the system for the cleavage of 2-hydroxypropyl p-nitrophenyl
phosphate (HPNPP),1¢! a substrate used as a model of RNA. The
results were in line with our expectation. The system showed
enzyme-like behavior following Michaelis—-Menten kinetics and
pronounced cooperativity between two Zn(ll) ions, a property
shared also with other multivalent systems."*”! For this reason
we coined the term “nanozymes” for these nanoparticles (Fig-
ure 6).481 |t should be hardly surprising that also dendrimers
functionalized with TACN complexes were excellent catalysts for
the cleavage of HPNPP49>% Third generation DAB (poly(propyl-
ene imine)) dendrimers were studied with increasing degree of
functionalization (from 0 to 100 % of the peripheral units). The
catalytic efficiency increased exponentially with an exponential
factor of 2 indicating that the active species was characterized
by a dinuclear Zn(ll) catalytic site. This appears to be true also
for the gold nanoparticles.®"! Second and third generations of
these AuNPs (Figure 6) showed how important the lipophilicity
of the monolayer is°? and that cationic functional groups, like
the guanidinium of Arg, may replace the second metal ion, al-
though with lower efficiency.®3! For monovalent substrates (i.e.
single charged) metal ion-based nanoparticles appear to be
better catalysts.® Interestingly, Salvio et al. reported metal-
free nanozymes based on guandinium ions for the cleavage of
phosphate diesters.>>¢! The rate vs. pH profiles for these sys-
tems were also bell-shaped, indicating cooperation between
the guanidine/guanidinium in the catalytic process. In agree-
ment with the results reported above, these systems proved
less efficient than those relying on metal ions. The cooperativity
of metal ions with other functions has been shown to be an
important property of the catalysis of the hydrolysis of phos-
phate esters.’”) Being a model of RNA, HPNPP has a built-in
nucleophilic hydroxyl that makes its cleavage much faster than
that of a normal phosphate ester, like those present in DNA.
With these sluggish substrates these complementary functions
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present in the catalytic site could prove quite useful. Indeed, by
using a ligand in which the action of the metal ion could be
assisted by ancillary groups (able to H-bond with the substrate,
like bis(2-amino-pyridinyl-6-methyl)amine, BAPA) we prepared
Zn(ll) nanoparticles very active in the hydrolysis of the DNA
model phosphate, bis-p-nitrophenyl phosphate (BNPP).*®! The
advantage of confining the catalytic units on the AuNPs mono-
layer, thus maximizing the cooperative and hydrophobic contri-
butions, led to a second-order rate constant more than 60,000
higher than that of the base-catalyzed reaction and more than
100-fold better than that of the monomeric complex.

A typical property of natural enzymes is their enantioselec-
tivity. To answer the question whether nanozymes were also
able to differentiate enantiomers we have synthesized chiral
ligands for the cleavage of chiral RNA model substrates analo-
gous to HPNPP. Thus, thiols containing chiral Zn(ll)-binding
head groups have been self-assembled on the surface of gold
nanoparticles. This resulted in the spontaneous formation of
chiral bimetallic catalytic sites that display different activities
(determined as k. towards the enantiomers of 2-hydroxy-
propyl p-nitro-m-trifluoromethylphenyl phosphate. Substrate
selectivity was observed when the nanozyme was applied to
the cleavage of the dinucleotides UpU, GpG, ApA, and CpC, and
remarkable differences in reactivity were also observed for the
cleavage of the enantiomerically pure dinucleotide UpU.>*! The
selectivities observed were one order of magnitude lower than
those typically presented by natural enzymes, nevertheless,
they represented one of the few cases reported in the literature
of enantioselective phosphate cleavage by a nano catalyst.[°”

