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The immobilization of biocatalysts on inorganic supports allows the development of bio-nanohybrid
materials with defined functional properties. Gold nanomaterials (AuNMs) are the main players in this
field, due to their fascinating shape-dependent properties that account for their versatility. Even though
incredible progress has been made in the preparation of AuNMs, few studies have been carried out to
analyze the impact of particle morphology on the behavior of immobilized biocatalysts. Herein, the
artificial peroxidase Fe(i)-Mimochrome VI*a (FeMC6%*a) was conjugated to two different anisotropic gold
nanomaterials, nanorods (AuNRs) and triangular nanoprisms (AuNTS), to investigate how the properties of
the nanosupport can affect the functional behavior of FeMC6*a. The conjugation of FeMC6*a to AuNMs
was performed by a click-chemistry approach, using FeMC6*a modified with pegylated aza-
dibenzocyclooctyne (FeMC6%*a-PEG,@DBCO), which was allowed to react with azide-functionalized
AuNRs and AuNTs, synthesized from citrate-capped AuNMs. To this end, a literature protocol for
depleting CTAB from AuNRs was herein reported for the first time to prepare citrate-AuNTs. The overall
results suggest that the nanomaterial shape influences the nanoconjugate functional properties. Besides
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Introduction

Gold-based nanomaterials (AuNMs) have been widely applied as
components of electrochemical and optical sensors by virtue of
their enticing physico-chemical properties."® The potential of
AuNMs can be further expanded by merging them with bio-
catalysts, as the properties of the biomolecular components
may endow nanomaterials with specific functions. Biocatalysts
and AuNMs can both benefit from this interplay. The immobi-
lization of enzymes on AuNMs represents a middle ground
between heterogeneous (immobilized enzymes) and homoge-
neous (soluble free enzymes) catalysis.”® This strategy may
provide a microenvironment suitable for increasing enzyme
tolerance to pH and temperature, as well as stability in organic
solvents.'*** Further, the high surface-area-to-volume ratio of
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AuNMs allows high enzyme loading, thus influencing the
specific activity of the functionalized nanomaterials. Other
advantages for the biocatalyst include: (i) multiple mechanisms
for enzyme attachment by virtue of tailor-made surface chem-
istry, (ii) high radii of curvature, which can improve the
distances between enzymes and limit detrimental protein-
protein interactions, (iii) biocompatibility, and (iv) quasi-
homogeneous catalysis.*'> On the AuNM side, their surface
chemistry and unique electronic, magnetic and optical prop-
erties can be tuned by the presence of biocatalysts. Indeed, the
localized surface plasmon resonance (LSPR) phenomenon is
strongly dependent on the dielectric environment created by the
AuNM coating shell.’*** Thus, changes in the LSPR band
induced by the surface binding of biocatalysts can be useful in
optical biosensing.>* Thanks to this behavior, AuNMs play
a crucial role in lateral flow assays,”> in which they act as
transducers or bioreceptor immobilization platforms, giving an
easy optical readout in the detection of a variety of target
analytes.”?® Further, the immobilization of redox-active
enzymes on gold-based materials is of great interest in the
field of electrochemical biosensors, as AuNMs may act as
mediators and facilitate electron exchanges between the elec-
trode and the biomolecular component.>~** Within this topic,
the introduction of shape anisotropy at the nanoscale has
emerged as a potent way to access new properties and
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functionalities, enabling the exploration of complex nano-
materials across a wide range of applications.*" Differently
shaped AuNMs, like rods (AuNRs), triangular nanoprisms
(AuNTs), and branched multipods like nanostars, nanowires or
nanocubes, have gained interest beyond spherical gold-
nanoparticles (AuNPs). Due to their distinctive optical and
electronic properties, these anisotropic AuNMs hold great
potential as supporting materials for optical devices, biosensors
and nanoconjugate assemblies.’®'®*>7* In particular, the orga-
nization and patterning of inorganic nanoparticles into surface-
deposited well-ordered nanostructures are of increasing
interest in the development of biosensing devices based on
redox-active enzymes.*®*>**3” In this scenario, the combination
of the unique features of anisotropic AuNMs with artificial
metalloenzymes (ArMs) may further broaden the array of func-
tional nanomaterials useful for the assembly of chemical,
optical, and electronic devices. Diverse and powerful strategies
have been developed for the design of ArMs tailored ad hoc,
endowed with a reduced size, and able to perform natural and
unnatural reactions.*®** Heme-enzymes have been widely used
as a target for ArM design because of their versatility, which lies
in their ability to tune heme properties toward different
functions.**° In this field, Mimochromes (MCs), consisting of
a metalloporphyrin embedded within two synthetic peptides,
feature interesting properties.>**>* Apart from their considerable
catalytic performances in solution,”® MCs can also be
successfully anchored on gold nanosurfaces, while retaining
structural and catalytic properties.***” The latest scaffold of the
MCs' series, Mimochrome VI*a (MC6*a), is extremely versatile,
accessing customized catalytic activities upon insertion of
different metal ions into the porphyrin core (Fig. 1).**** The
insertion of an iron ion affords FeMC6%*a,* which is provided
with high catalytic versatility and enhanced performance in
a simple miniaturized scaffold (M, 3.5 kDa and radius of
gyration =1 nm). Experimental data proved the ability of
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Fig. 1 Schematic representation of the repertoire of the catalytic
activity of MC6%*a upon the insertion of different metal ions.
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FeMC6*a to outclass natural and artificial biocatalysts in cata-
lyzing diverse oxidation reactions.®** The repertoire of appli-
cations of FeMC6*a has been further widened through its
interaction with nanomaterials, with the aim of preparing
functional nanoconjugates.***

