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“This cell belongs to a brain, and it is my
brain, the brain of me who is writing; and the
cell in question, and within it the atom in
question, is in charge of my writing, in a
gigantic minuscule game which nobody has
yet described. It is that which at this instant,
issuing out of a labyrinthine tangle of yeses
and nos, makes my hand run along a certain
path on the paper, mark it with these volutes
that are signs: a double snap, up and down,
betwen two levels of energy, guides this
hand of mine to impress on the paper this
dot, here, this one.”

- Primo Levi, The periodic Table
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Summary

Summary

In the last decades, diverse and powerful strategies have been developed for the
design of artificial metalloenzymes (ArMs), as customized catalysts able to
perform natural and unnatural reactions, often overcoming their natural
counterpart. In this field, Mimochromes (MCs), consisting of a metal-containing
porphyrin core embedded within two synthetic peptides, set the gold standard.
Apart from their outstanding catalytic result in solution, MCs can also be
successfully anchored on gold nanosurfaces, while retaining structural properties
and catalytic potential. The latest scaffold of the MCs’ series, MC6*a, is extremely
versatile, accessing customized catalytic activities upon insertion of a different
metal ion. Into the porphyrin core. Insertion of an iron ion affords Fe(lll)-
MimochromeVI*a (FeMC6*a), provided with high catalytic versatility and
enhanced performances in a simple miniaturized scaffold (M 3.5 kDa, radius of
gyration =~ 1 nm). Experimental data has proven the ability of FeMC6*a to
outperform natural and artificial biocatalysts in catalyzing several oxidation
reactions.

The repertoire of application of FeMC6*a can be further widened through its
interaction with nanomaterials, with the aim of preparing functional
nanoconjugates.

Nanomaterials are now in trend for the immobilization of natural enzymes by
virtue of enticing physico-chemical properties. Gold nanomaterials (AuNMS)
provide a high enzyme loading, due to the large surface-area-to-volume ratio,
possess a versatile surface chemistry as well as tunable sizes and shapes. Apart
from isotropic AuNMs, throughout the years, interest has moved toward the use
of anisotropic AuNMs (including nanostars, nanorods, and triangular
nanoprisms), intriguing for building optical devices and biosensors, by virtue of

plasmon-related optical response dependent upon their size and shape.
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In this scenario, the substitution of natural biocatalysts with artificial
metalloenzymes, tailored ad-hoc by design and endowed with a reduced size, may
be envisaged as a significant step forward in broadening the practical use of
immobilized enzymes.

Driven by this fascinating background, the present Ph.D. thesis has been aimed at
the development of functional nanoconjugates using FeMC6%*a as a biomolecular
component. This goal was pursued by addressing two main aspects: investigation
of FeMC6*a behaviors in catalysis when immobilized on differently shaped gold
nanomaterials (described in Part A) and the application of immobilized FeMC6*a

in biosensor technology (described in Part B).
Part A

The conjugation of FeMC6*a with both isotropic (gold nanoparticles) and
anisotropic (gold nanorods and triangular nanoprisms) nanomaterials was
investigated, studying the optimal conditions for interfacing this catalytically
active metalloprotein on the target nanosupports. First, using AuNPs, the
conjugation was achieved by means of two different approaches: i) FeMC6*a was
derivatized with lipoic acid, in order to be directly grafted on the surface of
AuNPs, affording FeMC6*a-LA@AUNPs; ii) click chemistry (SPAAC)
guaranteed the fast-covalent immobilization of the mini-enzyme modified with a
pegylated spacer to carry an aza-dibenzocyclooctyne (DBCO) moiety. In this case,
AUNPs were properly modified to expose azide moieties. The two methodologies
proved to be efficient for the attachment of several copies of FeMC6*a to AuNPs,
affording stable nanoconjugates endowed with peroxidase activity, which
catalytic behavior was assayed toward the oxidation of model substrates in the
presence of H,O,. All the results showed that the support shape has a significant

effect on the catalytic behavior of the immobilized FeMC6*a, resulting in a 5-fold



Summary

and 3-fold enhancement of the turnover frequency when using AuNRs and
AUNTS, respectively, instead of AUNPs.

Overall, even if the resulting activity of the nanoconjugates is lower with respect
to the free FeMC6*a, the prepared nanoconjugates retained the intrinsic
peroxidase activity of the mini-enzyme and displayed good turnover frequencies

and catalytic efficiencies.
Part B

The results obtained in Part A prompted the exploitation of FeMC6*a-based gold
nanoconjugates for practical applications. Fascinated by the worldwide spread of
AUNP-based lateral flow immunoassays, during the period abroad spent at the
Catalan Institute of Nanoscience and Nanotechnology, in the research group of
Prof Arben Merkogi, the peroxidase activity of AUNP-FeMC6*a was exploited as
a strategy to obtain catalytic signal amplification in sandwich immunoassays on
lateral flow strips, for the detection of Human-IgG. The recognition of the analyte
by the capture and detection antibodies was first evidenced by the appearance of
a red color in the test line, due to the accumulation of AuNPs. Subsequent
FeMC6*a-assisted oxidation of a chromogenic substrate on the line increased the
test line color, improving the sensitivity of FeMC6*a-based LFiA with respect to
a conventional assay and in control experiments, where it was replaced by HRP,

the natural counterpart.

In conclusion, the research activities carried out demonstrate that simple, properly
designed scaffolds can mimic and, in some exciting cases, overcome the kinetic
performance of the natural counterparts, providing nanoconjugates catalytically
active on different nanosupports and in diverse environments. Therefore, the use
of FeMC6*a is a cutting-edge strategy for the development of advanced functional

tools with applications in biosensing and biocatalysis.
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PART A - At1. Introduction

Development of Mimochromes

A1.1 | Heme-peroxidases and Horseradish peroxidases

In the realm of natural metal-containing enzymes, heme-peroxidases are an
extensive family of enzymes found in all kingdoms of life, expressed by
prokaryotes, fungi, secretory plants and animals. Peroxidases from plants can be
classified into three classes (I, Il and Ill). Specifically, class Il peroxidases
include horseradish peroxidase (HRP), peanut peroxidase, soybean peroxidase or
lignin peroxidase, involved in vital physiological processes embracing plant
growth, metabolism of reactive oxygen species and reactive nitrogen species, cell
wall metabolism or lignification.! Common structural features are the presence of
a prosthetic group (heme b cofactor), consisting of a Fe(ll1)-protoporphyrin IX. In
the resting state, the iron ion is five-coordinated by the four pyrrole-nitrogen in
equatorial positions, provided by the porphyrin, and a histidine residue in the
proximal site (namely, the proximal His), which represents the fifth axial ligand.
The sixth coordination position is occupied by a weakly bound solvent molecule,
which can be easily replaced by substrate molecules.?

From a functional point of view, heme-peroxidases catalyze the breakdown of
hydrogen peroxide (and other peroxides) and the concomitant oxidation of organic
or inorganic reducing substrates, such as phenols, anilines, organic sulfides or
chloride ions.® Therefore, the broad practical applications of these enzymes in
chemistry, biotechnology, biosensing and nanotechnology stem from their great
versatility.?

In this context, Horseradish peroxidases (HRPs) are the most used heme-

peroxidases.* HRPs are monomeric glycoproteins belonging to a family of

11



PART A - A1. Introduction

isoenzymes,® having slight differences in the amino acid sequences and
glycosylation pattern.® Research has mainly focused on the use of a single
isoenzyme, namely C1A, as a result of the scarcity of sequence information and
the low efficiency of HRP expression in heterologous hosts.

HRP C1A consists of 308 residues, with a tertiary structure comprising thirteen
a-helices and three B-sheets (Figure A1.1).>¢

His170

j\}- Asp247

Figure Al.1. A) Structure of HRP C1A (PDB ID 1H5A). Helices and loops are shown in
blue and yellow, respectively; one short B-sheet region is shown in pink. The two calcium
ions are shown as green spheres. The heme group is shown in red and lies between the
distal and the proximal domain; the proximal His170 residue (light blue) coordinates with
the heme iron. B). Key amino acid residues in the heme-binding region of HRP isoenzyme
C1A. C. The heme group and heme iron atom are shown in red, while the remaining
residues in atom colors. His170, the proximal histidine residue, is coordinated to the heme
iron atom whereas the corresponding distal coordination site above the plane of the heme
is vacant. Adapted from Krainer, F. et al. Appl Microbiol Biotechnol 2015, 99 (4),
1611(Reference 5) under CC license.

2 Isoenzymes are enzymes with different amino acid sequences and same catalytic
behavior. To date, a total number of 42 isoenzymes of HRP have been identified, which
can be divided in acidic, basic and neutral.
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PART A - At1. Introduction

In particular, the N-terminal of HRP C1A is blocked by pyroglutamate and the C-
terminus is heterogeneous. Heme b typically interacts with the protein matrix
through coordination with a conserved His170 residue (Figure Al.1-A, heme
group shown in red and the proximal His170 residue in light blue), and the
unoccupied second axial position (on the heme distal side) represents the binding
site during catalysis.” The heme binding pocket contains phenylalanine residues
(Phe41 and Phe221), providing hydrophobic interactions. In addition, a hydrogen-
bonding network creates between the heme propionates and polar residues, such
as glutamine (GInl76), serine (Ser35 and Ser73) and arginine (Arg38), which
reinforces the binding of the heme to the protein.®

The sequence of HRP C1A comprises nine Asn-X-Ser/Thr-X motives (Asn and
Thr stand for asparagine and threonine, X being any amino acid but proline (Pro))
as potential N-glycosylation sites. In plants, all Asn residues (except for Asn286)
are glycosylated and located on the surface of the enzyme,® for a total
carbohydrate content of 21.8 %.% Another distinctive feature is the presence of two
calcium ions, indispensable for the correct folding (Figure Al.1-A, green
spheres), and four disulfide bridges, between Cys41-121, Cys74-79, Cys127-331,
and Cys207-239, which are pivotal to stabilize the protein conformation.®

In general, HRP isoenzymes catalyze reactions of oxidation of a reducing
substrate (AH, typically phenols, phenolic acids, indoles, amines and sulfonates)
in its radical product (A") by consumption of hydrogen peroxide, according to the
following reaction: 2AH + H,0, - 2A" + 2H,0.

The catalytic cycle of HRP occurs in three steps (Scheme Al.1), initiated by the
cleavage of the peroxide bond of H,O, and the concomitant release of a water
molecule. The iron center catalyzes this reaction by providing two electrons to the
oxygen atoms, leading to Compound | (Fe**=0"), which contains an oxoferryl
group (with the iron in the formal +4 oxidation state) and a m-radical cation

porphyrin.
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PART A - A1. Introduction

OCHs3
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HO O o -
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Scheme Al.1. Schematic representation of the catalytic cycle of horseradish peroxidase
(HRP C) with ferulate as reducing substrate. The rate constants ki, ko and ks represent the
rate of compound | formation, rate of compound | reduction and rate of compound Il
reduction, respectively. Reproduced with permission from Veitch, N. C. Phytochemistry
2004, 65 (3), 249 (Reference 4). Copyright © 2003 Elsevier Ltd. All rights reserved.

The catalysis is completed by the sequential transfer of two electrons to the
activated enzyme. The first one of these electrons quenches the radical to give
Compound Il (Fe**=0), while the second one reduces the oxoferryl species to
regenerate the resting ferric enzyme. During these two one-electron reductions,
the oxygen accepts two protons to form a water molecule released from the
heme.*® With few exceptions, the two electrons come from separate substrate
molecules, each of which is oxidized to a free radical. Specifically, using ferulic

acid as a reducing substrate (shown in Scheme Al.1 as ferulate), the radical
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PART A - At1. Introduction

species generated in the two one-electron reduction steps can act themselves as
reducing substrates in subsequent cycles, leading to a complex profile of reaction
products, including dimers, trimers and higher oligomers.*

The binding of H.O- occurs at the distal site, where Arg38, Phe41 and His42 are
placed (Figure Al.1-B). Arg38 and His42 amino acids are invariant in all plant
peroxidases and are essential for the acid-base catalytic cleavage of the O-O bond.
His42 assists the H.O, deprotonation and the subsequent heterolytic cleavage of
the peroxy bond during Compound | formation.’® Distal Arg38 is involved in
charge stabilization, mediated by its positively charged guanidinium group, and
contributes to stabilizing the oxoferryl species via hydrogen bond formation upon
the cleavage of the O-O bond.'* Furthermore, the redox potential of the penta-
coordinated complex is influenced by a strong hydrogen bond between the N°
atom of the proximal His and an aspartate side chain (Asp247), which in turn
increases the basicity of the coordinating His, stabilizing the high oxidation state

of the intermediates (such as the high valent oxoferryl center).

A1.2 | Mimochromes: heme-protein mimics

Despite the deep knowledge and applicability of metalloenzymes, there is still
room for innovation. In this perspective, many efforts have been devoted to
reproducing natural functions in artificial/synthetic systems, which allowed to
“untie some tangled knots” about the structural-functional relationship of natural
metalloproteins, to gather a deep knowledge about the specific roles of the metal
ions, to understand the mechanism behind the modulation of metal ion catalytic
properties by the protein matrix and to engineer customized catalysts, endowed
with improved or abiological functions respect to the natural counterpart.’*2 In
general, the design of artificial metalloenzymes (ArMs) is a very ambitious goal,

which involves the evaluation of the protein structure, the metal site coordination
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PART A - A1. Introduction

requirements and a huge number of interactions.?%242 Furthermore, to reproduce
a metalloenzyme-like activity, the delicate balance between the protein
conformational stability and the flexibility of the metal ion site has to be
mastered.?*

In the last decades, different and powerful strategies were implemented for
developing ArMs, which span from de novo peptide and protein design,?2"-2° re-
design of native scaffolds?>% to design through miniaturization,>%% along with
others, such as supramolecular metalloprotein design and directed evolution.?*
Mostly, protein designers have taken inspiration from heme-enzymes, a goldmine
target because of their versatility, which lies in their ability to tune heme properties
toward different functions.

A complete description of the above-mentioned approaches is beyond the scope
of this introduction; therefore the attention will be focused on the design of
miniaturized artificial heme-protein mimics, such as Mimochromes, as they have
been applied during this Ph.D. thesis for the construction of functional
nanostructures.

Mimochromes (MCs) are peptide-porphyrin covalent conjugates, which embed a
metal-containing porphyrin and are capable of reproducing the active site of
natural parent proteins in a self-sufficient downsized structure.®?

MCs have been developed through miniaturization of the structurally
characterized Human Hemoglobin, considering the part of the protein matrix
enclosing the heme cofactor, in order to find the smallest peptide sequence having
enough information for proper folding and for an accurate reconstruction of the
active site structure.?>%

The first prototype model, Mimochrome | (MC1), comprises two identical
nonapeptides, each bearing a His axial ligand, covalently linked to the propionic
groups of deuteroporphyrinIX (DPIX) through the g-amino groups of lysine

residues. DPIX, lacking the reactive vinyl groups of protoporphyrin IX, was
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preferred to facilitate the synthesis. The Fe(lll) complex of MC1 (FeMC1) was
extensively characterized, and its spectroscopic features indicated a bis-His
coordination environment and an overall helix-heme-helix sandwiched
structure.®*** Also, using the Co(lll) derivative of MC1 (CoMC1), two
diastereomers (D and L) were found to exist in solution, due to the flexibility of
the linker between the peptide and the deuteroporphyrin ring, allowing each
peptide chain to be positioned either above or below the porphyrin plane.®
Starting from Mimochrome I, iterative re-design steps were carried out to improve
the structural and functional properties of MCs, leading to numerous analogs
(Figure A1.2).2224:32

In particular, in Table A1.1, the different sequences of Mimochromes, from MC1
to MCS6, are reported.

Table Al.1. Different sequences of the scaffolds of MCs. Adapted with permission from

Leone, L. et al. Biotechnol. Appl. Biochem. 2020, 67 (4), 495 (Reference 32). Copyright
© 2020 International Union of Biochemistry and Molecular Biology, Inc.

Mimochrome Chains Ri, Rz

1 Ri=R2 | Ac-L-A-Q-L-H-A-N-K-NH;
2 Ri=R: | Ac-D-L-S-D-L-H-S-K-K-L-K-I-T-L-NH:
4 Ri=R2 | Ac-E-S-Q-L-H-S-N-K-R-NH;

3-5 R1 Ac-D-E-H-K-L-H-5-K-K-R-K-I-T-L-NH>

R Ac-D-E-H-K-L-Y-S-K-K-R-K-I-T-L-NH>

6 R Ac-D-E-Q-Q-L-H-S-Q-K-R-K-I-T-L-NH;

R Ac-D-E-Q-Q-L-S-5-Q-K-R-NH;

17
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Mimochrome optimization

Fe Peroxidase activity

Mn Peroxygenase activity

Figure Al.2. A) NMR structure of Co(l11)-MC4 (PDB ID: 1VL3). Computational models
of B) MC6, C) MC6* and D) MC6*a. Adapted with permission from Nastri et al. Trends
in Biochemical Sciences 2019, 44 (12), 1022 (Reference 24). Copyright © 2019 Elsevier
Ltd.

Elongation of the peptide chains of MC1 from 9 to 14 amino-acids residues in the
C-terminal regions afforded Mimochrome Il (MC2),*® while the modification of

MC1 primary sequence to introduce stabilizing interactions yielded Mimochrome

18
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IV (MC4, Figure Al.2-A), where the presence of Arg and Glu residues at the N-
and the C-termini of the peptides allowed for the establishment of ionic pairs
between the charged residues.®"*

MC4 owns a stable structure, with solubility up to 10 M in aqueous solution.
Interestingly, a unique diastereoisomer was stabilized, the L isomer, as
demonstrated by both solution NMR and X-ray structures of Co(l11)-MC4 (Figure
Al.3).38

Figure Al1.3. A) Crystallographic structure of Co(ll1)-MC4 (PDB ID: 1PYZ). B) NMR
structure of Co(ll1)-MC4 (PDB ID: 1VL3).

Starting from the bis-His hexa-coordinated analogs MC2 and MC4 and shaping
the first and the second coordination shell ligands, the first catalytically active
model, Mimochrome VI (MC6, Figure Al.2-B), was obtained.*®* In MCS,
asymmetry was inserted by employing a tetradecapeptide (TD) chain, bearing the
His axial ligand (derived from MC2), and a decapeptide (D) lacking metal-
coordinating residues, obtained from MC4 upon substitution of His® with a Ser

residue. This punctual modification afforded the creation of a substrate binding
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pocket on the distal side. The ionic pairs between Arg and Glu were conserved
from MC4 in the new analog.

MC6 was the first penta-coordinated derivative of the MCs’ family, endowed with
a peroxidase-like activity upon the insertion of Fe(lll) in the porphyrin core.
FeMC6 shows Michaelis and Menten kinetics toward the oxidation of different
substrates (as ABTS, guaiacol)® and nitration of phenols in ortho- and para-
positions (most likely through phenoxy radical formation) upon H,O; activation,
displaying multiple turnovers and catalytic efficiency in the range of natural HRP.
Remarkably, the maximum activity was obtained using the 50% (v/v) of a helical-
inducing co-solvent, 2,2,2-trifluoroethanol (TFE). In addition, FeMC6 proved to
be efficient in the dioxygen reduction from the ferrous state, when immobilized
onto gold electrodes.*® This result demonstrated that a well-folded protein is an
essential requirement for granting the cofactor with high activity. The catalytic
performances of MCs were further improved by investigating the effect of specific
amino-acid mutations, paying close attention to the charged residues (Glu2 and
Arg10) in the N- and C-terminal regions of the peptide chains. With a Glu2Leu
mutation in the TD chain, the Argl0 on the distal side of the heme was left
unpaired, suggesting a role similar to the Arg38 residue of HRP. The above-
mentioned mutation led to a new scaffold, MC6* (Figure A1.2-C). The Fe(lll)
derivative of MC6*, FeMC6*, shows a 4-fold enhancement in the catalytic
efficiency toward the ABTS oxidation (Kea/Km = 1.6-10" M s1), overcoming
HRP in the conditions of maximum catalysis for both enzymes.*! Lastly, the
introduction of conformational constraints by virtue of the noncoded Ca,Ca-
disubstituted amino acid, Aib, afforded Mimochrome VI*a (MC6*a, Figure
Al.2-D). Positions 3 and 7 of the D chain, not including residues involved in
structural stabilization or catalysis, were selected for the insertion of two Aib

residues.?*#?
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MC6*a scaffold hosts and tunes the properties of several metal ions, gaining a
peculiar function according to the nature of the metal ion. As a matter of fact, the
catalytic spectrum of MCs’ functions was extensively expanded through the
insertion of different metal ions into the porphyrin core.

The Co(lll) derivative (CoMC6*a) behaves as a very promising catalyst
in hydrogen evolution reactions, having the ability to electrocatalytically reduce
protons to hydrogen (H.) in water at neutral pH under aerobic conditions,
executing more than 230000 turnovers (TONSs), almost 10 times higher than the
TONSs performed by a different synthetic enzyme, cobalt Microperoxidase-11
(CoMP11-Ac), which carries out only 25000 cycles.®

CoMC6*a

]

D u,

ascorbate 2H*! q.-"*—:%
\~(

Ru?* biomolecular catalyst

photosensitizer
Figure Al.4. Photochemical H, production promoted by CoMC6*a catalyst. Reproduced
with permission from Edwards, E. et al. J. Inorg. Biochem. 2022, 230, 111753 (Reference
44). Copyright © 2022 Elsevier Inc.
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Further, COMC6*a, in the presence of [Ru(bpy)s]** (bpy = 2,2"-bipyridine) as a
photosensitizer and ascorbic acid as a sacrificial electron donor, drives hydrogen
production from water (Figure Al.4), performing up to 10000 TONs at pH 7 and
retaining the activity for up to 40 h. These outstanding results might offer the
chance of setting up a solar fuel production system using CoMC6*a.**

The insertion of a manganese ion into DPIX leads to Mn(lll)-
MimochromeVI*a (MnMC6*a), a peroxygenase mimic capable of sulfoxidation
of phenyl thioethers with high conversion yield via a direct oxygen-transfer
pathway.*® Comparison of the spectroscopic and catalytic performances of
MnMC6*a with Mn-reconstituted HRP (Mn-HRP) highlighted that MnMC6*a,
even resembling Mn-HRP spectroscopic features (both in resting state and high-
valent oxidation states), carries out the oxidation of thioethers with higher yields

and chemoselectivity.*

TFE

2-TFE-3-ox}ndoIe
Figure Al5. MnMC6*a catalyzes the production of C2-protected-3-oxindole.
Reproduced with permission from Leone, L. et al. ACS Catal. 2021, 11 (15), 9407
(Reference 46). Copyright © 2021 The Authors. Published by American Chemical
Society.
Recently, Leone et al.*® reported that MnMC6*a is able to selectively oxidize
indole at its C3 position with high regioselectivity, leading to the formation of a

3-oxindole derivative (2-TFE-3-oxindole), in which TFE is incorporated at the C2
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position of the oxidized product under the optimal pH conditions (pH 8.5) (Figure
AL5). Interestingly, the peculiar selectivity showed by MnMC6*a has no
precedents with respect to natural or other artificial heme-enzymes, such as
cytochrome P450 and the artificial enzyme F43Y Myoglobin (F43Y Mb).*

The Fe(11l) complex of MC6*a, Fe(lll)-MimochromeVI*a (FeMC6*a),
behaves as the best artificial peroxidase catalyst known so far. FeMC6*a
overcomes HRP in the oxidation of ABTS, displaying a 20-fold higher catalytic
efficiency (Kea/Km = 6.4-10° M?* s?) and 14000 TONs. Also, the turnover
frequency (Kca) and the TONs are 2.5 times higher than those of the precursor
(FeMC6*) when in the presence of 50% (v/v) TFE.* FeMCé6*a is also a more
competent catalyst in thioanisole oxygenation respect to HRP.* NMR data
(acquired on the diamagnetic cobalt analog) highlighted the close interaction of
the Aib methyl groups with the porphyrin ring, which stabilizes the helix-heme-
helix sandwiched structure and, in turn, protects FeMC6*a from self-oxidative
damage.*? Furthermore, Maglio et al.*” used NMR to correlate the role of the axial
His ligand on the peroxidase activity. The asymmetry of the DPIX and the
different length and composition of the peptide chains of FeMC6*a entail the
presence of two different regioisomers in solution, as the covalent bond between
Lys® of both TD and D peptides and the propionic groups of DPI1X can occur either
in position 2 or 18 of the porphyrin. The separation of these two regioisomers was
made possible by replacing the Lys® residue, in the D chain, with diaminobutyric
acid (Dab), affording Fe-Lys’Dab-MC6*a. This substitution was aimed at
shortening the covalent bridge between the DPIX and the D chain, in order to
bring closer the deuteroheme and the distal site of the peptide. Even though CD
analysis showed no differences among FeMC6*a and the two Dab-containing
regioisomers, the NMR data gathered demonstrated that the regioisomers are

characterized by a different orientation of His® (TD peptide), which affects the
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peroxidase activity. Indeed, the k. for the H.O,-dependent ABTS oxidation was
3 times higher for one of the two regioisomers.*’

This exceptional reactivity represented a great opportunity for FeMC6*a practical
application in solution. For instance, this mini-enzyme was used for the
development of luminescence-based sensors for the detection of H,0..%
Compared to HRP, FeMC6*a is highly proficient in luminol oxidation and
consequent light emission detection within a short period of time (= 2 min). Also,
under the best working conditions, H2O assay showed satisfactory detection and
quantification limits (LoD: 4.6 uM; LoQ: 15.5 uM). Furthermore, Zambrano et
al.* reported the feasibility of exploiting FeMC6*a to promote the oxidative
dehalogenation of 2,4,6-trichlorophenol (TCP). Analysis of the kinetic parameters
revealed that, under the optimal conditions, FeMC6*a owns the highest activity
for this reaction, with a catalytic efficiency 1400 times higher with respect to that
of the most active native metalloenzyme, HRP. Mechanistic insights obtained
through electron paramagnetic resonance (EPR) spectroscopy revealed that TCP
oxidation occurs via a two-step single-electron oxidation pathway, as observed for
natural heme-peroxidases. The obtained results corroborate the potential
application of FeMC6*a in remediation strategies aimed at the degradation of

organic pollutants.
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Expanding the biocatalysis toolbox

A1.3 | Benefits of enzyme immobilization

High product selectivity and low environmental impact make metalloenzymes
attractive catalysts for industrial applications,*® such as in the pharmaceutical
sector,®>°2 for biofuel production® or wastewater treatment.>* Nevertheless, often,
the power of these biocatalysts cannot be completely harnessed for the lack of
thermodynamic (preservation of a folded state) and kinetic (resistance to
degradation and maintained or increased reaction efficiency) stability under harsh
operational conditions,> together with the difficulty of their recovery and
recycle.®® To overcome such shortcomings and expand the biocatalysis toolbox,
metalloenzymes can be immobilized or conjugated to a solid support,>”-° which
may offer a microenvironment apt to increase their pH and temperature tolerance,
as well as stability in organic solvents.®® Furthermore, immobilized biocatalysts
are generally easy to handle and apt to perform several reaction cycles, with a
simple recover from the reaction medium with precipitation or filtration.®!

The immobilization of enzymes, in general, involves the interconnection of
multiple parameters (summarized in Table Al.2). In particular, it is necessary to
set a trade-off among the selected biocatalyst, the appropriate support and the
immobilization chemistry. The ultimate goal is to find the best conditions for

preserving the structural and functional properties of the target enzyme.5?
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Table A1.2 Main factors to consider for enzyme immobilization. Adapted from Chapman,
J. et al. Catalysts 2018, 8 (6), 238 (Reference 56) under MDPI CC BY 4.0.

Factors
Biochemical features | Molecular weight, purity, pl
Biocatalyst Kinetic parameters | Specific activity, pH,
temperature

Chemical properties | Composition, functional groups

Support . . . .
Physical properties Porosity, surface area, size
Strategy Adsorption, entrapment,
N encapsulation,  cross-linking,
Imn;obll]zanon covalent conjugation
chemistry Conditions pH, temperature, solvent
Costs Enzyme, support

Ideal supports should be low-cost, non-toxic, inert, biocompatible, possess
available functional groups on the surface and a high affinity toward the target
enzyme, to allow the preservation of the folded structure and to protect the
biocatalyst against harsh reaction conditions while being robust enough to
withstand the operational conditions.®® Supporting materials can be inorganic,
organic or hybrid materials, such as metal oxides, minerals, carbon-based
materials, synthetic polymers and biopolymers, mesoporous materials, polymeric
membranes, and metal-organic frameworks. Throughout the years, novel
platforms have been implemented, to accomplish improved enzyme loading,
activity and stability. Significant breakthroughs in nanotechnology have fueled
the interest in the use of nanomaterials (NMs), as extremely advantageous
platforms for enzyme immobilization, or also as a mimic of natural-enzymes
(known as “nanozymes” or “nanoenzymes”).54-

For the purpose of this introduction, the attention will be focused only on the
second aspect. In the field of enzyme immobilization, NMs offer additional
benefits for the construction of “nanoconjugates”, functional tools that may find

application in a broad range of fields, such as biotechnology, nanobiocatalysis,
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biomedicine, imaging, and environmental remediation.®”"® Thus, in the next
paragraph, a concise description regarding the use of NMs for enzyme

immobilization is reported.

A1.4 | “Nano meets nano”: nanomaterials for enzyme immobilization

Nanomaterials are made up of particles in the size range of 1-100 nm with two or
more dimensions, classified according to their dimensionality, morphology, state

and chemical composition (Figure A1.6).47

DIMENSIONALITY MORPHOLOGY
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Figure A1.6. Classification of NMs from the point of view of size, morphology,
composition, uniformity, and agglomeration state. Reprinted (adapted) with permission
from Buzea, C. et al. Biointerphases 2007, 2 (4), MR17 (Reference 74). Rights managed
by AIP Publishing.
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Among the most suitable nano-platforms for enzyme immobilization, a place of
honor is reserved to NMs with a metal/metal-oxide core (as gold- and silver-based
NMs or Fe;Os magnetic nanoparticles), carbonaceous NMs and hybrid and
composite nanosupports.’®

Compared to planar surfaces, one of the major benefits of NMs is the high surface-
area-to-volume ratio, which offers high enzyme loading capacities. Other
advantages include: i) multiple mechanisms for enzyme attachment thanks to a
tailor-made surface chemistry, ii) high radii of curvature, which can improve the
distances between enzymes and limit detrimental protein—protein interactions, iii)
biocompatibility, iv) diffusion coefficients close to that of biomolecules, v) quasi-
homogeneous catalysis and vi) enhanced mobility.”” These potentialities come
with some limitations, which are outlined in Figure A1.7.7®

, entities .Grafting “to”,
\ “from”,
o “through”
s
& on 99 Chemical
§§ Surface
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I/ &N Z dipping
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% £ overcome EXAMPLES'
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® > S In situ
2 N & surface
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Figure Al.7. Potential and technical limitations (blue circles) of using NMs, along with
potential strategies to overcome these limitations. Reproduced with permission from Bilal,
M. et al. Coord. Chem. Rev. 2019, 388, 1 (Reference 78). Copyright © 2019 Elsevier B.V.
The catalytic behaviors, stability and performances of the final nanoconjugate,
obtained when enzymes meet NMs, depend on several factors, such as the

composition, the size, the shape and the porosity of the nanosupport; the
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immobilization/conjugation chemistry; the molecular weight and purity of the
enzyme, along with the loading density and the orientation; the clustering of the

nanoparticles (Figure A1.8).7°8

Local environment or surface
Recoverability
Material Localization
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Channeling
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Figure A1.8. Multiple factors influencing the behavior of a nanoconjugate. Reproduced
with permission from Ellis, G. et al. Curr. Opin. Biotechnol. 2021, 71, 77 (Reference 83).
Copyright © 2014 Elsevier Ltd.