The AuNPs based on the triazacyclononane-Zn(ll) complex,
in spite of their very good performance in the cleavage of
HPNPP, proved quite ineffective in the cleavage of DNA. We
attributed this behavior to the multivalency of the natural poly-
mer that upon binding to the metal complexes with its phos-
phates (a zipper-like interaction) makes it impossible to create
a dinuclear catalytic site. However, the nanoparticles functional-
ized with the BAPA-Zn(ll) complex and very effective in the
cleavage of BNPP (see above) were active both as a dinuclear
and mononuclear complex, although the dinuclear one was
more efficient. We argued that these AuNPs could prove excel-
lent candidates for the cleavage of DNA because cooperativity
between two metal ions was not a prerequisite for their activity.
This turned out to be the case (Figure 7). Not only they were
fairly active in plasmid DNA cleavage but they were able to
cleave the polymer on both strands, a property hardly shown
by synthetic catalysts (Figure 7).°81 These AuNPs appear to be
an interesting case of a processive catalyst,®"! as very likely the
gold nanoparticles roll over the polymer cleaving the phos-
phate bonds they interact with. Impressive rate accelerations in
the cleavage of BNPP, and DNA as well, were also reported by
Koénig®? who showed that micelles and vesicles from amphi-
philic Zn(ll)-cyclen complexes where extremely active. In the
case of DNA, cleavage was observed not only with the plasmid
but also with smaller, typically much less reactive, single-strand
fragments. For the pBR322 plasmid DNA, both a conversion of
the supercoiled to the relaxed and linear form, and also a fur-
ther degradation into smaller fragments by double strand cleav-
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Figure 7. Possible mode of interaction between a AuNP functionalized with
bis(2-amino-pyridinyl-6-methyl)amine, BAPA, Zn(ll) complexes and dsDNA.
This nanozyme cleaves dsDNA on both strands possibly via a processive cata-
lytic mechanism (adapted from ref.[>8),

ages could be observed after incubation with the vesicular
Zn(ll) complexes.

The cleavage of phosphate triesters deserves a specific con-
sideration. These compounds are more reactive than phosphate
diesters because they are neutral species and, hence, react
more readily with an incoming negatively charged nucleophile.

The interest in these compounds is connected to the fact
that they are simulants of noxious chemical weapons: nerve
agents. Developing catalysts capable to cleave them could con-
tribute to the safe destruction of stockpiles of these weapons
and to the decontamination of contaminated areas. Nanozymes
were designed for tackling this problem using micellar and ve-
sicular aggregates many years ago.[®>64 The results were quite
interesting and resulted in the implementation of some of these
systems for actual applications. The strong Lewis acid proper-
ties of ceria nanoparticles were also exploited for the hydrolysis
of these substrates.[°! More recently a new generation of effec-
tive catalysts were introduced based on metal organic frame-
works (MOFs).16-81 MOFs constitute a broad class of crystalline
materials comprising an array of metal-containing nodes sepa-
rated by organic linkers. Their catalytic properties derive from
the ability to both bind and transform substrates. They are,
hence, nanozymes working under heterogeneous conditions.
Because of their ability to present high concentrations of metal
ions dispersed in structurally well-defined structures they may
exploit the cooperativity between functional groups. The
Zrg-based MOF, NU-1000, has a structure in which a total of four
terminal-zirconium-ligated aquo and hydroxo groups per node
form 31 A channels that allow molecules, like phosphate esters,
to permeate their interior for hydrolytic degradation (Figure 8).
NU-1000 hydrolyzes the nerve agent simulant dimethyl p-nitro-
phenyl phosphate (DMNP) with t;, = 1.5 min (vs. a mere 3 %
conversion after 60 min in the absence of catalyst). The Lewis
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Figure 8. The Zrg-based MOF, NU-1000. In colours the catalytically pertinent
metal cluster. The picture shows clearly the cavity available for the substrate
to be transformed (courtesy Prof. Omar K. Farha, Northwestern University,
USA).

acid properties of the Zr groups are of key importance for the
catalytic transformation.