In this study, we report the conjugation of FeMCé6*a to
differently shaped gold nanoparticles. Among the various gold
nanomaterials available, we selected gold nanorods and trian-
gular gold nanoprisms, as they can be easily produced using
several well-developed and scalable methods.'®%*7° Further, as
their surfaces can be manipulated and tuned with a variety of
coating shells,"®** they are optimal candidates for enzyme
immobilization. This choice allows studying nanomaterials
with distinct properties, specifically the sharp edges of nano-
prisms and the smooth surfaces of nanorods. Our objective is to
gain insights into how different morphologies influence the
functional behavior of the miniaturized peroxidase. To this end,
we first prepared AuNRs and AuNTs with exposed azide groups,
to facilitate enzyme conjugation by click chemistry.””> Then, we
analyzed the catalytic properties of the resulting nano-
conjugates, as discussed here.

Experimental section
Synthesis of nanomaterials

Details about the synthetic procedures are reported in the ESI
(see Sections S1 and S2).}

Characterization of the nanomaterials

The samples for TEM analysis were prepared by loading a droplet
(5 pL) of nanomaterial suspension on the surface of different
carbon-coated copper grids (200 mesh). In detail, the sample was
allowed to adsorb on the grid for 2 min, the excess nanomaterial
was removed with filter paper and the grid was allowed to dry
overnight before TEM measurements. In contrast, for the
samples containing FeMC6*a, the grids were treated with Ura-
nyLess® staining solution to achieve contrast and visualize the
protein shell around the gold core.” To this end, the nano-
conjugates were loaded on the grid as described above, and then
the samples were treated with a droplet of UranyLess® solution
(5 uL) for 2 min. After that, the excess of the staining solution was
removed with filter paper and the grids were dried at room
temperature overnight. At least 50 independent measurements
were taken at different locations of the TEM grid. The mean
particle size and standard deviation were determined from
statistical measurements using ImageJ software.

The ATR FT-IR spectra of CTAB-, PSS-, citrate-stabilized
AuNRs/AuNTs and Ns;-exposing nanomaterials were acquired
by loading a drop (4 pL) of the different concentrated colloidal
solutions directly on a ZnSe crystal until dryness, to allow the
formation of a thin film on the crystal. The spectra were
recorded after the evaporation of the solvent (usually within 15-
30 min). Baseline corrections for all spectra were made by
means of the automatic baseline correction technique. Back-
ground bands, which were gathered under the same circum-
stances, were deducted from the sample spectra automatically.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The spectra of the functionalized nanomaterials were compared
to those of reference materials to further assess the nature of
the gold coating shell. In particular, commercially available
powders of CTAB, Na-PSS (M,, 70 kDa), Nas-citrate and lipoic
acid (LA) were lyophilized prior to the use, whereas, for the
synthesized azide-terminated derivative (LA@Nj;), 4 pL of
a concentrated solution (44 mM) were used.

The {-potential of the prepared nanomaterials was assessed
under the following conditions: (i) CTAB-AuNMs were stabilized
in an aqueous solution of CTAB (2 mM); (ii) the values for PSS-
AuNMs were evaluated after stage 3 of PSS/citrate treatment
(AuNMs dispersed in aqueous solutions of Na-PSS M,, 70 kDa,
0.15% wt); (iii) the measurements using citrate-AuNMs were
performed after the last step (stage 5) of PSS/citrate treatment
(AuNMs dispersed in aqueous solutions of Nas-citrate, 5 mM);
(iv) the measurements for N;-AuNRs/AuNTs, as well as for
FeMC6*a-(PEG),@AuNRs/AuNTs, were carried out with the
samples in aqueous solutions at pH 9.