For instance, the size and the shape of the nanoscaffold dictate the available
surface area and the curvature, which, in turn, define the maximum number of
enzyme molecules able to interact with the nanosurface. In principle, smaller
scaffolds will have higher relative surface-area-to-volume ratios, hence more
room for a larger number of enzymes.®® Tadepalli et al.®* analyzed the effect of
the size and the curvature of gold nanoparticles (AuNPs of 10, 20, 30 and 40 nm
in diameter) on the activity of HRP and reported a decrease in activity while
increasing the size of AuNPs, mainly due to a slower rate of NPs diffusion.®
Furthermore, the size of the particles and the viscosity of the reaction medium
affect the mobility of the biocatalyst, altering the intrinsic activity of the final

nanoconjugates.®-%" Regarding the enzyme density, an excessive loading may
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result in crowding, inducing protein deformation/compression, limited solvation
and inadequate active site accessibility.% Further, the orientation of the enzyme is
essential, as it determines the exposure of the active site toward the bulk solution.
For instance, if the active site is oriented toward the support surface as a result of
steric hindrance, the conversion of large substrates would be hampered. In
particular, the optimal orientation is expected to have several advantages: i)
improved substrate access, ii) reduced impact of surface effects on the active site,
such as local pH gradients, and iii) limited active site deformation or
rigidification.®® Finally, the molecular weight and the purity of enzymes are of
utmost importance. For steric effects, the higher the molecular weight and the size
of the enzyme molecules, the lesser the copies that can be loaded on/in the
nanosurface. Regarding the purity, the presence of impurities in the stock solution
of the enzyme to use can be harmful and inhibit the interactions with the

nanosupport.®%t

A15 | Chemistry of immobilization

The development of a successful immobilization/conjugation strategy involves
the merge of the chemical and the physical properties of the enzyme molecules
and the selected supporting material, to achieve a fine control over the orientation
and the conformational arrangement of the enzyme on the support. Hitherto, no
immobilization protocol is universal and, often, a trial-and-error process needs to
be done until finding the best working conditions.

In general, immobilization/conjugation protocols embrace reversible or
irreversible, physical or chemical strategies (Figure A1.9), which are briefly
discussed below.*

Physical adsorption is driven by weak, non-specific forces (such as Van der Waals

forces), hydrophobic interactions and hydrogen bonds (Figure A1.9-A).% lonic
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interactions imply the existence of opposite charges between the nanosupport and
the enzyme (Figure A1.9-B). In this case, the overall charge of enzyme molecules
needs to be considered, also in relation to the pH of the medium.®* Non-covalent
immobilization methods offer the advantage of being simple, easy to perform and
avoid the introduction of chemical modifications, either for the enzyme molecules
or the supporting material.

[ Immobilization methods ]

A) Non-specific B) lonic binding C) Affinity binding D) Entrapment
adsorption

E) Encapsulation F) Cross-linking G) Covalent binding

E
N\ =
@ LB

Figure AL1.9. Main methods for enzyme immobilization.

For example, Microperoxidasell (MP-11), a small system consisting of 11 amino
acid residues obtained from trypsin-catalyzed hydrolysis of horse-heart
cytochrome c¢,®can non-covalently interact with boron nitride nanotubes
(BNNTS), through a strong electron coupling between the active heme-center of
MP-11 (d orbitals of Fe) and the nanotubes (w orbitals of BNNTSs). This interaction
resulted in some conformational changes in the secondary structure of MP-11,
leading to a loosen tertiary structure and a more enhanced exposure of the active
site. Catalytic assays performed with 3,3°,5,5’-tetramethylbenzidine (TMB) and
H20; revealed the positive impact of the nanostructure on the overall functional

behavior of the immobilized MP-11.%

31



PART A - A1. Introduction

Following, affinity interactions rely on the selectivity and complementarity
between the nanosupport, typically functionalized with an affinity partner, and the
biomolecule, usually labeled with a moiety interacting with the affinity partner
(Figure A1.9-C). Entrapment and encapsulation (Figures A1.9-D and A1.9-E)
are related to the physical containment of enzyme molecules within a polymeric
network or a semi-permeable barrier.®” In cross-linking, also referred to as
“carrier-free immobilization”, the biocatalyst acts as its own carrier (Figure A1.9-
F). Cross-linking occurs using bi- or multi-functional reagents, which create a
bridge between two or more biomolecules.%*°

Finally, covalent-based conjugation strategies (Figure AL1.9-G) entail the
formation of a strong, irreversible bond between the enzyme and the
nanosupport.®®  Covalent conjugation may encompass some specific
functionalities exposed on the nanosurface and the side chains of amino acid
residues, for example the g-amino group of Lys and the thiol group of Cys
residues. For instance, three out of six Lys residues on the surface of HRP C1A
isoenzyme (Lys174, Lys232 and Lys241) were found accessible to chemical
modifications.®

Commonly, short/long spacers or linkers (homo- or hetero-bifunctional or
multifunctional) are used to favor the mobility of the immobilized enzyme, thus
creating a freely diffusing-like environment. Further, the spacer moiety is likely
to drive away the biocatalyst from the nanosupport, with the aim of decreasing
steric hindrance.*

Conventional covalent strategies include carbodiimide chemistry, which employs
EDC (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) and NHS (N-
hydroxysuccinimide), targeting carboxyl and primary amine groups,® or
glutaraldehyde, a homo-bifunctional linker that reacts with amino or hydroxyl

groups, to yield imide or acetal bonds respectively.® Another option relies on the
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use of PEGylated (PEG: polyethylene glycol) linkers, on account of their great
flexibility.10t

For instance, Cao et al.”* demonstrated the enhanced stability of HRP when
encapsulated in chitosan nanoparticles (CSNPs), chosen for their excellent
biocompatibility, low toxicity and high capacity for chemical modification
(richness of hydroxyl and amino groups). HRP was first conjugated with chitosan,
via EDC/NHS chemistry, and then the chitosan-conjugated HRP was entrapped
into the nanoparticles. The obtained HRP@CNSPs retained the typical activity of
HRP and acquired improved stability at 37 °C in the presence of urea, a denaturing
agent.”* Alternatively, Darwesh et al.”® explored the feasibility of using HRP in
textile wastewater remediation. To this end, FesO4 MNPs, exposing hydroxyl
groups on the surface, were modified with glutaraldehyde and became reactive
toward the Lys amino groups of HRP. Compared to the free HRP, the MNPs-
immobilized peroxidase was stable in a broad range of temperatures and pHs and
retained its full activity upon storage at 4 °C and 25 °C for 90 days, even after
being recycled for 100 cycles (the recovery occurred using a magnet, taking
advantage of the properties MNPs). Also, the authors tested the efficiency of the
immobilized HRP in the remediation of the wastewater of a textile industry, which
contained different azo dyes, and demonstrated the decrease of the dye
concentration after 4 h, in test tubes, and 6 h in a prototype lab-scale bioreactor.”
Covalent coupling offers the major advantage of preventing enzyme desorption
from the nanosupport; however, it needs the introduction of modifications in the
enzyme structure, which may cause conformational changes, sometimes

detrimental to the catalytic activity of the immobilized enzyme.®*
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A1.6 | Click chemistry for enzyme immobilization

Over the past decade, an increasing number of publications reported the use of
bio-orthogonal reactions for covalent enzyme immobilization. These are
transformations that do not interfere with native biological processes and occur
within a reasonable time-scale, exploiting low-toxic reagents.'%? “Click” reactions
(some of them summarized in Scheme A1.2),1% a vast compendium of rapid and
specific synthetic transformations, fit these criteria because they are wide in scope,
proceed with very high yields and generate only inoffensive by-products.
Therefore, click reactions have rapidly entered the field of biomolecule
modification and functionalization of surfaces and nanoparticles.’®* Inspired by
the pioneering work of Huisgen,® Sharpless'® and Meldal'®’ research groups
exploited the “copper power” in the copper(I)-catalyzed [3+2] alkyne-azide
cycloaddition (CUAAC, Scheme Al1.2-A), where the catalyst Cu(l), through a
concerted mechanism, allows the formation of a 1,2,3-triazole with high rates,
extreme selectivity and regiospecificity.1® However, contamination from copper
traces may result in cytotoxicity and preclude biological applications. This issue
has spurred the quest for copper-free click chemistry. Along these lines, Bertozzi
and co-workers'® surpassed the requirement of an inorganic catalyst using a
strained cyclooctyne, combined with an azide partner, developing the strain-
promoted alkyne-azide cycloaddition (SPAAC, Scheme Al.2-B). This variant
benefits from the strained geometry of cyclooctyne-based ring systems, such as
DIFO (difluorinated cyclooctyne) or DBCO/DIBAC (aza-dibenzocyclooctyne)
and proceeds faster than CuUAAC because of the lower energy required for

overcoming the activation barrier.2%®
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Scheme A1.2. Some representatives click reactions.

It is also noteworthy the use of azides as phosphine/phosphite reagents in the
Staudinger ligation (Scheme A1.2-C).11%11 This reaction combines the
advantages of bio-orthogonality and selectivity, simultaneously being rapid and
high-yielding, even though it proceeds with slower reaction rates with respect to
CuAAC and SPAAC. It should be mentioned that azide or alkyne functional
groups are not naturally present in native biomolecules, therefore derivatization
to specifically introduce these groups is needed. On the other hand, the thiol

functional group of Cys-containing proteins makes bioconjugation more feasible
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when using a thiol-ene click reaction (Scheme A1.2-D), involving sulfur-carbon
bonds formation by the interaction of thiols and carbon-carbon double bonds. The
thiol-ene reaction can proceed either by radical-mediated reaction pathway or
following a Michael addition mechanism, at a wide range of pH values (6.5 —
7.5).112 Usually, in these conditions, amines are unreactive, but cross-reactivity
may take place under alkaline conditions. Also, critical difficulties may rise from
the lack of selectivity in the presence of multiple Cys residues, or the potential
loss of activity when the targeted Cys residue lies nearby the active site of the
enzyme. Further, for enzymes lacking Cys residue in their primary sequence,
modification may be required.!!?

As an example, Zhang and co-workers'*® reported the covalent conjugation of an
alkyne-modified HRP to azide-functionalized AuNPs through CuAAC click
chemistry (Figure A1.10), under mild reaction conditions (pH 7, 25°C).

/" A
= xoehe “click” NN o e
—Ns + =— ¥k ek {3 g
TSUs cu() LN
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Figure A1.10. Click ligation of alkyne-HRP oﬁ the surface of azide-exposing AuNPs.
Reproduced with permission from Zhang, M.-X. et al. Langmuir 2010, 26 (12), 10171
(Reference 113). Copyright © 2010 American Chemical Society.

Interestingly, HRP retains its peroxidase activity when confined on AuNPs, as it
was tested by the oxidation of ABTS in the presence of H,0O., demonstrating the

feasibility of click ligation in metalloenzyme conjugation protocols.
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The “rich” world of gold nanomaterials

A1.7 | Introduction to gold nanomaterials

In the field of metalloenzyme immobilization on nanomaterials, gold
nanomaterials (AuNMS) have attracted much attention over the years for several
reasons, such as well-known synthetic procedures; a broad range of size and
shape; chemical stability; large surface-area-to-volume ratio; outstanding optical
behavior and a versatile surface chemistry. Apart from the commonly used
spherical gold nanoparticles (Figure A1.11-A), recently, non-spherical AUNMs,
such as nanorods and nanoprisms (Figure A1.11-B and Al.11-D), have gained
interest due to their distinctive optical and electronic properties, and specific

surface-enhanced spectroscopies.**

5000

Figure Al1.11. Carousel of AuNMs micrographs acquired using transmission electron
microscopy (TEM) and scanning electron microscopy (SEM). Tem images of gold A)
spherical particles, B) nanorods, C) nanodumbbells, D) triangular nanoprisms, E) ultrathin
nanowires, F) nanostars. SEM images of gold G) nanodendrites and H) nanocubes.
Adapted from Hammami, I. et al. King Saud Univ. Sci. 2021, 33 (7), 101560 (Reference
114) under CC BY-NC-ND 4.0 license.
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AUNPs have a long history in chemistry, dating back to ancient times when they
were used to color glass. The era of AUNPs synthesis began with Michael Faraday
over 150 years ago, who noticed that colloidal gold solutions, prepared through
the reduction of an aqueous solution of chloroaurate (AuCls’) using phosphorous-
based reducing agents, have properties completely different with respect to bulk
gold.15116 Since then, reliable and high-yielding methods for the synthesis of
spherical and non-spherical gold nanomaterials have been established and
studied,'*”*2° along with the development of functionalization strategies to
assemble a great number of metalloenzyme/AuNMs-based nanoconjugates,
widely exploited for the set-up of the electrochemical biosensor or in
nanobiocatalysis (applications discussed in paragraph A1.12).

In the following paragraph, some of the procedures developed to prepare AUNMs
of different sizes and shapes are discussed.

A1.8 | Overview of the synthesis of gold nanomaterials

The preparation of AuNMs can be realized by countless strategies, whose
description is beyond the scope of this paragraph. Rather, the most significant
synthetic methods to prepare AuNPs, gold nanorods (AuNRs) and triangular gold

nanoprisms (AuUNTS) are concisely reported below.
% Gold nanoparticles (AuNPs)

In aqueous medium, the reduction of Au(ll) (in the form of HAUCI.) to Au(0) in
the presence of trisodium citrate (Nas-citrate), a reducing agent, known as the
Turkevich method, set the standard for preparing ruby-red monodisperse colloidal
solutions of AuNPs of about 20 nm in diameter.*?! This method was then revised
by Frens,?2 which played on controlling the ratio of HAuCl4:Nas-citrate to prepare

AUNPs ranging from 15 to 150 nm (in diameter). Henceforth, several research
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groups have revisited this method,'?*1?* evaluating the impact of the reaction
parameters (HAUCIl, and Nas-citrate concentration, pH, reaction time and
temperature),1?-12° and the mechanistic aspects behind AuNPs growth.'?® For
instance, concerning the reaction parameters, AuNPs final size is strictly
dependent on the HAuCl4:Nas-citrate ratio and, as a general rule, the higher the
amount of Nas-citrate — with respect to the metal reagent — the smaller the
particles.?12

Regarding the mechanism, it was initially accepted that citrate-AuNPs synthesis
occurs in two steps. First, Nas-citrate reduces Au(lll) to Au(l) (in the form of
AuCl) while being oxidized to acetone dicarboxylate (DC*), the conjugated base
of dicarboxy acetone (DCA). This first redox step was deemed as the rate-
determining step.'?* Then, Au(l) disproportionates in Au(l11) and Au(0), the latter
acting as a nucleation agent, producing gold nuclei which interact with other
nuclei to induce the growth of small AuNPs and then enlarging their size.1?>1%
Further studies allowed Gao et al.*! to reveal that the mechanism consists of two
consecutive reduction steps rather than a reduction followed by a
disproportionation reaction, where the intermediate product DC? plays a key role
(Figure A1.12).

Turkevich protocol

O OH O O O O
-OWO- -O)j\/”\/u\o-
citrate 7 o dicarboxyacetone
) —)

D
x @Control step

Two consecutive reduction steps
(negligible disproportionation reaction)
Figure A1.12. Reproduction of the scheme of the mechanism behind the synthesis of
AuNPs following the Turkevich method, as proposed by Gao, Y. et al. Nanoscale 2020,
12 (4), 2740 (Reference 131). Permission granted from the Royal Society of Chemistry.
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Indeed, DC? has a higher reduction potential in relation to citrate and, through the
coordination of its enol form, is able to electrostatically stabilize AuNPs. As a
result, DC% functions as an efficient reductant for AuCl, releasing metallic gold
and AuCly. It is important to outline that citrate ions not only enter the reduction
of Au(lll) but also play the role of stabilizers, yielding stable colloidal solutions
of AuNPs by virtue of electrostatic repulsion among negative charges. Finally, at
the end of the synthesis, citrate anions can be easily replaced by other ligands with
a higher affinity toward gold,***3 and this enhances and broadens the
possibilities of conjugating metalloenzymes on the surface of AuNPs.

% Gold nanorods (AuNRs)

Gold nanorods (AuNRS) are anisotropic gold nanomaterials with a cylindrical-like
shape, characterized by a well-defined length and width (which ratio gives the
aspect ratio, AR). A key aspect of the synthesis of AuNRs is the use of specific
“shape-directing” reagents, as surfactants, which interact with the gold precursor
and direct the anisotropic growth of the particles, in this specific case the
elongation along the longitudinal face.*®

A fine control over the final shape and AR of AuNRs can be achieved using seed-
mediated methods, which separate the events of nucleation and growth.!%
Basically, pre-made “seeds” or gold nuclei, of well-defined size, are injected into
a growth solution, made up of a gold precursor (usually HAuCls) and a mild
reducing agent. Ideally, the seeds should be monodispersed and show the same
crystallographic habit, which in practice is achieved by adding a strong excess of
reducing agent.’*” In the growth step, the gold precursor is catalytically reduced
on the seeds and the final particle size can be controlled by the molar ratio [gold
precursor]/[ seed]. The final shape is influenced by the crystalline structure of the
initial seeds, the nature of the shape-directing reagents and/or the addition of

additives.**® One of the most used seed-mediated growth methods was devised by
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Murphy et al.*® and El-Sayed et al.,** harnessing the shape-directing power of
cetyltrimethylammonium bromide (CTAB). In a typical protocol, the “seeds”,
small spherical gold nanoparticles of maximum 5 nm diameter, are prepared by
the direct reduction of Au(lll) to Au(0) promoted by the strong reductant NaBH4
and stabilized by repulsion among the positively charged heads of CTAB. To
inhibit added nucleation and speed up the anisotropic development of nanorods,
the seeds particles are rapidly injected into the growth solution, comprising of
HAUCI., structure-directing agents (CTAB and AgNOs3) and a mild reducing agent
(as ascorbic acid, AA) (Figure A1.13).14

CTAB /\/\/\/\/\/\/\/\,:q« B

y \ Y' ft . 3 seads
+ 5 - e
C A
[AuCL] 4%,-% .
W=l ‘
7 AU(l) m—— g
Ascorbic acid -

Figure A1.13. Schematic representation of the seed-mediated, surfactant-assisted growth
method to afford gold nanorods. Adapted from Chen, H. et al. Chem. Soc. Rev. 2013, 42
(7), 2679 (Reference 140) with permission from the Royal Society of Chemistry.

Several studies established the importance of CTAB for AuNRs formation.*! In
principle, the choice of this specific surfactant stemmed from the ability of CTAB
to form worm-like micelles,*> which were expected to induce the growth of rod-
like particles on spherical seeds.’®% As a matter of fact, molecular dynamics
simulations?* revealed that the anisotropic growth is facilitated by the epitaxial
adsorption of CTAB in the developed facets. In addition to that, CTAB structure

owns fundamental requirements to afford nanorods, such as i) a quaternary
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ammonium head group that can form a complex with the atomic gold precursor
and modify its redox potential, ii) bromide counterions, which play a key role in
the anisotropic growth* and iii) a long carbon tail, which can stabilize the
nanorods at the end of the synthesis.!*® Regarding the importance of the bromide
counterion, studies revealed that iodide impurities (concentration greater than 50
ppm) slow down the reduction of Au(lll) to Au(0) and inhibit the growth, as a
consequence of iodide adsorption on Au {111} facets, yielding spherical
nanoparticles,147:14¢

Also the role of AgNOs has been addressed,**® proposing different mechanisms of
action. It has been suggested that the Ag* ions have a direct effect on the CTA*
adsorption, forming an Ag[BrCTA]. complex that acts as a face-specific capping
agent on the lateral facets of the growing seeds.'* In addition, Ag* ions can react
with CTAB to form AgBr, which is the species adsorbed on some preferential
facets of the growing nanorods (through an underpotential deposition process),
hindering their growth in specific directions.’® This body of evidence might
suggest that silver ions are present on the gold surface. However, a recent
characterization of the morphological evolution of the gold nanostructures has
revealed that Ag* directs the anisotropic growth at the early stages, but is then
incorporated into the bulk of the rods during the reaction progress.'s* Notably,
there is a directly proportional relationship between the final AR of AuUNRs and
the amount of AgNOs to add during the synthesis, which increases according to
the amount of AgNOs.1%215% Regarding ascorbic acid (AA), this mild reducing
agent promotes the reduction of Au(l11) to Au(l), which can be monitored by the
turning colorless of the growth solution (the ligand-to-metal charge-transfer band
disappears for a d'® metal center as Au(l)).1® This fundamental step guarantees
the unwanted re-oxidation of Au(l) when mixing the growth solution with the

seeds, which behave as catalysts inducing the reduction of the Au(l) on their
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surface through a disproportionation reaction, leading to Au(0) and Au(lll).%®
When formed, Au(l11) is reduced back to Au(l) by the remaining reductant.*>*

In some cases, AA can be replaced by hydroguinone (HQ), yielding to AuNRs
with a higher AR as HQ slows down the growth rate. Additionally, the growth
kinetics and the AR of the final CTAB-AUNRs can be tuned using the two reagents
simultaneously.™®

It is important to outline that CTAB molecules organize themselves in a densely
packed bilayer around the surface of the rods, by virtue of synergic electrostatic
forces and hydrophobic interactions.’*®15” The Au surface, negatively charged
because of the adsorption of bromide or chloride ions,*® interacts with the
positively charged ammonium head groups of CTA?, giving rise to an inner layer,
whereas the outer layer is formed through the packing of the hydrophobic carbon-
chain tails. The CTAB bilayer, oriented in perpendicular conformation with
respect to the surface, makes AuNRs positively charged since the ammonium
heads not interacting with the gold surface point outside.’® Further, the
electrostatic repulsion forces allow the stabilization of CTAB-AuUNRS in aqueous

solutions.
% Triangular gold nanoprisms (AuNTs)

The synthesis of triangular prismatic, plate-like nanostructures (AuNTS) leads to
nanostructures with three edge lengths (¢, from 40 nm to 1 um) and a defined
thickness (t, ranging from 5 to 50 nm). Ideally, the nanomaterial should exhibit
three sharp vertices or “tips”,*!° but, in practice, tip truncation and rounding can
occur.” Popular synthetic strategies follow seedless-based®-162 or seed-based

methods, %3164 which lead to the obtainment of heterogeneous mixtures, composed

b When significant rounding occurs, structures are no longer described as triangular
nanoprisms, and are generally referred to as nanodisks or, in case of truncation without
rounding, hexagonal nanoprisms.
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of differently sized and shaped AuNMs. This paragraph will focus on the most
significant seedless processes that have been developed to produce AuNTS in the
absence of surfactants. Indeed, these procedures allow better reproducibility and
yield in terms of nanotriangles concerning seed-mediated growth synthetic
methods, which in addition require the use of multiple steps.

Pelaz et al.*®° developed a seedless method involving the use of sulfide species to
yield AuNTSs in a size range from 100 to 170 nm. The size can be tuned by varying
the mutual concentrations of the gold source (HAuCls) and the reducing agent
(Na2S:0s3), typically mixing x mL of an aqueous solution of HAuCl4 (2 mM) and
1.2x mL of a freshly prepared aqueous solution of Na,S;03 (0.5 mM), where X is
defined by the initial volume of the gold salt solution. Within 9 min, the color of
the solution changes from yellow (gold salt) to brownish, evidence of the
formation of small gold nanoparticles,*® according to the following reaction.

8Au3* + 35,02 + 15H,0 = 8Au® + 6502~ + 30H*

Then, a further addition of Na,S;0; (0.5 mM), ranging from 0.2x to 0.5x mL, is
required for the proliferation of triangular gold nanoprisms. Besides the simplicity
of this protocol, the yield of nanotriangles is not so satisfying for the presence of
pseudospherical nanoparticles and nanorods, causing non-uniform morphology
and polydispersity of the colloid.

Another method was reported by Casado-Rodriguez et al.,*®* to prepare vinyl-
terminated AuNTSs and nanooctahedra, with a minor amount of by-products (Au
decahedra and larger morphologies), using 3-butenoic acid (3BA) in the presence
of benzyldimethylammonium chloride (BDAC) as a capping agent (Figure
Al1.14-A). 3BA is a mild reducing agent unable to reduce Au(lll) to Au(0) at room

temperature, but its reducing power can be improved at temperatures above 60 °C.
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Figure Al1.14. A) Synthesis of AuNTs using 3BA and BDAC. B) Seed-mediated
overgrowth of AuUNTSs (100-180 nm edge length) using seeds of 30-55 nm (in edge length).

Adapted with permission from Kuttner, C. et al. ACS Appl. Mater. Interfaces 2018, 10
(13), 11152 (Reference 165). Copyright © 2018 American Chemical Society.

In this work, the authors studied the influence of different parameters on the yield
of the final nanomaterial, such as three different reaction temperatures (75, 85 and
95 °C). In particular, it was proved that the concentration of HAuCl, has a
significant impact in determining the average edge length of the triangles, which
increases proportionally with the amount of the gold precursor. Also, the particle
size and the percentage of AUNTS decrease with the temperature and changing the
pH of the reaction medium, from acidic to alkaline. Therefore, this study
highlighted that the synthesis of AUNTSs can be finely controlled by adjusting the
temperature or the pH. Interestingly, AUNTSs of 30-55 nm in edge length, obtained
with the seedless 3BA approach, can serve as large seed particles for further Au

overgrowth, giving access to the sub-200-nm size range (Figure A1.14-B).1%

As described above, a defect of most procedures for the synthesis of AuNTSs is the
low shape yield, meaning a high polydispersity and a broad size distribution.
Several protocols have been made to overcome this drawback, including the use
of centrifugation, filtration using aluminum oxide filters,’®® or agarose gel

electrophoresis.’®” These traditional separation methods are mainly based on mass
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differences among NMs, and fail for NMs with the same mass but different
shapes. Instead, an innovative method, known as micelle-induced shape and size
depletion flocculation, relies on the attractive interactions between NMs when in
the presence of surfactant micelles.183168-1"1 Typical surfactants suitable for this
application are CTAB and its chloride analog (CTAC), alone or in combination,
for their ability to form worm-like (CTAB)*? or spherical (CTAC) micelles.} In
general, when a free polymer or a surfactant is added to a colloidal solution, above
a critical concentration value, attractive forces between colloidal particles arise.r”
This can be explained considering the existence of an excluded volume, a region
around each nanosurface inaccessible to small solutes, such as surfactant micelles,
due to steric constraint. When NMs get sufficiently close so that their excluded
volumes intersect (Figure A1.15-A), osmaotic pressure (p, depletion force per unit
area) exerted by the surrounding concentrated solutes eventually causes the
flocculation or sedimentation of NMs. Being this event reversible, the sedimented
NMs can be resuspended, thereby allowing for the isolation of NMs with the
desired size and shape from a multicomponent mixture. The molar concentration
of the surfactant’®® and the surface area of the nanomaterials'®® dictate the
depletion potential. Mason et al. found that the depletion potential is particularly
attractive for non-spherical NMs, because more incline to exhibit directionally
dependent interactions.}’*1"> Regarding the effect of the surface area, higher is the
surface area, faster is the decrease in Coulomb repulsion, leading to enhanced
association rates and lower dissociation rates.”® According to this principle, in a
multicomponent system formed by AuNPs, AuNRs and AuNTs, if the
nanotriangles possess the highest surface area, they tend to aggregate and
sediment first with respect to NPs and NRs (Figure A1.15-B).
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Figure A1.15. A) Schematic illustration for the excluded volume change (AVe) of AUNTS
and AuNPs upon depletion flocculation in the presence of concentrated micelle.
Reproduced with permission from Zhao, C. et al. Colloids Surf. A Physicochem. Eng 2019,
568, 216 (Reference 171). Copyright © 2019 Elsevier B.V. B) Depletion-induced
flocculation of larger NMs for the separation of multi-component colloidal solutions (not
to scale). Adapted from Park, K. et al. Nano Lett. 2010, 10 (4), 1433 (Reference 177).
Copyright © 2010 American Chemical Society.
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In this context, Zhao et al.}"* reported the use of CTAB micelle-induced depletion
to isolate AuNTs from various colloidal systems, by virtue of theoretical
calculations to pre-determine the correct amount of the micelle needed for having
a proper osmotic pressure. Alternatively, Zhang et al.’®® conducted a systematic
study to optimize the conditions for separating NTs from a reaction crude,
exploiting the different micellar behavior of CTAC and CTAB, to achieve size
and shape separation.

A1.9 | Chemico-physical properties of gold nanomaterials

At the nano-level, AUNMs are referred to as plasmonic nanomaterials, owing to
the optical properties conferred by the interaction of plasmons (the free electrons
on the surface) with resonant light. This interaction generates a surface plasmon
resonance (SPR) phenomenon, which leads to an intense absorbance band at a
certain wavelength (typically in the visible region) and strongly colored colloidal
solutions. The SPR phenomenon is impacted by the wavelength-dependent
dielectric constant of the particles and the dielectric constant of the surrounding
medium and is highly sensitive to particle size, shape and chemical
environment.!®

When it comes to isotropic NMs, such as spherical AuNPs, electron confinement
occurs to the same degree in all three dimensions, resulting in a single SPR band
in the visible range (Figure A1.16-A).1® On the contrary, anisotropy drives the
electron motions in three dimensions, therefore anisotropic NMs (such as AuUNRs
and AuNTSs) are characterized by direction- and size-dependent properties, indeed
changes in the geometrical parameters affect the position of the SPR band. In
particular, for AUNRS, the oscillation of the plasmons along the short and the long
axes of the cylinder-like nanostructure produces two bands, the transverse and the
longitudinal SPR bands (T-SPRB and L-SPRB respectively, Figure A1.16-B),
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located in the range of 510-530 nm (for T-SPRB) and 650-1100 nm (for L-
SPRB).18

A) L,_Lk

Electron cloud

Qectric fig,,

Absorbance (a.u.)

B)

Absorbance (a.u.)

Longitudinal Surface Plasmon Resonance Transversal Surface Plasmon Resonance
(L-SPR) (L-SPR)

Figure A1.16. The shape of AuNPs impacts the SPR phenomenon. A) Isotropic AuNPs
possess confined electrons alike in all directions, resulting in a single SPR band in the
visible range. B) The introduction of anisotropy, as in the case of AuNRs, changes the
absorbance profile. Adapted from Garcia-Peiro, J. I. et al. Catalysts 2020, 10 (12), 1459
(Reference 179) under CC BY 4.0 license.

Additionally, the optical properties of AUNTs have been found to be dependent
on the edge length (1) and the prism thickness (t). Sufficiently large AuUNTSs (aspect

ratio I/t >10) give rise to dipole and quadrupole plasmon resonances,® unlike

¢ Roughly, these modes originate from the degree and direction of polarization of the
electron cloud relative to the incident electric field. In this way, a dipole plasmon
resonance can be described as the electron cloud surrounding the nanoparticle moving
either parallel or antiparallel to the applied field. For a quadrupole mode, half of the cloud
moves parallel and half moves antiparallel.
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spherical particles for which the two modes are not distinguishable from one
another (unless the diameter is higher than 100 nm).*8! The frequencies of the two
modes are generally separated by 100-400 nm and may undergo a shift as a
consequence of changes in size, shape and dielectric environment.1%6182 For
instance, the dipole resonance band shifts from 750 nhm to =~ 1300 nm with the
increase of the edge length. Additionally, a band at around 800 nm is due to in-
plane quadrupole modes. 166178

The position of the SPR bands of AuNMSs is also sensitive to the degree of
dispersion/aggregation, morphological evolution of the nanomaterial and changes
in the refractive index around the gold core.!®18 A valuable tool for the
qualitative evaluation of AuUNMs is the Vis absorbance profile, which contains
regions that are sensitive to either NMs size or shape. In particular, the size-
sensitive region is the zone around the maximum absorbance, whereas the shape-
sensitive region lies in the absorbance range far from the maximum (= 580-700
nm range for AuNPs).

Nanoparticle stability generally refers to the retainment of NMs properties
so that they can be used in both fundamental research and applied studies.®
Briefly, stability entails the preservation of i) the original core composition,
surface atom identity and coordination, ii) shape and radius of curvature, iii)
dimensionality during storage and/or an experiment and also to iv) have a non-
zero surface potential and v) proper surface functionalities. In particular, an
alteration of the surface potential from non-zero values to zero reduces the
electrostatic repulsive forces between nanoparticles suspended in a medium,
leading to aggregation.'®® Changes in the total surface charge, in particular for
metal NMs, can be estimated using {-potential measurements. The {-potential is
defined as the potential difference existing between the surface of a solid particle
immersed in a liquid and the bulk of the liquid. The DLVO theory (hamed after

Derjaguin, Landau, Verwey and Overbeek) proposes that NPs are in a dynamic
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regime, where strong attractive forces can be prevented by an energy barrier
resulting from electrostatic and/or steric repulsive forces.*®” For this reason, the
ionic environment, the pH and the nature of the shell around the gold core have a
substantial impact on the final colloidal stability.'® For instance, crucial to the
stabilization is the absence of salts and/or bi- or multi-valent ions or
polyelectrolytes with opposite charges, which can shield the repulsive interactions
among the particles and act as a bridge, eventually leading to agglomeration. &
Additionally, surface chemistry, in terms of NMs interface and the presence of
capping agents, is of utmost importance for ensuring colloidal stability. Indeed,
the probability of NMs aggregation can be reduced by surface “passivation” and
functionalization with an outer layer of ligand molecules. This topic will be
discussed in the next paragraph.

At.10 | The role of the “capping” ligand molecules

The “passivation” of the surface of gold nanomaterials occurs using “capping”
ligand molecules, which basic requirements are: i) an anchoring head group, that
interacts with the gold surface (by some attractive interaction, either
chemisorption, electrostatic attraction or hydrophobic interaction) and ii) a
terminal group, which identity establishes if these ligands behave as stabilizing
and/or functionalizing agents (SAs and FAs respectively). In SA, terminal ends
determine repulsive forces among particles, of electrostatic or steric nature.*® On
the contrary, the terminal ends of FAs are entities that exhibit specific properties
in addition to the simple stabilizing effect, for the presence of certain organic
functions (amines, alcohols or other groups). Therefore, FAs can enable the
conjugation of enzyme molecules onto a functionalized surface.