4.2. Exploiting Nanonucleases for Sensing and Reactivity
Control

We have shown that cationic nanoparticles present a very high
affinity for oligoanions, like polyanionic peptides and DNA. The
same applies to ATP, ADP and other oligophosphates. In line
with what is known for the affinity constants between oligo
cations and anions, the affinity of the oligoanions for the cata-
lytic monolayer surface of a gold nanoparticle is strictly related
to the number of negative charges of the probe.®! Obviously,
the higher the net charge of a probe, the larger its affinity con-
stant for the AuNP surface. If the cationic surface of the nano-
particle is constituted by TACN-Zn(ll) complexes, catalytically ac-
tive in the cleavage of HPNPP, these polyanions may act as
inhibitors of the catalytic process by displacing the less charged
substrate from the surface itself. This property was exploited for
detecting the activity of an enzyme able to cleave these anions
(a protease for anionic polypeptides or an ATPase for ATP and
ADP), see Figure 9.9 The assay relies on the fact that the en-
zyme substrate and HPNPP compete for the surface of the
nanoparticle with the enzyme substrate showing far higher af-
finity thus inhibiting the cleavage of HPNPP. Upon hydrolysis by
the enzyme of the inhibitor (which is a substrate for the en-
zyme) the catalytic activity of the AuNPs against HPNPP is re-
stored,””%”" resulting in the production of the p-nitrophenolate
anion as a reporter of the activity of the enzyme. Since the
detection of the enzyme relies on two catalytic processes, there
is quite significant signal amplification associated with high
sensitivity as the intensity of the output is connected to the
turn-over number of both catalysts, the AuNPs and the enzyme
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(double amplification). Noteworthy, since the inhibition is
present only as long as the polyanionic substrate is present,
they can be considered as “regulators” of the activity of the
nanozyme.”"! The same AuNPs were used to discriminate ATP
from ADP also by means of catalytic signal amplification.”? In
this case the substrate used as a chromogenic reporter, follow-
ing its cleavage by AuNPs, was 2-hydroxypropyl-(3-trifluoro-
methyl-4-nitro)phenyl phosphate, more reactive than HPNPP. It
was this increased affinity for the nanoparticle surface that al-
lowed for the discrimination between ATP and ADP. In fact, this
phosphate was able to compete with ATP and ADP to different
extents for binding on the monolayer surface, thus enabling a
catalytically amplified signal only when ATP was absent. The
discrimination between ATP and ADP is of relevance for the
development of universal assays for the detection of enzymes
which consume ATP. For example, protein kinases are a class of
enzymes critical for the regulation of cellular functions, and act
to modulate the activity of other proteins by transphosphoryl-
ation, transferring a phosphate group from ATP to give ADP as
a by-product.
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Figure 9. Sensing of an ATPase by nanozymes following a double amplifica-
tion protocol. Top: ATP inhibited nanozyme; bottom: active nanozyme after
hydrolysis of the ATP inhibitor. The release of p-nitrophenol allows the indi-
rect colorimetric detection of the ATPase responsible of the activation of the
nanozyme (adapted from ref.l’%),

The interaction of the catalytic units present on the surface
of TACN-Zn(ll)-functionalized nanoparticles with “tunable” in-
hibitors was exploited by Neri et al. to switch on and off their
activity.”3! The switchable inhibitor was 4-(phenylazo)-benzoic
acid, because it combines a photoresponsive azobenzene and
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a carboxylic acid group, which is negatively charged at pH 7.0
and, hence, able to interact with the metal complex. The azo
dye can be reversibly switched between two photostationary
states (trans/cis = 35:65 after irradiation at A = 365 nm for
50 min, trans/cis = 77:23 after irradiation at 1 = 465 nm for
10 min) with the trans isomer having an higher affinity for the
metal complexes present on the AuNPs monolayer. This differ-
ence in affinity resulted in the displacement of HPNPP with
inhibition of its cleavage by the trans isomer but not by the
cis one. Accordingly, catalytic activity of the AuNPs could be
reversibly controlled by light irradiation at the proper wave-
length.