The samples for ICP-MS were mineralized as follows: each
sample (250 pL) was treated with concentrated nitric and
hydrochloric acids (1 : 3 ratio). The reaction was carried out for
16 h at 90 °C. After the mineralization process, the samples were
diluted with Milli-Q water (final volume 10.0 mL) and trans-
ferred into an ICP-MS vial for analysis. Metal concentrations
were measured by performing the analysis in three replicates.
The atomic gold concentrations of Au(m) in the stock solutions
of citrate-AuNRs and citrate-AuNTs were estimated to be 445
and 300 pM, respectively. Prior to XPS measurements, the
samples containing the differently functionalized nano-
materials were concentrated by centrifugation (7000 rpm,
30 min, and 25 °C). Then, a completely opaque layer was
deposited on the surface of a quartz or ITO surface by drop-
casting. The final size of the dry drop was =0.5 cm, which is
an adequate size as the spot size employed was 2 mm. The
spectrometer was calibrated assuming the binding energy (BE)
of the Au 4f,), line at 84.0 eV. The standard deviation for the BE
values was 0.2 eV. In the survey, low-resolution scans were run
in the 0-1200 eV range (pass energy 60 eV), while higher reso-
lution scans were recorded for the Au 4f, Br 3p, S 2p, N 1s, C 1s
and O 1s regions. The analysis involved Shirley background
subtraction, and spectral deconvolution was carried out by non-
linear least-squares curve fitting adopting a Gaussian sum
function, using CASA-XPS software.

Estimation of the maximum theoretical number of enzyme
molecules covering the AuNM surface

To determine the maximum theoretical number (Npyayx) of enzyme
molecules that can be loaded on the different AuNM surfaces, the
surface area of the AuNMs and the footprint area of a single
FeMCé6*a enzyme molecule were determined. AuNM average
dimensions were taken from TEM data (see Table S1f). Consid-
ering the AuNR as a spherically capped cylinder, as already re-
ported,” the area was determined as Axunr = 477> + 270r(I — 27)
where r is the radius of the rod (r = w/2) and [ is its length (Fig.
S1at). For the AuNT, the total area was determined as Ax,nt = 24y,
+ Ay, considering it as a triangular nanoprism, in which 4y, is the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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triangle base area A, = (I x h)/2, with [ and 4 corresponding to the
edge length and the height of the equilateral triangle. 4;, is the
lateral surface area 4;, = p x ¢, with p being the nanoprism
perimeter (corresponding to 3 x I) and ¢ being the triangular
nanoprism thickness (Fig. S1bt). In this last formula, according
to the synthetic method of Pelaz et al.*® used in this work, a value
of 9 nm thickness was used. As previously reported,” FeMC6*a is
characterized by a cylindrical shape (dimensions of 1.6 nm in
diameter and 2.6 nm in length). To take into account all possible
randomly oriented cylinder molecules with respect to the AuNMs,
the radius of gyration (Rg)”® was used (Rg = 0.9 nm).* The foot-
print area Agenmce*a Was then calculated by considering the area of
a circle of radius Rg, according to eqn (1):

Apemcera =T X RG” (1)

According to the above consideration, the Ny,.x values were
estimated for AuNRs and AuNTs as follows, respectively:

Niax FeEMC6*a per AuNR = A Nr/AFeMCo*a (2)

Nmax FeMC6*a per AUNT = A5 N1/ Aremcs*a (3)

Results and discussion
Nanomaterials preparation

Azide groups exposed on gold nanosurfaces have been widely
applied to tightly immobilize enzymes on nanomaterials.”*”” We
have previously demonstrated the feasibility of covalently linking
FeMC6*a on spherical azido-exposing AuNPs,*”* by means of
strain-promoted alkyne-azide cycloaddition (SPAAC).”* To this
end, FeMCé6*a was derivatized with a pegylated aza-
dibenzocyclooctyne moiety (DBCO),”® affording “clickable
FeMC6*a-(PEG),-DBCO”,** and subsequently clicked onto
monodisperse azido-functionalized AuNPs. Azido-exposing
AuNPs were prepared by a ligand exchange reaction, upon
treatment of citrate-capped AuNPs with a mixture of lipoic acid
and its azide-terminated derivative (LA and LA@N3, see Fig. 2).”
In the present work, we tested the feasibility of applying this
approach to azido-exposing gold nanorods (AuNRs) and trian-
gular gold nanoprisms (AuNTs). To this end, the synthesis of
azide-capped AuNRs and AuNTs would be needed. This func-
tionalization was not a trivial task. Most of the methods applied
to synthesize AuNRs and AuNTs involve the use of a cationic
surfactant, as cetyltrimethylammonium bromide (CTAB), for its
shape-directing power and stabilizing functions.”* However, as
CTAB molecules arrange in an intimate double layer on gold
nanosurfaces,*’>*" their displacement from AuNMs by incoming
ligands is a difficult process. In particular, given the anisotropic
nature of the screened nanomaterials, the latter are character-
ized by different binding sites with distinct exchange reactivity.
Vertex and edge sites show an increased propensity to ligand
exchange with respect to the bulk surface, where strong CTAB
absorption may hamper its displacement even by thiol-
containing ligands.*” Indeed, under the examined conditions,
the direct exchange of CTAB by the mixture of LA and LA@N; in