Functionalization of AUNMs can occur during or after the synthesis. In the direct

process, stabilizing and functionalizing agents may be the same or different
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molecules, with the latter requiring similar anchoring groups to prevent the
formation of two different batches of AUNMs (one capped only with stabilizing
agents, the other only with functionalizing agents). An alternative approach is the
post-functionalization of pre-formed AuNMs, through a ligand exchange reaction
or an in-situ reaction, directly on the pre-functionalized AUNMs.

A ligand exchange reaction takes easily place when the capping molecules

interact loosely with the gold nanosurfaces or are less strong ligands with respect
to the incoming molecules. This is the principle behind the “gold-thiol chemistry”,
very attractive and widely used by virtue of the high affinity of sulfur for gold.**
Sulfur-containing molecules are known to form self-assembled monolayers
(SAMs),1921% highly ordered and oriented molecular assemblies which
spontaneously self-assemble through the chemisorption of an active group on a
solid, planar or curved surface.’®>1% The nature of the sulfur-functional groups
ranges from thiol-containing molecules (as mercaptocarboxylic acids), disulfides,
dithiocarbamates, trithiol species, lipoic acid and its derivatives (Figure A1.17).
Usually, ligand molecules bearing more than one anchoring group are preferred
because empower the interaction with the gold surface.
In this context, the functionalization of citrate-AuNPs with the above-mentioned
ligands is facilitated by the substantial difference in energy between the Au-S and
Au-Ocoon bonds (40 kcal mol? vs 2 kcal mol?).2 On the contrary, the
functionalization of CTAB-stabilized NMs after the synthesis is quite challenging
and is discussed in paragraph Al1.11.
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OH
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Figure AL.17. AuNP of 5 nm (core diameter) with different ligand molecules drawn to
scale on the nanosurface. Left to right: mercaptoacetic acid, mercaptopropionic acid,
mercaptoundecanoic acid, mercaptosuccinic acid, dihydrolipoic acid, bis-sulphonated
triphenylphosphine, mPEGs-SH, mPEG4s-SH and a short peptide of the sequence CALNN
(structures not drawn to scale). Reproduced with permission from Sperling, R. A. et al.
Phil. Trans. R. Soc. A. 2010, 368 (1915), 1333 (Reference 132). Copyright © 2010 The
Royal Society.

The gold-thiol chemistry can also be associated with the click chemistry when
using azide-terminated ligand molecules. As azide groups are neutral, the
formation of a mixed monolayer is needed. Figure A1.18 shows the different
approaches devised for the synthesis of azide-containing mixed monolayers on
AUNP surfaces.%

The top two-step route involves the preparation of AuUNPs with a stabilizing agent
and then the introduction of azide groups through a partial ligand exchange
reaction with an azide-terminated ligand.'*® The bottom route, a three-step
process, is based on the preparation of AuNPs with a SA, the introduction of
ligands bearing a halogen end and the conversion of the halogens into azides by

reaction with NaNs.?® Finally, the middle route, devised by Elliott and co-
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workers,'®® implies the direct one-pot synthesis of small (3.5 nm core diameter)

mixed-ligand azide-functionalized AuNPs.
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Figure A1.18. Approaches toward the synthesis of azide-terminated mixed monolayer-
protected AuNPs. Reproduced with permission from Elliott, E. W. et al. Langmuir 2017,
33 (23), 5796 (Reference 198). Copyright © 2017 American Chemical Society.

Overall, the SAM technology is extremely useful for customizing nanogold
surfaces, and azide-functionalized AuNPs and AuNMs are modular building
blocks to harness the potential of click reactions directly in colloidal solutions and
to create anchoring points for the covalent conjugation of biomolecules, as

metalloenzymes.
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A1.11 | Functionalization of AuNRs: the quest for success

As stated in paragraph Al.8, the synthesis of AuNRs using the surfactant-assisted
seed-mediated growth method relies on the use of CTAB, indispensable to
producing stable anisotropic nanostructures. However, the densely packed CTAB
bilayer makes it difficult to functionalize AuNR surfaces. The bilayer requires a
sufficiently high concentration of unbound CTAB to remain intact and to provide
effective stabilization to the nanorods.'*®% As a matter of fact, direct, one-pot
thiol-based exchanges are usually problematic. When a solution of CTAB-AUNRS
is treated with a small amount of thiol ligands, the CTAB molecules located at the
tips of the rods are the first to be replaced, as the surface gold atoms around these
regions are highly reactive.?! However, to drive the complete exchange, a further
addition of thiol ligands is necessary, often resulting in colloidal destabilization
and AuNRs irreversible agglomeration.2®? It has been proposed that this failure is
related to the non-compatible time scale between the disruption of the bilayer and
the complete ligand exchange, the first being faster than the second event (on
AUNPs surface, the exchange of thiols over citrate ions takes at least 30 min to
hours to be completed?®®). This issue has been extensively addressed throughout
the years, yielding to the development of various protocols,?** such as phase-
transfer methods,?® ligand exchange in solid phase?® or indirect processes.?”’

For instance, del Cafio et al.?% proposed a strategy based on the decrease of the
CTAB concentration from 1 M (deriving from the synthesis) to 2 mM via several
centrifugation/resuspension cycles, a value chosen to maintain intact the bilayer
integrity. Indeed, AuNRs become unstable when transferred to solutions where
the surfactant concentration approaches or is lower than the critical micellar
concentration value (CMC ~1 mM for CTAB in water?®®21%), This happens as a
result of the dynamic equilibrium among the free, bound and micellar CTAB
molecules, leading to disorganization and disruption of the bilayer, and causing

deprotection and aggregation.’®5?11  Under these conditions, the direct
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displacement of CTAB with mercapto-derivative  molecules (11-
mercaptoundecanoic and 16-mercaptohexanoic acids) was successful, using
optimized ligand concentrations and pH value (pH 10, at which both the starting
CTAB-AuUNRs and the resulting modified NRs proved to be stable).2%®

Alternatively, Mehtala and co-workers?®” reported the development of an
incubation/centrifugation/resuspension protocol consisting of five-steps, to
prepare stable agueous solutions of citrate-stabilized AUNRs. CTAB depletion is
mediated by the use of an anionic polyelectrolyte, sodium polystyrene sulfonate
(Na-PSS, average My = 70 kDa). Na-PSS behaves as an intermediate “detergent”,
able to deplete CTAB due to synergic electrostatic and hydrophobic interactions
and the concomitant formation of a complex with a free energy of binding of 32
kJ mol?, sufficient for preventing the passive resorption of CTAB in aqueous
solutions.?*2214 The PSS-CTAB complex is also more rigid than micellar CTAB
and weakly adsorbed on AuNR surfaces, thus removable by applying shear forces
such as centrifugation. Since CTAB-depleted AuNRs solutions have a low shelf-
life,2*® long-term stability can be reached by replacing PSS with a more robust
coating, in the presence of surface-active agents that do not associate strongly with
the polyelectrolyte, such as citrate ions.?”” Essential to the success of the protocol
are the concentration of Na-PSS, the molecular weight of the polymer and the
incubation time. For instance, CTAB-AUNRs treated with low molecular weight
Na-PSS (average My = 3.4 kDa) are much more prone to flocculation, presumably
due to poor surface adsorption of the polymer with respect to Na-PSS of ~ 70 kDa.
Overall, this procedure represents an improvement over previous failed attempts
of treating CTAB-AUNRs solutions directly with Nas-citrate, which inevitably led
to rapid aggregation on account of the neutralizing power of citrate anions over
CTA". As happens for gold nanoparticles, citrate-AuNRs can easily undergo a
ligand exchange reaction, facilitating therefore the post-functionalization of the

surface.
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A1.12 | Applications of metalloenzyme/AuNMs nanoconjugates

Nanoconjugates assembled using natural/artificial metalloenzymes with gold
nanomaterials expanded the range of applicability of these biocatalysts in diverse
fields. In this paragraph, some of the most interesting applications will be
described, focusing on the use of HRP and Mimochromes (MCs).

Zambrano et al.?*® reported the use of a lipoic acid derivatized MC analog, Fe(l11)-
S6G(D)-MimochromeVI (namely MIMO), as a building block for decorating
AUNPs and gold electrode surfaces. (Figure A1.19).

Direct electron exchange
on gold electrode

Peroﬁda??abtivity
on gold nanoparticles

Figure A1.19. Functionalization of gold electrodes and gold nanoparticles with the
artificial metalloenzyme MIMO. Reproduced from Zambrano, G. et al. IIMS 2018, 19
(10), 2896 (Reference 216) under CC BY 4.0 license.

Independently from the surface, the immobilized MIMO@LA retained the

functional behavior of the freely-diffusing counterpart, displaying quasi-
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reversible redox properties and peroxidase activity toward ABTS oxidation,

promoted by the presence of H,O,, following Michaelis-Menten Kinetics.

Regarding the use of HRP, Chanana and co-workers studied the non-specific
physical adsorption of HRP, among other proteins, on AuNPs.?"2'8 The colloidal
stability and the enzymatic performance of the enzyme-coated NPs (Au@HRP
NPs) were explored and proved to be strongly dependent on the pH of the colloidal
solution. For instance, AU@HRP NPs aggregates at pH 4.7, the optimal pH value
for the activity of free HRP, because this pH is close to the isoelectric point of
HRP (pl = 6), but still able to catalyze the oxidation of TMB in the presence of
H,O, (Figure A1.20-A). This was seen as a color change of the AU@HRP NPs
solution after TMB oxidation.?t” This proof-of-concept work demonstrated the
feasibility of physisorption to retain the functional behavior of HRP molecules
exposed on AuNPs surface. To further exploit AU@HRP NPs, in another work,
polymerization reactions were studied using vinyl monomers (Figure A1.20-B).
The nanoconjugate was efficient in producing polymers and remained active after
recovery via centrifugation, when using AuNPs of 15 nm in diameter, or
sedimentation, when employing larger AuNPs (average diameter of 100 nm). In
particular, the authors proved that AU@HRP NPs can be reused for more than
three independent polymerization cycles, without significant loss of HRP catalytic

activity.?8
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Figure A1.20. Catalytic activity of AU@HRP NPs obtained after the enzyme physical
adsorption. A) Oxidation of TMB by Au@HRP NPs. Adapted with permission from
Mannel, M. J. et al. ACS Catal. 2017, 7 (3), 1664 (Reference ?*7). B) Catalytic cycle for
AU@HRP NPs for polymerization reactions. Adapted with permission from Kreuzer, L.
P. et al. ACS Omega 2017, 2 (10), 7305 (Reference 218). Copyright © 2017 American
Chemical Society.

In a work from Gupta and co-workers,?* citrate-AuNPs were functionalized with
a ligand made up of a short oligo(ethylene glycol) chain and a carboxybetaine
zwitterionic headgroup (Zwit@AuNP, Figure A1.21-A), which conferred
colloidal stability to AuNPs. The use of nonionic poly(ethylene glycol), as a
functionalizing agent for AuUNPs surface, is an interesting method to face the loss
of colloidal stability caused by physical and/or chemical changes (such as freeze-
drying and ion strength gradients). As a matter of fact, Zwit@AuNPs were stable
in biological fluids, capable of enduring strong changes in ionic strength and stress
from freeze-drying cycles. With the intention of creating a “plug-and-use” system,
the nanosurface of Zwit@AuNP was functionalized with avidin (covalently via
EDC/NHS chemistry) and then the affinity of avidin for biotin was exploited for
the coupling of biotin-HRP (Figure A1.21-B). The resulting HRP@Zwit@AuNP
was found to be active toward ABTS oxidation, before and after lyophilization
(Figure A1.21-C).
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Figure A1.21. A) Chemical structure of the AuNP ligand. B) Scheme of the conjugation
of avidin@Zwit@AuNP with biotin-HRP. C) Initial rates of ABTS oxidation before and
after lyophilization, showing no loss of activity of the nanoconjugate, capable of enduring
freeze-drying stress. Reprinted with permission from Gupta, A. et al. ACS Appl. Mater.
Interfaces 2016, 8 (22), 14096 (Reference 219). Copyright © 2016, American Chemical
Society.

In another work, the simultaneous coating of CTAB-AuNRs with poly(N-[3-
(trimethoxy silyl)propyl]aniline (PTMSPA) and immobilization of HRP allowed
the development of electrochemical biosensors for H,O, detection, exploiting the
redox activity of HRP.?2> PTMSPA gives rise to covalently linked porous silica
networks decorated by chains of poly(aniline), a conductive polymer. The authors
exploited HRP for the polymerization reaction of TMSPA, in the presence of
H,O,, to prepare PTMSPA to cover AuNR surfaces. During the surface
modification step, HRP remained entrapped into the polymer matrix, affording
HRP/PTMSPA@AUNRs. This enzyme-containing nanocomposite was used to
modify the surface of an ITO (Indio Tin Oxide) electrode, thus allowing H20-
detection with a detection limit of 0.06 uM and high selectivity.??

Alternatively, HRP and AuNTs were used for the detection of trichloroacetic acid
(TCA) and sodium nitrite (NaNO2).?2* AuNTs were exploited to modify the
surface of a carbon ionic liquid electrode (CILE), in order to fill the gaps between
the electrochemically active sites of HRP and the electrode surface. Also, the large

surface area of AuUNTSs allowed a high loading amount of HRP. First, CILE was
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coated with an AuNT-containing solution, and then HRP was tightly fixed on the
AUNT-CILE surface using Nafion, a proton-conductive perfluorosulfonate linear
polymer with excellent film-forming ability. The modified electrode exhibits good
electrocatalytic reduction activity for both substrates, with detection limits of 0.33
mM for TCA and 0.53 mM for NaNO.. Interestingly, a real-case scenario was
investigated, using the modified electrode for evaluating TCA concentration in a
sample of medical facial peel solution, with satisfactory results.??!

Noteworthy are the studies in which the modulation of the SPR properties of
AuNMs (described in paragraph A1.9) are harnessed for developing SPR-based
plasmonic biosensing devices, where, for instance, a noticeable colorimetric
signal is generated by changes in the size, shape, composition and aggregation
state of NMs.?22222 Remarkable progress was achieved in the development of
immunoassays, such as plasmonic Enzyme-Linked ImmunoSorbent Assay (p-
ELISA)?* or enzyme-based lateral-flow immunoassays (LFiA),?> where the
capability of NMs to carry multiple copies of biomolecules/biocatalysts is
exploited for achieving signal amplification.

The latter topic has been also addressed within this Ph.D. and will be described
in the Part B of this thesis.
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A1.13 | Aim of the thesis: Part A

In recent years, many attempts have been made to take advantage of immobilizing
metalloenzymes into or onto various nanosupports, particularly using HRP,
unraveling the influence of the interconnected multiple factors that may impact
positively, or negatively, the functional behavior of the immobilized
metalloenzyme. Additional progresses in this field may be reached by substituting
natural metalloenzymes with intelligently designed catalysts. In this regard, the
development of functional nanoconjugates can benefit from the use of
outperforming reduced molecular weight artificial metalloenzymes, such as
Mimochromes. In principle, the reduced size of FeMC6*a peroxidase (My 3.5
kDa, radius of gyration ~1 nm) grants with the possibility of increasing the active-
site density on NMs, therefore should enable an enhancement of the specific
activity of functionalized nanoconjugates.

Within this Ph.D. project, the functional repertoire of FeMC6*a has been widened,
investigating the behavior of this miniaturized peroxidase once conjugated to gold
nanomaterials, for catalysis and biosensing purposes. Specifically, in this part, the
strategies to derivatize FeMC6*a are outlined. Following, studies over the
catalytical performances of FeMC6*a upon its conjugation on AuNPs are
discussed, describing the impact of different conjugation strategies. Finally, the
attention is focused on exploring the impact of the shape of AuNMs on the

performances of the immobilized artificial mini-enzyme.
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En route to biocatalyst-conjugated
nanomaterials: synthesis and
derivatization of FeMC6*a

In this part, the synthesis and derivatization of the artificial metalloenzyme
Fe(l1l)-MimochromeVI*a (FeMC6*a), is described. FeMC6*a was derivatized
with two different linkers: i) lipoic acid (LA), to afford FeMC6*a-LA, which was
directly grafted onto the surface of gold-based supports; ii) a pegylated aza-
dibenzocyclooctyne moiety, to yield FeMC6*a-(PEG),-DBCO catalyst, easily
clickable on azide-exposing nanosurfaces. To prepare azide-functionalized gold
surfaces, the heterobifunctional linker LA@N3, obtained by modification of LA,

was also synthesized.

A2.1 | Synthesis of FeMC6*a

The synthesis of FeMC6*a was achieved as previously described.! Briefly, the
synthetic route relies on four key steps: (i) solid-phase synthesis of the peptide
scaffolds; (ii) the solution-phase coupling reactions of the peptide chains to the
deuteroporphyrin (DP1X) ring; (iii) side chain deprotection; (iv) iron ion insertion
into the apo-MC6*a, to provide the artificial metalloenzyme.?

The deca- (D) and tetradeca- (TD) peptide chains were synthesized
exploiting the 9-fluorenylmethoxycarbonyl (Fmoc) chemistry approach,
involving the stepwise assembly of the peptide chain anchored to a super acid
labile resin as the solid support. Key to the success of this strategy was the
orthogonal protection of the e-amino group of Lys® residues with a 4-methyltrityl
(Mtt) group in both peptides, enabling the subsequent selective deprotection of

this residue during the cleavage of the peptide from the resin. Subsequently,
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deuteroporphyrin IX (DPIX) was selectively coupled to unprotected Lys® of both
peptides, as depicted in Scheme A2.1.

OCH OOH D
(TD)-Lys®-NH, (D)-Lys®-NH, j
HATU, DIEA HATU, DIEA
COOH  inDMF ™ in DMF ™
DPIX TD-DPIX monoadduct TD-DPIX-D diadduct

Scheme A2.1. Schematic representation of the MC6*a synthetic strategy. DPIX is
depicted as a hollow rectangle.

Specifically, the TD peptide was coupled to DPIX in solution, and then the
monoadduct intermediate was coupled to the D chain. The subsequent cleavage
of the side chain protecting groups of the remaining amino acid residues afforded
the apo-MC6*a.

Finally, iron insertion was accomplished following a slightly modified acetate
method?® (Scheme A2.2), involving the addition of Fe(OAc)2 (20 eq.) to a solution
of apo-MC6*a in a mixture 3:2 (v/v) of acetic acid and 2,2,2-trifluoroethanol
(TFE).

NH, NH,

Leu“ Leu“

Thr'3 Thr'3

lle? lle’2

LYS:) . . :Hio Lys'! . . NH,
Arg _N o} O N rgg Arg'® . B i Arg™
Lys® Lys Lys®” SLys®
Gind Gin® GIn® GIn®
Ser’ Aib’6 Fe(0AC) Ser’ Aib’
His® Ser e(OAc), i 6
o LeuS ACOH/TFE 312 H;zﬁ f::s
G’ Gin*  50°C,3h Gin Gin*
Gin3 Aib® Gin® Aib®
fa2 Glu? Leu? Glu?
Asp' Asp' Asp’ Asp'
Ac MCé6*a re Ac FeMC6*a Ac

Scheme A2.2. Iron insertion step to afford FeMC6*a.
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To prevent oxidation of Fe(ll) to Fe(lll), during the insertion, the reaction was
carried out under nitrogen. LC-MS analysis of the reaction mixture confirmed the
occurred iron ion insertion (Experimental section, Figures A3.1 and A3.2).
Product identity was further validated by UV-Vis absorption spectroscopy
(Figure A2.1). The UV-Vis spectrum of apo-MC6*a in H,O 0.1% (v/v)
trifluoroacetic acid (TFA) displays an intense Soret band at 400 nm and Q bands
at 548 nm and 588 nm (Figure A2.1, magenta line). Analysis of the Fe(lll)-
complex spectrum confirmed the successful insertion of the iron (Figure A2.1,
black line). In aqueous acidic solution, the Soret band appears to be blue-shifted,
from 400 to 387 nm, and, in the visible region, FeMC6*a exhibits two Q bands at
494 (B) and 527 nm (o), along with a band at 613 nm (charge-transfer band).*

1.0+

0.8 -

o
o
!

Abs (a.u.)
o
S

300 400 500 600 700 800
Wavelength (nm)

Figure A2.1. Normalized UV-Vis spectra of apo-MC6*a (magenta line) and FeMC6*a
(black line) (in H20 0.1% v/v TFA).

A2.2 | Synthesis of FeMC6*a-LA

Amino groups of proteins can be converted into thiols using bifunctional reagents,
containing both a thiol and a carboxylic group. Among sulfur-containing bi-
functional linkers, LA has been widely applied for the preparation of a variety of

stable conjugates, useful for different applications.*” The functionalization of
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FeMC6*a with a lipoic acid (LA) moiety, to afford FeMC6*a-LA, involved the g-
amino group of Lys! (TD chain), which was coupled with the carboxyl moiety of
LA (Scheme A2.3).

(D)-peptide
, 2 0
‘\’/ 4 . " N-O - l\\//"\\\// /\‘ N
e } s
‘}x( < LA@NHS
(TD)-peptide £
\ Lys"
FeMCé6*a *
DIEA
DMF, rt

r §™ ) Vﬁr\f\’\\’
N FeMC6*a-LA

Scheme A2.3. Synthetic route to afford FeMC6*a-LA.

To this end, the -COOH group of lipoic acid was previously activated by
conversion into N-hydroxysuccinimidyl (NHS) ester, to afford LAQNHS.2 The
NHS ester is one of the most common reactive esters for conjugation toward
primary amines at pH 7.0-9.0.° LA@NHS was employed to perform the

conjugation reaction with FeMC6*a, via amide bond formation.
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300 400 500 600 700 800
Wavelength (nm)
Figure A2.2 Normalized UV-Vis profile of FeMC6*a-LA (in H20O 0.1% v/v TFA).

The reaction was conducted with a large excess of LA@NHS (10 eq.) in DMF at
room temperature, under alkaline media due to the presence of DIEA. The identity
of the synthesized product was confirmed by LC-MS analysis (Experimental
section, Figures A3.3 and A3.4) and UV-Vis spectroscopy (Figure A2.2). Even
in this case, the biomolecule exhibits the typical Soret band at A = 387 nm.

A2.3 | Synthesis of FeMC6*a-(PEG),-DBCO

To afford a clickable artificial biocatalyst, FeMC6*a was derivatized with an aza-
dibenzocyclooctyne (namely DBCO or DIBAC¥!) moiety, thus obtaining
FeMC6*a-(PEG)4-DBCO. A linker based on four PEG units was selected as it is
expected to enhance the solubility of DBCO in aqueous solution. Further, it is
reported that protein pegylation may broaden the working conditions of a given
biocatalyst not only improving its solubility in different solvents but also
enhancing its stability under various conditions of pH and temperature.'? Finally,
the PEG-linker flexibility should endow the enzyme with conformational
mobility, upon loading on nanostructured surfaces. Amide bond formation
between the €-amino group of Lys!! (TD peptide) and the NHS moiety of DBCO-

(PEG)4+-NHS was accomplished by carrying out the reaction using a 3-fold excess
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of DBCO-(PEG)s-NHS in presence of N,N-diisopropylethylamine (DIEA,11 eq.)
in DMF (Scheme A2.4).

= (D)-peptide
AN é'a (TD)-peptide
H 0
o//l\/\’(N\/fo/\},O\/\ro\ b + \L
0 3 0
o}

DBCO-(PEG),-NHS

Lys“

FeMC6*a

DIEA
DMF, rt

H J
o)\/\ng o/\,k)\/\o(\}' :
FeMCG*a-(PEG)4-D BCO

Scheme A2.4. Synthesis of FeMC6*a-(PEG)4-DBCO.

The alkaline medium was necessary to (i) leave the amino group uncharged, to
speed the reaction up and (ii) avoid DBCO-(PEG)s-NHS hydrolysis, which
naturally occurs at low pH values. Product characterization was carried out via
LC-MS analysis (Experimental section, Figures A3.5 and A3.6) and UV-Vis
spectroscopy (Figure A2.3). The spectrum showed the characteristic absorption
bands of both iron-porphyrin (A = 387nm) and DBCO (A = 310 nm).*®
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Figure A2.3. Normalized UV-Vis spectrum of FeMC6*a-(PEG),-DBCO (in H20 0.1%
viv TFA).

A2.4 | Synthesis of the heterobifunctional linker LA@N;

The synthesis of the heterobifunctional ligand LA@N3 involved a coupling
reaction between the carboxyl group of a-lipoic acid and the amino group of 3-
azidopropan-1-amine (1 eq.) and led to the formation of an amide bond (Scheme
A25).

o] o]
HATU, DIEA
(Y\/\)LOH e H2N/\/\N3 W (\/\/\)J\H/\/\N3
~ Lipoic acid 3-azido-1- - LA@N,

propanamine
Scheme A2.5. Synthetic route to afford LA@N:s.

The reaction relies upon the intermediate activation of the LA carboxyl group by
the addition of 2 equivalents of HATU (1-[Bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate) in the presence of
DIEA (3 eq.), to provide a phosphonium salt. intermediate. The identity of the
synthesized product was confirmed by LC-MS analysis (Experimental section,
Figures A3.7 and A3.8)
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FeMC6*a conjugation on gold
nanoparticles

In this part, the functional properties of FeMC6*a were studied upon conjugation
on AuNPs, evaluating the effect of two different immobilization strategies: i) the
direct chemisorption of FeMC6*a-LA on citrate-AuNPs, by virtue of the disulfide
moiety of lipoic acid; ii) the covalent conjugation of the clickable FeMC6*a-

(PEG)s@AuUNPs on AuNPs properly functionalized to expose azide moieties.

A2.5 | Preparation of citrate-stabilized AuNPs

The in-situ reduction of aqueous tetrachloroauric acid (HAuCls) by trisodium
citrate (Nas-citrate)'*15 allowed the preparation of a colloidal solution of citrate-
stabilized AuNPs (see experimental section),'®® characterized by a typical
surface plasmon resonance band (SPRB) at 520 nm (Figure A2.4-A). Analysis of
UV-Vis spectrum of the prepared citrate-AuNPs led to a qualitative estimation of
the AuNPs (= 15 nm), according to the method reported by Haiss et al.,'° which
was confirmed by TEM analysis. Indeed, the gold core had an average diameter
of 13.9 + 1.2 nm, determined through statistic measurements performed on the
acquired TEM micrographs, shown in Figures A2.4-B and A2.4-C.

83



PART A - A2. Results and discussion

A B
0.25-
0.20 1 ??% A
3' ) -
2 0.15 ey
£20.10 ek
< Yy
0.051 Q%

0 T T T ; )
300 400 500 600 700 800

Wavelength (nm) 100 nm
C D
60
u 845_
2]
oy T 30
. >
0
2. <
£}
e i 2
11 12 13 14 15 16 17 18
50 nm Diameter (nm)

Figure A2.4. A) UV-Vis spectrum of citrate-AuNPs, showing the SPRB centered at 520
nm. B-C) TEM micrographs of the synthesized citrate-AuNPs colloidal solution. D) Size
distribution histogram and Gaussian function obtained from fitting of the experimental
data based on TEM analysis (N ~ 300). N refers to the number of particles counted.

A2.6 | Preparation and purification of FeMC6*a-LA@AuNPs

FeMC6*a-LA@AUNPs were obtained by a ligand exchange reaction on citrate-
AUNPs using FeMC6*a-LA and lipoic acid (LA), as shown in Scheme A2.6. LA
was selected as the major component of the ligand shell (i.e., stabilizing ligand),
ensuring AuNPs stability thanks to charge repulsion between the carboxylate
groups under proper pH conditions. For this purpose, prior to the ligand exchange
reaction, the pH of citrate-AuNPs was adjusted to 11 with the dropwise addition
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of a NaOH solution (1 M). Subsequently, citrate-AuNPs were incubated with a
mixture of FeMC6*a-LA and LA (= 6:1 LA:FeMC6*a-LA molar ratio).

2 %
( '{b,‘ o h:\@

OH : \-. s @. ;

6. ot & . - PO {
ob Lipoic acid @\f,;‘@ : ‘ =0ng _
o /

¢
Y g S X { F\, &)~
v ~ e 3

~gY ©® “®
FeMC6*a-LA FeMC6*a-LA@AuNPs

Scheme A2.6. Chemisorption strategy to afford FeMC6*a-LA@AUNPs. For clarity of
display, the molecular structures of the lipoate anions have been schematically represented
as an orange halo around the AuNP surface.

This ratio was chosen to control the density of the biomolecules on the AuNPs
surface and to reduce the steric hindrance.® The chemisorption of the artificial
enzyme on the gold nanosurfaces was first ascertained by UV-Vis spectroscopy.
Figure A2.5-A reports the spectra of the citrate-AuNPs (pH 11) before and after
the functionalization, where it can be noticed a red-shift of the SPRB (citrate-
AuNPs Aspre = 520 nm, FeMC6*a-LA@AuNPs Asere = 525 nm), related to
changes in the refractive index in proximity of the nanoparticle surface.?’ The
observed red-shift, and no significant SPRB broadening, proved that the
nanoconjugate FeMC6*aLA@AUNPs was in a dispersed state upon FeMC6*a
conjugation. FeMC6*a-LA@AUNPs nanoconjugate was purified through several
cycles of centrifugation and resuspension of the obtained precipitate in NaOH
solution (pH 11), conditions that prevented aggregation. In particular, to avoid
enzyme multilayer formation, the first step of the purification involved the use of
TFE, an organic solvent endowed with a high solvation capacity toward FeMC6*a
and able to inhibit FeMC6*a-FeMC6*a interactions and/or unspecific adsorption

on AuNP surface.®
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Figure A2.5. A) Normalized UV-Vis spectra of citrate-AuNPs at pH 11 (black line) and
purified FeMC6*a-LA@AUNPs (blue line). B-C) Large image and close-up view of the
TEM micrograph of FeMC6*a-LA acquired upon negative staining. D) Size distribution
histogram (N ~ 200). N refers to the number of particles counted.

TEM analysis performed upon purification of the nanoconjugate confirmed the
success of the conjugation reaction. As displayed in Figures A2.5-B and A2.5-C,
a white halo around the gold core was revealed from the dark background upon
negative staining using the UranyLess solution. Statistical measurements (Figure
A2.5-D) on the acquired TEM images, considering the sum of the gold core and
the protein shell, allowed to evaluate the mean particle size of 15.5 + 0.8 nm.

Accordingly, the thickness of the biomolecular shell was estimated to be 2.1 + 0.9
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nm. This experimental value is in good agreement with the theoretical value of =

2 nm, determined as explained in paragraph A2.9.

A2.7 | Azido-functionalized AuNPs (Ns;-AuNPs) by ligand exchange
strategy

The functionalization of gold nanomaterials with azide-containing ligand
molecules is widely used to conjugate biomolecules on NMs by means of click
chemistry.?2® One of the most efficient and immediate methods to prepare
monodisperse azide-exposing AuNPs is a ligand exchange strategy, which
benefits from the different affinity of the molecules present in the medium.
Usually, starting from citrate-AuNPs, citrate ions are replaced by thiol-containing
molecules carrying a terminal azide group, an approach driven by the high binding
affinity between Au and sulfur. As a matter of fact, there is a significant energy
difference between Au-S (= 40 kcal-mol*)?* and Au-Ocoon (= 2 kcal-mol™?)
bonds.?® Based on these data, herein the surface of AuNPs was functionalized with
alkanethiols bearing different chemical functionalities, i.e. lipoic acid (LA) and
its azide derivative (LA@N3) (Scheme A2.7).

O o , /N
O N
5\8 MOH . Z_/\/\)LH
(o I - o S
0P £ Lipoic acid ‘i\y
o) 0% /
y (0] o)
SO o & - ie)
’ R T
H o

citrate-AuNPs I LA@N o N,-AuNPs

3

Scheme A2.7 Schematic approach used to prepare Ns-AuNPs by ligand exchange
reaction.