We used the interaction with polyanions like ATP to tran-
siently stabilize vesicular systems. In the presence of an ATPase
the vesicles can only exist if the system is continuously “fed”
with ATP itself. Accordingly, the system dissipates energy to ex-
ist and consumes the “chemical fuel” ATPY4 This was an out-
standing example of dissipative self-assembled nanosystem re-
lying on an hydrolytic process occurring at the vesicular/bulk
water interface where the TACN-Zn(ll) complexes, binding ATP,
reside. Quite interesting for the scope of this review is an exam-
ple reported by Chen et al,””! relying on the same principle,
where the substrate HPNPP was the trigger of the formation of
the aggregates constituted by lipophilic TACN-Zn(ll) complexes.
The formation of aggregates installs the dinuclear catalytic site
that efficiently cleaves HPNPP itself (Figure 10). Thus, this very
same substrate induced the “suicidal” formation of the catalysts
that was going to kill it. The difference in the ability to induce
aggregation by HPNPP and its cleavage product, the cyclic
phosphate 4-methyl-1,3,2-dioxaphospholan-2-olate-2-oxide, al-
though small, allowed the aggregation/disaggregation of the
catalytic assemblies following the addition/hydrolysis of HPNPP.
The substrate HPNPP represents the “chemical fuel” that keeps
the nanozyme alive. The same nanozyme consumes this fuel
leading to its partial disruption via disaggregation.

NHz'r:;{j

Figure 10. Substrate-induced formation of aggregates. The cleavage of the
substrate reverts back the system to unaggregated monomers. The nano-
zyme exists only as long as the system is fed with the substrate. The dotted
blue line represents the interfacial region between aggregate and bulk water
(adapted from ref.73)),

By using different AuNPs functionalized with TACN-Zn(ll) or
1,4,7,10-tetraaza-cyclododecane (cyclen)-Zn(ll) complexes Della
Sala et al. were able to selectively recognize different nucleo-
bases in a selective manner.”® Thus the AuNPs based on the
TACN-Zn(ll) complexes were selective for guanidine monophos-
phate (GMP) while those based on cyclen-Zn(ll) complexes were
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selective for thymidine monophosphate (TMP) allowing their
specific complexation on the surface out of a mixture of four
different nucleotides (GMP, TMP, adenosine monophosphate,
AMP, and cytidine monophosphate, CMP). The binding process
was controlled by alkaline phosphatase that by cleaving the
AuNP-bound nucleobase was making the surface available for
a subsequent binding event. In case this binding event involved
a fluorescent dye, its fluorescence could be turned on (un-
bound) or off (bound) following the hydrolytic process occur-
ring on the AuNPs surface and catalyzed by the enzyme.

Summary and Outlook

Nanosystems are excellent hydrolytic catalysts with properties
similar to those of natural enzymes. For this reason, they have
been dubbed “nanozymes”.*¢! All of them share the ability to
bind the substrate before its transformation. The confinement
of several functional groups in a limited space provides the
conditions for inducing cooperativity between them, a property
difficult to install in classical molecular catalysts. In many cases
they also provide an environment different from that of the
bulk solvent (typically water) where they are dispersed by
changing the local pH, the solvation of the substrate and, more
important, that of the transition state. Their catalytic perform-
ance is strongly related to their properties. Thus, micellar (and
vesicular) aggregates are very simple to prepare but their exis-
tence strongly depends on the properties of the solvent, the
ionic strength of the solution and the presence of additives.
The control of the topology and of the properties of the reac-
tion loci is very limited in these systems. Their catalytic perform-
ance is, accordingly, limited. On the opposite site lay dendrim-
ers. They are synthetically challenging nanosystems but, once
prepared, they allow a fairly precise control of the properties of
the catalytic site. Metal-nanoparticles (like AuNPs) represent a
good compromise between the previous two nanosystems.
They are relatively easy to prepare and allow a reasonably good
control of the properties of the catalytic site. Rate accelerations
with these systems may be impressive. It should thus not be
surprising to see how popular they have become. An interest-
ing new class of nanocatalysts is constituted by metal organic
frameworks. They are simple to prepare but a possible limita-
tion for them could be the limited variability in the introduction
of different functions in the catalytic site.