Nanoscale Adv., 2024, 6, 3533-3542 | 3535
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Fig. 2 Route to prepare FeMC6*a-functionalized AuNRs and AuNTSs,
starting from CTAB-capped nanomaterials highlighting all the ligand
exchange steps involved in the procedure.

aqueous medium was unfeasible, and the aggregation of rods
occurred prior to complete ligand exchange. This problem was
faced by employing sodium polystyrene sulfonate (Na-PSS) in the
ligand exchange protocol.**** This strategy was previously
developed by Mehtala and co-workers® for the synthesis of gold
nanorods. To the best of our knowledge, it was herein demon-
strated for the first time to be effective also for AuNTs. Fig. 2
summarizes the overall route employed.

Synthesis of citrate-capped AuNMs

CTAB-capped AuNRs were prepared following an established
procedure, namely the surfactant-directed seed-mediated growth
method.” Several centrifugation cycles were performed to
remove any excess reagents and the recovered pellet was resus-
pended in a diluted aqueous CTAB solution (2 mM),* to preserve
colloidal stability (see Paragraph S2.11).*** This procedure
afforded a highly monodisperse CTAB-AuNR colloidal suspen-
sion, as highlighted by Vis-NIR and TEM analyses (Fig. S2a, b and
Table S1}). CTAB-capped AuNTs were prepared by Au(m) reduc-
tion in the presence of Na,S,05.°® This procedure afforded AuNTs
of diverse sizes, along with differently shaped AuNMs (mostly
nanoparticles), as evidenced by Vis-NIR and TEM analyses
(Fig. S2¢, d and Table S17}). To improve the purity and homoge-
neity of AuNTs, the depletion flocculation procedure, in the
presence of a surfactant such as CTAB, was employed.®® At
a critical CTAB concentration (0.167 M),*® the amount of micelles
in solution was sufficient for allowing a separation of AuNTSs of
~100 nm from the reaction mixture. The sedimented AuNTs
were redispersed in a minimal amount of water, and the
surfactant concentration was decreased until 2 mM by centrifu-
gation,® leading to stable colloidal solutions of CTAB-capped
AuNTs (details are outlined in Paragraph S2.21). The analysis
of the Vis-NIR spectra and TEM images of AuNTs, before and
after the depletion procedure, demonstrates the effectiveness of
the method (Fig. S2¢-f}). To obtain citrate-capped AuNMs from
the synthesized CTAB-AuNRs and CTAB-AuNTs, the method

3536 | Nanoscale Adv,, 2024, 6, 3533-3542
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reported by Mehtala and co-workers® was employed, which
involved five stages of centrifugation and resuspension cycles.
Within the first three cycles, CTAB-AuNMs were incubated with
freshly prepared aqueous solutions of Na-PSS, for at least 1 h in
each step, to allow the ligand exchange. As PSS is not a suitable
stabilizer for CTAB-depleted AuNM solutions,* two additional
stages were performed, aimed at replacing PSS with citrate ions,
using aqueous solutions of Nas-citrate (5 mM). The detailed
procedure is reported in Paragraphs S2.3 and S2.4.1 The progress
of the various displacement cycles was followed by visible spec-
troscopy (Fig. S31). The conversion of CTAB-AuNMs in PSS-
AuNMs caused a shift of the plasmon resonance band for
AuNRs (Fig. S3at) and AuNTs (Fig. S3bt), consistent with litera-
ture data.® Further, the absence of PSS UV bands was indicative
of polyanion substitution by citrate ions (Fig. S47).

