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with engineered protein containers show in crystallp catalytic

activity

Marcel Lach, Matthias Kiinzle, and Tobias Beck*

Abstract: The construction of defined nanostructured catalysts is Protein scaffolds for na e superlattice assembly
challenging. In previous work, we established a strategy to assemble  offer an alternative rout i ive and well-defined
binary nanoparticle superlattices with oppositely charged protein  nanoparticle-based
containers as building blocks. Here, we show that these  atomic precision
free-standing nanoparticle superlattices are catalytically active. The  surfaces to form
metal oxide nanoparticles inside the protein scaffold are accessible Furthermore, the
for a range of substrates and show oxidase-like and peroxidase-like  cross-linking the protein crystals."”
activity. The stable superlattices can be reused for several reaction  Importantly, igh solvent content, thus a
cycles. In contrast to bulk nanoparticle-based catalysts, which are  high porosity, w! rystallo’ enzymatic reactions,®
prone to aggregation and difficult to characterize, nanoparticle compounds for protein structure
superlattices based on engineered protein containers provide an rystallization with insoluble dyes to
innovative synthetic route to structurally defined heterogeneous ' |n this work, we use protein
catalysts with control over nanoparticle size and compositions. containers as bul s to construct catalytically active
nanoparticle superlattices based on protein crystals. The pores
inherent to t rotein containers and the channels inside the
tein cry, enable access to the nanoparticles, thus
coming previous challenges such as surface accessibility in
article-based catalysts. Moreover, for the first time, large-
anoparticle superlattices with dimensions up to several
icrometers were prepared and utilized in catalysis.
e recently established engineered ferritin
building blocks for the construction of highly
ordered binary nanoparticle superlattices." In the first step, the
protein containers are equipped with a number of charged amino
iqs on the outer surface,!"? to effort two oppositely charged
containers.""! Subsequently, metal oxide nanoparticle
esis inside these engineered containers, which have an
er diameter of 7 nm and outer diameter of 12 nm, can be
adily carried out by exploiting the container pores (Fig. 1A).
For this work, we synthesized cerium oxide and iron oxide
nanoparticles inside the engineered protein containers. In the
final step, these nanoparticle-protein composites are used for
the construction of binary nanoparticle superlattices (Fig. 1B).

d materials, either on
-standing 3D crystals.®
e readily stabilized by

For the application of nanostructured materials in catalysis,
optics, electronics and sensor technology, a fine control over
material composition and morphology is required because of the
strong interplay between functionality and material structure.!"
This holds particularly true for catalysis, where access to
catalytically active surface is mandatory and a de
morphology and composition is required for reaction céntrol.
However, it remains difficult to construct
nanomaterials, with precise distances between parii##€s and
sufficient reaction space around them. Toward
bottom-up approaches offer a solution. Here, nano
blocks such as nanoparticles are assembl
dimensional materials with defined compos;j
organic ligands or DNA linkers are used
nanoparticle superlattices with diverse crystal symmetry,
parameters and compositions.” However, certain drawbac
exist. For nanoparticle assembly, the aforementi
approaches require ligands that blgck the access to
nanoparticles for catalysis, thus p the surface.
could explain why there have been

synthesis of nanoparticle superlattices,[2'3] b i A.) Nanoparticle synthesis B.) Assembly of loaded
on their catalytic properties havg been publishe within the protein containers protein containers
pores

the removal of the ligand sc
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article is given via a link at the end of Figure 1. Strategy for the construction of binary metal oxide nanoparticles
the document. superlattices. A) Nanoparticle synthesis inside the ferritin container cavity,

utilizing the container pores. B) Assembly of the nanoparticle-protein
composites to form highly ordered binary nanoparticle superlattices.
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For the current study, we mainly focused on cerium oxide
nanoparticles, which have over the years found application in
catalytic converters, solid oxide fuels cells, ultraviolet absorbers
and oxygen sensors.!"¥ Recently, cerium oxide nanoparticles,
also referred to as nanoceria, have been shown to have catalytic
properties similar to enzymes."" Due to its high biocompatibility,
nanoceria has been discussed as enzyme surrogate.” In
general, nanoparticles can be superior to enzymes in terms of
thermal stability and resistance against degradation. Moreover,
catalytic nanoparticles can introduce orthogonal reactivity, not
found in natural enzymatic reactions.'® Therefore, the
construction of multifunctional nanoparticle catalysts could
produce materials with unparalleled catalytic activity and
diversity.