Before the ligand exchange reaction on citrate-AuNPs, the composition of the

ligand mixture was strictly controlled to avoid AuNPs aggregation and, most
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importantly, to reduce steric hindrance upon conjugation of the clickable
FeMC6*a-(PEG),-DBCO.% To this aim, a 9:1 LA:LA@Nsmolar ratio was chosen
to ensure a higher density of LA, the stabilizing agent, over LA@NS3;, the
functionalizing agent. Specifically, LA behaves as the stabilizing agent as the
carboxyl groups are negatively charged under basic pH conditions (pKa 4.7%7),
hence ensuring AuNPs stability by virtue of charge repulsion between the
carboxylate groups. With respect to the total composition of the ligand mixture, a
10% of LA@N3; was selected to reduce azido groups crowding on the AuNPs
surface, thus increasing the efficiency of the click conjugation.?® Further, the alkyl
chain of LA@NGsis longer with respect to that of lipoic acid, to make azide groups
easily accessible for the click reaction. The addition of LA/LA@N3 mixture (0.41
equivalents of ligands with respect to Au, in DMSO) to citrate-stabilized AuNPs
in water (pH 11) yielded N3-AuNPs. The exchange reaction was ascertained by a
red-shift of SPRB from 520 to 523 nm, which represents a strong indication of the
successful displacement of citrate ions from the AuNPs surface in favor of LA
and LA@Ns;. After 3 h, Ns-AuNPs were purified by centrifugation and
resuspension in NaOH solution (pH 11) and proved to be stable under these
experimental conditions, as highlighted by the UV-Vis spectrum (Figure A2.6-
A).
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Figure A2.6. A) Normalized UV-Vis profiles of citrate-AuNPs (black line) and N3-AuNPs
(green line). B) TEM image along with C) size distribution histogram of N3-AuNPs (N =
200). N refers to the number of particles counted.
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TEM analysis confirmed that N3-AuNPs were likely to be uniform in size and
shape, having an average diameter of 14.2 + 1.4 nm, a value in accordance with
the size evaluated for citrate-AuNPs. Some AuNPs clusters, appearing in Figure
A2.6-B, are likely due to the deposition and drying of the colloid on the copper-
coated carbon grid.?®

A2.8 | FeMC6*a-(PEG),;-@AuNPs: preparation, purification and early

characterization

The nanoconjugate FeMC6*a-(PEG).@AuNPs was prepared through a SPAAC
reaction directly on Ns-exposing AuUNPs using the clickable biocatalyst
FeMC6*a-(PEG)4-DBCO,* as shown in Scheme A2.8.
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Scheme A2.8. Schematic representation of FeMC6*a-(PEG)s@AUNPS preparation.

Upon addition of an excess of FeMC6*a-(PEG).-DBCO (1500 eq.) to an aqueous
solution of N3-AuNPs, a 6nm red-shift of the SPRB was detected by UV-Vis
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analysis (Figure A2.7-A). The reaction was left while stirring for 3 h, until no
further shifts in the plasmon resonance band were observed. Then, the prepared
FeMC6*a-(PEG)4@AuNPs nanoconjugate was purified by centrifugation,
likewise FeMC6*a-LA@AUNPs. No aggregation occurred after purification, as
the spectrum registered showed neither broadening nor red-shift of the maximum
absorbance of the SPRB. Further, it was possible to observe the presence of the
Soret band of FeMC6*a in the UV-Vis spectrum (Figure A2.7-A, orange line).

A Sniq\a B

%00 430 500 600 700 800
Wavelength (nm)
Figure A2.7. A) Normalized UV-Vis spectra of N3-AuNPs (green line) and FeMC6* a-
(PEG)s@AUNPs (orange line), both at pH 11. B) TEM micrograph of FeMC6*a-
(PEG)s@AUNPs acquired upon negative staining, along with C) the size distribution

histogram (N = 200). N refers to the number of particles counted.
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The morphology and size distribution of conjugated AuNPs were assessed by
acquiring TEM micrographs of FeMC6*a-(PEG)s@AuUNPs upon negatively
staining the grid, in order to achieve a higher contrast while highlighting the
presence of a protein shell around AuNPs (Figure A2.7-B). The statistical
analysis allowed the evaluation of the size of FeMC6*a-(PEG)s@AuNPs (20.7 +
0.1 nm, Figure A2.7-C), thus a protein layer thickness of 3.3 £ 0.3 nm. The
observed deviation for the protein layer thickness confirms that the adopted
coating technique generates highly homogeneous surfaces. Further, this value is
in good agreement with the theoretical protein shell thickness of 3.54 nm, which
can be calculated by the sum of FeMC6*a diameter and the length of the spacer

length. More details about this measure are given in the following paragraph.
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A2.9 | Estimation of FeMC6*a loading on AuNPs

Table A2.1 reports the average loading of FeMC6*a molecules per AuNP in
FeMC6*a-LA@AUNPs and FeMC6*a-(PEG)s@AuNPs nanoconjugates. These
values were evaluated by quantifying the heme moiety according to the total iron
content of the sample (1.9-10° M for FeMC6*a-LA@AUNPs and 9.1-107 M for
FeMC6*a-(PEG)s@AuNPs), and considering an AuNPs concentration of 6.8 nM
for FeMC6*a-LA@AuUNPs and 4.3 nM for FeMC6*a-(PEG)s@AuNPs
(determined as explained in the experimental section, paragraph A3.17).

Table A2.1. Concentration of gold, iron and nanoparticles, along with the evaluated
average number of FeMC6*a copies loaded on AuNPs for both nanoconjugates.

[Au] [Fe] [AuNPs]
Fe/AuNP
(10* M) (10° M) (10° M)
FeMC6*a-LA@AUNPs 5.9 1.9 6.8 280
FeMCo6*a-
(PEG):@AUNPs 3.7 0.91 4.3 210

Geometrical considerations allowed to estimate the maximum theoretical number
of protein molecules (Nmax) loadable on each spherical AuNP, as described by
Mattoussi et al.! The model assumes that the proteins are close-packed as spheres
around each AuNP and adjusts the volume ratio by the filling factor for hard
sphere (0.65).%2 Specifically, Nmax Was calculated by equation A2.1, taking into
account Rprotein, Raune @and Reomplex (Figure A2.8).

R omplex — RAunp)

3
protein

Npay = 0.65 x

(Equation A2.1)
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Figure A2.8. Schematic representation of the packing of FeMC6*a around a single AuNP.
The dimensions of each conjugate component used for calculating Nmax (the maximum
theoretical number of enzyme molecules that can be loaded on each spherical AuNP) are
shown. Adapted with permission from Zambrano, G. et al. Biotechnol. Appl. Biochem.
2020, 67 (4), 549 (Reference 30). Copyright © 1999-2022 John Wiley & Sons, Inc.
Rprotein IS related to the radius of the protein. In this regard, MCs are characterized
by a cylindrical shape, therefore FeMC6*a radius of gyration (R¢) was calculated
to consider all possible randomly oriented cylinder molecules with respect to the
AuNP (Experimental section, Equation A3.7). A value of 2xRs (1.8 nm) was
used as FeMC6*a diameter for the calculation of Rprotein.?
Raune represents the sum of the gold nanoparticle radius (Reold, €stimated to be 7.1
nm from TEM data) and the thickness of the layer. In the case of FeMC6*a-
LA@AUNPs, the protein shell is composed of the side chain of Lys residue and

LA (estimated to be around 2 nm, by considering both chains in an all-trans

92



PART A — A2. Results and discussion

extended conformation) and Rauwe was calculated to be around 9.1 nm.
Additionally, for FeMC6*a-(PEG).@AuNPs, the spacer comprises the four PEG
units. As the pegylated linker is highly flexible, an estimation of its length in water
requires to consider all the possible conformations that can adopt in water. The
thickness of the spacer, comparable to a polymer chain composed of n repeating
ethylene glycol units, can be described by the Flory radius (Rr, equation
A22)3%

Rr = an” (Equation A2.2)

In equation A2.2, o is the length of one monomer in nanometers, while n
represents the number of monomers per polymer chain. For polymer chains in
solution, as the monomers display finite volume, excluded volume interaction
should also be considered. The Flory equation thus includes a scaling exponent v,
calculated to be equal to 0.6, which accounts for monomer interactions.* For a
monomer unit in trans-trans-trans (ttt) conformation, « value is 0.35 nm, whereas
the o value is 0.28 nm when a trans-trans-gauche (ttg) conformation is adopted.®
PEG retains a ttg structure in water,* therefore the Flory radius for the PEG-
containing linker (n = 6) was calculated to be Rr = 0.28 x 6%¢ = 0.82 nm.
Considering that the alkyl chains covering the gold nanosurfaces are generally
assembled in ordered monolayers,® and considering the lysine residue as a
junction unit, the LA and Lys side chains were prudently approximated to an all-
trans extended polymer chain consisting of five monomer units in total. This
calculation furnished an approximated length of R = 0.35 x5%6 = 0.92 nm for this
part of the spacer.

Finally, Reompiex represents the AuNP-protein complex radius. Accordingly, Nmax
was estimated to be 483 for FeMC6*a-LA@AuUNPs and 458 for FeMC6*a-
(PEG)s@AuUNPs. Comparison of the experimental average loading determined by
ICP-MS analysis (Table A2.1) with the theoretical Nmax suggests the formation of

a FeMC6*a monolayer around each AuNP for both nanoconjugates.

93



PART A - A2. Results and discussion

A2.10| Conformational properties of FeMC6*a upon conjugation on

AuNPs

The conformation of FeMC6*a upon conjugation on AuNPs was revealed using
circular dichroism spectroscopy. Figure A2.9 displays the CD spectra acquired
for FeMC6*a-LA@AUNPs (blue line) and FeMC6*a-(PEG)s@AuNPs (black
line). Both nanoconjugates display two minima at 222 and 208 nm, respectively,
indicating that the peptide chains fold into an a-helix secondary structure.
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Figure A2.9. Superimposition of the CD spectra of FeMC6*a-(PEG).@AuNPs (black

line), FeMC6*a-LA@AUNPs (blue line) and FeMC6*a (red line), in 10 mM phosphate
buffer (pH 6.5) 50% TFE (v/v).

Even though the magnitude of [622] values are slower than that observed for the
freely diffusing enzyme (FeMC6*a-(PEG)s@AUNPS: 0, = — 11830 deg cm?
dmol res™, FeMC6*a-LA: 02, = — 8357 deg cm? dmol* res* FeMC6*a: 0xp, =
—15500 deg cm? dmol*res™, red line in Figure A2.9),! the helical conformation

of the artificial catalyst is still retained upon clicking on AuNPs, regardless of the
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change in the environment compared to freely diffusing enzyme, demonstrating

the structural robustness of the FeMC6*a scaffold.

A2.11 | Catalytic activity of FeMC6*a/AuNPs nanoconjugates

To verify whether FeMC6*a acts as an efficient catalyst upon immobilization on
AUNPs, the peroxidase activity of the nanoconjugates was evaluated by exploiting
ABTS oxidation as a model reaction, in the presence of the oxidizing agent H20O-.
The catalytic assays were performed under optimized conditions, previously
found for both the freely diffusing and immobilized MCs (50 mM phosphate
buffer at pH 6.5).22%" In particular, the use of the helical-inducing co-solvent,
TFE,* was essential to boost the catalysis. Indeed, as reported by Caserta et al.,*
TFE solvates preferentially the folded helical state of the peptides, acting on the
equilibrium helix/random coil state and shifting it towards a more structured
conformation.®® Therefore, the effect of TFE content on the catalysis of FeMC6*a
in the immobilized state was also investigated at three different concentrations of
TFE (0%, 30%, 50% v/v) in phosphate buffer (50 mM, pH 6.5). The data were
collected using ABTS (5 mM) and H,O; (10 mM) at a fixed enzyme concentration
(58 nM for FeMC6*a-LA@AUNPs and 28 nM FeMC6*a-(PEG).@AUuNPs, based
on ICP-MS measurements). As occurring for the freely diffusing FeMC6*a, the
initial rates were found to increase with increasing TFE percentage (Table A2.2).
This trend was observed for both nanoconjugates. Thus, for a consistent
comparison with the catalytic properties of the freely diffusing metalloenzyme, all

the catalytic assays were carried out at 50% TFE.
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Table A2.2. Initial rate for ABTS oxidation as a function of TFE percentage.

Vo (MM s%)
TFE FeMC6*a-LA @AUNPs FeMC6*a-(PEG)4@AUNPs
0 8.0-10° 1.0-10°
30 2.7-10° 6.2-10°
50 9.7-10° 2.2-10*

After the purification of the nanoconjugates, control catalytic assays were first
performed on the supernatants  collected after the  various
centrifugation/resuspension steps during the purification procedure. The activity
was detected only in the resuspended pellet, whereas only background
autoxidation activity was detected in the last supernatant (data not shown). These
results are consistent with the absence of non-specifically bound FeMC6*a
molecules on the gold nanosurfaces. Subsequently, ke (turnover frequency) and
Km (Michaelis-Menten constant) for both substrates, H.O, and ABTS, were
determined. The Kinetic curves were acquired by keeping constant the
concentration of one of the two substrates while varying that of the other substrate
(H20. 0 — 500 mM range, ABTS 5 mM; ABTS 0 — 5 mM range, H20, 100 mM).
In both cases, experiments were conducted at a fixed enzyme concentration. Initial
rates (Vo) were plotted against concentration (Figure A2.10) and fitted with a two-
substrate Michaelis-Menten equation (Experimental section, Equation A3.9).%
Interestingly, the enzyme activity followed a typical Michaelis-Menten Kinetics,
as observed for the freely diffusing FeMC6*a.’
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Figure A2.10. Peroxidase activity of FeMC6*a-LA@AUNPs (A, B) and FeMC6*a-
(PEG)s@AUNPs (C, D). A, C) Initial rate dependence toward ABTS concentration; B, D)
initial rate dependence toward H,O, concentration.

Catalytic parameters are summarized in Table A2.3 and compared to those

obtained for the freely diffusing enzyme.
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Table A2.3 Catalytic parameters for FeMC6*a, FeMC6*a-(PEG)s@AuNPs and
FeMC6*a-LA@AUNPs.

K™ | Kn'® | ko | kea/ KR | Kecar/Kp®™
Sample (10tmM) | (20°mM) | (10%sY) (mM-1st) (mM-1s?
0.92 4.4
*3! + + 104 +
FeMC6*a +0.12 £ 05 58+3 | (6.4+0.8)-10 13+£2
*q-
Figﬂé:g) 2 1.93 2.16 1.10 (57+0.2) 0.51
4
+ + + .102 +
@AUNPS® +0.05 +0.04 +0.03 10 +0.02
FeMC6*a- 3.4 2.0 0.87 (2.6 £0.3) 0.44
LA@AUNPs +0.3 +0.2 +0.04 -10? +0.05

Experimental data revealed that, upon immobilization on AuNPs, FeMC6*a
retains its peroxidase activity, independently from the immobilization strategy,
i.e. modification of the enzyme to perform chemisorption or the click ligation.
Examination of the data reported in Table A2.3 reveals a marked decrease in the
keat Value when moving from the freely diffusing enzyme (kcat 5800 s) to the
FeMC6*a-(PEG)s@AUNPs (kexa = 110 s) and FeMC6*a-LA@AUNPs
nanoconjugates (kecat = 87 s%), and a slight increase in the Kn values for ABTS.
The reduced activity observed upon enzyme immobilization on AuNPs is not
surprising, as the catalytic efficiency of natural enzymes can broadly change upon
immobilization onto different surfaces and/or AuNPs.*-%* Several factors may
affect catalytic efficiency, such as catalyst crowding around the AuNPs surface,
enzyme inaccessibility and limited diffusion of the substrates to the active site.
For instance, the presence of the negatively charged carboxylate groups on the
AuNPs surface, for the LA presence in the shell, may influence diffusion and in
turn binding affinity of ABTS to the active site. Indeed, increasing K value for
ABTS were observed moving from the freely diffusing FeMC6*a (Kn/8Ts = (0.92
+0.12)-10' mM) to FeMC6*a-LA@AUNPs (K8 = (0.34 + 0.03) -10' mM) and
FeMC6*a-(PEG)s@AUNPs (K85 = (1.93 + 0.05) -10' mM ). In this respect, the
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composition of the spacer arm between the biomolecule and the surface seems to
have a different impact on ABTS K, with the elongation and the flexibility of the
pegylated linker playing a positive role in slightly improving the performances of
FeMC6*a-(PEG).@AUNPs respect to FeMC6*a-LA@AUNPs.
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FeMC6*a on anisotropic gold
nanomaterials

The conjugation of multiple copies of FeMC6*a on the AuNPs surface by means
of SPAAC proved to be a simple and efficient method to prepare a catalytically
active nanoconjugate. The feasibility of the click approach was further confirmed
by examining the properties of this mini-enzyme when switching from isotropic
to anisotropic nanostructures. The aim was to investigate how the properties (as
shape and surface area) of the nanosupport affect the functional behavior of
FeMC6*a. In this part, the route to prepare azide-exposing gold nanorods and
prismatic triangular nanosupports is described, together with a comprehensive
study of the catalytic performances of the different nanoconjugates.

A2.12 | Preparation, purification and early characterization of CTAB-

AuNRs and CTAB-AuNTs

A solution of highly pure and evenly dispersed gold nanorods was prepared using
the surfactant-directed seed-mediated growth method (described in paragraph
A1.9),% in the presence of cetyltrimethylammonium bromide (CTAB) as a
stabilizer, CTAB and AgNOs as shape-directing agents, HAuCl, as Au(l11) source
and NaBH. and ascorbic acid (AA) as reducing agents. The synthesis occurred in
two steps: separate preparation of seed and growth solutions, and injection of the
seeds into the growth solution to induce the formation and growth of rod-shaped
gold nanomaterials (AuNRs). The synthesis was promptly followed by
purification, through a series of centrifugation cycles, to remove any excess
reagents and CTAB (details in the experimental section, paragraph A3.11). The

collected precipitates were resuspended in a diluted aqueous CTAB solution (2
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mM),*" allowing to retain colloidal stability.*®4° The presence of AUNRs in the
purified colloidal solution was confirmed by Vis-NIR spectroscopy, as the
absorption profile revealed two characteristic bands: the transversal SPRB (T-
SPRB) at 513 nm and the longitudinal SPRB (L-SPRB) at 687 nm (Figure A2.11-
A).

CTAB-AuNRs CTAB-AuNTs
A L-SPRB . .
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;:‘ 0.8 ’:‘; 0.8+ ’; 0.8
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Figure A2.11. Normalized Vis-NIR spectrum of: A) CTAB-AuUNRs; B) the heterogeneous
mixture of AuNTS; C) purified CTAB-AUNTS.

AUNTSs were prepared by the in-situ reduction of Au (I11) (in the form of HAUCI,)
to Au(0) using Na,S,0s, giving a mixture of nanomaterials.*® As a result of the
diversity in size and shape, a separation method was needed to improve the purity,
yield and homogeneity of AUNTS. Such a separation procedure was achieved via
depletion flocculation, in the presence of CTAB micelles. In this procedure,
described in detail in paragraph A1.8, the separation effect is dependent on the
amount of the added surfactant.* At a critical CTAB concentration (0.167 M),>
the number of micelles in solution was sufficient to induce the separation of
AuNTs of = 100 nm from the reaction mixture. The sedimented AuNTs were
redispersed in a minimal amount of Milli-Q water, to reduce the effective
attractive potential, and the surfactant concentration was further decreased until 2
mM by centrifugation,*’ leading to stable colloidal solutions of CTAB-AuUNTS

(details are outlined in the experimental section, paragraph A3.12). The
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absorbance profile of the as-prepared product (Figure A2.11-B) displays bands
at: 1030 nm, for AuNTs of = 100 nm, 532 nm, due to nanoparticles and a shoulder
at 1420 nm, for the presence of larger AuNTs. The last two contributions

disappeared after the purification procedure (Figure A2.11-C).

The morphology and size distribution of both gold nanomaterials were
assessed by transmission electron microscopy. The quasi-cylindrical or triangular
shape of the prepared AuNRs and AuNTSs is readily apparent in Figures A2.12-A
and A2.12-F. Furthermore, a comparison between Figures A2.12-E and A2.11-F
provides strong evidence of the impact of the micelle-induced depletion process
on the homogeneity of the nanomaterial. Statistical analysis of the TEM
micrographs was performed, and the size distribution histograms shown in
Figures A2.12-B, A2.12-C, A2.12D and A2.12-G enabled, for CTAB-AuUNRs,
the evaluation of the average length (46 + 4 nm), width (16.9 £ 1.2 nm) and aspect
ratio (2.8 £ 0.3). For CTAB-AUNTS, an average edge length of 92 + 24 nm was
obtained. Both nanomaterials are stabilized in aqueous solutions of CTAB, at 2

mM concentration.

102



PART A - A2. Results and discussion

CTAB-AuNRs
B

20+
0+ ‘ —
30 40 50 60
Length (nm)
Cc D
100- 100+
;\;\80-
& 60-
5
Q 40
@)
20+
0 T T T 1 0
12 14 16 18 20 20 25 30 35 40
Width (nm) Aspect ratio
CTAB-AuNTs

E o i ' F

e

0 40 80 120 160 200
Ed! th

A

Before depletion
- ——
After depletion

1>(‘)0 nm

Figure A2.12. A) TEM micrograph of CTAB-AuUNRSs, along with B-D) the corresponding
size distribution histograms (N ~ 300). TEM images of CTAB-AuUNTS: E) before and F)
after the depletion procedure and purification. Inset) Histogram of the distribution of the
edge length (N = 300). N refers to the number of NMs counted.
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A2.13 | Preparation and early characterization of citrate-AuNRs and

citrate-AuNTs

In order to immobilize FeMC6*a-(PEG),-DBCO on AuNRs and AuNTS by click
ligation, the surfaces of both nanomaterials were functionalized with a mixed
monolayer of LA and LA@Ns.

This functionalization was not a trivial task, indeed CTAB displacement by
incoming ligands is a difficult process because CTAB molecules arrange in an
intimate double layer on gold nanosurfaces (as explained in paragraph
A1.8).51%3% Therefore, as a first trial, after decreasing the high CTAB
concentration deriving from the synthesis (> 0.1 M) until 2 mM, the addition of
lipoic acid and LA@Ns, led to rapid aggregation and formation of black
precipitates (data not shown), regardless of the conditions tested (ligand
concentration and pH). This finding suggested that, even exploiting the strength
of the Au-S bond by using incoming dithiolane-containing molecules,?* the direct
exchange of CTAB in aqueous medium is unfeasible in the tested conditions and
with the use of the targeted ligands. This phenomenon can be interpreted as
deriving from the destabilization of the CTAB bilayer before the complete
exchange, resulting in overall destabilization and rods aggregation.>®% This
challenge was bypassed by the use of sodium polystyrene sulfonate (Na-PSS).’
Na-PSS  polyanion irreversibly binds to the positively charged
trimethylammonium heads of CTA*,% creating a rigid complex that allows for the
gradual desorption of CTAB from gold nanosurfaces. Originally, Mehtala and co-
workers®” conceived this protocol for gold nanorods, but herein its effectiveness
for gold nanotriangles has been proved. Briefly, the procedure 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

(average My 70 kDa, 0.15% wt), for at least 1 h in each step, to allow the polyanion
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to associate with CTA*. As PSS is not a suitable ligand for endowing CTAB-
depleted AuNMs solutions with a long shelf-life,>*® 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 the experimental section
(paragraph A3.13). The progress of the various displacement cycles was verified

spectroscopically.
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Figure A2.13. Normalized absorption spectra of: A) CTAB-AuUNRs (stage 0, black line),
PSS-AuNRs (stage 3, magenta line) and citrate-AuNRs (stage 5, blue line) and B) CTAB-
AUNTSs (stage 0, dotted black line), PSS-AuNTSs (stage 3, yellow line) and citrate-AuNTSs
(stage 5, wine-red line). Insets. Zoom of the superimposed spectra to highlight the shifts
of the bands. C) Detail of the UV profile of PSS-AuNRS/AuNTS (after stage 3) outlining
the peaks related to the presence of PSS (gray line) and the absence of these peaks in the
spectra of citrate-AuNRs (blue line) and citrate-AuNTSs (wine red line), after stage 5.
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The conversion of CTAB-AUNMs in PSS-AuNM s led to a 6 nm blue-shift of the
L-SPRB for AuNRs and, similarly, a 4 nm blue-shift for AUNTSs (from stage 0 to
stage 3). These shifts are consistent with the literature data.’®! Then, the
formation of a citrate shell resulted in a further 3 nm blue-shift (from stage 4 to 5,
Figure A2.13-A). Further a consistent red-shift of 37 nm was observed when
affording citrate-AuNTSs (Figure A2.13-B). Insets in Figure A2.13 highlight the
observed shifts. The replacement of Na-PSS by citrate ions was also evidenced by
the disappearance of the UV bands of Na-PSS at 254 and 261 nm (Figure A2.13-
C, gray line), related to the m-m* transition of the substituted benzene ring, in
citrate-AuUNRS/AuUNTS spectra after stage 5 (Figure A2.13-C, blue and wine-red
lines). Indeed, Na-PSS in aqueous solution displays two distinctive absorption
bands in the UV region, around 196 and 226 nm. In the absence of CTAB, the
polyanions (PSS™) form hydrogen bonds with water molecules, some of which can
be replaced by CTA" cations. As a consequence, the charge density on the benzene
ring increases and the band gap of n-n” transition decreases, and this leads to red-
shifts of Na-PSS absorption maxima in PSS-AuNMs colloids.®?

Notably, no significant changes in the size distribution of CTAB-AUNRS/AUNTS
after PSS/citrate treatment were observed (Figures A2.14-A and A2.14-E). Some
aggregates, visible in Figure A2.14-E, may be due to the deposition and drying

process.?®
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Citrate-AuNRs
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Figure A2.14. TEM micrographs and size distributions for citrate-AuNRs (A-D) and
citrate-AuNTS (E, F). (N = 200, N refers to the number of NMs counted).
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Table A2.4 reports the average size dimensions determined by TEM studies after
the PSS/citrate exchanges, in which is outlined that the treatment performed on
CTAB-AuUNRs/AuUNTS did not affect negatively either the morphology or the size
of the nanomaterials.

Table A2.4. Mean values and standard deviations of the average dimensions evaluated for
CTAB-AuNRS/AUNTS and citrate-AuNRS/AuUNTS.

Clpjaling AUNRS AUNTS
agent
Length Width AR
Edge length
L innm) | (W, innm) | (LW) ge length (nm)
CTAB 46+4 | 169+12 28+03 92 + 23
Citrate 48 +3 19+3 |25+03 98 + 24
(stage 5)

{-potential measurements allowed to evaluate the electrical charge on NMs
surfaces and provided additional evidence of the gold-shell changes. As expected,
AuNMs capped with CTAB have a positive (-potential value, whereas negative
values were observed in the presence of PSS or citrate ions. Table A2.5 reports
the {-potential values measured for all the prepared nanosamples.

Table A2.5. (-potential values and standard deviations were evaluated after each surface
manipulation of the target gold nanomaterials.

C-potential value (mV)
Capping agent AuNRs AuUNTSs
Thiosulfate / -33.3+0.7
CTAB +48 £ 2 +47.6 £ 0.8
PSS (stage 3) -34.7+0.5 -35+2
Citrate (stage 5) 456+ 1.2 -47.1+04

These values are similar to those reported in the literature.>”*® Further, the trend

of the data supports the effectiveness of the method.
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A2.14| Nanomaterial surface characterization by ATR FT-IR

spectroscopy and XPS

Initial identification of the coating shell nature around the gold core was
performed by ATR FT-IR spectroscopy (Figure A2.15). Spectra of reference
materials (CTAB, Na-PSS, Nas-citrate in powder, shown in the experimental
section, Figure A3.10) were used for comparison.

B 1 i 1

\/Vﬁ RSO)

C

Transmittance (a.u.)

Y(R-CO,)—
3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™)

Figure A2.15. ATR FT-IR spectra acquired with pelleted A) CTAB-, B) PSS- and C)
citrate-capped gold nanomaterials.

The replacement of CTAB with PSS molecules was confirmed by the
disappearance of the C-N stretching bands at = 960, 940 and 910 cm™, and the
appearance of PSS characteristic bands at = 1180, 1120, 1040 and 1008 cm™?,
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typical of R-SO* groups.t® The replacement of PSS by citrate ions was
supported by the presence of a peculiar band at = 1580 cm™!, due to the stretching
of carboxylate moieties.®” Further, as CTAB molecules show intense bands
associated with sp® C—H stretching (2900-2800 cm, values of well-organized
methylene chains in self-assembled monolayers)>® and —CHj; deformation (1480-
1450 cm'?), attenuation of these bands in the final citrate samples is an additional
proof of CTAB replacement.

To get further insights into the composition of the gold coating shell, and provide
supplementary evidence of the surface modification steps, a chemical elemental
analysis of the nanosurfaces was carried out using XPS (X-ray photoelectron
spectroscopy). Figures A2.16-A, A2.16-B and A2.16-C (and Figure A3.11 in the
experimental section) show the low-resolution survey spectra obtained for CTAB-
, PSS- and citrate-AuNRs and AuNTSs, respectively. These spectra are
characterized by signals related to the binding energies (BES) of various atomic
species, as follows: gold (Au 4f), carbon (C 1s), nitrogen (N 1s), bromide (Br 2p),
sulfur (S 2p), sodium (Na 1s), oxygen (O 1s). For more clarity, Figures A2.16-D,
A2.16-E and A2.16-F also report the molecular structures of CTAB, Na-PSS and
Nas-citrate. More detailed information was provided recording high-resolution

XPS spectra in the distinctive regions corresponding to the different elements.
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Figure A2.16. Survey XPS spectra (binding energy (BE) vs counts per second (CPS)) and
molecular structures of A) CTAB-, B) PSS- and C) citrate-covered AuNRs. (PSS-AuNRs
after stage and citrate-AuNRs after stage 5). (=) Au 4f; (—) S 2p; (==) Br 3p and 3d; (=)
C 1s; (=) N 1s; (==) O 1s; (---) Ti signal when ITO holders were used. Molecular
structures of CTAB (D), Na-PSS (E) and Nas-citrate (F).

A typical Au 4f XPS spectrum features two contributions, corresponding to the

Au 4f7, and Au 4fs;, core-levels, due to spin-orbit coupling. In bulk gold, these

two peaks are separated by 3.67 eV, with the Au 4f7, peak at 84.0 eV and 4fs, at

87.67 eV. These values are consistent with the Au(0) oxidation state. In all the
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nanosamples studied, appreciable deviations from the atomic or bulk standard
gold values were not observed (Experimental section, Figures A3.12 from Ato F
and Table A3.2). Noteworthy, the lack of any peak at BE of 85.8 eV and 89.1 eV,
characteristic of the Au(lll) oxidation state, indicate the absence of the gold
precursor in the samples.%

In addition, the CTAB-AUNRS/AuUNTS survey spectra (Figure A2.16-A and
Figure A3.11) clearly show the signals corresponding to Br (Br 3p and Br 3d at
66.0 eV), as well as N 1s at 401 eV. These signals were detected neither in the
survey nor in the high-resolution spectra acquired after the PSS/citrate treatment
(stage 3 for PSS-AuNMs and stage 5 for citrate-AuNMs). This finding is a proof
of the CTAB displacement from the nanogold surfaces. Further, this is better
observed in the high-resolution spectra shown in Figure A2.17, in the region
corresponding to Br 3p and N 1s.

® Experimental data — Gaussian fit
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Figure A2.17. High-resolution XPS spectra recorded in the binding energy region
corresponding to Br 3p and N 1s. Br 3p for: A) CTAB-AuNRs, B) PSS-AuNRs, C) CTAB-
AuNTs and D) PSS-AuNTs. N 1s for: E) CTAB-AuNRs, F) PSS-AuNRs, G) CTAB-
AuUNTSs and H) PSS-AuNTSs.
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The signal from Br 3p can be deconvoluted into a doublet (due to spin-orbit
coupling), corresponding to Br 3p1 and Br 3ps. (BE 180.4 eV and 187.0 eV for
CTAB-AuUNRs and 180.2 eV and 186.9 eV for CTAB-AUNTS, Figures A2.17-A
and A2.17-C), confirming that the Br ions cover the Au surface, and interact with
CTA" for the formation of a bilayer.

When analyzing PSS-AuNRs and PSS-AuNTSs in the same region, see Figures
A2.17-B and A2.17-D, no peaks are observed and only background noise is
detected. A similar trend has been reported in the literature, when CTAB
molecules are displaced by 11-mercaptoundecanoic and 16-mercaptohexanoic
acids.47:6

The N 1s spectrum was properly fitted with just one peak (Figures A2.17-D and
A2.17-F) centered at 401.3/401.2 eV for CTAB-AUNRS/AuUNTS respectively,
corresponding to the protonated amine of the surfactant head-group.%®” On the
other hand, N 1s signals are absent in the high-resolution spectra for PSS-AuNRs
and PSS-AuNTSs (Figures A2.17-E and A2.17-G). Further, the appearance of the
signal corresponding to S 2p further supports the success of the CTAB to PSS
exchange. In the high-resolution spectra, the S 2p signal can be deconvoluted into
a doublet related to the levels S 2ps2 and S 2p12 (also in this case for spin-orbit
coupling) with maxima at 168.4 eV and 169.6 eV for PSS-AuNRs and 168.3 eV
and 169.5 eV for PSS-AuUNTS, respectively (Figures A2.18-A and A2.18-C).68"0

® Experimental data — Gaussian fit
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Figure A2.18. High-resolution XPS spectra recorded in the energy region corresponding
to S 2p for: A) PSS-AuUNRs, B) citrate-AuNRs, C) PSS-AuNTS and D) citrate-AuNTS.
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These contributions lack in the high-resolution spectra of citrate-AuNRs and
citrate-AuNTSs (Figures A2.18-B and A2.18-D), along with the signals related to
Br 3p and N 1s, either in the survey (Figures A2.16-C and Figure A3.11 in the
experimental) and in the high-resolution spectra (data not shown).