The effectiveness of the ligand exchange process was ascer-
tained by X-ray photoelectron spectroscopy (XPS). Changes in the
chemical composition of the AuNM coating shell were detected by
analysing the signals associated with the binding energies (BEs in
eV) of the different atomic species in the samples. The low-
resolution survey spectra of CTAB-AuNRs and CTAB-AuNTs
(Fig. S5T) show signals corresponding to Au 4f, C 1s, N 1s, Br
(3p and 3d) and O 1s, as expected. CTAB exchange with Na-PSS led
to the disappearance of Br and N signals, and the appearance of
the S 2p signal, which almost completely vanished upon Na-PSS
exchange by citrate ions. Additional information was gained by
recording high-resolution spectra in the distinctive regions of the
different elements. The surface chemical compositions of AuNMs,
after each step of the ligand-exchange process, are listed in Table
S2.7 The spectrum of gold shows values that are consistent with
the Au(0) oxidation state (Fig. S61), for both AuNMs. The most
informative elements in the context of the exchange procedure are
bromine, nitrogen and sulfur. Fig. 3 shows a comparison of the
representative XPS high-resolution Br 3p and N 1s spectra for
AuNRs and AuNTs, for the intermediates obtained in the ligand-
exchange procedure from CTAB to PSS. The high-resolution
spectra of CTAB-AuNMs acquired at the BE of Br 3p feature
a signal that can be deconvoluted into a doublet corresponding to
Br 3p,/, and Br 3ps, (Fig. 3a and e), confirming that the Br™ ions
cover the Au surface and interact with CTA" for the formation of
a bilayer. The high resolution N 1s spectra for CTAB-AuNMs
(Fig. 3c and g) were fitted with just one peak, corresponding to
the protonated amine of the surfactant head-group.®*** Upon
replacement of CTAB by PSS in both AuNRs and AuNTs, signals
corresponding to Br 3p (Fig. 3b and f) and N 1s (Fig. 3d and h) were
reduced to background noise. A similar trend has been reported in
the literature for the displacement of CTAB by 11-mercaptounde-
canoic and 16-mercaptohexanoic acids.*** In the final step of the
procedure, the appearance of the signal corresponding to S 2p
confirms the successful exchange of CTAB by PSS (Fig. 4a and c).
This signal, which can be deconvoluted into a doublet related to S
2ps;, and S 2py.,» is lacking in the high-resolution spectra of
citrate-AuNRs and citrate-AuNTs (Fig. 4b and d). High-resolution
analysis of the C 1s region (Fig. 5) further revealed that PSS
displacement by citrate is accompanied by a variation in the
pattern of the peaks. Apart from hydrocarbon species (C-H/C-C;
BE = 285.2 V), signals related to C atoms bound to O atoms

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 XPS high-resolution spectra in the Br 3p region for: (a) CTAB-
AuNRs, (b) PSS-AuNRs, (€) CTAB-AuNTs and (f) PSS-AuNTSs. In the N 1s
region for: (c) CTAB-AuUNRs, (d) PSS-AuNRs, (g) CTAB-AuNTSs and (h)
PSS-AuNTSs.

appeared at higher energies (C-OH/C-OR, BE = 286.8/286.6 €V,
C(=0)O, and BE = 288.6/288.5 €V) for citrate-AuNRs and citrate-
AuNTs, respectively, as expected.

{-Potential measurements further evidenced the ligand
exchange processes. As expected, AuNMs capped with CTAB show
a positive {-potential value, whereas negative values were observed
for PSS- or citrate-capped AuNMSs. Table S3t reports the {-poten-
tial values measured for all the prepared nanomaterials. Notably,
when moving from CTAB-AuNRs/AuNTS to citrate-AuNRs/AuNTs
no significant changes in the size distribution were observed
(Fig. S3cft for citrate-AuNRs and S3d+ for citrate-AuNTs, and Table
S17), thus highlighting that the ligand exchange protocol does not
affect either the morphology or the size of the nanomaterials.

Synthesis and characterization of FeMC6*a-labeled gold
nanoconjugates

Azide-exposing AuNRs and AuNTs were prepared and purified
by a ligand exchange reaction from citrate-capped precursors,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS high-resolution spectra in the C 1s region for: (a) CTAB-
AuNRs, (b) PSS-AuNRs, (c) citrate-AuNRs, (d) CTAB-AuNTs, (e) PSS-
AuNTs, (f) citrate-AuNTs.