Table 2 reports the kinetic parameters (as discussed in Sec-
tion 2) for most of the above nanozymes in the cleavage of
HPNPP (see Figure 6) featuring the very same TACN-Zn(ll) func-
tion in the catalytic site. It allows one to make a comparison
between them. The k.., the ratio between second order rate
constants (or ke,/Ky) shows how the best nanozyme is consti-
tuted by AuNPs followed by dendrimers while the micellar ag-
gregates are the worst. One may ask why dendrimers perform
worse than AuNPs. One possible reason is that those reported
(the only ones for which reliable data are available) are much
more hydrated than AuNPs. It is well known that a lower-polar-
ity catalytic site favors a better catalytic performance.*? Con-
sidering the effort that has be put in the preparation of a den-
drimer, AuNPs appear a better (certainly easier to obtain)
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Table 2. Kinetic parameters for the cleavage of HPNPP by different TACN-Zn(ll)-functionalized nanozymes and reference reactions.

Cata')’St KMl kcatr kcat/kuncat[a] kcat/KMr krel[b] Ref
mm s M- x s~

OH- - - - 9.8 x 1074l 1 771

TACN-Zn(ll) - - - 0.022 22 (78]

Micelle & 0.53 0.003 15000 57 5814 1751

AuNP (91! 0.58 0.030 150000 51.7 52755 1531

Dendrimer!"! 0.8 0.016 80000 19.0 19396 1501

[a] Kuncat: 2.0 X 1077 s, pH = 8, 40 °C. [b] Relative second order rate. [c] At 25 °C. [d] Second order rate constant. [e] 1-nC;gH35-TACN-Zn(ll) surfactant. [f] At
pH 7.0 and 40 °C. [g] 1-(8-mercaptooctyl)-TACN-Zn(ll) ligand on AuNP. [h] At pH 7.5 and 40 °C. [i] Branched polylysine dendrimer with 32 TACN-Zn(ll) units.

choice. The poorer catalytic performance of micellar aggregates
was fully predictable on the bases of what stated above. As
Menger pointed out:!! “enzyme-like rates can occur when two
reactants are held rigidly at favorable geometries and at close
“contact distances” (defined as less than 3 A, the diameter of
water)”. This is a situation almost impossible to achieve with
micellar aggregates considering the very fast exchange rate be-
tween monomers and aggregate.

An often overlooked aspect of the catalysis with nanozymes
is how the substrate itself may modulate the properties of the
catalytic site up to the point of inducing its formation.”>! More
often it may change its polarity®® or the relative disposition of
the functional groups.!'®3% Preliminary results from our group
show, for instance, that the assessment of a catalyst against a
monovalent substrate cannot be extended to a polyvalent one.
A case in point is constituted by a monovalent phosphate di-
ester often used as a model for DNA cleavage. Excellent cata-
lysts for the monovalent substrate may, disappointingly, turn
out to be not as good for the multivalent ones. This is because
the interaction between a multivalent catalyst with a multiva-
lent substrate is quite different from that with a monovalent
one.

We believe the field is still developing and new nanosystems
with improved catalytic efficiencies and selectivities will appear
in the near future. As the data of Table 2 indicate, monolayer-
passivated nanoparticles constitute one of the best choices as
they permit the introduction in their catalytic sites of several
functions allowing a more sophisticated mimicry of the catalytic
site of an enzyme.
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