The C1s signal in the high-resolution spectra of CTAB-AUNRS/AUNTS can be
deconvoluted into two peaks, at 283.9/283.8 eV and 284.9/285.0 eV (Figures
A2.19-A and A2.19-D). The first signal can be assigned to the methylene groups
of the hydrophobic chains of the surfactant, while the signal at higher energies can
be assigned to the C atoms bound to the more electronegative N atom of the
quaternary ammonium head of CTAB."* PSS/citrate treatment caused a change in
the pattern of the peaks observed in the C 1s region (Figures A2.19-B, A2.19-C,
A2.19-E and A2.19-F). Indeed, apart from hydrocarbon species (C—H/C—C; B.E.
285.2 eV), signals related to C atoms bound to O atoms appeared ah higher
energies (C-OH/C-OR, BE = 286.8/286.6 eV, C(=0)O, B.E. = 288.6/288.5 eV for
citrate-AuNRs and citrate-AuNTS respectively), as expected considering the

molecular structure of Nas-citrate (Figure A2.16).
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® Experimental data— Gaussian fit
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Figure A2.19. High-resolution XPS spectra recorded in the energy region corresponding
to C 1s for: A) CTAB-AUNRSs, B) PSS-AuUNRs, C) citrate-AuNRs, D) CTAB-AUNTS, E)
PSS-AuNTSs and F) citrate-AuNTSs.

Concerning the high-resolution O 1s region, for all the nanosamples, the signal
can be deconvoluted into three components (Figure A2.20). These contributions
have a BE of ~ 530, 531 and 532 eV for CTAB-AUNRS/AUNTS (Figures A2.20-
A and A2.20-D). The observed peaks indicate the presence of some oxygen-
containing molecules, such as water molecules, trapped in the CTAB bilayer (near
the tetramethylammonium heads)’2 or coming from the substrate holder (at ~ 532
eV), contribute which cannot be discarded.” For the O 1s signal of PSS-AuUNRs
and PSS-AuNTs (Figures A2.20-B and A2.20-F), only the low binding energy
component at 531.9 eV and 531.7 eV (for PSS-AuNRs and PSS-AuNTs

respectively) can be assigned to the SO; moiety.5!
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® Experimental data— Gaussian fit
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Figure A2.20. High-resolution XPS spectra recorded in the energy region corresponding
to O 1s for: A) CTAB-AUNRs, B) PSS-AuNRs, C) citrate-AuNRs, D) CTAB-AUNTS, E)
PSS-AuUNTSs and F) citrate-AuNTSs.

Finally, the BE values of the three components of the O 1s signal are centered at
531.6/531.5 eV, 532.8/533.0 eV and 535.8/535.7 eV for citrate-AuNRs and
citrate-AuNTs respectively (Figures A2.20-C and A2.20-F). The first two
components are usually related to the O atoms involved in C-O and C=0 bonds,
whereas the signal having the higher BE can be ascribed to O atoms of water
molecules adsorbed in the layer.”

In conclusion, the complete investigation with the XPS technique on AuNRs and
AUNTS proved that, independently from the gold nanomaterial shape, the CTAB
“cleaning” procedure and the subsequent formation of a citrate shell were

successful.
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A2.15 | Preparation and early characterization of azide-exposing

AuNRs and AuNTs

The preparation of azide-exposing AuNRs and AuNTSs was accomplished using a
mixture containing LA and LA@N3.%° The pH of the colloids was adjusted to 9
with the dropwise addition of NaOH solution (1 M), then the mixture (100-fold
excess of LA and LA@Ns - molar ratio 9:1), was added. The reaction was
monitored spectroscopically and, after a 20 h incubation time (at room
temperature, in the dark with mild stirring), Ns-AuNMs were purified by two
centrifugation cycles. The supernatant containing the excess ligands was
discarded, while the collected pellets were resuspended in a NaOH solution (pH
9). Absorption spectra recorded after the purification showed a 6 nm and a 12 nm
red-shifts of the plasmonic bands for N3:-AuNRs and Ns-AuNTS, respectively
(Figures A2.21-A and A2.21-B).

citrate- to N,-AuNRs citrate- to N,-AuNTs
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Figure A2.21. A) Normalized superimposed Vis-NIR spectra of A) citrate-AuNRs (blue
line) and N3-AuNRs (orange line); B) citrate-AuNTS (wine-red line) and N3-AuNTS (red
line). Insets. Zoom of the superimposed spectra to highlight the shifts of the bands.
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N3-AuNRs

B
100+

40 45 50 55 60
Length (nm)

50 80

60+

40

0_

10- 201 I
0l 0 | I

13 14 15 16 17 18 19 20 20 25 35 40
Width (nm) Aspect ratio

N,-AuNTs

40 80 120 160 200

: — L Edge length (nm)
Figure A2 22. TEM mlcrographs and size distributions of N3-AuNRs (A-D) and Ns-
AUNTSs (E, F). (N =200, N refers to the number of NMs counted).
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TEM studies proved that the displacement of citrate with the alkanethiols mixture
did not affect the morphology of the nanomaterials (Figures A2.22-A and A2.22-
E), nor their size distributions (Figures A2.22-B, A2.22-C, A2.22-D and A2.22-
F). Indeed, the statistic measurements highlighted no significant changes in the
dimensions of the gold core (N3-AuNRs: average length of 49 + 3 nm, width of
17.5 + 0.9 nm, aspect ratio of 2.7 £ 0.2; N3-AuNTSs average edge length of 101 £
19 nm.

ATR FT-IR spectroscopy was used to ascertain the presence of azide moieties on
AuUNMs. Figure A2.23 reports, as an example, the IR signals coming from the
ligand molecules for the pelleted N3-AuNRs.%"47 The signal at 2100 cm™?, absent
in the spectra of the precursors, can be ascribed to azide stretching,? and its
presence supports the successful ligand exchange reaction. The bands at = 2920
and 2850 cm are related to asymmetric and symmetric vibrations, respectively,
of the methylene groups. Further, the bands at =~ 1690 and 1540 cm™ are mainly
associated with the C=0 and COy" stretching vibrations of lipoic acid. Important
to notice is the prominent band = 1650 cm™, which can be assigned to the
stretching of the C=0 involved in the secondary amide bond. For N3-AuNTSs, the
IR spectrum shows a similar profile (data not shown).
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Figure A2.23. ATR FT-IR spectrum of pelleted N3-AuNRs.
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In addition, as expected because of the presence of 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).

A2.16| Assembling and early characterization of FeMC6*a-based

nanoconjugates

The artificial catalyst FeMC6*a-(PEG)s-DBCO was “clicked” on the target
nanomaterials (Ns-AuNRs/AUNTS) through an in-situ SPAAC, performed at pH
9 adding 30 eg. and 5 eq. of a stock solution of FeMC6*a-(PEG).@DBCO in
DMF, for AuNRs and AuNTs respectively. The reaction was followed
spectroscopically for 4h, after which, as no further shifts in plasmon resonance
bands were observed, purification from the excess of free enzyme occurred
through centrifugation (4 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
safeguard the stability of the colloidal solution. As already performed for AuNPs,
after the first cycle, the pellet was resuspended in an aqueous solution of NaOH
pH 9 with 50% (v/v) TFE, to get rid of the enzyme excess which could be non-
specifically adsorbed on AuNMs surface.®*®® The success of the conjugation
reaction was assessed by Vis-NIR spectroscopy: the spectrum acquired for
FeMC6*a-(PEG).@AuNRs after the purification procedure showed an 11 nm red-
shift of the L-SPRB, centered at 691 nm, and a 2 nm red shift of the T-SPRB,
centered at 515 nm, with respect to the precursor (Figure A2.24-A). Also for
FeMC6*a-(PEG)s@AUNTSs, the spectrum acquired after purification showed a 29
nm red-shift of the SPR band with respect to the precursor (Figure A2.24-C). In
addition, the weak absorption band around 398 nm, consistent with the heme Soret

absorption band, provides a distinctive mark of the occurred SPAAC ligation. No
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shifts or broadening of the bands occurred during the centrifugation cycles, thus

indicating that the purification procedure did not hamper the colloidal stability.
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Figure A2.24. Normalized Vis-NIR spectra of purified A) FeMC6*a-(PEG)s@AuUNRs
(light blue line) and C) purified FeMC6*a-(PEG).@AuNTs (purple line). B-D) TEM
images of FeMC6*a-(PEG)s@AuUNRs/AUNTS acquired upon negative staining.

Figures A2.24-B and A2.24-D show TEM images of the prepared
nanoconjugates. Upon negative staining, in both samples the presence of a white
halo, indicative of FeMC6*a loading on gold nanosurfaces, is clearly visible.*
Further, a shell thickness of 3.1 + 0.4 nm around nanorods and 2.5 + 1.2 nm around
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the nanotriangles confirmed the presence of the covalently linked FeMC6*a, as
these values are in agreement with results on AuNPs and with the theoretical value
of 3.54 nm (see paragraph A2.8 and A2.9).

A2.17 | Evaluation of FeMC6*a amount in the nanosamples

As previously described (see paragraph A2.9), the catalyst concentration for the
FeMC6*a-(PEG).@AuNPs conjugate was determined by ICP-MS analysis. In
order to get an easy and rapid procedure for assessing the enzyme content in the
nanomaterial preparation, for FeMC6*a-(PEG)s@AuNRs and FeMC6*a-
(PEG):@AuNTs, the method reported by Onoda et al.> was tested. This method
foresees the quantification of the heme moiety, in the presence of AuNPs, on the
basis of the total iron content of the sample, by sample treatment with potassium
cyanide. Indeed, this reagent promotes the disruption of the gold nanomaterials

via oxidation of Au® to Au"'(CN)7, according to the reaction reported below:
4Au + 16KCN + 6H,0 + 30, — 4K[Au(CN),] + 12KOH

This reaction quenches the SPR band, as the absorption of the complex
Au''(CN); is weaker compared to the SPR bands of gold nanomaterials (7% ~
10° Mt ¢cm™).”® This, in turn, allows to spectroscopically detect heme-cyanide
complexes.

The use of a quasi-stoichiometric amount of KCN (1.25-fold molar excess of
cyanide ions with respect to the enzyme) afforded the mono-cyanide adduct of the
enzyme ferric heme complex. This complex is characterized by a Soret band
positioned at 406 nm (Experimental section, Figure A3.9, blue line). The addition
of 125-fold molar excess of CN" to the samples induced the formation of the bis-
cyanide complex of FeMC6*a, as revealed by the position of the Soret band at
416 nm and the appearance of a single Q band at 550 nm (Experimental section,

Figure A3.9, purple line), as already reported for similar complexes of the analog
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(Fe(111)-Lys°Dab-MC6*a)’” and natural heme-proteins.”® By using the molar
extinction coefficient at 416 nm ("% = 61754 M'cm™) (Figure A2.25), the
concentrations of FeMC6*a in FeMC6*a-(PEG).@AuUNRs and FeMC6*a-
(PEG):@AuNTs were found to be 7.2-107 M and 6.8-10°" M, respectively.
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Figure A2.25. Vis spectrum of the bis-cyanide complex obtained from FeMC6*a-
(PEG)s@AuUNRs (A) and FeMC6*a-(PEG).@AUNTs (B).

In order to evaluate the validity of this procedure, a sample of FeMC6*a-
(PEG)s@AUNPs was subjected to the same treatment. FeMC6*a concentration
obtained from the cyanide method (9.6-107 M) was found to be comparable to
that obtained with ICP-MS (Table A2.1), thus confirming the effectiveness of the

procedure.

A2.18| Conformational analysis of FeMC6*a-(PEG);@AuNRs and
FeMC6*a-(PEG),@AuNTs

A conformational analysis was carried out to evaluate whether immobilization of
FeMC6*a onto AuNRs and AuNTSs affects its folding. Figure A2.26 shows the
CD spectra for FeMC6*a-(PEG).@AuUNRs (orange line) and FeMC6*a-
(PEG)s@AUNRs (green line).
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Figure A2.26. Superimposition of the CD spectra of FeMC6*a-(PEG)s@AUNRs (orange
line), FeMC6*a-(PEG)s@AuUNTs (green line) and FeMC6*a (red line), in 10 mM
phosphate buffer (pH 6.5) 50% TFE (v/v).

The CD spectrum of FeMC6*a-(PEG)s@AuNRs * displays two minima around
224 and 210 nm, respectively, typical of helical conformation, with a molar
ellipticity ([0] 224 nm= —11350 deg cm? dmol* res™) slightly lower than that
observed for the freely diffusing FeMC6*a (Figure A2.26, red line). In the
FeMC6*a-(PEG).@AuUNTSs conjugate (Figure A2.26, green line)the peptides
show poor helical conformation ([0] at 224 nm -5570 deg cm? dmol* res™), and
spectral features suggesting helical aggregation as the ratio of the ellipticity at 222
nm to that at the shorter wavelength minimum ([0]ratio) is > 1.0.7

This finding may be tentatively ascribed to the differences in the shape of the
nanomaterials. Indeed, being AuNTS flatter than AuNRs, it can be hypothesized
that major crowding and aggregation of the enzyme molecules may occur on

AUNTSs surface with respect to the more curve AuNRs.
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A2.19| Catalytic assays

Similarly to FeMC6*a-(PEG).@AUuNPs, to verify the absence of freely diffusing
FeMC6*a in the nanoconjugates FeMC6*a-(PEG)s@AuUNRs/AuNTs control
catalytic assays were performed on the supernatant. In phosphate buffer pH 6.5,
50 mM, with 50% (v/v) TFE, [ABTS] =5 mM, [H20;] =10 mM. Only background
autoxidation activity was detected in the last supernatant (data not shown). Then,
keat and Ky for both substrates, H,O, and ABTS, were determined in phosphate
buffer pH 6.5, 50 mM, with 50% (v/v) TFE, optimal conditions for the catalysis
of the free and the immobilized FeMC6*a on AuNPs. 3 Progress curves were
recorded keeping one of the two substrate concentration constants and varying the
other (H20, 0 — 250 mM range, ABTS 5 mM; ABTS 0 — 5 mM range, H,0, 100
mM), at a fixed enzyme concentration (20 nM for FeC6*a-(PEG).@AuUNRs and
25 nM for FeC6*a-(PEG).@AUNRs). The initial rates (vo) were plotted against
the substrate concentration for both nanoconjugates and the data were fitted using
a two-substrate Michaelis-Menten equation (Equation A3.9 in the experimental

section). The resulting curves are shown in Figure A2.27.
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Figure A2.27. Peroxidase activity of FeMC6*a-(PEG)s@AuUNRs and FeMC6*a-
(PEG)s@AUNTSs. A, C) Initial rate dependence vs ABTS concentration. B, D) Initial rate
dependence vs H,O, concentration.

Table A2.6 reports the catalytic parameters.
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Table A2.6 Comparison of the Kkinetic parameters evaluated for FeMC6*a-
(PEG)s@AuNRs and FeMC6*a-(PEG)4@AUNTS.

ABTS H20; ABTS H20;
Km Km kcat kcat/Km kcat/Km

Sample (10*mM) | (10°mM) | (10%s%) | (10° mM1s?) (mM1s?)

FeMC6*a- 1.43 2.20 5.5 3.8 2.5
(PEG)s
@AUNRS +0.07 +012 | +05 +0.4 +0.3
FeMC6+a- 2.7 2.1 3.1 11 1.4
(PEG).@
AUNTS +0.3 +0.3 +0.4 +0.2 +0.3

Notably, as occurred for FeMC6*a once clicked on AuNPs, the change in
nanomaterial shape does not interfere with the catalyst activity, as both FeMC6*a-
(PEG)s@AuUNRs and FeMC6*a-(PEG)s@AuNTSs were found catalytically active
toward ABTS oxidation.

In addition, as for FeMC6*a-(PEG).s@AuNPs, lower Kinetic parameters were
determined upon FeMC6*a immobilization on AuNRs and AuNTSs, which can be
related, also in this case, to the limited diffusion of the substrates to the active site
or its inaccessibility.**%* Interestingly, ket is 5 times and 3 times higher for
FeMC6*a-(PEG).@AuNRs and FeMC6*a-(PEG).@AUNTSs, respectively, with
respect to the analog prepared using AuNPs (Table A2.3). Thus, it appears that
the catalytic activity of the immobilized enzyme is influenced by the nanomaterial
shape, being the FeMC6*a-(PEG).@AuUNRs as the most active conjugate. Several
factors may influence the nanoconjugate catalytic activity, for example the
nanoconjugate sizes on the diffusion kinetics, limited diffusion of the substrates
to the active site, partial loss of the catalyst active structure, enzyme crowding on
the nanomaterial surfaces.**** A deep study on the factors affecting the catalytic
parameters of the enzyme when conjugated to differently shaped nanomaterials is

underway.
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The research activities described in the Part A of this Ph.D. thesis were focused
on exploring the feasibility of constructing catalytically active nanoconjugates, by
using FeMC6*a and gold nanomaterials. Previous investigations over the
performances of this mini-enzyme highlighted its higher catalytic efficiency
compared to the natural HRP in several oxidation reactions. As natural
peroxidases, FeMC6*a demonstrated to be endowed with high versatility in
catalysis, when immobilized on differently-shaped gold nanomaterials
(nanoparticles, nanorods and triangular nanoprisms), affording valuable tools in
nanobiocatalysis. Starting from AuNPs, efforts have been made to firmly attach
the mini-enzyme on the surface of gold nanomaterials. The presence of the
solvent-exposed free amino group of the Lys™ (TD) residue allows for selective
derivatization of FeMC6%*a scaffold with the desired linkers. In this context,
FeMC6*a was derivatized with lipoic acid (FeMC6*a-LA) and a pegylated aza-
dibenzocyclooctyne moiety (FeMC6*a-(PEG)4s-DBCO) and immobilized on the
surface of AuNPs through chemisorption or click reaction. In this latter case,
AuNPs were properly functionalized to expose azide moieties. The prepared
nanoconjugates were thoroughly characterized by means of several analytical
techniques, such as UV-Vis and CD spectroscopy and transmission electron
microscopy. CD analysis demonstrated the enzyme to retain helical folding upon
immobilization. Morphological analysis demonstrated that FeMC6*a conjugation
does not induce aggregation of AuNPs, thereby does not influence colloidal
behaviors. Also, the catalytic properties of the nanoconjugates were evaluated
using a model oxidation reaction, and kinetic assays revealed the retainment of
the peroxidase activity of FeMC6*a upon immobilization. In this case, of
particular importance was the distance between the enzyme and the AuNPs

surface, which proved to be crucial in the final performances.
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Therefore, the SPAAC approach was pursued when moving toward the use of
anisotropic nanomaterials, with the purpose of exploiting the effect of the AUNMSs
shape on the immobilized mini-enzyme performances. Starting from the CTAB-
stabilized gold nanosupports, deep investigations were carried out to develop a
general protocol to decorate the surface of AuNRs and AuNTSs with azide groups,
based on the preparation of citrate-capped AuNRs and AUNTs. TEM micrographs
showed the expected quasi-cylindrical and triangular shape of the prepared gold
nanomaterials, which was not affected by the PSS/citrate treatment. In addition,
by combining ATR FT-IR spectroscopy and XPS, the success of CTAB depletion
was proved. Finally, FeMC6*a was clicked on the surface of AuUNRs and AuNTS,
affording two nanoconjugates that still retained the intrinsic peroxidase behavior
of FeMC6*a for the presence of active copies of FeMC6*a on the nanosurfaces.
Interestingly, the shape and the size of the support determined the final behavior
of the nanoconjugates, resulting in a 5-fold and 3-fold enhancement of the
turnover frequency when using AuNRs and AuNTSs, respectively, instead of
AUNPs.

In the performed catalytic assays, the nanoconjugates (FeMC6*a-
(PEG)s@AUNPs, FeMC6*a-(PEG)s@AUNRs and FeMC6*a-(PEG).@AUNTS)
showed a decrease of catalytic performances upon immaobilization, respect to the
freely-diffusing FeMC6*a, which can be mainly ascribed to enzyme crowding,
thereby inhibition of enzyme catalysis for steric hindrance and the poor
accessibility of the substrates in the enzyme active site.

Nonetheless, significant catalytic activity was still detected, proving the feasibility
of using click chemistry and the clickable enzyme to prepare catalytically active
nanoconjugates.

Further efforts will be devoted to fully understanding and overcoming the issues

related to the decrease in catalytic performances.
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A3.1 | Materials

Solvents such as water, acetonitrile (ACN), trifluoroacetic acid (TFA),
dimethylformamide (DMF), 2,2,2-trifluoroethanol (TFE), acetic acid,
dimethylsulfoxide (DMSO) and ether were HPLC grade and used throughout the
synthesis and purification procedures. Solvents with a higher degree of purity
were used in the preparation of solutions for UV-Vis and UV-Vis-NIR
investigations (Ups grade). These materials were supplied by Romil (Cambridge,
UK). Concentrated nitric and hydrochloric acids (UpA grade) were purchased
from Romil (Cambridge, UK) and employed during the ICP-MS measurements.
HAUCI, solution (30% wi/w), ascorbic acid (AA, 99%), cetyltrimethylammonium
bromide (CTAB, 99%), lipoic acid (LA), silver nitrate (AgNOs3), sodium
borohydride (NaBH,), sodium polystyrene sulfonate (Na-PSS), sodium
thiosulfate (Na2S;0s), trisodium citrate (Nas-citrate), potassium cyanide (KCN),
H.O, solution (30% v/v) and phosphate salts (monobasic and dibasic) were
provided by Merck Life Science. All buffer solutions were prepared using water
with a HPLC purity grade (Romil).

Milli-Q water, produced using Milli-Q system (18.2 MQ cm™) was purchased
from Millipore (Sweden).
1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium  3-oxide
hexafluorophosphate (HATU) was purchased by NovaBiochem, DBCO-(PEG).-
NHS from Jena Bioscience, N,N-diisopropylethylamine (DIEA) was obtained
from Applied Biosystem (Thermo Fisher Scientific, Waltham, MA, USA).
UranyLess staining solution was purchased from Electron Microscopy Sciences

(Hatfield, PA, USA). All reagents were used without further purification.
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A3.2 | Instruments

RP-HPLC and LC-MS analysis were performed using a Shimadzu LC-
10ADvp system equipped with a SPDM10Avp diode-array detector. ESI-MS
spectra were recorded on a Shimadzu LC-MS-2010EV system with ESI interface
and Shimadzu LC-MS solution Workstation software for data processing. The
optimized MS parameters were selected as followed: CDL (curved desolvation
line) temperature 250 °C; the block temperature 250 °C; the probe temperature
250 °C; detector gain 1.6 kV; probe voltage +4.5 kV; CDL voltage -15 V.
Nitrogen served as nebulizer gas (flow rate: 1.5 L min).

Preliminary purifications and desalting were performed by flash
chromatography (ISOLERA ISO-1SW Biotage with diode array detector).
Purifications were accomplished by preparative RP-HPLC with Shimadzu LC-8A
connected to an SPD-20A Shimadzu UV-Vis spectrophotometric detector.
Analytical HPLC analyses of FeMC6*a and its derivatives were typically
accomplished with a Vydac C18 column (4.6 mm x 150 mm), eluted with a H,O
0.1 % v/iv TFA (eluent A) and ACN 0.1 % v/v TFA (eluent B) linear gradient, from
10 % to 95% B over 56 min, at 1 mL min™ flow rate. As an exception, HPLC
analysis of the heterobifunctional linker LA@N3 was carried out using a Vydac
C8 column (4.6 mm x 150 mm) with a linear gradient from 50 % to 95% (solvent
B) over 43 min, at 1 mL min? flow rate.

UV-Vis analysis and kinetic experiments were recorded using a Cary 60
spectrophotometer (Varian, Palo Alto, CA, USA), equipped with a thermostatic
cell compartment, using quartz cuvettes with 0.1 cm, 0.01 cm and 1 cm path
lengths. Wavelength scans were performed at 25 °C in the range 200-800 nm or
200-1000 nm, with a 600 nm min' scan speed. All data were blank subtracted.

UV-Vis-NIR spectra were acquired using a Jasco V-770 spectrophotometer

(Easton, MD, USA.) equipped with a monochromator with automatically
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exchanged dual-grating, using quart cuvettes with 0.01 and 1 cm path lengths.
Wavelength scans were performed at 25 °C in the range 200-1800 nm, with a 400
nm min-! scan speed. All data were blank subtracted.

Bare and functionalized nanomaterials, as well as the prepared
nanoconjugates, were purified by centrifugation cycles through Sigma
Refrigerated Centrifuge 2K15 (B. Braun Biotech International; Melsungen,
Germany) equipped with 12148-H or 12141-H rotors.

Circular Dichroism measurements were performed using a J-815
spectropolarimeter equipped with a thermostated cell holder (JASCO, Easton,
MD, USA). CD spectra were collected using quartz cuvettes with 1 cm path
lengths at 25 °C, from 260 to 200 nm with a 20 nm™* scan speed. A quartz cell of
1 cm path length was used in all measurements.

A Thermo Fischer Scientific Nicolet 6700 FTIR was employed to acquire the
ATR spectra of the samples, using a ZnSe crystal. The ATR was used in
absorbance mode with 4 cm™ resolution and 128 scans were averaged for each
spectrum in a range between 4000-500 cm™™.

Transmission electron microscopy (TEM) images were obtained in bright
field mode using a TEM TECNAI G2 20ST, using copper grids covered by a
carbon film (Agar Scientific Ltd., product S160, 200 mesh).

The gold content in the samples containing gold nanomaterials was evaluated
through inductively-coupled plasma mass spectrometry (ICP-MS) measurements,
performed with an Agilent 7700 ICP-MS instrument (Agilent Technologies)
equipped with a frequency-matching radio frequency (RF) generator and 3rd
generation Octapole Reaction System operating with helium gas. The following
parameters were used: RF power: 1550 W, plasma gas flow: 14 L min™*; carrier
gas flow: 0.99 L min!; He gas flow: 4.3 mL min—1. 1®®Rh was used as an internal

standard (final concentration: 50 pg L™2).
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Malvern Zetasizer Nano ZS instrument was used to perform (-potential
measurements at 25 °C with an applied voltage of 150 V. Disposable folded
capillary cuvettes (DTS1070) were filled with the nanomaterial samples.

XPS analysis was performed with a MCD SPECS Phoibos 150 spectrometer
(Servicio Central de Apoyo a la Investigacion of the Universidad de Cérdoba) by
using non-monochromatized (12 kV, 300 W) Mg Ka radiation (1253.6 e V). The
samples were mounted on a steel holder and transferred to the XPS analytical
chamber, with a working pressure of less than 5-10° Pa. The spectra were
collected using a take-off angle of 45° with respect to the sample surface plane.

All molecular graphics pictures were generated with PyMOL software
(DeLano Scientific Ltd), while chemical structures and reactions were drawn with
ChemDraw Ultra 12. Data analysis was made with Origin Pro 9.0 software (Origin
Lab Corporation, Northampton, MA, USA) and Imagel] software (National

Institutes of Health, available free of charge at Web site rsb.info.nih.gov/ij/).
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A3.3 | Synthesis and purification of FeMC6*a

Fe(OAc); (1.16-10* mol, 20.2 mg) was added to a solution of pure apo-MC6xa
(5.82-10°° mol, 20.0 mg) in a mixture of glacial AcOH:TFE 3:2 (58.2 mL) under
N atmosphere.! The reaction mixture was kept at 50 °C for 3 h and monitored by
RP-HPLC-ESI-MS. MS spectrum allowed the identification of the target
compound FeMC6*a. Once the reaction was completed, the solvent was removed
under vacuum and the crude was purified with preparative RP-HPLC on a Vydac
C18 column (22 x 250 mm; 5 pm) using H20 0.1% TFA (A) and ACN 0.1% TFA
(B) as mobile phase, with a linear gradient from 10 to 95% B over 83 min, at a 22
mL min~! flow rate. Subsequent analytical RP-HPLC was performed for each
fraction.
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Figure A3.1. FeMC6*a synthesis: RP-HPLC profile of the Fe(lll) ion insertion step,
monitored 3 h after the addition of Fe(OAC)..
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Figure A3.2. ESI-MS spectrum of collected pure fractions of FeMC6*a.

Fractions with high purity (> 90%) were collected, concentrated under reduced
pressure and lyophilized. FeMC6*a was obtained with a good yield (80 %) and
MS analysis was performed to confirm the nature of the purified compound
(Experimental mass 3291.6 Da, theoretical mass 3490.706 Da).

A3.4 | Synthesis and purification of FeMC6*a-LA

FeMC6*a-LA was prepared following a procedure reported in the literature by
Zambrano et al.® FeMC6*a (1.4-10° mol, 5.0 mg) was allowed to react with
LA@NHS (1.4-10° mol, 4.3 mg) in DMF (330.0 pL), in the presence of DIEA
(1.1-10° mol, 2.0 pL). The mixture was kept at room temperature for 48 h and
monitored by RP-HPLC. The chromatographic profile of the reaction mixture
showed the presence of one main peak with R, =30.477 min. The reaction product
was firstly purified through precipitation with cold dichloromethane (DCM) and
several centrifugation cycles (4000 rpm, 10 min, 4 °C), in order to remove the
excess LA@NHS. Then, the crude was further purified by preparative RP-HPLC,
on a C18 column (22 x 250 mm; 5 um) with a linear gradient from 10 to 95% B
over 83 min, at a 22 mL min* flow rate. The collected fractions were analyzed by
analytical RP-HPLC and those with high purity (> 90%) were concentrated under

reduced pressure and lyophilized. The target compound FeMC6*a-LA was
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obtained with a 50% vyield. RP-HPLC-ESI-MS confirmed its identity
(Experimental mass 3679.02 Da, theoretical mass 3679.04 Da).

AU
175 3387nm

150 1
1251
100, 30.477
75
50

25 1

150 175 200 225 250 275 300 325 350 37.5 min

Figure A3.3. HPLC chromatogram of FeMC6*a-LA synthesis,
monitored after 24h.
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Figure A3.4. ESI-MS spectrum of FeMC6*a-LA.
A3.5 | Synthesis and purification of FeMC6*a-(PEG),-DBCO

A stirring solution of FeMC6*a (1.4-10° mol, 5.0 mg dissolved in 0.5 mL of
DMF) was treated with DIEA (1.57-10° mol. 2.7 pL) and then with DBCO-
(PEG)4-NHS (4.3-10°° mol, 31.0 pL of a stock solution 100 mg mL™ in DMF).

The reaction was left overnight at room temperature and monitored by RP-HPLC,
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which confirmed the formation of one main product (R: = 31.453 min) after 16 h
by the addition of the alkyne. MS analysis identified the nature of the peak, which
was associated with the derivatization product (Experimental mass: 4026.3 Da,

theoretical mass 4025.3 Da).
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Figure A3.5. RP-HPLC profile of FeMC6*a-(PEG).-DBCO after 16h from the addition
of DBCO-(PEG)s-NHS.
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Figure A3.6. ESI-MS spectrum of FeMC6*a-(PEG),-DBCO.

The excess of unreacted DBCO-(PEG)4+-NHS was removed by precipitation after
the slow addition of the reaction mixture to methyl-tert-butyl ether (MTBE) (2.5
mL), which was previously kept at 0 °C for 10 min. The resulting mixture was

centrifuged (8000 rpm, 3 min, 4 °C), the supernatant was discarded, and the
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precipitate was washed twice with MTBE and dried.? The desired product was
obtained in a good yield (70%).