using a mixture containing LA and LA@N; (Fig. 1, details in
Paragraph S2.61).°° As expected, the ligand exchange caused
a shift of the SPR bands for both AuNMs. Morphological anal-
ysis and statistical measurements demonstrated that the
displacement of citrate with an alkanethiol mixture affected
neither the integrity of the nanomaterials nor their size distri-
butions (Fig. 6a and c). Indeed, no significant changes in the
dimensions of the gold core were observed (Fig. 6b for Nj-
AuNRs: average length of 49 £+ 3 nm, width of 17.5 &+ 0.9 nm,
aspect ratio of 2.7 & 0.2 and Fig. 6d for N;-AuNTs: average edge
length of 101 & 19 nm). The success of the ligand exchange was
also ascertained by ATR FT-IR spectroscopy (Fig. S7d and ht), as
evidenced by the presence of an intense signal at 2100 cm ™"
relatable to azide stretching,”® which was absent in the spectra
of the precursors (Fig. S87). Further, because of the presence of
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Fig. 6 Morphological analysis of N3-AuNMs. TEM micrograph of Nz-
AuNRs (a) and N3-AuNTs (c). Histogram of the aspect ratio of Nsz-
AuNRs (b) and edge length of N3z-AuNTs (d) with a Gaussian fit.

lipoate anions on the nanosurfaces, N3;-AuNRs/AuNTs are
characterized by a negative {-potential value (—36.6 = 0.9 mV
and —33 £ 2 mV respectively), as previously observed for PSS- or
citrate-capped AuNMs (see Table S37). Next, the artificial cata-
lyst FeMC6*a-(PEG),-DBCO was conjugated to the target nano-
materials via in situ SPAAC reaction,” by adding a solution of
the enzyme to N;-AuNR or N3;-AuNT aqueous solutions under
vigorous stirring (see Paragraph S2.7t1). The mixtures were
allowed to react for 4 h, until no further shifts in plasmon
resonance bands were spectroscopically detected. Purification
from the excess of unbound enzyme was performed through
several centrifugation cycles. After each cycle, the supernatant
containing the unbound enzyme was discarded and the pellet,
containing the nanoconjugates, was redispersed in an equal
volume of an aqueous solution of NaOH (pH 9), to preserve the
colloidal solution stability. As already performed for the
conjugation of FeMC6*a to AuNPs,*”*® after the first cycle, the
pellet was resuspended in an aqueous solution of NaOH at pH 9
with 50% (v/v) 2,2,2-trifluoroethanol (TFE). Thanks to the high
solvation properties of TFE and solubility of FeMCé6*a in this
solvent, this washing procedure allows to get rid of the enzyme
excess, which could be adsorbed on the AuNM surface. The
conjugation of FeMCé6*a to AuNMs was ascertained by UV-
visible spectroscopy. Fig. 7a and c report the superposition of
the visible spectra of azide-AuNMs and the corresponding
FeMC6*a-labeled nanoconjugates. A slight shift in the SPRB of
both FeMCé6*a-(PEG),@AuNMs is observed, and the absence of
significant band broadening suggests that, upon FeMCé6*a
coating, AuNMs remained well dispersed without any aggrega-
tion in the colloidal suspension. Finally, the weak absorption
band around 398 nm, consistent with the heme Soret absorp-
tion band, provides further evidence of the successful catalyst
conjugation to AuNMs. The morphology of AuNMs upon
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Fig. 7 Conjugation of FeMC6*a-(PEG),-DBCO to Nz-AuNMs.
Superimposition of the normalized adsorption spectra of N3-AuNMs
and FeMC6*a-(PEG)4@AuNMs (a and c). TEM images of FeMC6*a-
(PEG)4@AUNMs acquired upon negative staining (b and d).

enzyme conjugation was assessed by TEM analysis. Fig. 7b and
d show the TEM images of FeMC6*a-(PEG),@AuNRs and
FeMC6*a-(PEG),@AuNTs, respectively. Upon negative staining,
in both samples the presence of a white halo is indicative of
FeMCé6%*a loading on gold nanosurfaces. The average number of
FeMC6*a molecules loaded on AuNMs was determined by
dividing the concentration of FeMC6*a by the concentration of
AuNMs in the nanoconjugate samples:

o CFeMC(y*a ( 4)

N, FeMCé6*a —
CAuNMs

The concentration of the nanomaterial in the nanoconjugate
sample was determined by first quantifying the total amount of
gold by ICP-MS analysis. Next, the concentrations of AuNRs and
AuNTs were determined by calculating the average number of
gold atoms per AuNR and AuNT (through geometrical consid-
erations; see Paragraph S2.5%).