As catalyst, cerium oxide nanoparticles were synthesized
inside the positively charged ferritin container Ftn®* and the
negatively charged container Ftn™® (see supporting information
for procedures) to yield CeFtn®® and CeFtn™?. Powder X-ray
diffraction shows that the particles inside the containers are
CeO,, with the same crystal structure as commercially available
CeO; nanoparticles (Fig. S1). The engineered protein containers
serve a threefold purpose: a) The ferritin containers are a
reaction template: The inner protein container cavity provides a
size-constraining vessel for the synthesis of nanoparticles, as
shown in several examples.""”? Moreover, protein containers with
encapsulated nanoparticles or enzymes have been applied for a
number of catalytic conversions.!"® b) The engineered ferri
containers have a charged outer surface, which en
assembly of binary nanoparticles lattices!'" (Fig. 1), f
construction of multifunctional materials. ¢) The co
the cavity. Importantly, after formation of the
nanoparticle composite, these pores provide a
nanoparticles for catalytic turnover. Although
protein  container-nanoparticle = composites
synthesized,"" only very few catalytic systems
kinetically characterized in solution."”® " Therefor
investigated the reactivity of the container-nanopartic
composite both in solution and in the nanopartlcle superlattl

in solution or ‘in crystallo

NH

® -
/

without H,0,: OX|dase HN

with H,0,: perOX|dase

citrate buffer, pH 4.0, RT blue

3,3’,5,5’-tetrameth!enzidine (TMB) in

ttice using encapsulated cerium oxide
te with blue color.

O NH,
HoN I

colorless
T™MB
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solution and in the nanoparticle su
nanoparticles to form the oxidized sub!

3,3',5,5'-tetramethyl idi ( substrate for horse-

i nly used in bioassays,!"” was used to
iation to the readily traceable blue
reaction was started by mixing
catalyst, either CeFin ("9 with the TMB substrate.

Reactions with TMB under aerobic atmosphere were conducted
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to investigate the oxidase-like activity, with oxygen as the
oxidant. For peroxidase-like activity, hydrogen peroxide was
added to the reaction mixture. C oxide nanoparticles do
not show any strong absorption in e range, preventing
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d after one day (b). Absorption spectra of TMB after catalytic reaction
c0, in Ftn® and Ftn™?: oxidase-like activity after 1 day (c) and
se-like activity with hydrogen peroxide present. Incubation time

Kinetic parameters for the oxidase-like and peroxidase-like
activity of CeFtn® and CeFtn™? in solution were determined
by varying the concentrations of TMB and hydrogen peroxide
upporting information for details, Figs. S2 and S3), and
own in Tab. 1.

ble 1. Comparison of the kinetic parameters for oxidase-like (no
20,) or peroxidase-like activity (with H,O,) using the cerium
nanoparticles synthesized within the two protein containers, CeFtn.

Building block Substrate Vmax [UM s"] K [mM]
CeFtn®*® TMB 2.2x10° 1.54
CeFtn®*® TMB + H,0, 1.2x 102 15.39
CeFtn™® TMB 7.3x10* 0.83
CeFtn™® TMB + H,0, 3.3x10° 4.05

For CeFtn®™® a higher activity is observed compared to
CeFtn™9) This difference can be attributed to the fact that the
nanoparticle loading is higher for CeFtn®): After the sucrose
gradient centrifugation, the peak for the maximum absorption at
322 nm in the CeFtn®® sample is found at a higher fraction
number compared to CeFtn™? (Fig. S4). This shift indicates that
the CeO, nanoparticles for Ftn®*) have a higher mass and thus
Ftn®*) has a higher loading efficiency compared with Ftn?.
The higher loading efficiency in the final samples (same protein
concentration) can also be observed with UV-Vis absorption
spectroscopy (Fig. S5)."" Previous syntheses of the cerium
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oxide nanoparticles also showed using transmission electron
microscopy that CeFtn®® vyielded slightly larger nano-
particles.""! Notably, the reaction velocity in the presence of
hydrogen peroxide (peroxidase-like activity) is faster for
CeFtn® and CeFtn™? each, possibly due to different reaction
pathways. For peroxidase-like activity, the cerium oxide
nanoparticles likely catalyze a Fenton-like reaction,™ 2! with
conversion of hydrogen peroxide to hydroxyl and superoxide
radicals that readily diffuse out of the container and react with
the substrate. For the oxidase-like activity (no hydrogen
peroxide present), the substrate needs to diffuse into the
container to be oxidized on the particle’s surface. A similar trend
in reaction velocity and K, with and without hydrogen peroxide
was observed for ferritin loaded with platinum nanoparticles.!"”"
Comparing the kinetic parameters for CeFtn composites with
cerium oxide nanoparticles coated with polymer ligands®"
shows that the oxidase-like reaction velocity for the protein-
nanoparticle composites is considerable slower (factor 10%),
because the substrates need to diffuse through the container
pores into the cavity for turnover, and out after the reaction.
Interestingly, the Michaelis constants are rather similar
compared to polymer-coated nanoparticles, indicating a similar
binding affinity to the nanoparticle surface for both types of
catalysts.”" We also characterized the activity of the negatively
charged container loaded with iron oxide nanoparticles,
FeFtn™?, towards catalytic oxidation of TMB. As expected,
these protein-nanoparticle composites do not show any oxida
like activity. In contrast to CeFtn, additional hydrogen peroxi
required for the oxidation of TMB with FeFtn™ (Figs. S6 and
S7). Kinetic parameters are shown in Tab. S1 and
similar reaction rate compared with CeFtn®*°® and CeF