A3.6 | Synthesis and purification of LA@N3

Following a procedure reported in the literature,? slightly modified, the coupling
reaction was carried out by dissolving 3-azidopropan-1-amine (9.7-10° mol, 9.5
pL) and LA (9.7-10° mol, 20.0 mg) in DMF (920.0 uL). The solution was treated
with DIEA (2.9-10* mol, 50.6 pL), then HATU (1.9-10* mol, 73.7 mg) was
added. The reaction was monitored through RP-HPLC and the acquired
chromatogram showed a main peak at Ry = 19.192 min, with an absorption
maximum at A = 333 nm, typical of disulfide group-containing compounds. The
reaction mixture was left while stirring for 20 h, and RP-HPLC-ESI-MS analysis
was performed to identify the nature of the obtained compound. The mass
spectrum displayed a main peak at m/z 289.05 ([M+H]"), in agreement with the
theoretical mass (288.33 Da) of the desired compound N-(3-azidopropyl)-5-(1,2-
dithiolan-3-yl)pentanamide (LA@Ns3). The reaction mixture was purified by
preparative RP-HPLC on a C8 column (22 x 250 mm; 5 um) with a linear gradient
from 20 to 95% B over 50 min, at a 23 mL min* flow rate. The collected fractions
were analyzed by analytical RP-HPLC to confirm the purity of the product.
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Figure A3.7. HPLC chromatogram of FeMC6*a-LA synthesis, after 24h.
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Figure A3.8. ESI-MS spectrum of pure LA@Ns.
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Preparation and purification of AuNPs-containing

nanosamples and nanoconjugates

A3.7 | Citrate-AuNPs

According to Turkevich et al.,* an aqueous solution of HAUCI4 (51.0 mL, 1.0 mM)
was warmed to reflux and kept at this temperature under stirring for 10 min. While
vigorously refluxing, a pre-heated aqueous solution of sodium citrate (5.1 mL,
42.9 mM) was quickly added to the solution. Upon the addition of Nas-citrate, the
solution became ruby-red, indicating the formation of gold nanoparticles
(AuNPs). The suspension was allowed to heat for an additional 30 min with
vigorous stirring and then it was cooled to room temperature. The AuNPs solution
was stored at 4 °C in the dark for subsequent uses. Referring to the method
reported by Fernig et al.,® the ratio between the value of the absorbance at the
maximum of the SPR band (Aspr) to the value of the absorbance at 450 nm (Aaso)
can give an indication about AuNPs diameter, which influence the molar
extinction coefficient. For an Aspr/Aasso Of 1.61, the molar extinction coefficient is
£®0 = 1.78-108 Mt cm™? and the concentration of the stock solution of citrate-
AUNPs was evaluated to be 9.0 nM.

A3.8 | N3-AuNPs

Prior to the citrate displacement from the AuNPs surface, the pH value of citrate-
stabilized AuNPs was adjusted by careful addition of NaOH 1 M) until pH 11.
Azide-AuNPs were afforded mixing citrate-AuNPs (44.0 mL, pH 11) and a
mixture of LA (1.5 x 10® mol 3.1 mg) and LA@Ns3 (1.6 x 10° mol, 0.5 mg) (LA:
LA@Ns molar ratio 9:1) dissolved in DMSO (6.4 mL) at room temperature in the

dark. The course of the ligand exchange was checked by acquiring UV-Vis spectra
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and evaluating the shift in the SPR band. After 3 h, as no further changes in the
SPRB were observed, the reaction mixture was centrifuged twice (7500 rpm, 40
min, 4 °C) and the pellet was then resuspended in an equal volume of NaOH
solution (pH 11), affording purified azide-AuNPs (AuNPs concentration in Ns-
AuNPs ~ 5.27 nM, evaluated likewise citrate-AuNPS).

A3.9 | FeMC6*a-LA@AuNPs

The conjugation of FeMC6*a@LA to AuNPs was accomplished in presence of
lipoic acid as the functionalizing agent, by displacement of citrate ions from the
AuNPs surface.® The pH of the stock citrate-stabilized AuNPs solution was
adjusted to 11 with the dropwise addition of 1 M NaOH. To this solution (3.0 mL),
a mixture of FeMC6*a-LA (1.3-10 7 mol, 0.5 mg in 435.0 puL of DMSO) and LA
(7.7-107 mol, 0.2 mg from a 50 mg mL"* stock solution in DMSO) was added.
The molar ratio between LA and FeMC6*a-LA was fixed at 6:1. The solution was
incubated at room temperature in the dark, and the proceeding of the reaction was
followed by UV-Vis analysis, evaluating the shift in the SPR band upon
FeMC6*a-LA conjugation. After 3 h, the solution was centrifuged (10000 rpm,
30 min, 4 °C) and each cycle was followed by the resuspension of the collected
pellet in NaOH solution (pH 11). In particular, after the first centrifugation cycle,
FeMC6*a-LA@AUNPs were resuspended in NaOH solution (pH 11) with TFE
(50% v/v), to be sure of the removal of FeMC6*a-LA non-covalently bound to the
AuNPs surface. Finally, the pellet was resuspended in NaOH solution (pH 11) and

promptly used for subsequent experiments.
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A3.10| FeMC6*a-(PEG),;@AuNPs

To a colloidal solution of N3-AuNPs (6.0 mL, pH 11), a stock solution of
FeMC6*a-(PEG)s-DBCO (4.74-10°8 mol, 191.0 pg) was added under magnetic
stirring in the dark. The reaction underwent for 3 h and was followed by UV-Vis
spectroscopy considering the shift of the SPR band. Thereupon, the nanoconjugate
FeMC6*a-(PEG).@AuNPs was purified with four centrifugation cycles (7500
rpm, 40 min, 4°C) and resuspension in NaOH solution (pH 11; final volume equal
to the initial one). It is worth noticing that, after the first cycle, the pelleted
nanoconjugate underwent a washing procedure using NaOH solution (pH 11) with
TFE (50% v/v), in order to guarantee the removal of FeMC6*a just adsorbed on
the gold nanosurfaces.?® The prepared nanoconjugates were promptly used for

subsequent experiments.
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Preparation and purification of AuNRs- and AuNTs-

containing nanosamples and nanoconjugates

A3.11 | CTAB-AuNRs

The method reported by Murphy et al.5® and EI-Sayed et al.*® was followed. Seed
solution: an aqueous CTAB solution (5.0 mL, 0.2 M) and a yellow aqueous
solution of HAuUCIs (5.0 mL, 0.5 mM) were mixed under stirring, to afford an
orange solution.* Then, a freshly-prepared cold aqueous solution of NaBH, (0.6
mL, 0.01 M) was added under vigorous stirring (= 500 rpm) over 5 min at 25 °C.
During the addition, a color change from orange to brown was observed, which
was an indication of the formation of spherical seeds (= 5 nm). Growth solution:
aqueous solutions of AgNOs3(1.25mL, 4 mM) and CTAB (250.0 mL, 0.2 M) were
mixed with a yellow aqueous solution of HAuCl4 (250.0 mL, 1.0mM) at 25 °C
without stirring, which turned to orange.'? Into this mixture, an aqueous solution
of ascorbic acid (AA) (3.5 mL, 78.8 mM) was added, and the flask was hand-
stirred until the solution became colorless due to Au*‘/Au* reduction.’
Afterwards, the seed solution (0.8 mL) was injected into a stirring (300 rpm)
growth solution and the stirring was kept for half a min. A bluish-brown color
slowly appeared within the first 20 min. Overall, the flask containing the whole
mixture was kept for 16 h on a tilting plate at 29 °C, without magnetic stirring, to
promote the gentle growth of rod-like nanostructures. After the synthesis, CTAB-
AUNTs were promptly purified from the excess surfactant through 4 cycles of
centrifugation (10000 rpm, 30 min, 25 °C) and resuspension in a freshly-prepared
aqueous CTAB solution (2 mM).2 After the first two cycles, the pellet was
resuspended in a volume of CTAB solution (2 mM) equal to the initial volume of

the colloidal solution, whereas the sample was concentrated up to 20 times after
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the last two cycles. The purified CTAB-AUNRS were stable at room temperature

for several months.

A3.12 | CTAB-AuNTs

According to Pelaz et al.,** an aqueous solution of HAuCI4(25.0 mL, 2 mM) was
mixed with a cold and freshly-prepared solution of Na;S;0 (30.0 mL, 0.5 mM).
The color of the gold solution changed from pale yellow to brownish, due to the
nucleation process and the formation of small AuNP seeds. For 9 min, the
colloidal solution was stirred at room temperature. Additionally, an agueous
solution of NayS;0; (5.0 mL, 0.5 mM) was injected into the seeds-containing
solution, and a color change, from brownish to deep purple, was observed. This
evidence has been related to the beginning of the growth of anisotropic gold
nanotriangles. The reaction mixture was left undisturbed for 90 min, until no
further changes in the absorption spectra were noticed. With this procedure, a
colloid characterized by diversity in shape and size was obtained, including
AUNTSs of diverse sizes, along with differently-shaped gold nanomaterials (mostly
nanoparticles). The purity of the colloid was improved through size and shape
purification by depletion flocculation, induced by the presence of the micellar
surfactant CTAB. Briefly, aliquots of the colloidal mixture (2.0 mL) were put into
falcon tubes and an aqueous solution of CTAB (1.44 mL, 0.4 M - final CTAB
concentration was 0.167 M) was added. The resulting solutions were kept
undisturbed overnight for 12 h at a room temperature of = 30 °C, to prevent CTAB
crystallization. After that, a green-blue precipitate deposited on the bottom of the
tube and was separated by a purple supernatant, containing most of the pseudo-
spherical particles from the reaction crude. The supernatant was gently removed
and the sedimented AuNTs were resuspended in Milli-Q water (300 pL),
affording a concentrated solution of CTAB-AuNTs. Subsequently, CTAB
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concentration was decreased similarly to AuNRs, by performing four cycles of
centrifugation (7000 rpm, 30 min, 25 °C) and resuspending the pellet in a freshly-
prepared aqueous CTAB solution (2 mM).2® The purified CTAB-AUNTS were
kept in the dark at room temperature until further use and proved to be stable for

several months.

A3.13 | Citrate-AuNRs and citrate-AuNTs

Citrate-capped AuNRs and AuNTs were prepared following a procedure reported
by Mehtala et al.,'® with minor changes.

Optical densities (0.D.) of AuNRs solutions were measured based on their
plasmon resonance peak at extinction values below 1.0; O.D. values of
concentrated samples were extrapolated after serial dilution.

Preparation of PSS-stabilized AUNRS/AUNTS. In stage 1, concentrated purified
solutions of CTAB-AUNRSs (2.0 mL) and CTAB-AuUNTSs (10.0 mL) were properly
diluted with an aqueous solution of Na-PSS (MW., = 70 kDa, final concentration
0.15% wit) to a final volume allowing to reach an O.D. = 0.5. The first incubation
step was carried out for 2 h. Afterward, in stages 2 and 3, the mixtures containing
AUNRs/AuNTS in presence of CTAB and Na-PSS were centrifuged (7000 rpm,
30 min, 25 °C for AuNRs, 6500 rpm, 15 min, 25 °C for AuNTS). Nearly 95% of
the supernatant was decanted, and the retentate was redispersed in an aqueous
solution of Na-PSS (0.15% wt, MW,, = 70 kDa) to a final volume equal to the
initial one (16.0 ml) and allowed to interact for at least 1 h before the next step.
Preparation of citrate-stabilized AUNRS/AUNTS. In stage 4, the solutions of PSS-
AUNRS/AuUNTS (stage 3) were centrifuged (7000 rpm, 30 min, 25 °C for AuNRs,
6500 rpm, 15 min, 25 °C for AuNTSs) and the pelleted nanomaterials were
resuspended in an aqueous solution of Nas-citrate (16.0 mL, 5 mM) and incubated

for 12 h. In stage 5, the AUNRS/AUNTSs containing colloidal solutions were
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subjected to the last centrifugation cycle (7000 rpm, 30 min, 25 °C for AuNRs,
6500 rpm, 15 min, 25 °C for AuNTSs) and the collected precipitates were finally
redispersed in an aqueous solution of Nas-citrate (16.0 mL, 5 mM).
Citrate-stabilized AuNRs and AuNTs were stable for several months and were
kept at 4 °C in the dark until further use.

A3.14 | N5-AuNRs and N3-AuNTs

N3-AuNRs and N3-AuNTs were prepared by mixing citrate-AuNRs and citrate-
AUNTSs with a mixture containing an excess of ligand molecules, LA and La@Ns,
with respect to citrate anions. In principle, in the case of AuNRs, the theoretical
number of ligand molecules necessary to cover the surface of all nanorods can be
estimated through geometrical considerations and considering the following
approximations: i) the colloidal solution of citrate-AuNRs contains only nanorods
with average size (length and width) evaluated by TEM analysis; ii) the nanorods
possess a cylindrical body with two hemispherical caps. Similarly, in the case of
AuNTsS, it can be considered that the colloidal solution of citrate-AuNTSs contains
only regular triangular gold nanoprisms, with an average edge length and height
evaluated by TEM analysis.

On the basis of these considerations, the total surface area of an AuUNR can be

calculated with equation A3.1:
(Atot) aunr = AL + 244 (Equation A3.1)

where AL is the lateral area of the nanomaterial (AL = 2znrh) and Ay represents the
base area, evaluated by supposing that the terminal ends of a rod are hemispherical
caps (Ap = 2nr?).

On the other hand, the total surface area of an AUNT can be estimated using the

equation A3.2:
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3
3 ) (Equation A3.2)

(Atot)AuNT =2 (le
where | is the average edge length of the triangular base.
In addition, the total surface area of all the AuNRs and AuNTs which are

contained in the colloidal solutions can be evaluated using equation A3.3:%/

(Atot)AuNRs or AuNTs =
(Atot) AuNR or AuNT X [AUNRs or AuNTSs] X Vgoiution X Na  (Equation A3.3)

where Vsowion 1S the volume of the solution of citrate-AuNRs or citrate-AuNTS
employed for the ligand exchange reaction and Nais Avogadro’s number.

Then, similarly to as reported in the literature,>'” the concentration of citrate-
AUNRs and citrate-AuNTSs can be estimated using the equations A3.4 and A3.5,
by assuming that all the initial gold is incorporated into cylinder-like particles,
with two hemispherical caps at the end, for AuNRs, and into triangular-like
particles for AUNTSs, having the density of the bulk gold (g = 19 g cm-?).18

[Au]

Pgold
2mr2h 2> N
AWgold A

[citrate — AuNRs] =

(Equation A3.4)

In equation A3.4, r is the average radius and h is the average length of the rods
(evaluated from TEM analysis), 2mtr2h is the volume of the AuUNRs and AWoi4
indicates the atomic weight of gold (196.97 g mol™). Specifically, the average
length and width of the prepared citrate-AuNRs are 48 £ 3 nm and 19 + 3 nm,

respectively.

[citrate — AuNTs] = (Equation A3.5)
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In equation A3.5, h is the average height of the triangles (obtained from TEM
data), Aph is the volume of the AUNTs and AW indicates the atomic weight of
gold. Specifically, the average edge length and height of the prepared citrate-
AUNTSs were 98 + 24 nm and 82 + 16 nm.

Finally, assuming that the footprint size (that is the surface area occupied by the
ligand molecules) of LA and LA@N;3 is 0.25 nm?,° the theoretical moles of ligand
molecules necessary to cover the surface of all nanorods in the colloid is given by

equation A3.6.

((Atot)AuNst> ((Atot)AuNsz)
0.25nm 0.25nm .
n”g = N—A or nl,-g = N—A (Equatlon A3.6)

In a typical procedure, the pH of citrate-stabilized AuNMSs is adjusted until pH 9
by careful addition of NaOH 1 M and, in a separate vial, the mixture of
heterobifunctional ligands LA and LA@Nj3 is prepared in NaOH solution (pH 9).
To afford Ns-AuNRs, citrate-AuNRs (10.0 mL, pH 9) were mixed with a 9:1
mixture of ligands (1.4 mL containing 7.0-10° mol, 1.4 mg of LA and 7.3-107
mol, 0.3 mg of LA@Ns3) under stirring in the dark. Likewise, the preparation of
N3-AuNTSs required the mixing of citrate-AuNTs (6.5 mL, pH 9) with a 9:1
mixture containing LA and La@N3 (2.6 mL, 1.3-10° mol, 2.7 mg of LA and
1.5-10° mol, 0.4 mg of LA@N3) under stirring in the dark. The exchange reactions
proceeded for 16 h at room temperature, and the citrate displacement was
controlled by UV-Vis spectroscopy. After that, the excess ligands were removed
through two centrifugation cycles (15 min, 7000 rpm, 4 °C); after each cycle, the
precipitated azide-labeled gold nanomaterials were resuspended in a fresh solution
of NaOH solution (pH 9), to ensure the stability of the colloid, in a final volume
equal to the initial one. N3-AuNRS/AUNTS were stored in the dark at 4 °C until

further use.
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A3.15 | FeMC6*a-(PEG)4@AuNRs and FeMC6*a-(PEG);@AuNTs

The conjugation of FeMC6*a-(PEG)4-DBCO to Ns-exposing AUNRs and AuNTSs
was carried out by means of the SPAAC reaction, as described in the literature.?

N3-AuNRs (7.0 mL, pH 9) and N3-AuNTs (6.0 mL, pH 9) were incubated with
the clickable FeMC6*a-(PEG),-DBCO (65.0 pL of a stock solution 2.14-10° M
in DMF for AuNRs and 3.65 pL of a stock solution 1.23:10° M in DMF for
AUNTS) for 4 h at room temperature in the dark. The course of the click reaction
was ascertained through UV-Vis-NIR spectroscopy. The excess of the unbound
DBCO-modified FeMC6*a was removed through four cycles of centrifugation
and resuspension (6500 rpm, 30 min, 4 °C). After each cycle, the supernatant was
discarded and the pellet resuspended in NaOH solution (pH 9, final volume equal
to the initial one), apart from the first centrifugation cycle. Indeed, in this case,
the precipitate was subjected to a washing procedure redispersing the precipitates
in NaOH solution (pH 9) with TFE (50% v/v). This washing procedure ensured
the removal of all the non-covalently bound enzyme from the gold nanosurfaces.®

The prepared nanoconjugates were promptly used for subsequent experiments.
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Characterization of AuNMs-based nanosamples and

nanoconjugates

A3.16 | TEM studies

The samples for TEM studies were prepared by dropping a droplet (5 pL) of
nanomaterial suspension on the surface of different carbon-coated copper grids
(200 mesh) without staining. 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. On the contrary, for the
samples containing FeMC6*a, the grids were treated with UranyLess® staining
solution, to achieve a higher contrast and visualize the protein shell around the
gold core.?® In detail, the nanoconjugates were loaded on the grid as described
above, then the samples were treated with a droplet of UranyLess® solution (5 pL)
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.

A3.17 | ICP-MS for gold content

The samples for ICP-MS were mineralized as follows: 250 L of each sample 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 transferred into an
ICP-MS vial for analysis. Metal concentrations were measured by performing the

analysis in three replicates.
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The concentration of the enzyme-conjugated AuNPs solution was estimated as
reported in the literature.2!’ By considering an average particle radius r of 7.1 nm,
as derived from TEM analysis, and the atomic gold concentration reported in
Table A2.1 (paragraph A2.9), the concentration of AuNPs was estimated to be
6.8 nM in FeMC6*a-LA@AUNPs and 4.3 nM in FeMC6*a-(PEG)s@AuNPs
nanoconjugates.

Regarding AuNRs and AuNTS, the atomic gold concentration determined by ICP-
MS measurements and used in equations A3.4 and A3.5 is reported hereafter, in
Table A3.1.

Table A3.1. Atomic gold concentration in citrate-stabilized AUNRs and AuNTS.

Nanosamples [Au] uM
Citrate-AuNRs 445
Citrate-AuNTSs 300

A3.18| Heme content in the nanoconjugate-containing samples

Stock solutions of KCN 1 M were prepared in Milli-Q water and stored at 4 °C.
The concentration of FeMC6*a in the nanoconjugate samples was calculated by
quantifying the heme moiety on the basis of the total iron content of the sample,
treating the samples with KCN to promote the digestion of the gold nanomaterials
and the release of the free artificial enzyme in solution.® Using an excess of KCN,
this experiment leads to the formation of a bis-cyanide-heme complex with the
pegylated mini-enzyme covalently attached to the gold surface. The absorbance
of this complex is directly proportional to the concentration of heme, thus of the
enzyme in the nanoconjugate sample. Firstly, cyanide binding experiments with

FeMC6*a-(PEG),-DBCO were performed employing a stoichiometric amount
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and an excess of KCN with respect to the number of moles of the artificial
biocatalyst.

In detail, a stock solution of FeMC6%*a (3.5 puL, 1.1:10° M in H,0 0.1% TFA) was
mixed with a stock aqueous solution of KCN (196.5 pL, 2.5-10° M or 2.5:102 M,
pH 12). The addition of a 1.25-fold molar excess of cyanide ions led to the mono-
cyanide adduct with the ferric heme of the artificial enzyme, which Soret band is
positioned at 406 nm (Figure A3.9, blue line). On the contrary, the addition of a
125-fold molar excess of KCN gave rise to the bis-cyanide-heme adduct, with a
Soret band at 416 nm and a single Q band at 550 nm (Figure A3.9, purple line),
as similar UV—Vis response was observed for the bis-cyanide complex of natural
heme-proteins.?? The absorption of the bis-cyanide-heme adduct was employed to
evaluate the value of the molar extinction coefficient at 416 nm (£*¢ = 61754 M!

cm?).
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Figure A3.9. UV-Vis absorption spectra of the mono-cyanide-heme (dark blue line) and
the bis-cyanide-heme (purple line) complexes.

Regarding the experiment with the nanoconjugates, aliquots of the samples (800
ML) were subjected to centrifugation (10500 rpm, 15 min, 4° C), to obtain a
concentrated pellet (10 pL). To this, an aqueous solution of KCN (190 pL,

2.6:102 M) was added. The obtained mixture was kept in incubation for 20 min,
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to allow the disintegration of the nanogold core, afterward the disappearance of
the typical plasmonic bands and the appearance of a band at 416 nm indicated the
formation of the bis-cyanide-heme adduct with FeMC6*a released in solution
(data not shown). The absorbance at 416 nm was used to evaluate the
concentration of enzyme attached to the nanosupport surface through SPAAC
ligation.

All the etching reactions were started in a fume-hood by pipetting the according
volumes of the aqueous solution of KCN into a plastic cuvette containing the
nanoconjugate samples. The cuvette was then tightly sealed with a lid and
vigorously shaken once. During the etching reactions, the cuvettes were not
agitated and kept at room temperature. Absorbance spectra were then recorded
after 20 min.

A3.19| FeMC6*a radius of gyration

The radius of gyration (Rg)% for FeMC6*a molecule was calculated on the model
structure as previously reported,® by using the equation A3.7.

n
1
NZ(X_; - X)? (Equation A3.7)
i=1

Where X; is the position of the atom i in the model structure, X is the position of
the centroid of the molecule, and N is the total number of non-hydrogen atoms.
Calculation afforded a value of 9.03 A (0.903 nm) for R value.
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A3.20 | Z-potential measurements

The {-potential of the nanosamples under exam was evaluated in 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-AuNMSs were performed after the last step
(stage 5) of PSS/citrate treatment (AuNM s dispersed in aqueous solutions of Nas-
citrate 5 mM); iv) the measurements for Ns;-AuNRs/AuNTs, as well as for
FeMC6*a-(PEG).@AuUNRs/AuUNTS, were carried out with the samples in agueous

solutions at pH 9.

A3.21]| Circular dichroism analysis of the AuNMs-based FeMC6*a-

containing nanoconjugates

The samples for CD analysis were prepared in buffer phosphate 10 mM pH 6.5
with 50% (v/v) TFE, to a final enzyme concentration of 3.5-10” M. The spectra
were acquired using quartz cuvettes with 1 cm path lengths. Mean residue

ellipticities [0] were calculated using the following equation.

eobs
0] =——7— Equation A3.

[6] 10-1.C-n (Equation A3.8)
in which Ogps is the ellipticity measured in millidegrees, | is the path length of the
cell in centimeters, C is the concentration in moles per liter, and n is the number

of residues for the immobilized enzyme (25 residues).
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A3.22| ATR FT-IR spectroscopy

The ATR FT-IR spectra of CTAB-, PSS-, citrate-stabilized AUNRs/AuNTSs and
Ns-exposing nanosamples were acquired by loading a concentrated drop (4 L) of
the different 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 operated by means of the automatic baseline correction technique.
Background bands, which were gathered in the same circumstances, were
deducted from the sample spectra automatically. Samples were investigated
instantly after preparation to avoid or minimize water absorption. The spectra of
the bare and functionalized nanomaterials were compared to those of the starting
compounds (Figure A3.10), to further assess the nature of the molecules exposed

on the surface of the gold core.

In particular, commercially available powders of CTAB, Na-PSS (Mw 70 kDa),
Nas-citrate and LA were lyophilized prior to the use, whereas, for the synthesized
LA@Ns, 4 pL of a concentrated solution (44 mM) were used.
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Figure A3.10. Superimposition of ATR FT-IR spectra for commercially available CTAB
(red line), Na-PSS (M, 70 kDa) (blue line), Nas-citrate (brown line), LA (orange line) and

the synthesized LA@Ns3 (green line).

A3.23| XPS investigation

The samples containing the differently functionalized nanomaterials were
concentrated by centrifugation (7000 rpm, 30 min, 25 °C). Then, a completely
opaque layer was deposited on the surface of a quartz or ITO surface by drop-
casting. The size of the drop was ~. 0.5 cm, the minimum size that can be detected
using a XPS spectrometer. The spectrometer was calibrated assuming the binding
energy (BE) of the Au 4fz; line at 84.0 eV. The standard deviation for the BE
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values was 0.2 eV. Survey, low-resolution scans are shown in Figure A3.11 and
were run in the 0 - 1200 eV range (pass energy 60 eV), while higher resolution
scans were recorded for the Au 4f, Br 2p, S2p, N 1s, C 1 s and O 1s regions.
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Figure A3.11. Survey XPS spectra and molecular structures of A) CTAB-, B) PSS- and
C) citrate-covered AuNTS. (PSS-AuUNTSs after stage and citrate-AuNTS after stage 5). (=)
Au 4f; (—) S 2p; (=) Br 3p and 3d; (=) C 1s; (=) N 1s; (=) O 1s; (- -) Ti signal when
ITO holders were used.

163



PART A — A3. Experimental section

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 the CASA-XPS software.

High-resolution XPS spectra, for the CTAB-, PSS-, and citrate-AuNRs and
AUNTS, in the 4f region are reported in Figure A3.12.

® Experimental data —Au 4f,, —Au 4f, ,
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Figure A3.12. High-resolution XPS spectra recorded in the energy region corresponding
to Au 4f for: A) CTAB-AuUNRs, B) PSS-AuNRs, C) citrate-AuNRs, D) CTAB-AuUNTS, E)
PSS-AuNTSs and F) citrate-AuNTSs.

Finally, Table A3.2 lists the binding energy values for Au 4f in the six
nanosamples under exam.
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Table A3.2. Binding energy values (BE, in eV) for the doublets of Au 4f determined after
the acquisition of high-resolution XPS spectra for CTAB-, PSS- and citrate-capped
AUNRs and AuNTS.

BE (eV) BE (eV)
Au 4f7/2 Au 4f5/2 Au 4f7/z Au 4f5/2

CTAB-AuUNRs 84.0 87.7 CTAB-AuUNTs 84.0 87.6
PSS-AuNRs 84.0 87.7 PSS-AuUNTS 84.0 87.7
Citrate-AuNRs 84.0 87.6 Citrate-AuNTS 84.0 87.6

A3.24 | Catalytic assays

All catalytic assays were carried out at 25 °C and under magnetic stirring, using
guartz cuvettes with 1 cm path lengths. The experiments were performed by
following the increase in absorbance of the ABTS™ radical cation, obtained by the
enzyme catalyzed oxidation of ABTS in presence of hydrogen peroxide.?* The
reaction course was followed for 5 min, after the addition of the oxidant at 0.5
min. The collected kinetic curves were employed to extract the reaction initial
rates (Vo). ABTS and H2O: stock solutions were freshly prepared in Milli-Q water,
and their initial concentration was determined by UV-Vis spectroscopy (ABTS,
£30 = 36600 Mt cm?, H,0,, £2°= 39.4 M?! cm™). Kinetic parameters were
determined by varying H>O, concentration at fixed ABTS concentrations and vice
versa. All reactions were carried out in phosphate buffer (50 mM, pH 6.5), in the
presence of TFE (50% v/v). In the experiments performed at variable H>O;
concentration (in the range 0.1-250 mM), the ABTS concentration was kept
constant at 5.0 mM, while the experiments at variable ABTS concentration (in the
range 0.1-5.0 mM) were carried out using H202 100 mM. All the kinetic curved

were acquired in triplicate.
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The initial rates were converted from Abs®%/min to mM/s (ABTS™ % = 1.44-10*
M~ cm™) and the experimental data were fitted with a two-substrate Michaelis-
Menten equation (equation A3.9).%
[FeMC6*a],
L, KR g
kcat = [H20z2]okcar = [ABTS]okcat

vy = (Equation A3.9)

The analysis of the experimental kinetic data by Michaelis-Menten fitting
provided directly ke and Kn for H2O, and ABTS, from which the catalytic

efficiencies (Kea/ Km) are derived.
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B1.1 | Bringing diagnostics to the point-of-care

Nowadays, the quality of health care significantly benefits from the introduction
and development of diagnostic tests. They are used to provide essential
information on a condition, disease or illness in individuals, that cannot be
obtained simply by a medical exam. Most diagnostic tests are still limited to
clinical settings, requiring careful sample preparations and trained staff.! These
considerations can be also applied to non-clinical diagnoses, such as
environmental monitoring or food analysis. Generally, a variety of techniques,
including gas chromatography-mass spectrometry (GC-MS), ultra-high-
performance  liquid  chromatography  tandem  mass  spectrometry
(UHPLC/MS/MS), high-performance liquid chromatography (HPLC), Enzyme-
Linked ImmunoSorbent Assay (ELISA), polymerase chain reaction (PCR) and
biosensors have been used for detecting several analytes. Most of them are
specific and sensitive, but take a lot of time to be performed, require a large
amount of sample, expensive instrumentation and specialized personnel.?

A cutting-edge technology, tailored to suit the need of cost- and time-efficiency,
is represented by point-of-care tests (PoCTs), easy-to-use devices which can
immediately detect a biomarker with only minimal sample processing by
everyone.®* According to the World Health Organization, for universally
available diagnostics, PoCTs need to fulfill the ASSURED criteria, which means
that they should be Affordable, Sensitive, Specific, User-friendly, Rapid and
robust, Equipment-free, and Deliverable to end-users. Additionally, R (real-time
connectivity) and E (ease of specimen collection and environmental friendliness)
criteria were added, affording the new acronym REASSURED.®> Among PoCTs,
paper-based biosensors stand out as simple, portable, low-cost diagnostic devices.
Paper is a porous material with many advantages, such as lightness, flexibility,

low-cost, biodegradability and availability from abundant sources (such as plants).
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The main benefits of paper platforms are (i) adsorption properties; (ii) capillary
action enabling passive solution flow; (iii) high surface to volume ratio; (iv)
possibility of immobilizing biomolecules (such as proteins and antibodies) via
adsorption or chemical functional groups.®

Briefly, paper-based biosensors are classified into three categories: dipstick tests,
lateral flow assays (LFAs), and microfluidics biosensors (uPADs).5 Using
dipstick tests, consisting of strips with pre-stored reagents, the response is
achieved by sample blotting on the strip. As an example, these devices are used
for pH measurements or to measure glucose in urine samples.” Their ease of use
is however accompanied by inaccuracy and the lack of quantitative analysis.
These drawbacks spurred the development of alternative, better-performing
platforms, such as LFAS, which can be considered as “evolved” dipstick tests,
combining the use of strips provided with pre-stored reagents with the flow of
sample solutions. A lateral flow test is manufactured as a strip made up of four
major components: a sample pad, a conjugate pad, a detection pad and an
absorbent pad, placed on an adhesive backing card functioning as a guide.® A
stringent need is the contact of one pad with the other, to ensure the continuous
lateral flow by capillarity. In this case, optical and electrochemical detection
modes are possible. Pros and cons of LFAs are reported in Figure B1.1.

The major issue is related to the difficulty in obtaining multiplex and quantitative
analysis, even though significant advancements have been reached over the last

years.%10
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Figure B1.1. Pros and cons of lateral flow assays. Adapted with permission from Bahadir,
E. B. et al. TrAC Trends Anal. Chem. 2016, 82, 286 (Reference 10). Copyright © 2016
Elsevier B.V.

Finally, uPADs merge paper-based biosensors with the world of microfluidics. In
the seminal work of Martinez et al.,** the first microfluidic paper-based analytical
device for chemical analysis is reported. The development of a uyPAD device was
realized by patterning paper with hydrophobic inks by virtue of a printing
technique, with the aim of creating hydrophilic channels and test zones bounded
by hydrophobic barriers.’? Starting from that example, many technologies have
been conceived to prepare nPADs.”> A major limitation is represented by the
possible diffusion of the inks in all directions,'* causing uPADs to suffer from the
lack of sensitivity. The greatest advance of these devices is the wide range of
available detection strategies, from the classical optical and electrochemical to the
more sophisticated ones, such as chemiluminescence'® and piezoresistive MEMS

sensors, 6 albeit at the expense of simplicity.

In the realm of paper-based biosensors, LFAs currently dominate the market.