Enzyme concentration was determined by quantifying the
heme moiety in FeMC6*a-(PEG),@AuNR and FeMC6*a-
(PEG),@AuNT samples (see Paragraph S3.4 and Fig. S97), using
the cyanide method, following a procedure reported in the
literature®* and already used by us.*” Sample treatment with
potassium cyanide promotes the disruption of the gold nano-
materials, thus allowing the spectroscopic measurement of
heme concentration as a heme-cyanide complex. Using this
approach, a loading of 1900 and 13 300 Ngepmce+a Mmolecules per
AuNRs and AuNTs was obtained, respectively (Table S47). The
maximum theoretical number of enzyme molecules, Ny,.y, that
can be loaded on each AuNR and AuNT was estimated by
geometrical consideration, as reported in the literature.’””*%
On the basis of the size of the enzyme footprint area and the
AuNM available total area, the maximum theoretical number of
FeMC6*a molecules per AuNM was estimated to be as follows:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for AUNRS Ny, = 1270 and for AuNTS Ny = 4320 (eqn (2)
and (3)). The comparison of the experimentally determined
loading with the theoretical Ny,,x suggests the formation of an
enzyme monolayer around each AuNR. For AuNTs, the experi-
mentally determined loading value largely deviates from the
theoretical N, value (13300 vs. 4320). This enzyme over-
loading for AuNTs may be attributed to FeMCé6*a multilayer
formation. However, the shape of AuNMs could also play an
additional role in affecting enzyme loading on the surface.
Indeed, it is reported that loading density increases with surface
curvature.® Consequently, it is reasonable to assume that sharp
edges allow for a higher enzyme loading than planar or soft-
curved surfaces.

Catalytic activity and conformational properties of FeMC6*a
on differently shaped AuNMs

In order to analyze whether FeMC6*a retains its catalytic
behavior once immobilized on differently shaped AuNMs, the
peroxidase activity of FeMC6*a-(PEG),@AuNRs and FeMC6*a-
(PEG),@AuNTs nanoconjugates was screened, using ABTS as
a substrate and H,O0, as oxidizing agent, under the optimal
experimental conditions (50 mM phosphate buffer at pH 6.5
with 50% TFE v/v) previously determined for the freely diffusing
FeMCé6*a and for the FeMC6*a-PEG,@AuNPs conjugate.>” %%
Control assays were first performed on the supernatant of the
last washing/centrifugation step of the synthetic procedure for
obtaining FeMC6*a-(PEG),@AuNRs/AuNTs. Only background
autoxidation activity was detected in the solution (data not
shown), thus excluding the presence of unbound freely
diffusing enzyme molecules in the purified nanomaterials. The
kinetic parameters for both nanoconjugates were determined
by varying H,O, concentration using fixed concentrations of
ABTS, and vice versa (H,O, 0-250 mM range, ABTS 5 mM; ABTS
0-5 mM range, and H,0, 100 mM), using an amount of
FeMC6*a-(PEG),@AuNM solution corresponding to a fixed
enzyme concentration (20 nM FeMC6*a-(PEG),@AuNRs and
25 nM FeMC6*a-(PEG),@AuNTs). The initial rates (v,) of ABTS
oxidation were plotted against ABTS and H,O, concentrations
for both nanoconjugates as reported in Fig. 8. Data fitting, using
a two-substrate Michaelis-Menten equation, allowed the
determination of the catalytic parameters (Table 1).°”°® Both
FeMC6*a-(PEG),@AuNRs and FeMC6*a-(PEG),@AuNTs were
catalytically active toward ABTS oxidation (see Table 1).
However, as already observed for FeMC6*a-(PEG),;@AuNPs,*
FeMC6*a-(PEG),@AuNRs and  FeMC6*a-(PEG),@AuNTs
showed lower catalytic performances than the freely diffusing
enzyme. In detail, all the AuNMs show similar k. values,
smaller than the freely diffusing enzyme. A slight increase in the
apparent K, value for ABTS is observed, following the order
FeMC6*a-(PEG),@AuNPs < FeMC6*a-(PEG),@AuNRs <
FeMC6*a-(PEG),@AuNTs. On the basis of these data, the cata-
lytic efficiency for ABTS conversion by FeMCé6*a decreases when
moving from the spherical gold nanoparticles (AuNPs) to the
triangular nanoprisms (AuNTs).

These results indicate that FeMC6*a catalytic activity is
preserved upon immobilization of the artificial enzyme on
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(b and d).