We were particularly interested if the catal
observed in solution is preserved within the
superlattices. With the oppositely charged protei
building blocks, nanoparticles were assembled

established."""! Before the materials were subjected to cataly
investigations, the protein scaffold was stabilized by incubgtion

nanoparticle superlattices witl
Either Ftn®® or Ftn™9 or
nanoparticles and assemble
Importantly, incubatio
containing TMB shows
catalytically active within
coloration within minutes fo
(Fig. 4A, C, E).
container filled Peroxidase activity is also
rlattices (Fig. S10). The
catalytically active nanoparticles in a
the turnover is more quickly visible in
compared to solution. After the
te can diffuse out of the crystal.
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Further investigati on in crystallo activity were carried out
|attices constructed with iron oxide
cubation with TMB under aerobic
atmosphere did ny reaction, thus no oxidase-like
activity (Fig. S11A), which is in accordance with the experiments

ith the pr(:?nanoparticle composites in solution (see above).

ubation e iron oxide nanoparticle superlattice with TMB in
ence of H,O, showed oxidation to the colored product, thus
idase activity (Fig. S11B), as observed in solution.

a step towards multifunctional materials, we
d nanoparticle superlattices with cerium and iron
icles. These binary superlattices showed as
expected idase-like activity due to the cerium oxide
nanoparticles (Fig. 4B and D). The iron oxide nanoparticles do
not hamper the activity of the cerium oxide nanoparticles. Here,
a synergistic effect is not present, because only CeFtn shows
e activity whereas FeFtn does not (see also Fig. 3). The
cofbination of two different nanoparticles in the protein scaffold
s not influence the activity of the single nanoparticle type. A
ore detailed analysis of the kinetic parameters requires a
larger amount of materials, which will be produced using batch
crystallization techniques. Importantly, by measuring the product
concentration in the supernatant, we could show that the
crystalline samples are stable and enable several cycles of
catalytic turnover with high activity remaining in each cycle (Fig.
S12). Moreover, this is an advancement compared to previous
reports on catalytically active nanoparticle superlattices.*® In the
protein scaffold, the nanoparticles are not passivated nor is the
particle superlattice inactivated by the substrates.

To investigate the substrate scope of the oxidation reaction,
several dyes with different size were tested for conversion with
CeFtn®®® | CeFtn™¥ crystals as catalyst without hydrogen
peroxide present (see supporting information for details). Here,
FeFtn crystals were not used due to the strong color of iron
oxide nanoparticle crystals. The dye molecules are readily
converted inside the nanoparticle superlattice as evidenced by
deep coloration of the crystals incubated with substrate solution
(Fig. S13-S17). Interestingly, the substrates are slightly larger in
thickness than the container pore size at the three-fold channel
(TMB 5 A vs. pore 4 A, Fig. S18). Obviously, the flexibility of the
ferritin pores, observed already for incorporation of large
molecules such as organometallic complexes into the ferritin
cavity,”? enables the substrates accessing the nanoparticles. By
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comparing the reaction rate of the substrates to the reaction rate

of TMB in the crystals, it can be concluded that
3,3'-diaminobenzidin and 3-amino-9-ethylcarbazole (Fig. S16  [2]
and S17) show a similar reaction rate as TMB, as coloration of

the crystals is observed within minutes. O-phenyldiamine,
5-aminosalicylic acid and o-dianisidine react considerably slower

(Fig. S13 — S15), because coloration is only clearly visible after 3]
one day. Because there is no correlation of substrate size and
reactivity, the reactivity does apparently not depend on the size

of the substrates used in this study. Nevertheless, the container
pores and the crystal channels (diameter of about 10 A, Fig.  [4]
S19) could offer a potential filter effect, e.g. with regard to the

size or polarity of the substrates, further exploited by
engineering the containers’ pores and crystal lattice channels.

Our results demonstrate that engineered protein 5]
containers can function as building blocks for well-defined
heterogeneous catalysts based on metal oxide nanoparticles.
The nanoparticles show oxidase-like and peroxidase-like activity
inside the crystalline material. The nanoparticle materials are (7]
stable in solution and can be produced with lateral dimensions
up to several hundred micrometers. The protein scaffold
provides stability to the nanoparticles but ensures access to the
nanoparticles via the channels within the crystal and the protein
container pores. In this way, a long-standing challenge,
nanoparticle surface accessibility in nanoparticle superlattices, is
overcome. In addition to providing stability to the nanoparticle
lattice, the protein scaffold can also impart biocompatibility of
material, important for applications in the biomedical field.
the utilization of nanoparticles is still hampered by“their
compatibility and stability in biological systems. The py

built from nanoparticles, also other than the one
current study, with different or compleme
functionality could catalyze cascade reactions
scaffold.
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Nanoparticle superlattices for catalysis: Engineered protein containers can :

The nanoparticles, which are accessible within the protein scaffold through the
protein container pores and crystal channels, catalyze the conversion of a r:
dye substrates.
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