Illustrative examples are represented by the globally spread pregnancy tests’®
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or COVID-19 tests.'># Therefore, a more detailed discussion of this topic is

provided in the following paragraphs.

B1.2 | Lateral flow assays (LFAs): standard structure

LFAs are widely exploited for the detection and, to some extent, the quantification
of a huge number of analytes, simply placing the sample on a strip and waiting for
the result within 5-30 min. The core format of a lateral flow assay consists of a
recognition moiety, a reaction element and a signal transducer on a strip
assembled using four pads on a backing card (Figure B1.2). The main features
and functions of the pads will be briefly explained hereafter. More details can be

found in several exhaustive reviews in the literature.®10-22.23
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Figure B1.2. Schematic illustration of a conventional lateral flow assay strip.

Sample pad. The function of the sample pad is to receive the sample matrix (in
solution) and transport the analyte to the subsequent components of a lateral flow
strip in a smooth, continuous and homogenous manner. This pad may be pre-
stored with buffer containing reagents to establish the initial test conditions (pH,
ionic strength, viscosity and concentration of blocking agents), ensuring that they
match with those required for the detection of the selected analyte. Further, if the
sample solution is a complex matrix, containing some impurities, the sample pad

can function as a filter to remove interferences. Regarding the material,

175



PART B - B1. Introduction

commercially available sample pads are made of cellulose fibers and woven
meshes. Usually, cellulose fibers are preferred over woven meshes because
cheaper and thicker. The thickness is an important factor to consider as a thicker
sample pad provides higher buffering capabilities as well as a slower and more
stable flow. Anyway, the choice of a material over the other depends on the sample
intended to be detected, therefore different conditions/materials have to be tested
before the final assembly of the strips.?

Conjugate pad. It is the place where labeled biorecognition molecules (signal
receptors) are dispensed. The key role of a conjugate pad is to preserve the
stability of the bioreagents upon a drying process and facilitate their release when
the pad is wetted by the flowing sample solution. Ideally, labeled bioreceptors
should remain stable over the entire life span of lateral flow strips. Glass fibers,
cellulose, polyesters and some other materials can be used as the conjugate pad.
Likewise for the sample pad, the choice depends especially on the thickness and
the resistance to non-specific binding. Typically, glass fiber (manufactured by
compressing several fine fibers of glass) is preferred over the other choices
because easy to handle, provided with good tensile strength and no affinity toward
biomolecules, a stringent requirement to facilitate the release of the labeled
bioreagents.?

Detection pad (or membrane). This part of a lateral flow strip is critical in
determining the outcome and the sensitivity of the assay. The detection pad should
ensure efficient binding of the capture bioreceptors and guarantee a homogenous
flow while having low non-specific binding. The material of the detection pad
defines the type of interactions that rule the functionalization of the membrane
with the capture bioreceptors, which are immobilized through a striping
(deposition) process, affording the control and the test lines (namely CL and TL).
Mostly, the material used for this part of the strip is nitrocellulose,?*? due to the

low price, strong affinity toward the capture bioreceptors,?® and tunable capillary
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flow times.2 Proper dispensing of bioreagents, drying and blocking play a key role
in defining and, if needed, improving the final sensitivity of the assay.

Absorbent pad. It serves to weaken the flow at the end of the strip, to contain the
excess of the conjugate solution and to stop the back-flow of the solution.

For practical use, lateral flow strips need to be placed into a plastic cassette.
Some of the main points in the design of a lateral flow strip are: (i) the proper
selection of the biochemical reagents to allow specific analyte recognition, (ii) the
choice of the best assay format (e.g., sandwich format, competitive format, or
multiplex detection format) to perform the LFA, (iii) the selection of suitable
materials for the different components of the strip and (iv) the evaluation of
possible strategies to enhance signal detection. Nonetheless, when approaching
the development of a lateral flow assay, it is necessary to balance the overlapping
physical (transport dynamics), chemical (reaction kinetics) and optical (signal
generation) dynamics (Figure B1.3). The complexity of these interconnections
suggests that a system-level understanding will be critical to the realization of the
ideal LFA.?

visible signal
output

waste

biological sample
input

Figure B1.3. Overlapping dynamics in a LFA system, by which its physical (transport
dynamics), chemical (reaction kinetics) and optical (signal generation) properties are
interconnected in a highly complex, time-dependent fashion. Reproduced from Bishop, J.
D. et al. Lab Chip 2019, 19 (15), 2486 (Reference 27), with permission from the Royal
Society of Chemistry.

2 The capillary flow time refers to the time necessary to the sample solution to completely
cover the membrane length. Usually, the membrane length is of 4 cm, therefore the
capillary flow time is defined as s/4 cm.
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A complete and unigue roadmap of optimization procedures is impossible because
a LFA is an analyte-dependent device. In any case, an increasing number of
reviews are focusing on this topic and can furnish useful information to apply
during the development of this typology of tests.??

Depending on the nature of the bioreceptor, LFAs can be classified into lateral
flow immunoassays (LFiAs), nucleic acid lateral flow assays (NALFAs)? and
nucleic acid lateral flow immunoassay (NALFiA).? In LFiAs, bioreceptors are
antibodies (polyclonal or monoclonal), in NALFAs nucleic acids (DNA
probes®®3! or aptamers®>®%), whereas a combination of both (antigen-antibody
interactions and specifically tagged doubled-stranded amplicons) in NALFiAs.
An explanation of all these kinds of assays is beyond the scope of this
introduction, therefore, hereafter, the attention will be focused only on lateral flow

immunoassays.

B1.3 | Lateral flow immunoassays (LFiAs): basic principles

The first prototype of a LFiA was reported in 1956 by Plotz and Singer,* which
later received massive attention starting from the 1980s, when the urine-based
pregnancy test became commercially available.'® The format of a LFiA is
designed to give an on/off signal, related to the presence (or absence) of a target
analyte. In particular, the biorecognition event implies the binding between
detection/capture antibodies with specific analytes, and the positive or negative
outcome of the test is revealed by the appearance of a test line. For a good level
of sensitivity, fast binding reaction kinetics in the solid-phase are required, to
ensure the binding event between the particle labels with the test line, within the
short time window needed for sample flowing.

The detection can be achieved using, mainly, two formats, a sandwich (non-

competitive) assay or a competitive assay, whose selection depends on the size
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and the features of the target analyte (Figure B1.4).* For high molecular weight
molecules (> 1 kDa), with more than one recognition moieties (such as proteins,
antibodies, bacteria or cells), a sandwich (non-competitive) assay suits the most
the detection outcome. In this case, the conjugate pad is provided with a labeled
detection antibody (dAb), which binds the analyte contained in the sample
solution flowing along the strip. During the path, analyte molecules encounter the
bioreceptors in the TL, inducing the formation of an immune sandwich. As a
result, a positive signal (which should be directly proportional to the amount of
analyte) appears on the detection pad (Figure B1.4-A).% If the sample solution
does not contain analyte molecules, the TL should not appear. A crucial
requirement for the development of sandwich LFiAs is the use of two bioreceptors
that bind different portions of the analyte (i.e. two different monoclonal antibodies

or a labeled monoclonal antibody and a capture polyclonal antibody).??

A) Standard assay B) Competitive assay
P Y {w®
Negative Negative
ot E twn= 4} 4l
Positive Positive

' Target analyte Y Capture antibody AuNPs conjugated \l‘ Control antibody. Imobilized target analyte
to detection antibody

Figure B1.4. Schematic representation of A) a sandwich (non-competitive) and B) a
competitive assay format, in which gold nanoparticles (AuNPs) are considered as the
labels of the dAbs. Adapted with permission from Calucho, E. et al. In Comprehensive
Analytical Chemistry; Elsevier, 2020; VVol. 89 (Reference 37). Copyright © 2020 Elsevier
B.V.

Polyclonal antibodies are particularly useful, as they bind different epitopes of the

analyte to detect, thus making the simultaneous binding by the labeled dAbs and
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the capture bioreceptors on the TL easier. If no target analyte is present in the
sample, the labeled dAbs are captured by the capture Abs on the CL (Figure B1.5-
A).%" Therefore, a positive sample gives rise to two lines, the TL and the CL,
whereas, for a negative sample, only the CL should appear.

The format is restricted to a competitive assay for the detection of small,
low molecular weight (<1 kDa) analytes, which have single antigenic
determinants. In this case, the target analyte is already immobilized at the test
zone, conjugated to big molecules like proteins (such as bovine serum albumin,
BSA), before the beginning of the assay. The competition for the binding with the
labeled dAb takes place between the target analyte, contained in the sample
solution, and the target analyte. As a result, a negative sample yields two intense
lines, whereas a positive sample results into an intense CL and a decreasingly
intense TL (Figure B1.4-B).*®*° Indeed the response is negatively correlated to

the analyte concentration.®’

Nowadays, great progresses in the field of nanotechnology open new horizons for
using nanomaterials as versatile labels for the detection of targeted analytes, and

this topic will be discussed in the next paragraph.

B1.4 | Integration of nanomaterials in LFiAs: focus on AuNPs

The use of nanomaterials (including AuNPs, carbon-based NMs, magnetic
nanoparticles and quantum dots), in the role of signal transducers or bioreceptor
immobilization platforms, has brought improved analytical capabilities and
expanded the range of available detection modes for LFiAs (including fluorescent,

electrochemical, non-optical or optical readouts, Figure B1.5).40-42
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Figure B1.5. Some of the optical LFA readouts obtained exploiting different types of
nanoparticles. The figure shows calibration assays for different targets (which means that
the different LFAs are not quantitatively comparable) acquired exploiting absorbance (a,
b and c) and fluorescent (d, e, f) signal. Labels are: a) gold nanoparticles;*® b) carbon
nanoparticles;** ¢) magnetic nanoparticles;* d) quantum dots (excitation: 365 nm;
emission: 540 nm);* e) upconverting nanoparticles (excitation: 980 nm; emission: 540
nm);*" and f) fluorescence-loaded liposomes (excitation: 535 nm; emission: 600 nm).*®
Panel a is adapted from reference 43 with permission from Elsevier. Panel b is adapted
from reference 44 with permission from Elsevier. Panel c is adapted from reference 45
with permission from Elsevier. Panel d is reproduced by permission of The Royal Society
of Chemistry (Reference 46). Panel e is reproduced by permission of The Royal Society
of Chemistry (Reference 47). Panel f is adapted from reference 48 with permission from
Elsevier.

In particular, colloidal solutions of AuNPs are one of the most used labels in
LFiAs to achieve a colorimetric signal, because of their strong red color (when 20
nm in diameter, as usually used).** AuNPs-based LFAs have been widely
exploited for the detection of a plethora of analytes, such as heavy metals,***° food
allergens,®! toxins,® bacteria®® and proteins.>* In particular, the colorimetric
readout is related to the accumulation of AuNPs, functionalized with a proper
dAb, on the test and control lines (which house well-suited capture antibodies) on
a lateral flow strip. The brightness of the red color of the test line should be
proportional to the number of particles that stop in this zone.® Without using
external sources or particular instruments, the naked eye detection is sufficient to
furnish a quick qualitative “yes/no” answer, whether the analyte of interest is

present or absent in the sample solution added on the strip. For some applications,
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such as pregnancy or COVID-19 tests, this simple binary information is
satisfactory. Nevertheless, assay quantification is vital in case the exact
concentration of a target analyte influences a crucial decision or for specific
illnesses where changes in analyte concentration need to be monitored.*>%
Quantification is usually achieved coupling the naked eye detection with the use
of well suited LFiA readers, allowing the evaluation of the limit of detection and
the sensitivity of the developed assay.%®® It is worth noticing that the final
analytical performance/sensitivity of the assay is governed by the loading density
and the orientation of the immobilized antibodies,>*% which direct the
accessibility of the antigen binding (Fa, regions).®! Therefore it is crucial to control
antibody immobilization to let the Fab domain as much exposed and available as
possible.?>®® Indeed, the sensitivity may be negatively affected by the random
orientation of the antibodies on AuNP surfaces. The functionalization of AuNPs
can occur through non-covalent or covalent strategies (typically EDC/NHS
chemistry).®+%° Noteworthy, oriented immobilization has been controlled by
engineering antibodies to contain modifications such as histidine tags, biotin and
“clickable” functionalities at site-specific locations.”®"* While successful, the use
of covalent methods increases the level of complexity and the number of steps
required to prepare the conjugates, or even advanced protein engineering
skills/techniques. On the opposite, direct adsorption of antibodies onto AuNPs,
through electrostatic and van der Waals forces, is a simpler method with respect
to covalent conjugation, and the one more routinely used. The adsorption of
antibody molecules is controlled by several parameters, such as the pH of the
colloidal solution of AuNPs, which needs to be close to the isoelectric point (pl)
of the selected biomolecule. Also, a certain degree of antibody orientation is
possible by modulating the pH and ionic strength of the antibody solution. To this
purpose, Ruiz et al.®® systematically investigated the effect of solution pH on

antibody-AuNP interactions (Figure B1.6), using an anti-horseradish peroxidase
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antibody (anti-HRP). The study reports that a monolayer of antibody is formed at
saturating concentration at pHs 7.5, 8.0, and 8.5. The results of an enzyme-
mediated assay revealed that the antigen-binding capacity was greater at pH 7.5,
because of the different orientation of the antibody molecules as a function of the
pH parameter.
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Figure B1.6. Orientation and loading density of anti-HRP adsorbed on AuNPs. Adapted
with permission from Ruiz, G. et al. Bioconjugate Chem. 2019, 30 (4), 1182 (Reference
63). Copyright © 2019 American Chemical Society.
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B1.5 | Strategies to enhance the sensitivity of AuNP-based LFiAs

Despite their many advantages, LFiAs can lack the sensitivity required to detect
many desirable biomarkers, with respect to other laboratory assays. A comparison
of the analytical sensitivities that can be reached using different assays is shown
in Figure B1.7.7

Analytical sensitivity
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Figure B1.7. Comparison of signal-amplified LFAs with emerging isothermal nucleic
acid amplification diagnostics, digital enzyme-linked immunosorbent assay (dELISA),
and commercial diagnostic tools (POC point-of-care). Adapted from Liu, Y. et al. ACS
Nano 2021, 15 (3), 3593 (Reference 72) with permission from the American Chemical
Society under open CC BY-NC-ND 4.0 license.

In the case of LFiAs, considering an immune sandwich format, the major issue is
related to the short time frames for the first and the second biorecognition events,
the first being the interaction of the analyte with the dAb on AuNPs and the second
being the binding between the AuNP/dAb/analyte complex and the capture

antibodies on the TL. Because of their fast occurrence, these events do not grant
enough time for AuNPs to accumulate, thus yielding test lines poorly red-colored.
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This in turn causes a low sensitivity, meaning scarce discrimination between
different analyte amounts (especially at low concentrations).

Recent studies have therefore focused on developing signal enhancement
strategies,?’2"3 including i) increase of the density of AUNPs around an analyte,
ii) enlargement of the particle size by silver coating, iii) coating of the AuNPs
with a catalytic metal,”>’® iv) variation of the architecture of the strip
components,’” v) tuning the flow rate using wax barriers” and vi) engineering
core-shell multifunctional AuNPs.” Further, many efforts have been devoted to
achieving signal amplification by exploiting enzyme catalyzed chemical
reactions.® In the following part of this paragraph, some notable examples of
signal enhancement strategies are described, whereas, in the next paragraph, the
approaches for enhancement of the sensitivity in enzyme-assisted AuNP-based
LFiAs will be described

In a recent work from Kim et al.,’* AuNP enlargement induced by silver has been
applied to the detection of Troponin I. The used format involved the integration
of water-soluble hybrid nanofibers between the conjugate pad and the TL. After
the color development because of AuNPs aggregation at the TL, silver ions are
reduced to metallic silver in-situ due to the release of the necessary reagents from
the nanofibers (Figure B1.8). As a consequence, AUNPs become covered by silver
causing darkening at the TL, thus allowing a 10-fold sensitivity gain without

compromising the speed and ease of use of the LFiA.
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Figure B1.8. Strategy to afford signal amplification using water-soluble nanofibers and
the silver enhancement reaction. P: conjugate pad; E: electrospun nanofibers; T: test line;
C: control line. Reproduced with permission from Kim, W. et al. Sens. Actuators B Chem.
2018, 273, 1323 (Reference 74). Copyright 2018 Elsevier.

An alternative strategy foresees the use of metals (such as Pt) endowed with a
peroxidase-like activity to cover the AuNPs surface, producing nanozymes. In the
work by Loynachan and co-workers,’® porous Au-Pt core-shell nanocatalysts

(PtNCs), coupled with thermally robust antibody fragments, were integrated into
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a LFiA device for the detection of p24, the viral capsid protein of the Human

immunodeficiency virus (HIV) (Figure B1.9).
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Figure B1.9. A) Synthesis of Au-Pt core-shell nanocatalyst (PtNC); B) Site-selective
chemical modification of a nanobody with an exposed cysteine mutation (red), where
lysine residues are highlighted in orange on the structural model (left), and cartoon of
oriented elements at the streptavidin test line. C) Schematic amplified LFiA platform.
Adapted from Loynachan, C. N. et al. ACS Nano 2018, 12 (1), 279 (Reference 76), with
permission from the American Chemical Society.

The nanozyme PtNC was prepared using 15 nm AuNPs as seeds for subsequent
platinum overgrowth in the presence of L-ascorbic acid (reducing agent) and
polyvinylpyrrolidone (stabilizing agent) (Figure B1.9-A). As a bioreagent, an
anti-p24 nanobody containing a solvent-accessible terminal cysteine residue was

subjected to a site-selective biotinylation reaction with a biotin-functionalized
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pyridazinedione (Figure B1.9-B). Through this modification, the authors have
specifically engineered the nanobody to present biotin away from the p24 binding
region. Prior to the assay, lyophilized anti-HIV antibody modified PtNCs and
biotinylated nanobodies were put in contact with a plasma (or serum) sample. If
present in the sample, p24 is sandwiched between the antibody-PtNC conjugate
and the biotinylated antibody fragment, forming a biotinylated complex that is
captured at the streptavidin-coated test line. At high target concentrations (from
100 to 10000 pg mL™), a clear black line is visible with the naked eye due to the
intrinsic absorbance of the particles bound at the TL, indicating a positive test
result. Lower concentrations of the target are visualized exploiting catalytic
amplification due to the oxidation of CN/DAB (4-chloro-1-naphthol/3,3'-
diaminobenzidine, tetrahydrochloride) from the PtNCs in the presence of H.0;
(Figure B1.9-C). This strategy allowed the detection of down to femtomolar
concentrations of p24 in spiked serum ( = 32.5 fM), and the naked eye detection

of acute stage HIV in clinical plasma samples in 20 min.

Another example is based on the incorporation of wax pillars on the detection pad,
to play on the interaction time of the biorecognition events. The placement of a
wax barrier right after the conjugate pad causes an increase in the amount of time
for the dAb to recognize the target analyte. On the contrary, the presence of such
an artifact after the TL provides an increase in the amount of time for both the first
and the second biorecognition events. Therefore, by playing on the wideness, the
composition and the position of the wax pillars, it is possible to improve the
sensitivity of a LFiA. For instance, Sena-Torralba et al.,” using a 0.05 mm wide
dissolvable wax barrier positioned 1 mm downstream of the TL, were able to
achieve an extra incubation time of 12 min, reaching a 96% signal enhancement
for Human-1gG detection and a limit of quantification 51.7-fold lower respect to

a conventional AuNP-based LFiA.
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B1.6 | Enzyme-enhanced LFiAs

The immobilization of enzyme molecules on the surface of AUNPs, in
concomitance with dAb molecules, holds great potential in providing signal
amplification to LFiAs, due to the enzymatic conversion of colorless substrate
molecules into colored products, conversion that can be measured and related to
the concentration of the target analyte.® In this context, HRP is one of the most
versatile enzymes, as it can catalyze the oxidation of different commercially
available chromogens, such as TMB, ABTS, o-phenylenediamine
dihydrochloride (OPD) and 3,3'-diaminobenzidine, tetrahydrochloride (DAB).
One of the main reasons for the success of HRP as a label for this application is
its high turnover number, which leads to high signal amplification factors for
several antigens.® Apart from HRP, also alkaline phosphatase (ALP) has been
used.

For instance, AUNPs functionalized with ALP led Panferov et al.®! to reach a 10-
fold sensitivity enhancement for the detection of potato virus X in leaf extracts,
retaining all the advantages of conventional LFiAs (15 min assay time, no
additional equipment, no extra washing steps, and all the components able to be
stored in the dry state). Regarding the use of HRP, Oh et al.®? described the
development of a trap lateral flow immunoassay sensor (trapLFl) for cortisol
detection (Figures B1.10), using AuNPs functionalized with anti-cortisol
antibodies and HRP. This trapLFI was conceived as a sort of competitive LFiA.
Indeed, the detection pad was provided with i) a control zone, called “detection
zone”, used for the appearance of a colorimetric signal and as an indicator of the
concentration of cortisol and ii) test zones, called “deletion zones”, used for the
accumulation of AuNP-based conjugates not binding cortisol. The analyte-bound
gold conjugate flows along the strip and is captured in the detection zone. On the

contrary, conjugates that do not bind the target are trapped in the deletion zone.
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Using highly concentrated solutions of cortisol, it is possible to observe an
increase in the color of the detection zone and a decrease in the color of the
deletion zone. Addition of TMB solution (the “enhancement” solution), and
oxidation of this substrate into a blue product by HRP enzyme molecules, darkens
the color in the detection zone (Figures B1.10-A and B1.10-B). Exploiting
multiple deletion zones, the authors developed a sensing platform (Figure B1.10-
C) allowing the detection of cortisol in a concentration range from 0.01 to 100 ng

mL%, with a sensitivity of 9.9 pg mL™.
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Figure B1.10. Schematic illustration of the developed trapLFI sensor A) with a low
concentration of cortisol, B) with a high concentration of cortisol; and C) a signal tendency
of conventional and trapLFI with different concentration of cortisol (- negative sample, +
positive sample low concentration, +++ positive sample high concentration). The
enhancement solution includes the substrate (TMB) for the enzyme reaction. Adapted
from Oh, H.-K. et al. Analyst 2018, 143 (16), 3883 (Reference 82) with permission from
the Royal Society of Chemistry.

Alternatively, Parolo et al.® used AuNPs decorated with the antibody anti-human
IgG, v chain specific, conjugated to HRP (commercially available). The developed

enzyme-based assay is based on two detection events. First, likewise a
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conventional AuNPs-based LFiA, accumulation of the functionalized AuNPs
(AuNPs-anti Human-1IgG Ab+HRP) at the TL and CL causes the appearance of
red lines after the flow of a solution containing the analyte along the strip. Second,
the addition of HRP-substrate-containing solutions darkens the lines (Figure
B1.11-A). Three HRP substrates were tested, TMB, AEC (3-amino-9-
ethylcarbazole) and DAB (Figure B1.11-B) and the best results were obtained
exploiting TMB, giving the darkest color. In particular, using a proper LFA reader,
the LoD lowered from 2 ng mL™* to 0.2 ng mL™* when using TMB, while the
evaluated LoD was not so satisfying using DAB and AEC (1.6 and 0.31 ng mL™,

respectively).
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Figure B1.11. A) Scheme of the LFIA for the detection of Human-1gG. B) Detail of the
different parts of a LFIA strip and cartoons representing the AuNP modified with the
antibody anti-human IgG v chain specific HRP modified, and the different colors expected
for the different substrates (TMB, AEC and DAB) used. Adapted with permission from
Parolo, C. et al. Biosens. Bioelectron. 2013, 40 (1), 412 (Reference 83). Copyright © 2012
Elsevier B.V.
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B1.7 | Aim of the thesis: Part B

As described above, the use of natural peroxidases, such as HRP, in AuNP-based
LFiAs offers a great advantage to increase assay sensitivity. However, the use of
natural enzymes may suffer from severe drawbacks, such as low stability, loss of
activity and denaturation over long storage times. Thus, their substitution with
more robust artificial enzymes could represent a huge benefit in strengthening and
expanding the spread of enzyme-assisted LFiAs. The ability of FeMC6*a to retain
its catalytic activity once conjugated on gold nanomaterials has been deeply
investigated and described in the Part A of this thesis.

Therefore, the research activity described in this part of the thesis was devoted to
the development of a model two-step LFiA for the detection of Human-1gG, using
AUNPs functionalized with anti Human-IgG antibodies and FeMC6*a. Likewise
HRP, FeMC6*a catalyzes the conversion of TMB into a colored product,
darkening the color of the TL and providing a signal enhancement to the assay.
The assay format, the benefits and the signal enhancement properties obtained
when using FeMC6*a are explored and discussed. Also, the outcome of the
developed FeMC6*a-assisted AuUNP-based LFiA is set side by side with that of a
conventional AuNP-based LFiA and a control assay, developed using HRP.
Finally, the shelf-life of the prepared strips was evaluated.
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PART B — B2. Results and discussion

As FeMC6*a retains its structure and catalytic behavior when conjugated to gold
nanomaterials, the application of FeMC6*a-labelled AuNPs in lateral flow strips

was examined.
| Salt-induced gold aggregation tests

Citrate-stabilized AuNPs were prepared following the Turkevich method.*? These
AuNPs, uniform in size and shape (average diameter of 15.9 + 0.8 nm) and highly
monodisperse (Experimental section, Figures B3.1-A, B3.1-B, B3.1-C and B3.1-
D), were promptly functionalized with FeMC6*a and goat anti Human-IgG (dAb)
by direct adsorption (Figure B2.1).

\/

I

OH Goat anti Human-lgG (dAB)

K &;
%ﬂ‘ < FeMC6*a AuNPs@dAb@
FeMC6*a

Figure B2.1. Schematic representation (not to scale) of the doubly decorated AuNPs,
namely AuNPs@dAb@FeMc6*a, used in the LFiA.

citrate-AuNPs

Concerning the immaobilization procedures employed and described in the Part A
of this Ph.D. thesis, to prepare FeMC6*a-based gold nanoconjugates, for the LFiA
application the physicochemical adsorption strategy was employed. Indeed, this
method is preferred over others for modulating the surface chemistry of AuNPs
for biomedical applications, thanks to its simplicity and wide applicability for the
immobilization of a variety of biomolecules, as no prior chemical modification is
needed.?
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However, several interdependent parameters have to be optimized to prepare, by
physisorption, biomolecule-functionalized AuNPs well suited for incorporation
into lateral flow strips as i) the pH value of the AuNPs solution; ii) concentration
and composition of the dAb/enzyme mixture; iii) addition of a blocking agent.*
Screening of all of these parameters was performed by salt-induced gold
aggregation tests.® Essential is the identification of the minimal concentration of
the dAb/enzyme mixture necessary to protect the AuNP surface while stabilizing
the colloid, along with the pH parameter. Since the adsorption of biomolecules on
AUNPs is affected by electrostatic and/or hydrophobic interactions, the pH greatly
influences these interactions and ultimately affects the final colloidal stability.
Furthermore, blocking agents should be used to cover the AuNPs surface area not
filled with the biomolecules and prevent any non-specific adsorption during the
final testing.

Salt-induced aggregation tests were performed to select the optimal conditions to
functionalize AuNPs with the dAb and FeMC6*a (see the experimental section,
Figures B3.2, B3.3 and B3.4). The ratio between the dAb and FeMC6*a was set
at 9/1 (in pg mLY), to introduce the catalytic peroxidase functionality onto AUNPs
while keeping a good dAb density on the gold surface for efficient target analyte
recognition. Regarding the blocking agent, poly(ethylene glycol) average M, 400
Da (PEG-400)® was preferred over bovine serum albumin (BSA), which is
commonly used as a low-cost widely available protein. This choice can be
justified considering that the size of the blocking agent should be smaller than the
biomolecules immobilized on AuNPs.* As FeMC6*a is a low molecular weight
peptide-porphyrin conjugate (radius of gyration ca. 1 nm, MW = 4 kDa), PEG-
400, with dimensions comparable to those of the miniaturized enzyme,’ was more
suitable. Therefore, aliquots of citrate-AuNPs at pH 7, 8 and 9 were incubated
firstly with aqueous mixtures containing both the dAb and FeMC6*a and then

with aqueous solutions of PEG-400 at various initial concentrations. Afterward,
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the effect of a concentrated aqueous solution of NaCl (10% w/v in Milli-Q water)
on AuNP aggregation was evaluated by UV-vis spectroscopy (specifics about the
salt-induced gold aggregation tests are given in the experimental section). This
assay is based on the evidence that, once the AuNPs are fully covered with the
antibody, the enzyme and the blocking agent, they remain monodispersed even at
high salt concentrations.

The degree of aggregation resulted in a more or less pronounced red-shift of the
SPR bands with respect to 520 nm, corresponding to the maximum absorbance
peak of a stable solution of citrate-AuNPs (Figures B3.2, B3.3 and B3.4).

A bare AuNPs
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Figure B2.2. Differences between the absorbance at A = 520 nm and A = 580 nm using the
different blocking conditions at A) pH 7, B) pH 8, and C) pH 9. Ab refers to goat anti
Human-1gG antibody. As highlighted in the upper graph, the maximum absorbance
difference was obtained by adjusting the pH of AuNPs to pH 7, using a 100 ug mL*
solution containing goat anti Human-1gG antibody and FeMC6*a (9:1 in ug mL™) and
upon the addition of an aqueous solution of PEG-400 (1% v/v).
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The differences between the absorbance at 520 nm and 580 nm (reference
absorbance value for aggregated AuNPs) were evaluated and plotted against the

concentration used, as shown in Figures B2.2-A, B2.2-B and B2.2-C.

On the basis of the experimental results obtained by the gold aggregation tests,
the minimum dAb/FeMC6*a concentration that gave the highest absorbance
difference was 6.5 g for 1 mL of AuNPs stock solution (0.65 pg of FeMC6*a
and 5.85 g of dAb), in the presence of 1% (v/v) aqueous solution of PEG-400 at
pH 7 (Figure B2.2-A). The same conditions were used to prepare AuNPs
decorated with goat anti Human-IgG antibody and HRP, as well as only goat anti
Human-IgG antibody, to compare the performances of the tests developed using
these three labels.

B2.2 | Preparation and characterization of AuNPs decorated with

enzyme and antibody molecules

After the gold aggregation tests, AuNPs were functionalized with the target
biomolecules on a large scale, as described in the experimental section, under the
optimal conditions evaluated. The functionalization was followed by purification
through centrifugation and resuspension in the conjugate pad buffer (PBS 10 mM
pH 7.4, 5% wi/v sucrose, 1% v/v PEG-400, 0.5% v/v Tween-20). The nanosamples
were stable under these experimental conditions, indeed the absorption spectra
reported in Figure B2.3 displays no broadening of the plasmon band. For the
prepared nanoconjugates, namely AuNPs@dAb@FeMC6*a (Figure B2.3-A),
AuNPs@dAb@HRP (Figure B2.3-B) and AuNPs@dAb (Figure B2.3-C), a red-
shift of 6 nm in the SPRB (from 520 to 526 nm) was observed.
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Figure B2.3. UV-Vis spectra of citrate-AuNPs (black line) and purified functionalized
AuNPs: A) AuUNPs@dAb@FeMc6*a, dark cyan line; B) AuUNPs@dAb@HRP, purple
line; C) AUNPs@dAD, red line.

This finding is consistent with changes in the refractive index on the surface of
the nanoparticles, due to the occurred absorption of the used biomolecules.2 TEM
images of the nanoconjugates, acquired after staining the grid, allowed to visualize
a white halo surrounding the gold core, indicating that Ab, HRP and FeMC6*a
decorate the AuNPs surface (Figure B2.4).°° After biomolecule conjugation, the
size of the AuNPs gold core was retained, further evidence that the
functionalization process did not cause AuNPs aggregation. The measured
average diameters of the nanoconjugates were 20 £ 2 nm for AUNPs@ADb, 19.8 +
1.3 nm for AUNPs@Ab@FeMC6*a, and 26 + 3 nm for AUNPS@Ab@HRP
(Figure B2.4). Some clustering, visible in the TEM images, was likely due to the

deposition and drying process on the carbon-coated grids.*
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Figure B2.4. TEM images of the AuNPs-biomolecule conjugates, along with the
corresponding size distribution histograms: A-C) AuNPs@dAb@FeMC6*a, D-F)
AUNPs@dAb@HRP and G-1) AuNPs@dAb. The samples were stained with UranyLess
before observation (N = 150).

106 nm
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B2.3 | Evaluation of FeMC6*a stability/activity under operational

conditions

For the development of a LFiA to use in real life, it is of utmost importance that
the selected biomolecules retain their stability and function after deposition on the
conjugate pad, drying and rewetting.* Therefore, the stability of the
AUNPs@dAb@FeMC6*a was tested by drop casting the solution onto a piece of
conjugate pad, which was then dried under vacuum and rewet. Noteworthy, the
drying process did not cause AuNPs aggregation (i.e. the conjugate pad did not
assume a purplish color) and, most importantly, did not alter FeMC6*a catalytic
activity. Indeed, by merely rewetting the pad with PBS and adding a TMB ready-
to-use solution on it, it was possible to observe a color change from reddish to
dark purple, an indication that the chromogen substrate was successfully oxidized
by the artificial FeMC6*a peroxidase (Figure B2.5).