different AuNMs, but also suggest that it is modulated by the
shape of the gold nanomaterials. As for FeMC6*a, the catalytic
performance are strongly related to the peptide helical folding
around the porphyrin moiety,** and the CD spectra of FeMC6*a
immobilized on the differently shaped AuNMs were recorded
(Fig. 9). The CD spectrum of FeMC6*a-(PEG),@AuNRs (Fig. 9
orange line) displays two minima around 222 and 210 nm,
typical of helical conformation, with a slight decrease in the
helical content with respect to the freely diffusing FeMCé6*a
(Fig. 9 dark red line, molar ellipticity at 222 nm [0],,, = —11
370 deg cm® dmol™" res™" and [0],,, = —15500 deg cm’®
dmol " res " respectively). A similar behavior was observed for
FeMC6*a once immobilized on spherical AuNPs (FeMC6*a-
(PEG),@AUNPs [0],,, = —11830 deg cm® dmol ' res ').%
Conversely, a significant decrease in the helical content was
observed upon FeMCé6*a immobilization on AuNTs. The
FeMC6*a-(PEG),@AuNTs conjugate (Fig. 9, green line) shows
avery low value of [0]55 ([0]220 = —4890 deg cm® dmol ' res™")
and spectral features suggesting helical aggregation, as the
[0]ratio value (the ratio of ellipticity at 222 nm to that at the
shorter wavelength minimum) was found to be >1.0. The
analysis of these results suggests that the shape of the AuNMs
strongly influences the FeMCé6*a conformation. Several
investigations have been performed to correlate the effect of
the size and shape of AuNMs on the protein conformation,
structures and activity.****® By analyzing the lysozyme struc-
ture upon adsorption on silica nanoparticles of various
diameters, Vertegel et al.®® demonstrated that the surface
curvature had a strong influence on the protein structure.

A more native-like structure was found for protein adsorbed
on smaller nanoparticles as their higher curvature causes fewer
protein surface interactions and in turn fewer changes in the
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Table 1 Kinetic parameters for FeMC6*a-(PEG),@AuNMs. Kinetic parameters for FeMC6*a-(PEG),@AUNPs®® and for the freely diffusing

FeMC6*a® are also reported for comparison

Catalyst K™ (107 mM) KMH0:(10° mM) keat (10%s7Y) kea/ Kat™ (10° mM ' s7Y) Keat/ K202 (mM ™ s71)
FeMC6*a®* 0.9 + 0.1 44405 58+ 3 64+ 8 13+2
FeMC6*a-(PEG),@AuNPs®® 1.93 + 0.05 2.16 + 0.04 1.10 £ 0.03 0.570 =+ 0.001 0.509 + 0.003
FeMC6*a-(PEG),@AUNRS 3.3+ 0.2 1.6 £ 0.1 1.00 + 0.02 0.30 = 0.02 0.62 =+ 0.04
FeMC6*a-(PEG),@AuNTs 8.2+ 0.8 3.3+0.1 1.63 + 0.04 0.20 & 0.02 0.50 £ 0.01
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Fig.9 Superimposition of the CD spectra of FeMC6*a-(PEG),@AUNRs
(orange line), FeMC6*a-(PEG)4@AuUNTS (green line) and FeMC6*a (dark
red line), in 10 mM phosphate buffer (pH 6.5) with 50% TFE (v/v).

structure. Hence, the curvature of the nanomaterial used to
immobilize FeMCé6*a may have a significant impact on the
enzyme activity. Indeed, with AuNTs being flatter than AuNRs, it
can be hypothesized that major crowding and aggregation of
the enzyme molecules may occur on the AuNT surface with
respect to the more curved AuNRs, thus lowering the catalytic
efficiency. Actually, the comparison of the experimental and
theoretical values of Ny« strongly suggests major crowding and
multilayer formation when FeMCé6*a is immobilized on the
AuNT material, with respect to AuNRs.

Conclusions

In this paper, we demonstrated the feasibility of using an arti-
ficial heme-peroxidase, FeMC6*a, as a “clickable” enzyme for
the surface decoration of differently shaped gold-based nano-
materials. Starting from our previous studies on spherical
nanoparticles, we moved toward anisotropic nanomaterials,
with the aim of exploiting the effect of the AuNM shape on
immobilized mini-enzyme performance. Azide-capped AuNRs
and AuNTs were successfully prepared and used for FeMCé6*a
immobilization, affording two nanoconjugates that retain the
intrinsic peroxidase behavior of the artificial enzyme. The
overall results suggest that the nanomaterial shape influences

3540 | Nanoscale Adv., 2024, 6, 3533-3542

the nanoconjugate functional properties, with curved AuNMs,
i.e., AuNPs and AuNRs, showing better catalytic performance.
The outcomes of these studies provide new insights into the
effect of the surfaces on the artificial heme peroxidase catalytic
activity and open up the way for the construction of novel
nanostructures for potential applications in the field of sensing
devices. In this context, several studies have reported the
successful applications of anisotropic gold nanomaterials in
protein electrochemistry, as they appeared to be suitable host
matrices for modulating the direct electron transfer between
redox-active proteins and a variety of electrodes.?®° To this end,
we are currently investigating the redox and electrocatalytic
response towards H,0, of FeMCé6*a, when immobilized on
differently shaped AuNMs or adsorbed on glassy carbon elec-
trodes, to better clarify the relationship between AuNM anisot-
ropy and enzyme activity.
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