(

Addition
of TMB

Enzyme-driven

u oxidation reaction .

Figure B2.5. Changes in the color of a piece of conjugate pad, as a result of FeMC6*a-
catalyzed TMB oxidation.
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B2.4 | Performance of the LFiA using FeMC6*a and evaluation of the

analytical sensitivity

To assess the performance of the artificial FeMC6*a peroxidase in LFiAs, strips
were prepared by following a literature protocol and as reported in the
experimental section.? The assay format foresees two separate detection events
(Figure B2.6).
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Figure B2.6. Schematic representation (not to scale) of FeMC6*a -assisted lateral flow
two-step immunoassay for Human-1gG detection.

In the first step, red bands at the detection and control lines of the strips arise from
the accumulation of AuNPs, as occurs in conventional AuNP-based LFiAs. The
second step consisted of the addition of the TMB solution on the lines, followed
by the in-situ oxidation catalyzed by the active peroxidase immobilized on
AUNPs. This second step is expected to boost the intensity of the colorimetric
signal due to the conversion of the colorless TMB substrate into a colored product.
After the assembly of the strips with AUNPs@dAb@FeMC6*a, the first detection

was obtained by adding a solution of Human-1gG on the sample pad, allowing the
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solution to flow, and waiting for 15 min to see the appearance of the colorimetric
signal at TL and CL. All the experiments were performed in triplicate, using a
series of different analyte concentrations (from 0 to 1000 ng mL?, see
experimental section).

The images of developed LFiA strips, after this step and using different Human-
IgG concentrations, are provided in Figure B2.7-A. A colored test line appeared
when in the case of positive samples but not in the blank (i.e. at 0 ng mL™, only
PBS). As expected, the color intensity of the test line increased proportionally
with the concentration of the target analyte, and the lowest analyte concentration
giving a colored line distinguishable from the blank by the naked eye was 30 ng
mL* (Figure B2.7-A).
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Figure B2.7. LFiA assay using AUNPs@Ab@FeMC6*a conjugate. Images of the LFiA
strips and assay calibration curves for Human-1gG detection taken before (A, C) and after
(B, D) the addition of the TMB solution.

The second step of the assay was implemented adding 10 pL of a commercially
available, ready-to-use TMB solution directly on the lines, to keep the LFiA as
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simple as possible and avoid the preparation of separate solutions of substrate and
oxidant.

Comparing the images in Figures B2.7-A and B2.7-B makes evident, even by the
naked eye, that there is an enhancement of the signal after TMB addition,
especially examining the TL at 10 ng mL™* Human IgG (in Figure B2.7-B). It is
worth noticing that the images of the strips were acquired using an appropriate
LFA scanner, to get rid of external light influences. The strips were then analyzed
using Image J software,*® and TL values, background subtracted, were derived.
These values were plotted against target analyte concentration, for both the first
and second step of the assay (Figures B2.7-C and B2.7-D respectively) and then
fitted with a non-linear isotherm equation (Experimental section, equation B3.1).
This procedure allowed the evaluation of the limit of detection (LoD) values as a
function of the analyte concentration, considering: (i) the values obtained from the
blank (LoB), (ii) the standard deviation (o) related to the blank and (iii) the values
coming from the lowest concentration of Human-1gG (10 ng ml?), according to
the following relations: LoB = (mean value)piank +30blank; LoD = LoB + 3Giowest
Human-1gG concentration. -

Before TMB addition, a LoD of 36.4 + 1.4 ng mL™* was determined (Table B2.1).
The increase in test line intensity after the addition of TMB is clear from the
comparison of the curves shown in Figures B2.7-C and B2.7-D, giving a decrease
of the LoD value down t0 8.2 + 1.2 ng mL™! (Table B2.1).

B2.5 | Performance of the LFiA: comparison with a conventional assay

and when using the HRP-containing conjugate

The performances of the LFiAs when using AuNPs@dAb@FeMC6*a were
compared with those based on AuNPs@dAb and AuNPs@dAb@HRP

conjugates. The conventional LFiA, performed with strips prepared using

209



PART B — B2. Results and discussion

AuNPs@dAb only, exhibited a limit of detection of 30.5 + 1.9 ng mL* (Figure
B2.8).
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Figure B2.8. Conventional LFiA performed using AuNPs functionalized with goat anti
Human-1gG. A) Images of the strips and B) calibration curve obtained after the flow of
Human-1gG solutions in PBS. Measurements range from 0 to 1000 ng mL ™,

Furthermore, in Figure B2.9, the images of the LFiA strips prepared with
AUNPs@dJAb@HRP and performing a two-step assay are reported. Likewise
when using FeMC6*a, HRP ability to oxidize TMB provided an enhancement of
the colorimetric signal at the TL (Figures B2.9-A and B2.9-B). Data fitting
afforded LoD values of 37.4 + 1.6 ng mL?, after the first step of the assay, and

18.2 + 0.9 ng mL* for the second step (after TMB addition), (Figures B2.9-C and
B2.9-D respectively).
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Figure B2.9. LFiA assay using AUNPs@Ab@HRP conjugate. Images of the LFiA strips
and assay calibration curves for Human-1gG detection taken before (A, C) and after (B,
D) the addition of the TMB solution.

The LoD values obtained in all the assay formats are listed in Table B2.1.
Comparing these values, it can be concluded that the presence of the enzymes,
either FeMC6*a or HRP, caused a very slight decrease in the performance of the
conventional assay (step 1). This is most probably a result of reducing the total
amount of dAb on the nanoparticles, thereby slightly decreasing their probability
of binding to the target analyte.

Interestingly, the lowest LoD value was obtained in the two-step assay format that
benefits of the catalytic activity of FeMC6*a. This artificial peroxidase gave a
greater than four-fold sensitivity enhancement, whereas a two-fold enhancement
was observed with HRP. Such a difference in assay sensitivity may be related to

the differences in size between the two peroxidases.
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Table B2.1. Limit of detection (LoD) and standard deviation values using the different
systems on the conjugate pad.

Limit of detection (ng mL™)

Label on conjugate release Conventional Two-step assay
pad assay (TMB oxidation)
AuNPs@dAb 305+19 /
AuNPs@dAb@FeMC6*a 36.4+1.4 82+12
AuNPs@dAb@HRP 374+16 18.2+0.9

Indeed, the reduced size of the artificial peroxidase allows the immobilization of
a higher number of active sites on the AuNPs surface. This, in turn, enhances the
specific activity of AUNPs@dAb@FeMC6*a conjugate in TMB oxidation and
signal amplification. To validate this hypothesis, the amount of peroxidase (either
FeMC6*a or HRP) in the AuUNPs@dAb@FeMC6*a and AuNPs@dAb@HRP
conjugates was estimated by quantifying the heme content, following the method
reported by Onoda et al.’> (Experimental section, paragraph A3.18). The enzyme
concentration was evaluated using UV-Vis spectroscopy and the known molar
extinction coefficient of the bis-cyanide complex of the heme-containing catalyst,
having an absorption band at 416 nm. Through this procedure (Experimental
section, paragraph B3.5), the concentration of FeMC6*a in the
AUNPs@dAb@FeMC6* sample was estimated to be 1.6 107 M (Figure B2.10).
However, when the identical procedure was performed on the
AuNPs@dAb@HRP conjugate, no absorbance peak was observed, highlighting
that the amount of HRP in these samples was not spectroscopically detectable,

and thus lower than the corresponding FeMC6*a conjugate sample.
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400 500 600 700
Wavelength (nm)

Figure B2.10. Vis absorption spectra obtained upon KCN treatment of
AUNPs@dAb@FeMC6*a conjugate (black line) and AUNPs@dAb@HRP conjugate (red
line). The maximum wavelength indicates the formation of the bis-cyanide-heme
complexes for the FeMC6*a-containing conjugate. No absorption band is observed for the
HRP-containing conjugate, indicating that the amount of HRP in the sample was not
spectroscopically detectable, and thus lower than the corresponding FeMC6*a conjugate
sample.

B2.6 | Stability assay

The long-term stability of the lateral-flow strips was evaluated by storing the strips
at room temperature for 4 weeks. The detection of Human-IgG at three different
concentrations (0, 50 and 500 ng mL1) was conducted in triplicate after days 0, 3,
7, 15 and 30. The strips retained excellent performance during a period of 7 days,
whereas the evaluated optical signal decreased by 20% starting from day 15
(Figure B2.11). This result was observed right after the first step of the assay,
therefore the recognition of Human-1gG from the antibody molecules. Hence, the
decrease in stability may be due to a degradation of the antibodies over time under
storage conditions. Comparable results were obtained using the strips containing
HRP on AuNPs (Figure B2.12). Interestingly, the test line peak value obtained
upon the addition of TMB solution, showed that FeMC6*a copies on AuNPs

retained their activity over the entire month tested, and the same happened using
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HRP. Also, coefficients of variation (CV) were calculated from the ratio of the

standard deviation to the average signal.2®
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Figure B2.11. Stability assay performed with the conjugate pad obtained with
AuUNPs@dAb@FeMC6*a. Optical intensity values for the detection of 0, 50, 500 ng mL~
! of Human-1gG A) before and C) after the addition of TMB substrate. The stability tests
were performed using LFA strips stored at room temperature for up to a month. Pictures
of the LFA strips after performing the stability assay B) before and D) after the addition
of TMB substrate.
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Figure B2.12. Stability assay performed with the conjugate pad obtained with
AuNPs@dAb@HRP. Optical intensity values for the detection of 0, 50, 500 ng mL~* of
Human-1gG A) before and C) after the addition of TMB substrate. The stability tests were
performed using LFA strips stored at room temperature for up to a month. Pictures of the
LFA strips after performing the stability assay B) before and D) after the addition of TMB

substrate.

As reported in Table B2.2, the CV values for concentrations of Human-1gG range
from 5% to 30% for the strips containing both AuNPs@dAb@FeMC6*a and
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AUNPs@dAb@HRP in the conjugate pad, thus indicating discrete stability of the

strips.

Table B2.2. List of coefficients of variation (%) evaluated upon the stability assay
performed at room temperature. The strips were assembled using conjugate pads
containing AUNPs@dAb@FeMC6*a and AUNPs@dAb@HRP.

FeMC6*a as enzyme label - | [Human-IgG] Coefficient of variation
before TMB addition (ng mL?) (%)
0 26
50 13
500 20
FeMC6*a as enzyme label - | [Human-IgG] Coefficient of variation
after TMB addition (ng mLY) (%)
0 31
50 13
500 15
HRP as enzyme label - before | [Human-I1gG] Coefficient of variation
TMB addition (ng mL?) (%)
0 16
50 5
500 25
HRP as enzyme label - [Human-1gG] Coefficient of variation
after TMB addition (ng mLY) (%)
0 26
50 17
500 14
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B2.7 | Conclusions

The research activity described in this part of the Ph.D. thesis has been carried out
during the period abroad, spent at the Catalan Institute of Nanoscience and
Nanotechnology, in the research group of Prof Arben Merkoci. All the results
demonstrate the feasibility of integrating the synthetic mini-enzyme FeMC6*a
into a lateral flow device, providing a sensitive test for the detection of Human-
IgG through an immune sandwich format. The increased sensitivity of the
proposed FeMC6*a-based LFiA, with respect to the direct measurement of the
AUNPs as non-modified optical labels, is reached exploiting the enzymatic
reaction catalyzed by multiple copies of the mini-enzyme exposed on AuNPs
surface, that is the oxidation of the TMB substrate. All the results reported herein
prove that FeMC6*a (i) tolerates the harsh conditions necessary for creating the
conjugate pad of a lateral flow strip, (ii) does not interfere with the binding
between Human-1gG and the detection/capture antibodies; (iii) acts as an efficient
catalyst on paper, boosting the sensitivity of the enzyme-based LFiA up to 4-fold
with respect to a conventional LFiA. Indeed, the detection limit lowered from =
40 ng mL* to = 10 ng mL%, It is also noteworthy that, when compared to HRP, its
natural counterpart, FeMC6*a grants the assay with a better limit of detection.
Finally, the shelf-life analysis revealed that FeMC6*a functionalized strips are
stable for up to a month at room temperature. Altogether, these results highlight
that the reduced size of FeMC6*a with respect to HRP, coupled with the easy
scale-up of its synthetic route, offers significant advantages for use in the
construction of bioinspired sensors and nanomaterials.

To date and to the best of our knowledge, this is the first example of using an
artificial enzyme in a LFA and it is hoped that this proof-of-principle work will
inspire the development of more LFiAs that incorporate this and other artificial

metalloenzymes. This will allow moving away from assay formats whose
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performance is limited by what is available from Nature to devices where the

response is enhanced by the intelligent design of artificial enzymes
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B3.1 | Materials and reagents

Polyclonal goat anti Human-1gG antibody (11886), Human-1gG whole molecule
(12511), bovine serum albumin (BSA), tetrachloroauric acid solution (HAUCI,,
30% w/w), trisodium citrate (Nas-citrate), phosphate buffer saline (PBS) tablets,
sodium tetraborate, boric acid, sucrose, Tween-20, sodium dodecy! sulfate (SDS)
and TMB ready-to-use solution (T0565) were purchased from Sigma Aldrich
(Madrid, Spain). Chicken anti-goat antibody was purchased from Abcam
(ab86245, Cambridge, UK). Polyclonal goat anti Human-IgG antibody was used
as the detection antibody (dAb), while chicken anti-goat antibody was used as the
capture antibody. Poly(ethylene glycol) average M, 400 Da (PEG-400) was
purchased from Fluka. Peroxidase from horseradish (HRP, P8375-2KU) was
purchased as a lyophilized powder from Sigma Aldrich (Madrid, Spain). The
artificial mini-enzyme FeMC6*a was synthesized as described in paragraph A2.1.
Nitrocellulose membranes CN150 (LIUN15WR100025NT) were purchased from
Sartorius Stediem (Gottingen, Germany). Cellulose membranes (CFSP001700)
were used as detection pads and glass fiber (Standard 14, GFCP00900) was used
as the conjugate pad. Both were purchased from Millipore Corporation (Billerica,
MA, USA). Adhesive backing cards (MIBA-020) were purchased from DCN Dx
(Carlsbad, CA, USA). Milli-Q water, produced using a Milli-Q system (18.2 MQ
cm™) purchased from Millipore (Sweden), was used for the preparation of all the
solutions.

For TEM measurements, copper grids with carbon films (Ted Pella, product
08144-F, 400 mesh) were used and the nanoconjugate samples were stained with
UranyLess® staining solution purchased from Electron Microscopy Sciences
(Hatfield, PA, USA).

Unless otherwise stated, the phosphate buffer solution (PBS, pH 7.4) consisted of
phosphate-buffered saline (0.01 M), NaCl (0.137 M) and KCI (0.003 M). The

221



PART B — B3. Experimental section

sample pad buffer was made up of PBS containing BSA (5% wi/v) and Tween-20
(0.05% v/v). The conjugate pad buffer was prepared with PBS, sucrose (5% wiv),
PEG-400 (1% v/v) and Tween-20 (0.5% v/v). The washing solution contained PBS
(5 mM pH 7.4) and SDS (0.01% wi/v).

B3.2 | Instruments

The test line and the control line were dispended on the nitrocellulose membrane
using an IsoFlow Bioreagent dispenser from Imagene Technology (Hanover,
Germany). The functionalized nanoparticles were purified by centrifugation with
an Allegra 64 R from Beckman Coulter (Brea, CA, USA). The strips were cut
with a lateral flow strip cutter from Shanghai Kinbio Tech (Pudong New District,
Shanghai, China). The UV-Visible spectra were recorded with a SpectraMax ID3
Spectrophotometer from Molecular devices (San Jose, CA, USA), and with a Cary
60 spectrophotometer (Agilent, CA, USA) using quartz cuvettes with 1.00 cm path
lengths. Wavelength scans were performed at 25 °C from 200 to 800 nm, with a
600 nm min-1 scan speed. All data are blank corrected. Transmission electron
microscopy (TEM) micrographs were acquired in bright field mode using a TEM
TECNAI G2 20ST (Fei, Hillsboro, OR, USA) operating at 120 kV. Data analysis
was performed with Origin Pro 9.0 software (Origin Lab Corporation,
Northampton, MA, USA), Image) software (National Institutes of Health,
available free of charge at Web site rsh.info.nih.gov/ij/). All the molecular
graphics pictures were generated with PyMOL software (DeLano Scientific Ltd),
and ChemDraw Ultra 12.
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B3.3 | Synthesis and characterization of citrate-AuNPs

Citrate-capped gold nanoparticles were prepared following the Turkevich
method.*?

= e
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Figure B3.1. Characterization of citrate-AuNPs. A) UV-Vis absorbance spectrum, B-C)
TEM micrographs and D) size distribution histogram of citrate-AuNPs. The histogram of
the particle size distribution to define the average particle diameter was obtained using
ImageJ software.

Briefly, an aqueous solution of Nas-citrate (1.25 mL, 1% w/v) was added to a
boiling aqueous solution of HAuCl4 (50 mL, 0.25 mM), under vigorous stirring.
The addition of the reducing agent induced the formation of gold nanoparticles,

evidenced by the observed chromatic change from light yellow to bright red. After
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that, the solution was allowed to boil for an additional 10 min, under stirring, and
finally to cool down at room temperature. The as-synthesized colloidal solution
of citrate-AuNPs was stored at 4 °C in the dark until further use. TEM analysis
(Figures B3.1-A, B3.1-B, B3.1-C and B3.1-D) allowed to evaluate the average
size of the particles deriving from the synthesis. The concentration of citrate-
AUNPs in solution was qualitatively evaluated from UV-Vis spectrum (Figure
B3.1-A) following a method reported by Fernig et al® considering the
approximate diameter and molar extinction coefficient evaluating from the ratio
between the maximum absorbance of the surface plasmon resonance band (SPRB)
(Asprs,) and the maximum absorbance at 450 nm (Auaso). For an Asprae/Auso ratio
of 1.66, the diameter of AuNPs was estimated to be 16 nm. From the value of
Auso and using the calculated extinction coefficient (¢*°) of 2.67-108 Mt cm™?,
citrate-stabilized AuNPs concentration in the stock solution was estimated to be
1.67 nM.

B3.4 | Salt-induced gold aggregation tests

Before the functionalization of AUNPs on a large scale, the optimal conditions to
functionalize AuNPs with the detection antibody (dAb) and FeMC6*a were
defined through salt-induced gold aggregation tests.*° During this screening, the
pH of citrate-AuNPs solution was adjusted until 7, 8 and 9 using borate buffer
(100 mM, pH 9.2). Then, aliquots of citrate-AuNPs at the chosen pHs (150 pL)
were incubated with aqueous solutions of dAb and FeMC6*a at several
concentrations (10 pL, concentrations: 200, 175, 150, 125, 100, 80, 60, 40, 0 ug
mL?, of which 10% was FeMC6*a and 90% was dAb). After that, the blocking
process was performed using an aqueous solution of PEG-400 (10 uL; 0,1, 2, 3
% v/v) and the test ended with the addition of a solution of NaCl (20 pL, 10%
w/v). Each step was carried out for 20 min at 25 °C, 650 rpm. Finally, UV-Vis
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spectra were recorded, and the degree of aggregation was measured by the red-
shift of the SPR bands relative to the 520 nm value obtained from the stable
solution of citrate-AuNPs (Figures B3.2, B3.3 and B3.4).

[Goat anti Human-lgG/FeMC6*a 9:1]; ug mL"*
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Figure B3.2. Salt-induced gold aggregation tests performed at pH 7 using PEG-400 as
blocking agent. UV-Vis spectra and photographs acquired upon the addition of NaCl at
A) 0%, B) 1%, C) 2% and D) 3% PEG-400.
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Figure B3.3. Salt-induced gold aggregation tests performed at pH 8 using PEG-400 as
blocking agent. UV-Vis spectra and photographs acquired upon the addition of NaCl at
A) 0%, B) 1%, C) 2% and D) 3% PEG-400.
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Figure B3.4. Salt-induced gold aggregation tests performed at pH 9 using PEG-400 as
blocking agent. UV-Vis spectra and photographs acquired upon the addition of NaCl at
A) 0%, B) 1%, C) 2% and D) 3% PEG-400.

The differences between the absorbance at 520 nm and 580 nm (reference value
for aggregated AuUNPs) were evaluated and reported in graph against the

concentration used (Figure B2.2).4
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B3.5 | Functionalization of AUNPs

The physisorption of goat anti Human-IgG antibody (dAb) and FeMC6*a on
AuUNPs was accomplished as follows, using the optimal conditions evaluated by
gold aggregation tests, and referring to some procedures reported in the
literature.®® Prior to this procedure, separate stock solutions of detection antibody
and FeMC6*a (2.0 mg mL™?) were prepared in Milli-Q water. Then, a solution
containing both the biomolecules (600 uL, 110 ug mL™?* in Milli-Q water
containing 6.6 pg of FeMC6*a and 59.4 ug of dAb) was added to an AuNP
solution (9.0 mL, pH 7 adjusted with borate buffer 100 mM, pH 9.2) at 650 rpm
and 25 °C for 90 min. To this, a solution of PEG-400 (600 uL, 1% v/v in Milli-Q
water) was added and incubated under the same conditions for 30 min. The sample
of functionalized AuNPs was then purified by centrifugation (10000 rpm, 40 min,
4 °C). After that, the clear supernatant was discarded and the collected pellet was
re-suspended in 3.0 mL of the conjugate pad buffer, to afford
AUNPs@dAb@FeMC6*a. The same synthetic and purification procedures were
performed using HRP (stock solution 2.0 mg mL™ in Milli-Q water) instead of
FeMC6%*a, to give AUNPs@dAb@HRP.

Likewise, the AuNPs@dAb sample was prepared by incubating the AuNPs
solution (9.0 mL) with the goat anti Human-IgG antibody solution (600 uL, 110
ug mLt in Milli-Q water) and incubated at 650 rpm and 25 °C for 30 min. Next,
a solution of PEG-400 (600 uL, 1% v /v in Milli-Q water) was added to the mixture
and incubated at the same conditions. After that, the excess reagents were removed
by centrifugation (10000 rpm, 30 min, 4 °C), and the collected precipitate was
dispersed in 3.0 mL of the conjugate pad buffer.

After purification, UV-Vis spectra were acquired by diluting the sample three
times with the conjugate pad buffer (Figure 3). No broadening of the bands or loss

of nanomaterial was observed, as the absorbance values recorded are the same as
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those of citrate-AuNPs, indicating that the concentration of AuNPs in the
undiluted stock solutions is = 5 nM for AuNPs@dAb@FeMC6*a, AuNP_

Iron content in AuNPs@dAb@FeMC6*a and AuNPs@dAb@HRP conjugate
samples was evaluated as reported in literature!® and already explained in
paragraph A3.18. Briefly, aliquots of AuNPs@dAb@FeMC6*a and
AuNPs@dAb@HRP (750 uL each) were concentrated by centrifugation (10000
rpm, 30 min, 4° C) and the collected precipitate (20 puL) was treated with an
aqueous solution of KCN (80 L, 2.5-102 M). After an incubation time of 20 min,
to allow the disintegration of the gold core, UV-Vis spectra were recorded and the
absorption at 416 nm was used to evaluate the iron content in the conjugates. The

experiments were repeated in triplicate.

B3.6 | Fabrication of the strips

The printing of the test and control lines on the nitrocellulose membrane (CN150)
was performed with a bioreagent dispenser using goat anti Human-IgG (1 mg
mLt in phosphate buffer 10 mM pH 7.4) and chicken to goat antibody (1 mg
mL in phosphate buffer 10 mM pH 7.4) respectively. The lines were then dried
in the oven at 37 °C for 2 h. After drying, the nitrocellulose membrane was
blocked with a solution of BSA (2% w/v) in PBS for 20 min and washed two times
using the washing solution (15 min two times). The conjugate pad was prepared
by dispensing the conjugate solution, containing either AUNPs@dAb@FeMC6*a,
AUNPs@dAb@HRP, or AuUNPs@dAb depending on the selected format assays,
on the glass fiber and drying it in a vacuum chamber at room temperature for 2 h.
The sample pads were pre-treated by soaking the cellulose membrane in the
sample pad buffer and dried in the oven at 37 °C for 3 h. Finally, the assembling

of the pads was guided by laminated cards, already containing the nitrocellulose
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membranes, and cut into 0.3 cm-width strips with a lateral flow cutter. The size of

the strips was fixed at 6 x 0.3 cm, with a bed volume of 90 pL.

B3.7 | Procedure of the LFiA

The assay was conceived to be performed in two steps: i) the appearance of the
CL and TL because of the flow of Human-IgG solutions on the LFiA strips; ii) the
addition of TMB solution on the colored lines. For the first step, solutions of
Human-IgG (90 uL, concentrations 0, 10, 30, 50, 75, 100, 300, 500, 750, 1000 ng
mL?, prepared in PBS) were dispensed on the sample pad. PBS without analyte

was used as a blank. All the measurements were carried out in triplicate.

The solution was allowed to reach the absorbent pad and the strips were left under
ambient conditions for 15 min to allow the lines to develop. Then, the strips were
washed with PBS (70 uL) to improve the background color. For the second step,
the ready-to-use solution of the chromogen TMB was added directly onto the test
line and the control line (10 pL) and a period of time of 10 min was waited to
allow the oxidative conversion of the chromogenic substrate. An enhancement of
the red color of the lines was ascertained by the naked eye. After each step, images
of the strips were acquired using a SkanMulti LFA scanner and the quantitative
data analysis was performed with Image J software,'! to construct calibration
curves. Each set of data points was fitted with a non-linear isotherm equation
(equation B3.1), considering a 1:1 stoichiometric binding ratio between the
antibody and the Human-1gG.1?*

_ Ny K[Human — IgG]

0=
1 + K[Human — IgG]

(Equation B3.1)

where: 0 is the fraction of Human-1gG molecules bound by goat anti-Human IgG

antibody (the capture antibody on the test line); Om IS the maximum number of
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bound Human-IgG molecules; [Human-1gG] is the concentration of analyte in ng
mL*and K is the Langmuir constant, which is a parameter indicating the strength
of the interaction between the antibody and the antigen. In particular, 8 is related
to the test line optical value evaluated with ImageJ (background subtracted) and
N, is the test line optical value related to the highest concentration of Human-
1gG.

B3.8 | Stability assay

The stability assay was carried out at room temperature. The strips were stored
under Ar in sealed bags in containers provided with a desiccator, in the dark. The
detection of Human-IgG, before and after the addition of TMB solution, was
performed on days 0, 3, 5, 7 and 30 using solutions of analyte at three different
concentrations (0, 50, 500 ng mL* in PBS). The images of the strips were taken
with a SkanMulti LFA scanner, and the optical intensity of the test line was
evaluated with ImageJ software.
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List of abbreviations and acronyms

(D)
(TD)
AA
AAC
Ab
Abs
ABTS

ACN
AEC
Aib, U
Ala, A
ALP
AMEG
AR
Arg, R
ArMs
Asn, N
Asp, D
ATR FT-IR

AUuNMs
AUNPs
AUNRs
AUNTS
BE
BNNTs
bpy
BSA
CDh
CILE
CL
CMC
CN
CN/DAB

CoMP11-Ac
CPS

Decapeptide

Tetradecapeptide

Ascorbic acid

Alkynes Azides Cycloaddition
Antibody

Absorbance
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
diammonium salt

Acetonitrile
3-Amino-9-ethylcarbazole
2-Aminoisobutyric acid

Alanine

Alkaline phosphatase

Artificial Metallo-Enzyme Group
Aspect ratio

Arginine

Artificial Metalloenzymes
Asparagine

Aspartic acid

Attenuated Total Reflectance Fourier-Transform Infrared
Spectroscopy

Gold nanomaterials

Gold nanoparticles

Gold nanorods

Triangular gold nanoprisms
Binding energy

Boron nitride nanotubes
2,2'-bipyridine

Bovine serum albumin

Circular dichroism

Carbon ionic liquid electrode
Control line

Critical micellar concentration
Nitrocellulose
(4-chloro-1-naphthol/3,3'-diaminobenzidine,
tetrahydrochloride)

Cobalt microperoxidase-11
Counts per second
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CTAB Cetyltrimethylammonium bromide

CTAC Cetyltrimethylammonium chloride

CuAAC Copper (l)-catalyzed azide-alkyne cycloaddition

CVs Coefficients of variation

Cys, C Cysteine

Dab Diaminobutyric acid

DAB 3,3’-diaminobenzidine tetrahydrochloride

DBCO Dibenzocyclooctyne

DC* Acetone dicarboxylate

DCA Dicarboxy acetone

dELISA Digital enzyme-linked immunosorbent assay

DIEA N,N-diisopropylethylamine

DMF N,N-Dimethylformamide

DMSO Dimethylsulfoxide

DNA Deoxyribonucleic acid

DPIX DeuteroporphyrinlX

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide

ELISA Enzyme-Linked ImmunoSorbent Assay

EPR Electron paramagnetic resonance

Eq. Equivalents

ESI Electrospray ionization

FA Functionalizing agent

FeMC6*a Fe(l1l)-MimochromeVI*a

Fmoc 9-fluorenylmethoxycarbonyl

FT-IR Fourier-transform infrared spectroscopy

GAT Gold aggregation test

GC-MS Gas chromatography-mass spectrometry

GIn, Q Glutamine

Glu, E Glutamic acid

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate)

His, H Histidine

HIV Human immunodeficiency virus

HPLC High-performance liquid chromatography

HQ Hydroquinone

HRP Horseradish Peroxidase

ICP-MS Inductively-coupled plasma mass spectrometry

lle, | Isoleucine

ITO Indio tin oxide

LA Lipoic acid

LA@N; N-(3-azidopropyl)-5-(1,2-dithiolan-3-yl)pentanamide

LC-MS Liquid Chromatography-Mass Spectrometry
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Leu, L
LFA
LFiA
LoB
LoD
LoQ
L-SPR
L-SPRB
Lys, K
Mb
MCs
MC6*a
MIMO
Mn-HRP
MNPs
MP
MP-11
MS
MTBE
Mtt
Nas-citrate
NALFA
NALFiA
Na-PSS

NHS
NIR
NMR
NMs

oD

PBS
PCR
PDB
PEG
PEG-400
Phe, F
pl

PoC
PoCT
Pro, P
PTMSPA
PtNCs

Leucine

Lateral flow assay

Lateral flow immunoassay

Limit of blank

Limit of detection

Limit of quantification

Longitudinal surface plasmon resonance
Longitudinal surface plasmon resonance band
Lysine

Myoglobin

Mimochromes

MimochromeVI*a
Fe(l11)-S6G(D)-MimochromeVI
Mn-reconstituted HRP

Magnetic Nanoparticles
Microperoxidase

Microperoxidasell

Mass spectrometry

Methyl tert-butyl ether

4-methyltrityl

Trisodium citrate

Nucleic acid lateral flow assay
Nucleic acid lateral flow immunoassay
Poly(sodium 4-styrenesulfonate) or sodium polystyrene
sulfonate

N-Hydroxysuccinimide

Near-infrared region

Nuclear magnetic resonance
Nanomaterials

Optical density

Phosphate buffer saline

Polymerase chain reaction

Protein Data Bank

Poly(ethylene glycol)

Poly(ethylene glycol) M, 400
Phenylalanine

Isoelectric point

Point-of-care

Point-of-care test

Proline

poly(N-[3-(trimethoxy silyl)propyl]aniline
Au-Pt core-shell nanocatalysts
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RP-HPLC
Rt

SA
SAM
SDS
SEM
Ser, S
SPAAC
SPR
SPRB
TCA
TCP
TEM
TFA
TFE
Thr, T
TL
TMB
trapLFI
T-SPR
T-SPRB
Tyr, Y
UHPLC/MS/MS

pPAD

Reverse-phase high-performance liquid chromatography
Retention time

Stabilizing agent

Self-assembled monolayer

Sodium dodecy! sulfate

Scanning electron microscopy

Serine

Strain-promoted alkyne-azide cycloaddition
Surface plasmon resonance

Surface plasmon resonance band
Trichloroacetic acid

2,4,6-trichlorophenol

Transmission electron microscopy
Trifluoroacetic acid

2,2,2-trifluoroethanol

Threonine

Test line

3,3',5,5'-tetramethylbenzidine

Trap lateral flow immunoassay

Transverse surface plasmon resonance
Transverse surface plasmon resonance band
Tyrosine

Ultra high-performance liquid chromatography tandem mass

spectrometry
Microfluidics biosensors
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